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Abstract

In this thesis, we present the results of a measurement of the induced final state proton
polarization from pion electroproduction near the A(1232) resonance. The experiment
was conducted at the M.I.T.-Bates Linear Accelerator Center in June, 1995. The elec-
trons and protons were detected with the MEPS and OHIPS spectrometers respectively,
and the polarization of the recoil protons was measured with the OHIPS Focal Plane Po-
larimeter. Unpolarized electrons of 719 MeV energy were incident on a cryogenic liquid
hydrogen target. The scattered protons scattered were detected along the direction of
the momentum of the virtual photon. The central four-momentum transfer and invariant
mass of the measurement was Q2 = 0.126 GeV2/c 2 and W = 1231 MeV. We describe in
detail the experimental setup, the data analysis, and the physics results.

The induced polarization is sensitive to the interference of non-resonant and resonant
terms in pion production. In parallel kinematics the induced polarization is proportional
to the imaginary part of a longitudinal-transverse interference. Information about the
non-resonant contribution is necessary to determine the ratio of the Coulomb quadrupole
amplitude to the magnetic dipole amplitude of the N -+ A transition from the pion
production observables. After correcting our measurement of the induced polarization for
effects of averaging over the acceptance, we determine that P, = -0.389 + 0.054 ± 0.011.
This result implies a significant non-resonant - resonant interference. We demonstrate
the constraints on pion production models as a result of this experiment.

Thesis Supervisor: William Bertozzi
Title: Professor of Physics
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Chapter 1

Introduction

This thesis describes a measurement of the induced final state proton polarization of pion
electroproduction near the A(1232) resonance. We performed the coincidence electron
scattering measurement with central values of the four-momentum transfer squared (Q2)
of -0.126 GeV 2/c 2 and the invariant Mass (W) of 1231 MeV. This experiment was one
part of an N -+ A program. The goal of the entire program is to further the understand-
ing of the ratio of the Coulomb quadrupole amplitude to magnetic dipole amplitude of
the N -- A transition and to understand the non-resonant processes.

Our understanding of the structure of the nucleon and A is incomplete. One issue
that physicists have tried to address for many years is the possibility of higher orbital
angular momentum states in their wavefunctions. Determining the existence of such
states is an important contribution to understanding the structure of baryons. One
signature of D Shell (L = 2) orbitals in the nucleon and A is the ratio of the Coulomb
quadrupole moment to the magnetic dipole moment of the N -+ A transition. This ratio
is called the CMR.

We examine the N -+ A transition by measuring observables from pion production.
Many processes in addition to A excitation contribute to pion production in the vicinity of
the A. An understanding of these non-resonant contributions is essential to determine the
CMR for the N -+ A transition. We measured the induced final state proton polarization,
P,, in parallel kinematics, where it is proportional to the imaginary part of a longitudinal-
transverse interference amplitude. On top of the A resonance, P, is sensitive to the non-
resonant processes in pion production. We measured a large P, value, which is indicative
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of a significant interference between the resonant and background terms. The uncertainty
of the measurement is dominated by the statistical error.

This thesis is divided into four chapters. The first chapter covers the motivation and
theory behind this experiment. The second chapter details the experimental setup. The
third chapter describes the data analysis procedures. In the final chapter, we discuss the
results and conclusions about the observed physics.

We begin the first chapter with a brief discussion of the theory of electron scattering
relevant to this experiment. Then we develop the motivation for measuring the D state
component of the nucleon and A wavefunctions. We conclude this chapter with a brief
introduction to the experimental technique of recoil proton polarimetry.

1.1 Electron Scattering

Electron scattering is an effective tool for studying nuclear physics. Electron scattering
consists of aiming a beam of electrons at a target and detecting various particles that
emerge from the scattering process. These might include electrons, photons, protons and
pions.

We classify electron scattering measurements by the number of final states which
contribute to the reaction and the number of particles detected. In an "exclusive" mea-
surement, only a single final state contributes to the reaction. If several final states
contribute to the reaction, then the measurement is "inclusive." Measurements in which
a single particle is detected are "single-arm," while measurements in which two or more
particles are detected are "coincidence." For example, the measurement described in
this thesis is an exclusive coincidence measurement because we detect both the scattered
electron and the proton and we require pion production.

There are several advantages of electron scattering as a probe for nuclear physics:

1. The electromagnetic interaction in electron scattering is described by Quan-
tum Electrodynamics (QED). The observables are products of the electron-
photon current and the nuclear electromagnetic current. The electron-photon
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current can be precisely calculated in QED, whereas the nuclear electromag-
netic current is not well understood. New information about the electromag-
netic observables expands our understanding of the nuclear current.

2. The electromagnetic interaction is relatively weak. The relative strength of
the interaction is a, where a ; 1/137 is the electromagnetic coupling constant.
This weakness has two advantages. First, the interaction can occur over the
entire volume of the nucleus and not just the surface as in hadron scattering.
Second, the importance of multi-step processes is reduced so that for light nu-
clei the interaction can be treated in the one-photon exchange approximation
(First Born Approximation).

3. In electron scattering, the energy transfer, w, and the momentum transfer, q
can be varied independently with the constraint that Q2 = w2 _ q2 < 0. For
real photon absorption, q = w, so that Q2 = 0. This freedom allows probing
of the spatial distribution of the nuclear charge and current densities with a
fixed w.

4. The virtual photon has both longitudinal and transverse polarizations. The
longitudinal polarization is parallel to q. The two types of polarizations in-
teract with different components of the nuclear current. The longitudinal
polarization interacts with the charge density, and the transverse interacts
with the current densities. In contrast the real photon has only transverse
polarization.

Electron scattering also has disadvantages:

1. The cross section is small because of the weak electromagnetic coupling con-
stant. The low counting rates can make coincidence experiments difficult.

2. High energy electrons radiate photons in the target. This radiation compli-
cates the simple process of a single photon vertex interaction. The data must
be corrected for these radiative losses so that the experimental results can be
compared with theoretical predictions.
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1.1.1 Kinematics

In this section we describe the kinematics of the p(e, e'p) °r0 reaction and establish notation
conventions.

In the laboratory frame of reference, the 4-momentum of the incident and of the
scattered electron are K" = (E, k) and K"' = (El, k'), respectively. The 4-momentum
transfer is the difference between the initial and final electron momentum:

= K - K' = (w, q = (e - e', - 'k). (1.1)

The components of Q, are the energy transfer, w, and the momentum transfer, q. The
initial 4-momentum of the proton in the laboratory frame is P" = (Mp, 0), and the final
4-momentum is P"' = (E', *). We denote the 4-momentum of the pion as (P')" -
(E, 'p). In general, we represent four vectors with capital letters. We use the metric of
Bjorken and Drell. [1]

A diagram of the A(e, e'p)X reaction is shown in Figure
is defined by the initial and final momentum of the electron.
q, and the momentum of the scattered proton, 1, define the
between the q' and p is defined as 8pq, and the angle between
the scattering plane is pq.

1-1. The scattering plane
The momentum transfer,

reaction plane. The angle
the the reaction plane and

Reaction Plane

Figure 1-1: Diagram of the scattering and reaction planes for (e, e'p). The final state
polarization vectors are also shown. Both I and i are in the reaction plane while ni is
normal to the reaction plane. X is the recoiling system.
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We define the polarization vector with respect to the Reaction Plane. The longitudi-

nal component of the final state proton, 1, is parallel to p. The normal component, fi, is
normal to the reaction plane in the direction of ' x j'. For parallel kinematics in which

' is parallel to p', the normal component is defined to be normal to the Scattering Plane
and pointing up. The transverse, or sideways, component is defined as t = ~ x 1, so that

I lies in the reaction plane but is perpendicular to p'.

For inelastic scattering, a frequently used parameter is the invariant mass, W. The

square of the invariant mass is the square of the total 4-momentum:

W 2 = (Q+ P).(Q+P), (1.2)

= M, + 2M, w+ Q2,

where we used the total initial momentum. The square of a 4-momentum of a particle is
equal to the square of the rest mass. Thus, if the electron scattering excites the proton
into a A, the invariant mass will be equal to the rest mass of the A, 1232 MeV.

1.1.2 First Born Approximation

The electromagnetic interaction can be approximated as an exchange of a single photon
because of the weak coupling constant. This approach is called the First Born Approxi-
mation. This process is shown diagrammatically in Figure 1-2. We present a brief outline
of the derivation of the cross section in this approximation as presented by A. S. Raskin
and T. W. Donnelly. [2]

We start by examining the Ai(e, e'p)A, reaction in which we measure a scattered
electron and proton in coincidence, the initial nuclear body has mass Mi and 4-momentum
Pi = (Mi, 0), and the recoiling body has mass Mr and 4-momentum P, = (E r , p'). For
pion production off a proton, the pion is the recoiling particle. In general, the differential
cross section is given by Fermi's Golden Rule:

da = bability) (number of final states). (1.3)
(incident flux)
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n

el

Figure 1-2: The Feynman diagram for the first Born approximation of pion productions
off a proton.

For the (e, e'p) reaction in the laboratory frame,

S2 2 me d3k' Mp d3  Mrd 3pd3do - 2I M P (1.4)
S, e' (2r)3 E' (27r) 3 E, (27r)3

x (2r)464(K + P - K'- P' - Pr),

where we have assumed the electrons are ultra-relativistic (8 = 1) and rif represents
the average over initial states and sum over final states. We follow the Bjorken and Drell
normalization convention of the spinors, fiu = 1. Since we do not detect the recoiling
particle, we must integrate the differential cross section over p-. Then we integrate over
the momentum of the scattered proton, p', to get

do m M, M k'p'
dE'dQedfp, (27r) 2Mi k reci Jf, (1.5)

where the recoil factor is

frec l+ wp' - E'q cos M pq (1.6)
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The invariant matrix element, Mfi, contains the physics of the scattering process.

Mf, =- -) J(K', S'; K, S) J(P', Pr; Pi)f,i (1.7)

where jA is the electron electromagnetic current and JP is the nuclear electromagnetic
transition current and where S and S' are the spins of the electron in its initial and final
states. The square of the invariant matrix element is proportional to two second-rank
tensors, a leptonic tensor, tq,,(K', S'; K, S), and the hadronic tensor, W,,(Q):

SMfi1 = (47ra)2IM li 27Wz (1.8)

Then the differential cross section is

da a2m2 M, k'p'
fr-' IAW (1.9)

dwdQe,dp 2 3M k (Q2)2 frec vf (1.9) i

The leptonic tensor can be determined from QED. We assume that the initial and
final electron states are unpolarized and that the electrons are extremely relativistic. The
electron current is

j'(X) = -e ( ) 112 fi(K', S') yu (K, S), (1.10)

so that the leptonic tensor is

1 ee'-=-- =e2 2 (1.11)
'A Me if

2m2 [KK:, + K,KL - g,K - K'], (1.12)

where we have averaged over the initial states and summed over the final states.
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We define the hadronic tensor in terms of the nuclear current,

W,, = JJ,J,. (1.13)
spins

Unlike the electron current, we cannot derive the exact hadronic current from theory. Our
approach is to constrain the structure of the hadronic current by applying general restric-
tions. These restrictions are that the nuclear current must be a Lorentz 4-vector, must
conserve parity and must conserve current. Given these restrictions, the general form of
the differential cross section in the laboratory frame for the electron coordinates and in
the center of mass (CM) frame of the final state hadrons for the nuclear components, is

d5a a 2 MM, k' p" 1
dQdedSQ dw 87r3W kE (-Q 2) 1- E

x (2pLZrL + IT- - PL - p (1 + e)LT)y (1.14)

where the 7Zi's are the generalized response functions.' The L and T in the above sub-
scripts denote the components of the current parallel and perpendicular to q, respectively.
The L, T, LT and TT denote the longitudinal, transverse, longitudinal-transverse inter-
ference and the transverse-transverse interference terms respectively. The kinematics
constants are

-1 2q2

E-1 1 - tan2 0e/2, (1.15)Q 2

PL - 2 (1.16)

pL contains a factor of W/Mp because we evaluate the response functions in the CM
frame.

Each of the response functions can be further separated into terms with different
dependence on the out-of-plane angle, 4 pq, and on the spin components of the recoil pro-
ton, S. This separation is a property of the system under rotation about the momentum
transfer vector in angular momentum space. There are twelve response functions for pion

1We use the normalization of equation (B.3) in Reference [2].
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electroproduction with unpolarized electron beam and for measurements of the final state
polarization of the proton:

ZL = RL + SnRL, (1.17)

r = RT + SnR, (1.18)

RTT = COS 20pqRTT + sin 2pqSiRýR + sin 2pqStRpT + cos 24pqSnIRi, (1.19)

,LT = COS kpqRLT + sin pSn qpqStRT + COS pqSnRLJT. (1.20)

The components of the polarization vector, 1, ni and t are defined in section 1.1.1. The
R, response functions, where i = L, T, LT, TT, are determined by cross section mea-
surements, and Rj polarization response functions, where p = 1, t, n, are determined by
recoil proton polarimetry.

This cross section simplifies further for in-plane kinematics in which the proton is
detected in the scattering plane. Of the polarization responses, only the normal-type
survive (R2, RP, R;T and RnT). Thus the cross section in equation 1.14 for in-plane
kinematics simplifies to:

d5a a2MpM, k' p• 1
= (1.21)

dfedGQcmdw 87r3W k e (-Q 2) 1 - E
x[2pL (RL + SnRn) + (RT + SnRn)

-E (RTT + COS 2qpqSnR).)

- PL (1 +) (RLT + cosqSnRT)].

There is a simple argument why only the normal-type polarization exists when there
is no electron beam polarization and we detect the proton in the scattering plane. The
only vectors from which we can construct spin vectors are the momentum vectors of the
particles. Momentum is a polar vector. Spin is an axial vector. We can construct an axial
vector by forming the cross product of two polar vectors. There are two independent polar
vectors from the electron side of the interaction. We choose to use the the initial electron
momentum, k, and the momentum transfer, q. The direction of the scattered electron is
redundant information because it is determined by momentum conservation, I' = kc -q'.
We can form one axial vector from 4 x k, which defines the normal-type polarization. The
momentum of the scattered proton lies in the scattering plane; we cannot form another
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independent axial vector. Thus we can construct only one axial vector normal to the
scattering plane when the electron beam is unpolarized and the proton is detected in the
scattering plane. Hence, there can be only normal-type polarization.

1.1.3 Multipole Expansion of Response Functions

The response functions can be broken down further into combinations of electromagnetic
multipoles. The multipoles are more closely related to the physics of the observed pro-
cesses. The magnetic and electric transverse multipoles couple to the nuclear current
whereas the Coulomb multipoles couple to the nuclear charge.2 The multipole decompo-
sitions of the response functions are shown in Appendix A.

There are two conventions for representation of the quantum numbers of the multipole
expansions for pion production. For A excitation, the process is y*p --+ A+ - rN. The
multipole terms can be quantized by either the initial angular momentum of the virtual
photon or the final angular momentum of the 7rN system.

First we examine the 7*p -+ A+ process. The proton is an even parity spin 1 particle.
The A is also even parity but it is a spin 3 particle. In order to conserve the parity and
angular momentum, the virtual photon must also be even parity and can carry one or
two units of orbital angular momentum. In general, an electromagnetic transition can
contain three types of multipole terms: magnetic, electric, and Coulomb. The parity of
these terms is

II(CL, EL) = (-1)L, (1.22)

II (ML) = (-1)L+I ,

where C is the Coulomb multipole, E is the electric multipole, M is the magnetic mul-
tipole and L is the angular momentum of the photon. Parity limits the only possible
multipole terms for the N -+ A transition to M1, E2 and C2.

Now we examine the final irN system. The total angular momentum of the IrN
system is the sum of the nucleon spin and the orbital angular momentum of the system,

2Current conservation relates the Coulomb multipoles to the longitudinal multipoles
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J = l + 1. The spin of the pion is zero, so it does not contribute to the total angular
momentum. The orbital angular momentum of the final states must be 1 = 1, 2 in order
for the total angular momentum of the final states to be equal to the spin of the A, 1. The
reaction must also conserve parity, which is even for this reaction. The orbital angular
momentum of the wrN system must be odd because the 7r has an odd intrinsic parity. We
can specify the total angular momentum of the final states by whether the spin of the
nucleon is parallel or anti-parallel to the orbital angular momentum, i.e. J = 1 ± "1 The
abbreviated notation for the quantum numbers is 1±. Thus, in this convention the three
multipoles that contribute to the N -+ A transition are MI+, El+ and S1+.

For pion electroproduction, there is a one-to-one correspondence between the two
conventions for J = 1. This correspondence is seen in the parity of the multipole terms
as defined by the final state quantum numbers, II (C+, El+, Mr+) = (-1)±+ 1. Comparing
equations 1.22 with these, we see that jL - l| = 1 for the Coulomb and electric terms
and L = 1 for the magnetic terms. The correspondence for the terms for the N -+ A
transition are:

M1 ++ MI+,
E2 ++ El+, (1.23)

C2 + S1+.

We choose to represent the multipole amplitudes in terms of the angular momentums
of the final 7rN system. In this convention all the terms related to the N -+ A transition
are conveniently labeled 1+.

1.2 The Nucleon and the Delta

1.2.1 The Nucleon

Nuclear physicists think of the proton and the neutron as two facets of the same particle.
The two particles are remarkably similar. They both have spin 5 and their masses
differ by only 0.1%. They differ in their charge and magnetic dipole moments, which
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are electromagnetic properties. If we ignore the electromagnetic interactions, the two
particles behave nearly identically for strong interactions. Heisenberg suggested that
proton and neutron are two states of the same particle, the nucleon. [3]

In order to examine and to understand the nucleon, we must adopt a model which
describes the structure of the nucleon. We choose the Standard Model. [4] According to
this model, nature is composed of three types of particles: leptons, quarks, and gauge
particles. Leptons interact via the electro-weak force. Leptons consist of electrons,
muons, taus and their corresponding neutrinos. Quarks interact via the electro-weak
force and the strong force. There are six quarks: up, down, strange, charm, top and
bottom. The gauge particles are exchanged during an interaction. The gauge particles
consist of -y, W and Z for the electro-weak force and gluons for the strong force.

Quarks form constituent particles called hadrons. The nucleon and the pion are

two examples. Hadrons which obey Fermi-Dirac statistics are called baryons. Because

observed particles must be colorless and quarks are fermions themselves, baryons are

composed of three quarks. Hadrons which obey Bose-Einstein statistics are called mesons.

Mesons are composed of a quark-antiquark pair.

In the Standard Model, the nucleon is composed of three valence quarks, gluons, and

sea quarks. The valence quarks differ from the sea quarks in that at low four momentum

transfer, Q2 --+ 0, the bulk properties of the hadron are determined by the valence quarks.

In addition, the sea quarks are always accompanied by their anti-quarks. In this manner,
the valence quarks are the "active" quarks in the nucleon.

The nucleon is a convenient laboratory for studying quarks and their interactions. We

cannot isolate individual quarks. Because of this confinement, we must be content with

studying them in complex systems, i.e. hadrons. The nucleon is an excellent candidate

because it is the only stable system composed of quarks.

1.2.2 The D State

For many years physicists have tried to address the possibility of higher orbital angu-

lar momentum states in the nucleon wavefunction. Such contributions, while small,
introduce different ingredients into the structure of baryons. To understand these con-

tributions, we can examine the nucleon wavefunction in a simple quark model. [5]
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Let us examine the symmetry under exchange of any two quarks of the single-quark
wavefunctions. We confine our discussion to SU(6)spin-flavo, symmetry to which only
the up, down and strange quarks contribute. We also assume that there are no quark
interactions. The single-quark wavefunction can be decomposed into three separate parts:

Iq) = 10( 3 ))spatial 0 ISU(6))spin-•lavor ® ISU(3))colo,, (1.24)

where the symmetry group is indicated for each component. We combine the spin

and flavor components to form the spin-flavor component, SU(2)8 pi, ® SU(3 )flavor =

SU(6)spin-flavor. To form a baryon, we combine three such quark wavefunctions. There

are 63 = 216 basis states of the spin-flavor component of the baryon wavefunction. We

can categorize these bases states into four groups based on their symmetry under ex-
change of any two quarks:

6 9 6 0 6 = 56s e 70M e 70M e 20A (1.25)

where the subscript S denotes symmetric states, M denotes mixed symmetry states, and
A denotes anti-symmetric states.

Next we assemble the single-quark L = 0 wavefunction component for the nucleon
based on quark interchange symmetry. The total wavefunction must be anti-symmetric
under interchange of two quarks because the nucleon is a fermion. The color wavefunc-
tion component must be anti-symmetric because the nucleon is "colorless." The spatial
component of the wavefunction is symmetric because all three quarks are in S states.
The spin-flavor component is constrained to be from the 56s group:

IN, L = 0) = IL = 0)spatial ® 156s)spin-flavor I1 A)color. (1.26)

This wavefunction is the same for any baryon with all three quarks in zero orbital angular
momentum states.

Now we assemble the single-quark L = 2 wavefunction component for the nucleon.
In order to construct the total angular momentum of the proton, , with an orbital

angular momentum of 2, the spin of the quarks must be 2. The S = 2 wavefunction is
symmetric under interchange of two quarks. The isospin of the proton is 1, so the flavor
wavefunction is of mixed symmetry. As a result of symmetry of these two components,
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the spin-flavor wavefunction must be from the mixed symmetry group 70m. Then the
single-quark wavefunction for the proton, allowing for both S and D states, is

IN)= aL = 0, S=) + PIL = 2, S = ), ((1.27)

= aIL = 0+, 56s) + ,IL = 2+, 70M),

where we have dropped the color component. The parity of the component is noted in the
superscript of the orbital angular momentum. The inclusion of a D state in the nucleon
wavefunction introduces the mixed-symmetry spin-flavor components.

Our interpretation of the origin of the possible D state admixture in the nucleon
depends on the model we apply to the physics. Below we describe the source of the D
state in the nucleon in the framework of two types of models: chiral bag models and
constituent quark models.

In chiral bag models, the pion cloud is the source of the D state admixture in the
nucleon. The hard surface of bag models is replaced by a pion cloud in chiral bag
models. [6, 7] This cloud is necessary to preserve the helicity of the quarks as they reflect
off of the bag walls. The cloud exerts more pressure on the poles of the bag than on the
equator. This difference in pressure deforms the bag and adds the D state admixture. [8]

In constituent quark models, the D state admixture is a result of a tensor force in the
effective interaction. The non-relativistic effective interaction in the CQM is inspired from
the non-relativistic reduction of the interaction in Quantum Electrodynamics (QED). [9,
10, 11] The effective interaction has a tensor force term which follows the form

S12 = 3 (  2 a_ - , (1.28)
r12

where ai is the spin operator of the ith particle and r'2 is the displacement between
particles 1 and 2. The introduction of D state admixture in the nucleon by the tensor
force in the effective one-gluon exchange interaction is analogous to the D state admixture
in the deuteron as a result of the tensor force in the nucleon-nucleon interaction.
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Examples of the Effects of the D State

The introduction of the D State into the nucleon wavefunction can affect a wide range
of physics. We need to choose a model to establish a framework from which to examine
these effects. For this discussion, we choose the Constituent Quark Model (CQM) for its
simplicity.

The CQM attributes all of the properties of the hadrons to the valence quarks. We
will employ the SU(3) representation in which we have three flavors of quarks: up,
down and strange. The quarks are non-relativistic, thus CQM is appropriate in the non-
perturbative QCD limit, Q2 -+ 0. For the ground state baryons, the quarks occupy the S
shell orbital angular momentum states. More sophisticated approaches include an effec-
tive interaction from one-gluon exchange using a non-relativistic oscillator basis [9, 10, 11]
and recent relativistic models [12, 13]. For more details on the CQM, see Reference [14].

The CQM describes some of the observed properties of the ground-state baryons.
Including an effective spin-spin interaction in the CQM, the model successfully describes
the mass spectrum of the ground-state baryons. [4] The CQM also successfully predicts
the ratio of the magnetic dipole moments of the proton and the neutron. The observed
ratio is p/lp,n = -1.46, while the predicted ratio is pp/p, = -1.50. These successes are
remarkable considering the simplicity of the model.

Despite these successes, the CQM fails to predict several ratios of coupling constants.
The weak interaction has two contributions, a polar vector term and an axial vector
term. The CQM predicts the ratio of the coupling constants for these terms to be
gA/gv = 1.667. The observed value for this ratio, measured in neutron beta decay, is
1.257±0.003. [15] In the baryon-meson interaction, we construct terms that are symmetric
and anti-symmetric in the baryon-antibaryon field. The coupling constants for these
terms are labelled D and F. The CQM predicts (D + F)/(D - F) = 5, but the observed
value is 3.77. [16] Finally, the ratio of the 7rN -+ N to 7rN -+ A coupling constants is
predicted to be 1.697, but is measured in 7rN scattering to be 2. [17] In Table 1.1, we
summarize the discrepancies between the predicted values of the CQM for the ratio of
coupling constants and the measured values.

The CQM also fails to predict the integral of the nucleon spin structure functions. The
glg and gN are helicity conserving and helicity changing spin structure functions. We can
form sum rules in which we integrate gN over 0 < x < 1, where x is the Bjorken scaling
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Coupling Constants Reaction CQM Prediction CQM Prediction Observed
S Shell S+D Shells

gA/9v n-+pe e -= 1.67 5 1- 6 1.2573(28)
__ _ _ _ _ _ _ _ 3 3 _ _ _

(D + F)/(D - F) Eo 0  Ar 0  5 5 1 - • 3.79(3)

9rNA/9rNN 7p -+ Irp = 1.70 1-6 2

Table 1.1: The CQM with only S Shells quarks fails to predict a few ratios of coupling
constants. The second column is the reaction by which we can measure the ratio of
coupling constants listed in the first column. The third and fourth columns are the CQM
predictions with S shell and S+D shell states. The last column is the experimental value
of the ratio.

variable, x = Q2/2MNw. The CQM predicts that these integrals are fl gjldx = 15/54
and fJ g'dx = 0. [18] Again, these integrals differ from the observed values of

fJ gPdx = 0.126 ± 0.018

= 0.129 ± 0.011

= 0.136 ± 0.015

from EMC [19],

from E143 [20],

from SMC [21],

fI gdx = -0.022 ± 0.011 from E142 [22],

= -0.08 ± 0.06

These discrepancies are not surprising because the
interaction or all QCD degrees of freedom.

from SMC [23].

CQM does not include the full QCD

If we allow the ground state quarks to be in L > 0 states, then the predictions of the
CQM more closely agree with the observed values of the ratio of the coupling constants.
In 1979 Glashow [24] suggested that a D state admixture in the nucleon wavefunction
would modify the CQM predictions for gA/9gv and (D + F)/(D - F). In 1981, Vento,
Baym and Jackson [25] examined the effect of a D state admixture in the framework of
the Chiral Bag Model. They derived the corrections to the predictions of the S state
CQM with the following admixture of D state wave-functions:

IN)= L= + L = 2,S = ). (1.30)

(1.29)
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Given this admixture, Glashow and Vento et alia suggested that 6 a 0.2 - 0.3 could
explain the differences between the predicted and observed ratios of coupling constants.
The corrections to the ratios of coupling constants due to the D state admixture are
listed in Table 1.1. The D state contributions would not change the CQM prediction for
the ground-state baryon mass spectrum or the ratio of the magnetic dipole moments of
the proton and the neutron.

We can also correct the integral of the spin structure functions for the D state ad-
mixture. If we write the nuclear wave-function as in Equation 1.30, then the sum rules
in the CQM are [18]

/o1 15-246 1 -6 (1.31)

If 6 • 0.2 - 0.3, the predicted values of the integral rules according to the CQM would
agree with the observed values. A significant D state admixture in the nucleon wave-
function can explain the differences between observed physical quantities and their CQM
predictions.

1.2.3 The N -4 A Transition

The D state admixture is often described as the "deformation" of the nucleon. To under-
stand this notion, we start with a semi-classical picture of the charge distribution of the
quarks in the nucleon. In a simple SU(3) model without interactions, all three quarks
are in S shells states. This charge distribution is spherically symmetric. In classical
electromagnetic theory we describe the charge distribution as a monopole. When we add
a D state contribution to the nucleon wavefunction, we are adding a quadrupole term to
the charge distribution. This quadrupole term renders the charge distribution no longer
spherically symmetric. In this picture, we can describe the quadrupole moment of the
nucleon as a deformation.

In quantum mechanics, the above picture of a deformed nucleus is not observable.
Suppose that we want to measure the higher multipole moments of the nucleon via
elastic electron scattering. We must conserve parity and total angular momentum in
this process. The parity for a state with orbital angular momentum L is (-1)L. The
nucleon has positive parity, so only even orbital angular momentum states can exist in
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the nucleon wavefunction. Angular momentum conservation prohibits adding a J = 2
state to a J = 1 initial state to get a J = 1 final state. For these reasons we cannot
observe higher multipole moments of the nucleon in elastic electron scattering, hence we
cannot measure the "deformation."

In order to observe the D state admixture of the proton, we must examine a transition.
The N -+ A transition is a natural first choice for three reasons. First, the A has the
higher angular momentum, J = 2 necessary to examine the quadrupole terms in the
wavefunctions. Second, the resonance is strong compared to other processes involved in
pion production. Third, complications in the observables due to tails of higher resonances
are minimized because the A lies far below higher resonances in the mass spectrum.

1.2.4 The Delta

We can build the quark wavefunction for the A in the same manner as we did for the
nucleon. The quark wavefunction for the A is

A) = L= O,S= + L=2,S= ) + jL = 2,S = ), (1.32)1(1.32)

= y|L = 0+, 56s) + EIL = 2, 70M) + qIL = 2+ , 56 s ).

Note that the wavefunction for the A has two L = 2 components, one with spin 1 and
one with spin 1. The matrix elements of the electromagnetic current for the N -+ A
transition are

(A • J IN) = ay (A, L = +, 56s j" IN, L = +, 56s)(AL=O,AS=1)

+ ac (A, L = 2 + , 7 0MI j" IN, L = 2+ , 70M)(AL=O,As=1)

+ a7 (A, L = 2 , 56s1 j" IN, L = 2+ , 70M)(AL=o,A=O) (1.33)

+ PE (A,L = 2+,70|MIj |N, L = O+,56s)(AL=2,AS=0)

+ 0/7 (A,L = 2+, 5 6 sl j| IN, L = 0+, 56s)(AL=2,AS=1)

+ 07 (A, L = 0+, 56sl jA IN, L = 2+, 70M)(AL=2,AS=O),

where the subscripts after the brakets denote the change in orbital angular momentum
and spin for that particular matrix element. The first two terms on the right-hand
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side contribute to the MI+ amplitude. The third term, which is of electric monopole
character, vanishes. The last three terms contribute to the S1+ and El+amplitudes. In
this manner, the quadrupole amplitudes for the N -+ A transition are sensitive to the D
state components in the nucleon and A wavefunctions.

The ultimate goal of measuring the D state admixtures of the nucleon and the A is
not to measure the size of the admixtures but rather to understand the mechanism that
creates the higher orbital angular momentum states. This mechanism is the same for the
nucleon and A. Although studying the N -+ A transition complicates the mechanisms we
are attempting to understand, the measurements on the N -+ A transition are sensitive
to it and are the best means available as discussed.

1.2.5 Signature of the D State

The N -+ A transition is dominated by a magnetic dipole amplitude, MI+. In quark
models, both the proton and the A+ are made of two u quarks and one d quark. However,
the spin of the proton is 1 and the spin of the A+ is 1. If we assume that the quarks
in both particles are in S shell orbital angular momentum states, then the total angular
momentum of the particles is the total spin of the three quarks. By flipping the spin of
one quark in the proton, we increase the spin from 1 to 1 and change the proton into a
A+. A spin flip is a magnetic dipole transition.

The quadrupole amplitudes, El+ and Si+, are sensitive to the D state admixture
of the proton. The virtual photon has L = 2 for the quadrupole terms. This higher
angular momentum enables the photon to couple to higher orbital angular momentum
states in the hadron wavefunctions. If we form the ratio of the quadrupole terms with
the dominant magnetic dipole terms,

CM Re ,S•I and EMR = (1.34)
IMJ I IMaj2

we can determine the relative strength of the quadrupole terms compared to the mag-
netic dipole terms. These two ratios are conventionally called the CMR, the Coulomb
quadrupole to magnetic dipole ratio, and the EMR, the electric quadrupole to magnetic
dipole ratio.
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Existing data constrain the CMR to be a few percent and negative. [26, 27, 28, 29, 30]
A plot of the data is shown in Figure 1-3. The average CMR of the existing data is ap-
proximately -8%. These results mostly come from coincidence p(e, e'p)7r0 cross sections
measurements that were performed over a range of angles and momenta of the particles.
The values for the CMR were determined from these data by multipole analyses based
on assumptions such as M1 + dominance. These assumptions were necessary because the
data was incomplete.
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Figure 1-3: Existing data for the CMR.

There is only one recent measurement of the CMR. In the thesis of Frank Kalle-
icher [30], a measurement of CMR = -12.7 ± 1.5% at Q2 = -0.127 (GeV/c) 2 was
reported. The experiment was performed at Bonn, Germany, and measured the real part
of the interference of a longitudinal and transverse currents in the p(e, e'iro)p reaction.
This result was extracted from measurements of the angular distribution of the pions
around the central direction of momentum transfer. The iro was measured indirectly.
Photons from the 7ro decay were detected in a scintillator array. The momentum of the
pion, both magnitude and direction, was reconstructed from measurements of the energy
and angular distribution of these photons. This measurement was a critical factor in our
choice of kinematics for the M.I.T.-Bates N -+ A experiments performed in 1995.
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1.2.6 Pion Production

To obtain information about the N -+ A transition, we must measure pion production
observables. Pion electroproduction is a complicated process. In addition to A excitation,
several other processes contribute to the same final state, irN. These processes are
illustrated in Figure 1-4. After the proton absorbs the photon, the proton can emit a
pion to bring itself onto the mass shell. The time-reversed diagram also contributes to
pion production. The photon can also interact with a virtual meson. These processes,
which are collectively called the Born terms, are illustrated in Figures 1-4(b) through
1-4(d). The "seagull" term is shown in Figure 1-4(e). This term is necessary in the
pseudovector coupling of the wNN system in order to conserve gauge invariance of the
Born terms. In addition to the A resonance, shown in Figure 1-4(f), it is possible for
the tails of higher resonances to contribute, shown in Figure 1-4(g). The contribution to
the multipole amplitudes from the tails of higher resonance near the A is of the same
character as the Born terms: mostly real and relatively flat in W. All non-A contributions
are collectively referred to as the "the background."

+ +

+ N*+

Figure 1-4: Feynman diagram for pion production. Figure (a) represents the pion pro-
duction. Figures (b) through (d) are the Born terms. Figure (e) is the "seagull" or
contact term. Figure (f) is the A excitation. The time reverse of (f) also contributes to
pion production. Figure (g) is higher resonances.

|
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The behavior in W of the resonant and background contributions to the amplitudes is
different. The background contributions are mostly real and have little dependence on W.
In contrast, the resonant contributions have a strong W dependence. The Fermi-Watson
theorem [31, 32, 33] relates the phase-shifts of the pion-nucleon scattering amplitudes
with those for pion production. For A excitation, the pion-nucleon amplitudes exhibit a
strong resonance behavior. The W dependence of resonance amplitudes are often describe
by the Breit-Wigner function:

L/2
A(W) oc (1.35)(W, - W) + if/2'

where r is the width of the resonance and We is the mass of the resonance. On top of
the resonance, A(W,) is imaginary, and for W far from the resonance, A(W) is mostly
real.

As discussed by Bernstein, Nozawa and Moinester [34], the 1+ amplitudes can be
separated into three distinct amplitudes. We can first divide the multipole amplitudes
into terms with isospin ½ and with isospin 1. Background processes contribute to the
I = term. The A resonance contributes to the I = 3 term, but this term can be divided
into the bare resonance and the vertex renormalization due to irN initial state reactions
before the creation of the A. The experiment described in this thesis differentiates
between these real and imaginary parts of the multipole amplitudes, not these three
contributions. For this reason, we ignore this separation in the amplitudes and work
with the traditional amplitudes, Mi+, El+ and S1+.

All of these processes contribute to the multipole amplitudes. The Ml+, Ej+ and SI+
contain contributions from A excitation, the Born terms, and higher resonances. Other
amplitudes contain contributions from the background only. In order to extract infor-
mation about the N -+ A transition, we must constrain the background contributions to
pion production observables.

1.3 Pion Production Models

There are three models of pion production from which we can predict the induced final
state proton polarization. S. Mehrotra and L. E. Wright fit the non-relativistic limit of a
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derived pion electroproduction operator to experimental data. [35] R. C. E. Devenish and
D. H. Lyth calculate 0ro production using resonance saturated t dispersion relations. [36,
37] T. Sato and T.-S. H. Lee developed an effective Hamiltonian by applying a unitary
transformation to a model Lagrangian to develop a consistent meson-exchange description
of 7rN scattering and yN -+ 7rN. [38] Each of these models is briefly discussed below.

1.3.1 Mehrotra and Wright

Mehrotra and Wright developed a set of operators for pion electroproduction that is an
extension of the Blomqvist-Laget[39] pion photoproduction model. The primary differ-
ence between photoproduction and electroproduction is the inclusion of the longitudinal
polarization for the virtual photon in the electron scattering case. The non-relativistic
reduction of the operator is valid in any frame of reference to the order of p2/Mk, where
p is the momentum of any particle involved in the process. For this reason, their model
is valid only for Q2 up to approximately 0.3 GeV 2/c 2.

They include four terms in the Born amplitudes with pseudovector couplings for the
7rNN system. The first two terms are contributions from the nucleon emitting a pion
before and after the yNN vertex as seen in Figures 1-4(b) and 1-4(c). The third term
is from the "seagull" term which is necessary in the pseudovector coupling to preserve
gauge invariance of the Born terms. The fourth term is a contribution added to preserve
unitarity in the non-relativistic limit.

In addition to the Born and N --+ A terms, Mehrotra and Wright also determine the
contributions from w exchange. This term contributes only for 7r0 production.

Two contributions for A excitation are included in this model. These are the typical
resonant term in which the pion is a product of the decay of the A, as shown in Figure 1-
4(f), and the time reversed version of this diagram in which the pion is produced upon
the creation of the A. For both of these contributions, only the dominant magnetic dipole
amplitude is considered. Hence, for this model the CMR is explicitly zero.

Mehrotra and Wright determined their parameters by fitting pion photoproduction
data in three ways. In their first fit, fit A, they forced the isospin 1 component of the MI+
multipole to have the same phase as pion-nucleon scattering. They then determine their
parameters by fitting 7r+ and 7ro data simultaneously. For the second and third fit, fit B
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and C, they no longer required unitarity and they fit the r+ and 0rO data separately. They
discarded the u-channel A production and introduce a phase factor to the A coupling
to improve fit C. For our calculations, we used fit A because it was unitary and it was a
slightly better fit to the photoproduction data.

1.3.2 Devenish and Lyth

Devenish and Lyth employed fixed t (Q2) dispersion relations to calculate 7O0 electro-
production. Dispersion relations relate the real and imaginary parts of the scattering
amplitudes. These results were developed by an extension of the scattering amplitudes
into the complex plane in both the momentum transfer and energy transfer, q and w.
Devenish and Lyth based their work on J. S. Ball [40], who developed the dispersion
relations for pion photoproduction. Their results are fit to pion photoproduction data
and to single arm electron scattering pion production data.

In general, the hadron current, J,, has eight amplitudes. Current conservation con-
strains two of these amplitudes, so that there are six independent amplitudes. For the
independent amplitudes, Devenish and Lyth choose those terms that contributed to the
cross section. Of these six amplitudes, only one required a subtraction of terms to remove
singularities. However, that amplitude did not contribute to iro production.

At the photon point (Q2 = 0) the imaginary parts of the amplitudes for electropro-
duction are equal to the observed imaginary parts for photoproduction. Away from the
photon point, the imaginary parts of the amplitudes for electroproduction are multiplied
by a form factor and the photon threshold behavior is divided out:

M(W, Q) = M(W, O)G (1.36)

where M(W, Q2) is a multipole amplitude, q,(qO) is the photon momentum in the CM
(at Q2 = 0), and x = 1 for Ms± and El+ and x = I - 2 for El_, and G(Q 2 ) is a form
factor. Of the Coulomb amplitudes, only S1+ is non-zero:

Iq1 S(WR, 0)
S1++ = . (W, Q2)(W ) (1.37)

qR aM(WR, 0)
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where the subscript R denotes quantities evaluated at the resonance, and the ratio
S(WR, O)/M(WR, 0) is the CMR. For the A resonance, the form factor for the mag-
netic dipole amplitude is

G (Q2 e (1.38)GM+ (Q2) - Q2/4(Gev/c)2'

where Ge is the electric form factor for the proton.

We calculate the non-resonant contributions from the amplitudes of von Gehlen. [41]
These amplitudes include contributions from the u and s channels in the proton pole and
from the pion pole. We refer the reader to the original publication of von Gehlen and the
manual of the program EPIPROD [42] for the details of the non-resonant amplitudes.

The von Gehlen amplitudes are functions of the Dirac and Pauli form factors. These
form factors can be expressed in terms of the Sach's form factors:

Fp, G" + rG A", (1.39)1+7
"-p,n  G,,n

F2p,n = "M - , (1.40)
1+7

where r -= IQ2 /4m2 . The Sach's magnetic form factors are parameterized in terms of
the electric form factors of the proton, GPn = -Zp,nGP. For our calculations, we set the
Gn = 0.

1.3.3 Sato and Lee

By applying a unitary transformation to a model Lagrangian, T. Sato and T.-S. H. Lee
(SL) developed an effective Hamiltonian for a meson-exchange model of pion production.
The Lagrangian included N, A, 7r, p, w and 7 fields. By way of the unitary transforma-
tion, based off the work of Sato et alia [43], virtual processes were eliminated from the
initial Hamiltonian and included as effective operators in the transformed Hamiltonian.
This approach provided a consistent meson-exchange description of 7rN scattering and
yN -+ 7rN. In contrast, older effective Hamiltonian models, such as the one described
in Reference [44], used a phenomenological separable potential to describe irN multiple
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scattering. The effective Hamiltonian consisted of bare A ++ 7N, yN vertex interac-
tions and energy-independent meson-exchange irN + 7rN and 7N transition operators.
This model allowed a D state in the A wavefunction. We examined the results for two
probabilities of such a state, 0.014 and 0.000.

1.4 The Experiment

In the previous sections of this chapter, we laid a foundation to discuss the measurement
of quantities sensitive to the structure of the nucleon. Below is an outline of some of the
issues discussed:

* A D state component in the nucleon would be an indication of interesting physics.

* The only means to measure the D state component in the nucleon is to measure
observables for a transition to another particle. The obvious first choice is the
N -+ A transition.

* The ratio of the Coulomb quadrupole amplitude to the magnetic dipole amplitude
(CMR) for the N - A transition is a measure of the D state components in the
nucleon and A wavefunction.

* To study the N -+ A transition, we must measure observables from pion produc-
tion. Processes in addition to A excitation contribute to these observables.

* We must understand the contributions of these non-resonant processes so that we
can extract information about the N -+ A transition from the pion production
observables.

The goal of the N -+ A experiments conducted at M.I.T.-Bates during 1995 was the
extraction of the CMR for the N -+ A transition from pion production observables. We
measured two classes of observables. First, we measured the cross section over a range
of angles around the central momentum transfer, q. The variation of the cross section
over this range is sensitive to the CMR. These experiments are discussed in the theses of
Christoph Mertz [45] and Costas Vellidis [46]. Second, we measured the induced polariza-
tion, P,, for parallel kinematics on top of the A resonance. This observable is sensitive to
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the non-resonant processes in pion production. This thesis details the latter experiment.
In the following section, we discuss why the induced final state proton polarization is
sensitive to the non-resonant processes. Then we provide a brief introduction to proton
polarimetry.

1.4.1 Induced Final State Polarizations

To understand the role of measurements of the final state polarization, we can write the
cross section in terms of the polarization vector [47]

a(S =0 (1 + P ) ,(1.41)

where a0 is the unpolarized cross section, Uo = oa() + a(-S), and P is the polarization
vector of the nucleon. By comparing Equations 1.21 and 1.41, we conclude that

uoP, = 2eR + R; - ERý. pL (1 +e)RRT. (1.42)

The above expression simplifies in parallel kinematics, where the proton is detected
along the direction of q' (Ep -+ 0). The azimuthal angle, pq7, is undefined in the limit so
that only those terms in the cross section that have no Opq dependence remain. In addition
to the explicit ,pq dependence, there is an implicit Opq dependence in the components of
the spin vector, S. Then, in parallel kinematics, only R2T survives so that the normal-
type polarization is proportional to RnT.

RZT is sensitive to the background contributions in pion production. It is proportional
to the imaginary part of a longitudinal-transverse interference amplitude. In parallel
kinematics, the general multipole expansion for Rn, from Equation A.30 simplifies to

RnT = Im [4S+M 1+ + S_ Mi+ + S+Mi+], (1.43)

when we retain only the highest ordered terms in M1+. If we suppose that there are
no background contributions in the N -+ A process, then the terms with S1 - and So+
vanish. If the resonance terms (the 1+ amplitudes) follow a Breit-Wigner shape, then
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on top of the A resonance both S1+ and Mi+ are imaginary. Because the product of
these two terms is real, RIT vanishes. Hence, a measurement of RlT is sensitive to the
background terms.

In parallel kinematics, the normal-type polarization is P, = -- pL(1 + 6) R/-o.
The unpolarized cross section is dominated by the magnetic dipole amplitude and is
reasonably well understood. Thus, a measurement of Pn is similarly sensitive to the
background contributions in the pion production amplitudes.

1.4.2 Recoil Proton Polarimetry

We measure the final state proton polarization by doing recoil polarimetry. There are
several advantages of recoil proton polarimetry measurements compared to conventional
cross section measurements:

* The general form of the cross section for coincident electron scattering with a
polarized electron beam has five response functions. If we measure the final state
proton polarizations components, then an additional thirteen response functions
can be measured.

* The polarization observables are typically interferences of large and small ampli-
tudes. These small terms can contain interesting physics. By exploiting the linear
dependence of the polarization observable on the small amplitude, we can extract
the small amplitude with more precision than from a cross section measurement
which measures a quantity that is quadratic in the small amplitude.

* Because polarimetry is a simultaneous asymmetry measurement, the measurement
is less sensitive to systematic issues that typically plague cross section measure-
ments. For instance, polarimetry measurements are less sensitive to the spectrom-
eter acceptance and the target thickness.

* By taking the ratio of polarizations, we can form quantities that are independent of
the electron beam helicity and the analyzer power of the secondary scattering. The
helicity and analyzer power are typically two of the larger systematic uncertainties
in proton polarimetry measurements.
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All of these issues makes recoil proton polarimetry a powerful technique for nuclear
physics experiments.

Proton Polarimetry does have one disadvantage: it is not very efficient. The process
of determining the proton polarizations components for protons with kinetic energy of
about 200 MeV is approximately 5% efficient. To conduct a polarimetry measurement,
there must be a sufficient rate of protons from the primary scattering. This restrictions
limits the types of physics which can be investigated by polarimetry.

We determine the final state proton polarizations by measuring secondary scattering
of the proton. Electrons scatter off the nuclear target in the primary scattering. A proton
from this collision traverses the spectrometer to the focal plane. At the focal plane, the
proton is scattered off an analyzer, typically a carbon block for protons of these energies.
The spin-orbit force in the nucleon-nucleon interaction induces an asymmetry for the
secondary scattering that is proportional to the polarization components of the proton.
By examining this asymmetry for many secondary scattering events, we determine the
components of the polarization perpendicular to the proton's motion.
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Figure 1-5: Distribution of events in the polar angle of secondary
in FPP. Note that the vertical axis is in logarithmic scale.

scattering angle, O,,t,

Both electromagnetic and nuclear interactions contribute to the secondary scattering.
More than 95% of the secondary scattering events are Coulomb scattering of the charge
of the proton and the carbon nucleus. These events occur primarily for small polar
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scattering angles, 8st < 50 . There is no polarization information in these events. Most
of the remaining scattering events are nuclear scattering. These events occur for a wide
range of polar scattering angles, see Figure 1-5. The nuclear scattering events contain
polarization information.

The coordinate system of the OHIPS Focal Plane Polarimeter (FPP) is shown in
Figure 1-6. The initial trajectory of the proton is measured with the two small front
chambers. The trajectory after the secondary scattering of the proton in the carbon
analyzer is measured by the two large chambers. The chambers measure the Cartesian
angles of the initial and final trajectories, al, #1 and a2, 22. From these Cartesian angles,
we form the polar and azimuthal angles, 0st and 0,.t, of the secondary scattering.

01., Q,.a •#fnn

Oscat

Figure 1-6: Coordinate system for the Focal Plane Polarimeter. I points downward and
y points into the page. The proton travels from the left to the right of the figure.

In summary, we measured the induced proton polarization for pion production near
the A resonance. This observables is sensitive to the non-resonant processes that con-
tribute to the pion production. This information is important in the extraction of the
CMR for the N - A transition from pion production measurements.

_·__
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Experimental Setup

We conducted this experiment on beam line B in the South Hall of the M.I.T.-Bates
Laboratory in Middleton, Massachusetts during June, 1995. We scattered an unpolarized
electron beam off a liquid hydrogen target and detected the scattered electron and the
scattered proton in coincidence. We measured the polarization of the final state proton.
We used the Medium Energy Pion Spectrometer (MEPS) to detect the electron, the
One Hundred Inch Proton Spectrometer (OHIPS) to detect the proton, and the OHIPS
Focal Plane Polarimeter (FPP) to measure the proton polarization. In this chapter, we
explain the experimental set-up and data acquisition methods. We briefly describe the
linear accelerator. Then we describe the liquid target, the two spectrometers and the
polarimeter. Finally, we detail the hardware and software aspects of the data acquisition
system.

2.1 Accelerator

During this experiment, M.I.T.-Bates was capable of delivering a 1% duty factor, 40%
longitudinally polarized electron beam with energies up to 1 GeV. For this experiment,
the nominal beam energy was 719 MeV at a nominal average current of 7pA with a
typical pulse width of 14ps. The pulse repetition rate was 600 Hz.
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Figure 2-1: Layout of M.I.T.-Bates Linear Accelerator Laboratory.

2.1.1 Beam Line

A plan view of the laboratory is shown in Figure 2-1. A single pass through the linear
accelerator boosted electrons up to 500 MeV. For energies larger than 500 MeV, the
electron beam was sent through the linear accelerator a second time using the recircu-
lator. This experiment used the recirculator. Once the beam passed through the linear
accelerator a second time, the beam entered the Energy Compression System (ECS). The
ECS reduced the energy spread of the beam and provided a reliable measure of the beam
energy.

The ECS consisted of three main components relevant to our experiment, see Fig-
ure 2-2. The first component was the chicane. The chicane consists of four dipole magnets
which were oriented to introduce a correlation between the timing and the energy of the
electrons. As the electrons passed through a single dipole, the most energetic electrons
were deflected less than the least energetic ones. As a result, the most energetic elec-
trons traveled a shorter path. This difference in path length introduced the time-energy
correlation.

The second component in the ECS was the energy defining slit. This slit was located
in the ECS between the second and third dipole where the beam was highly dispersive,

54 Chapter 2. Experimental Setup
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Figure 2-2: Schematic of the Energy Compression System.

Figure 2-2: Schematic of the Energy Compression System.

i.e. there was a correlation between energy and position. By collimating the beam at
this location, we selected the maximum range of beam energies that survived through
the chicane.

The third component was the radio frequency electromagnetic wave (RF) cavity
which followed the chicane. The correlation between time and energy of the beam after
it passes through the chicane enabled us to use the RF cavity to reduce the spread in the
beam energy. The ECS typically compressed the spread in the beam energy by a factor
of ten.

Once through the ECS, the beam entered the switch yard where the operators di-
rected the beam into the B-line in the South Hall where the experiment was conducted.
The beam current was measured by three toroids on the B-line. The signals from two
toroids, BT1 and BT2, were measured for each pulse. As the beam passed through these
toroids, current signals proportional to the instantaneous beam current were induced
on the toroids. The signals were amplified and measured by gated Analog-to-Digital
Converters (ADC) on a burst-by-burst basis. Each second, 20 bursts were "blanked";
these bursts contained no electrons. The blank bursts provided a means to measure the
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pedestals of the gated ADCs. We subtracted the pedestal from the measured charge to
determine the actual charge delivered to the target. The signal from the third toroid,
BT3, was sent to a Brookhaven Instruments Co. (BIC) charge integrator which measured
the total charge for each run.

The integrated charge measured by the BIC was reliable to only a few percent because
of the nature of the experimental control, see section 2.7.1. The long read out time of the
electronics required inhibiting the detector systems and the charge measuring systems
for the following two beam bursts. We could not inhibit the BIC during the dead bursts
as we could inhibit the gated ADCs. We attempted to correct the BIC results for the
read out dead time, but we discovered that the corrected integrated charge diverged from
the charge as measured on a pulse-by-pulse basis by BT1 and BT2. The difference in
the two measurements of the charge increased with increasing read out dead time. If
we eliminated the dead time read out by not recording wire chamber events, the two
methods of measuring the charge agreed to better than 0.1%.

To understand the origin of this difference in charge, we must first understand the
time dependent nature of the charge per burst. The 600 bursts per second rate is obtained
by dividing each cycle of a 60 Hz signal into 10 timeslots. It is possible for the charge to
vary with the timeslot position within each 60 Hz cycle in a systematic way- for example
as a rectified sine wave. The variation is typically less than 1%, but can be as large as
20-30%.

This difference between the two methods of measuring the charge was a result of a
systematic variation of the charge per burst and the timeslot. The detector system was
more likely to record an event for bursts in which there is more charge. The following
two bursts were ignored by both the detector system and the gated ADCs of the beam
toroids. Since there can be a systematic variation of the charge with the timeslot, we
inhibit in a slightly biased manner those events with less charge. This biasing of the
measured charge invalidates the dead time correction of the BIC charge and induces
the difference in the two charge measurements. This biasing also explains why the two
methods agree when we eliminate the read out dead time by not recording wire chamber
events.

We cross-calibrated the beam toroids. Assuming that the BIC integrator was properly
calibrated, we calibrated a gated charge pulser using the BIC for BT3. The charge
pulser was inputted to the Q-loop of BT1 and BT2. The Q-loop consisted of a wire that
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ran inside the toroid; a current which passed through the Q-loop was observed by the
toroids. The gated ADC output of BT1 and BT2 was measured and compared to the
BIC calibration of the charge pulser. We performed this calibration for a variety of peak
currents with a width of 154ps.

We also recorded the beam position and halo for each live burst. There were two beam
position monitors (BPM) on the B-line. One was upstream of the Moller Polarimeter
and the other was upstream of the target chamber. These monitors measured the vertical
and horizontal position of the electron beam with a 1 mm resolution. Two halo monitors
were on the B-line, one near the Moller Polarimeter and one near the target. A halo
monitor consisted of a photo-multiplier tube attached to the beam pipe.

2.2 M.I.T.-Basel Loop Target

The target for this experiment was the M.I.T.-Basel Loop target. This target system
consisted of two loops for cryogenic liquid and a stage to mount solid targets. Both
loops were filled with hydrogen. The two liquid loops were identical in construction and
instrumentation. The solid targets were BeO (34.51 mg/cm2), natural C (91.46 mg/cm 2),
and a blank. We used the BeO and C targets for beam energy measurements and focal
plane calibrations. The blank target was used for background measurements.

A schematic of the target is shown in Figure 2-3. Each loop consisted of a heat
exchanger to cool the liquid, a heater to maintain a constant liquid temperature, two
temperature sensors to monitor the temperature of the liquid, and a fan to circulate the
liquid. The two loops were cooled in series by gaseous helium. The helium refrigerator
was the 200 Watt Koch model 1420. The flow of the liquid in the loops and not the
refrigerator limited the rate of heat exchange. The target instrumentation information
was monitored and recorded by an IBM PC compatible computer in the counting bay.

The loops were designed so that the target cell, the region of the loop through which
the electron beam passed, was interchangeable. The target cell consisted of two flanges
to attach to the loop, a bellows to allow for thermal expansion/compression as well as
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Bottom Top
Liquid LH 2  LH 2
Cell Diameter (cm) 5 3
Cell Wall Thickness (Cpm) 25.40 10.16
Cell Wall Density (g/cm 2) 0.042 0.017
Nominal Pressure (atms) 1.0 1.0
Nominal Temperature (K) 20.3 20.3
Nominal Liquid Density (g/cm2) 0.36 0.36

Table 2.1: M.I.T.-Basel Loop Target parameters for this experiment.

pressure variations, and a thin wall. The material of the cell wall was cold-rolled Havar.'
The two cells for the two loops were different, as detailed in Table 2.1.

2.2.1 Target Instrumentation

The instrumentation for the target was controlled and monitored by an IBM PC com-
patible computer located in the counting bay. The computer ran a LabView Virtual In-
strument (a software program) designed and tested at M.I.T.-Bates. Through a General
Purpose Interface Bus (GPIB), this program controlled two ADCs and two temperature
controllers. The ADCs measured signals from thermal couple vacuum gauges, pressure
transducers, and beam toroid. The program read the diode temperature scanner over a
serial port line. Once a minute, the program wrote to a CAMAC module over a serial
port. The information written to the CAMAC module included the date and time, the
average and standard deviations of the four CGR temperatures and two target pressures.
This information was recorded in the data stream on the pVax, the data acquisition com-
puter. Once a minute, the program also wrote the average and standard deviation of all
recorded values to the local disk. The computer played no critical role in the operation of
the target. The temperature controllers automatically maintained the loop temperatures
and the gas panels automatically controlled certain valves to safely release gas pressure
in case of emergency.

1Havar is manufactured by Hamilton Precision metals. Cold-rolled Havar has an ultimate tensile
strength of 270,000 psi. Havar consists of 42.0% Cobalt, 19.5% Chromium, 19.1% Iron, 12.7% Nickel,
2.7% Tungsten, 2.2% Molybdenum, 1.6% Manganese, and 0.2% Carbon.
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Figure 2-3: Schematic of the M.I.T.-Basel Loop Target.
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Lakeshore temperature controllers controlled the temperature of the liquid in each
loop. Each temperature controller monitored two Lakeshore carbon-glass resistors tem-
perature sensors (CGR) in each loop. CGRs are resistant to radiation damage and are
accurate to within 0.1 K. One CGR was located immediately downstream of the heat
exchanger while the other was located immediately downstream of the heater and fan.
The CGRs were placed in high thermal conductivity wells in the wall of the loops. The
thermal wells penetrated roughly 5 mm into the liquid flow allowing the CGRs to mea-
sure the temperature away from the loop wall. The temperature controller automatically
adjusted the power applied to the heater based on the difference of the temperature at
the bottom of the loop and the user-supplied set point temperature. The temperature
at the bottom of the loop varied 0.1 K around the set point temperature.

A single fan in the loop circulated the fluid. The circulation improved the cooling
efficiency of the heat exchanger and reduced boiling effects. The fans were off-the-shelf
400 Hz, 3-phase Globe Motors fans, model 19A-AV141. These fans were designed for air
cooling electronics equipment, but because LH2 is similar to air, the fans worked well
in the cryogenic environment. The original bearings for the fans were cleaned so that
they would not freeze at operating temperatures. We individually adjusted the voltage
applied to each fan with a variable transformer. Because the fans were designed for 400
Hz, we attempted to adjust the frequency of the power source with a frequency converter.
The frequency converter had a range of 60 Hz to 120 Hz. The optimum frequency fell in
the range of 70-80 Hz, but the output of the frequency converter induced considerable
noise on some of the target instrumentation. Therefore, we decided to use the standard
60 Hz 3-phase voltage.

We placed eight diode temperature sensors throughout the target system. Diode
temperature sensors (DTS) are less accurate and more susceptible to radiation damage
than CGRs. However, DTSs are significantly less expensive than CGRs. All eight DTSs
were read by one Lakeshore diode temperature scanner. The temperature scanner was
capable of reading only one diode sensor at a time and required at least 10 seconds
between readings. For these reasons, we did not place DTSs in locations where the
temperature reading was critical. DTSs were placed on the gas fill lines at the entrance
to each loop. These temperatures were particularly useful for monitoring the gas flow in
to and out of the loop. If gas in the loop was liquefying, the temperature of the fill line
DTS remained warm, around 100 K, as it drew in warm gas from the source bottle which
was at room temperature. If liquid in the loop was evaporating, the temperature of this
DTS fell sharply to the temperature of the liquid. The six other DTSs were placed in
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the refrigerator system. Four of the DTSs were located in the refrigerator on the supply
line to the target and on the return line from the target. Two other DTSs were located
on the helium refrigerant line in the target chamber, one on the refrigerant input to the
loops and one on the refrigerant output from the loops.

The gas handling system reflected the requirements of the previous experiment, Exp
88-21. For that experiment, we filled the top loop with deuterium and the bottom with
hydrogen. Since LD 2 cost a few thousand dollars per liquid liter, it was economical to
save the evaporated deuterium if it posed no threat to the integrity of the target. The gas
handling system for the top loop was the modified gas handling system from a previous
deuterium experiment (T2o). The panel was simplified for Exp 88-21 because we filled
the LD 2 target from the high-pressure source bottle and not the reservoir as originally
designed for T20. The gas panel for the bottom loop was simple in comparison because
it was designed to handle H2 gas, which did not need to be recycled. We measured the
pressure near the target loops with a pressure transducer on the fill line of the gas panel.
The analog signals from the two transducers were read by an ADC and recorded by the
target computer.

2.2.2 Liquid Density

We calculated the density of LH 2 from an equation found in Reference [48]. Under
conditions of liquid-vapor coexistence, the density of liquid parahydrogen in moles of H
per cm 3 is

PLH2 = Pc + A1 . ATO.380 + A 2 - AT + A 3 • AT 4/ 3

(2.1)
+ A4 AT5 /3  + A - AT2,

for T < Tc where

Pc = 0.03118 moles/cm 3,

Tc = 32.976 K,
AT = T -T,

A1 = +1.46469206.10 - 2,

A2 = -8.8148522 10- 4,

A3 = +1.32415892.10 - 3,
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A 4 = -5.8452726 10- 4,
A5 = +8.0169814 10- 5.

2.2.3 Target Electronics

There are two different types of boiling that could effect the density of the liquid: inter-
burst and intra-burst. Inter-burst boiling occurs when the energy deposited in the liquid
from several bursts boils the liquid. Intra-burst boiling occurs when the energy deposited
during a single burst boils the liquid while the burst is still in the target. We determined
inter-burst boiling effect by varying the beam structure (repetition rate and peak current)
and observing the effects on singles rates in the spectrometers. We determined the intra-
burst boiling effect by comparing the time distribution of the charge in a pulse and the
"instantaneous" rate of Raw Coincidences within the beam pulse.

The intra-burst boiling electronics consisted of an Image Chamber Analyzer (ICA)
and a multi-hit TDC. The ICA sampled an amplified version of the BT2 scope out signal
at 4 MHz.2 This rate was the slowest sampling rate possible for this device. The ICA
digitized 320 samples, but we recorded only 160 channels, or 40 ps. The ICA required
6 ms to convert the data to memory once the stop was issued and another 4.4 ms to
read out 160 channels from the ICA. The ICA sampled the beam toroid signal once
per second.3 We designed the control electronics so that the ICA was first read out
through CAMAC, then sampled another burst, and then a second later read out again
through CAMAC. The schematic for the ICA control electronics is shown in Figure 2-4.
In addition to the ICA, the raw Coincidence signal was fed into a 4 channel multi-hit
TDC that was read every burst.

The system to monitor intra-burst boiling failed because of significant noise on the
toroid signal. This noise was generated by the accelerator and could not be completely
removed from the toroid signal. The residual noise limited our confidence in the system
to a 5% uncertainty around the no intra-burst boiling.

2The ICA sample frequency was half the frequency of the inputted clock signal. For example, the
clock signal was 8 MHz, but the sample rate was 4 MHz.

3It was not necessary to record the beam profile for all pulses, but it was necessary to sample all ten
timeslots equally.
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Figure 2-4: Schematic of the beam toroid digitizer electronics.

2.3 TRANSPORT Coordinates

In this thesis, we use the TRANSPORT coordinates for the coordinate system of the
particles in the spectrometers. The TRANSPORT coordinate system, {x, y, z, 0, q, 6},
is defined around the central ray of the spectrometer. The central ray is the trajectory
that passes through the center of the spectrometer. The 2 direction is defined to be
tangential to the central ray. For this reason, the TRANSPORT coordinate system
varies with the location along the central ray, see Figure 2-5. The ^ direction points in
the direction of increasing momentum in the dispersion plane. The dispersion plane is
the plane defined by two trajectories that enter the spectrometer along the central ray
but have different momentum. The ý direction is defined so that the coordinate system
is right-handed: ý = 2 x i. 0 is the angle the projection of the trajectory into the xz
plane makes with i. Likewise, q is the angle the projection of the trajectory into the yz
plane makes with 2. The i and i vectors lie in the dispersion plane, and the 2 and Y
vectors lie in the transverse plane. 5 is the percent deviation of the momentum from the
momentum of the central ray.

There are two principle sets of TRANSPORT coordinates: the target coordinates and
the focal plane coordinates. For vertical bending magnetic spectrometers such as OHIPS
and MEPS, the TRANSPORT target coordinates are ^t pointed toward the spectrometer
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and xt pointed toward the floor. The direction Y is in the scattering plane. 0 is the vertical
angle and q is the horizontal angle. For MEPS as q increases the electron scattering
angle increases. But for OHIPS as q increases the proton scattering angle decreases.
The TRANSPORT focal plane coordinates are ^f vertical, if pointed in the direction of
greater momentum in the symmetry plane of the spectrometer, and y! is normal to the
dispersion plane.

2.4 The Electron Arm: MEPS

We detected the scattered electron with the Medium Energy Pion Spectrometer (MEPS).
The spectrometer was positioned at 0e = 44.170 and its magnets set to accept a central
momentum of 308.9 MeV/c. The momentum acceptance, 6p/p, was 22% and the ef-
fective solid angle was approximately 14 msr. MEPS was a vertical bend spectrometer
with a quadrupole-quadrupole-split-dipole magnet configuration, see Figure 2-6. It was
designed to be point-to-point in the bend plane ((xl 0) = 0) and parallel-to-point in the
transverse plane ((yl y) = 0). We installed a two-inch thick lead collimator with a ge-
ometric acceptance of 17.6 msr (160 mrad horizontal by 110 mrad vertical). The drift
distance from the target to the front of MEPS was 47.1 cm. The momentum resolution
was 1. 10- 3 and the focal plane dispersion was approximately 1.8 cm/%. A summary of
the properties of MEPS is listed in Table 2.2. Further information can be found in the
MEPS design report, Reference [49].

The MEPS focal plane instrumentation consisted of a Crossed Vertical Drift Cham-
ber (VDCX), three scintillators, and an aerogel Cerenkov detector. The scintillators
determined the occurrence and timing of events. The VDCX measured the focal plane
coordinates of the electron. We did not use the MEPS Cerenkov detector because of the
impossibility of a 7r- passing through MEPS and a positively charged particle passing
through OHIPS for this experiment. We describe the scintillators, the VDCX and the
related electronics below.

2.4.1 MEPS Scintillators

For this experiment, we used three plastic scintillators in the MEPS focal plane. The
first scintillator, MSO, was mounted on top of and parallel to the VDCX. The second
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Figure 2-6: Magnet configuration for MEPS.

scintillator, MS3, was mounted just below the Cerenkov detector. The third scintillator,
MS4, was mounted just above the Cerenkov detector. The dimensions of the three scin-
tillators are listed in Table 2.3. Photo-multiplier tubes (PMT) were connected through
Lucite light guides to the low momentum and high momentum ends of MS3 and MS4.
For space considerations, the PMTs for MSO could not be mounted in a similar fashion.
The PMT for MSO were mounted so that they each covered half of the scintillator: MSOa
on the low momentum half and MSOb on the high momentum half.

2.4.2 MEPS Scintillator Electronics

The signals from the MEPS scintillators generated the logic signal MEPS Pilot,4 see
Figure 2-7. The electronics which generated the MEPS Pilot were located on the back
of MEPS. The Pilot was the coincidence of three logic signals, one from each scintillator.
The logic signal from MSO was the logical OR of the two PMT signals, because each

4"Pilot" was used as "trigger" at Saclay

CavokoCOOMW



Maximum Momentum 414 MeV/c
Momentum Resolution 1.0. 10-

Momentum Acceptance 22%
Angular Range 35 - 1400
Geometric Angular
Acceptance

Radial Plane (0) 110 mr
Transverse Plane ( ) 160 mr

Radius of Curvature 0.75 m
Flight Path 4.7 m
Bend Angle 1100

Table 2.2: MEPS design properties.

Scintillator Width Length Thickness
MSO 17.8 cm 58.4 cm 6.4 mm
MS3 20.3 cm 191.0 cm 1 3.2 mm
MS4 20.3 cm 91.0 cm 3.2 mm

Table 2.3: Dimensions of MEPS scintillators.

PMT covered only half of the scintillator. The logic signals from MS3 and MS4 were
the meantime of the signals from each PMT at the two ends of the scintillators. The
timing of the meantimed signal was nearly independent of the particle location as it
passed through the scintillator. The meantimed signal from MS3 was delayed so that its
timing determined the timing of the Pilot. The MEPS Pilot was sent via 90 ohm, 100
ns cable to the back of OHIPS where it was used in the coincidence electronics. The
analog signals from the PMTs were amplified and patched upstairs to analog-to-digital
converters(ADC). The discriminated signals from the PMTs and the logic signals from
the MEPS electronics were also patched upstairs to scalers and time-to-digital converters
(TDC).

As a check on the MEPS Pilot electronics, a second version of the pilot was generated
upstairs. Copies of the logic signals from the back of MEPS were patched upstairs. We
used these signals to recreate an upstairs MEPS Pilot. This upstairs Pilot was only
scaled.

2.4. The Electron Arm: MEPS __
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Figure 2-7: The MEPS scintillator electronics.

2.4.3 MEPS VDCX

The MEPS VDCX consisted of two perpendicular planes of Vertical Drift Chambers
(VDC). The two VDCs were oriented at 450 with respect to the dispersive and transverse
directions. This orientation allowed the information from the VDCX to be transformed
into dispersive and transverse coordinates. Each VDC was made of parallel wires strung
between two aluminized mylar high voltage planes nominally at -9.0 kV. The VDCX was
filled with a 50%/50% Argon-Isobutane gas mixture. Each plane consisted of 128 signals
wires at 0 potential spaced 4.23 mm apart with 1 grounded beryllium-copper guard wire
between each pair of signal wires. The guard wires uniformly shaped the electric field.
When a charged particle passed through the VDC, it ionized the gas. The electric field
formed by the high voltage planes and the wires forced the ionization electrons toward
the wires of the VDC. The electric field in the VDC is shown in Figure 2-8. As can be
seen in the figure, the electric field for each wire formed a cell. An ionization electron
traveled to the wire of the cell in which it was liberated from the ion.

We determined the focal plane coordinates by measuring the position and angle of
the particle tracks passing through the VDCX. Depending on the angle of the trajectory,

Chapter 2. Experimental Setup
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Figure 2-8: Electric field lines of a VDC. The field lines for the guard wires were left
out to reduce confusion. The ratio of the vertical scale to horizontal scale was altered to
emphasize the non-linear region of the field lines.

a particle passed through the field cells of 4-6 wires. The drift time for the ionized
electrons to travel toward the wires was related to the drift distance. By measuring
the drift time and calculating the drift distance for 3 or more wires, we determined the
trajectory of the particle (positions and angles) with respect to the VDCX planes. We
rotated these position and angle measurements for both VDC planes to determine the
coordinates at the focal plane. The target coordinates were calculated using the inverse
matrix elements.

2.4.4 MEPS VDCX Electronics

The MEPS VDCX electronics was the LeCroy DCOS system, a TDC per wire scheme.
The DCOS system consisted of amplifier/discriminator cards, single-hit TDCs, a System
Controller and a Databus Interface. The analog signals from the VDCX were sent to the
amplifier/discriminator cards via twisted pair cables. The discriminated signals were then
TDCed. The TDCs operated in common stop mode. The System Controller distributed
the common stop signal and the internal clock to the TDCs. The System Controller also

9 J Thp YFVpYtrnn Arm: UF.Pq1-I- --------- ------ -- - --



PO

Figure 2-9: Magnet configuration of OHIPS.

read and packed the time and channel data from the TDCs. The Databus Interface acted
as a buffer between the System Controller and CAMAC. Further details of the DCOS
system can be found in Reference [50].

2.5 Proton Arm: OHIPS

We detected the scattered proton with the One Hundred Inch Proton Spectrometer
(OHIPS). The spectrometer was positioned at Op = 23.690 and its magnets set to ac-
cept a central momentum of 674.8 MeV/c. The momentum acceptance, 6p/p, was 10%.
OHIPS was a vertical bend spectrometer with a quadrupole-quadrupole-dipole magnet
configuration, see Figure 2-9. It was designed to be point-to-point in both the bend and
the transverse planes, ( < xl0 >= 0) and (< ykb >= 0). We installed a 5.0 msr (110
mrad horizontal and 48.6 mrad vertical) collimator for this experiment. The momentum
resolution was 1 10- 3 and the focal plane dispersion was approximately 4.2 cm/%. We
configured the spectrometer with a drift space of 2.00 m and the quadrupoles were set
for large horizontal acceptance (normal mode). A summary of the properties of OHIPS
are listed in Table 2.4. Further information on OHIPS can be found in Reference [51].

OHIPS was modified to accommodate the Focal Plane Polarimeter (FPP). The
Cerenkov detector was removed. Reinforcements were added to improve the structural
integrity of the spectrometer. The concrete shielding hut was rebuilt to conform to safety
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. 5.2 Proton Arm: OfflPS

Maximum Momentum 1300 MeV/c
Momentum Resolution 1.4. 10-

Momentum Acceptance 10%
Angular Range 19- 1400
Geometric Angular
Acceptance

Radial Plane (0) 45 mr
Transverse Plane (4) 111 mr

Radius of Curvature 2.54 m
Flight Path 9.7 m
Bend Angle 900

Table 2.4: OHIPS design properties.

regulations. The electronics platform was replaced with a larger one to accommodate
the additional electronics required by the FPP. The support structure for the VDCX was
replaced to support the FPP. An air conditioner was installed to cool the FPP electronics
inside the hut. This rebuilding of OHIPS allowed for improved alignment of the VDCX
to the dipole magnet.

The OHIPS focal plane instrumentation consisted of a crossed
ber (VDCX), two scintillators, and a proton polarimeter, as seen
scintillators determined if a particle passed through the focal plane
the event. The VDCX and the front two FPP chambers measured
dinates of the proton. The FPP measured the components of the
that were normal and transverse to the momentum of the proton.
the instrumentation is described in detail below.

Vertical Drift Cham-
in Figure 2-10. The
and set the timing of
the focal plane coor-
protons' polarization
Each components of

2.5.1 OHIPS Scintillators

For this experiment, two sets of scintillators were in the OHIPS focal plane. The first
scintillator, FS1, was located below the first FPP wire chamber. Three scintillators,
FS2AB, FS2CD and FS2EF, were located above the last FPP wire chamber. These
scintillators were placed side by side and did not significantly overlap. The dimensions



Chapter 
2. Experimental 

p

L

/ .
Carbon Analyzer

Front Scintillators(
N

z
-6~

piD ole 
Field 

Clamp

Figure 2-10: OHIPS focal plane instrumentation. The scintillator immediately above the
VDCX was removed for this measurement.

U" --

a--SMM I.

Vacuum Box

A A-



2.5. Proton Arm: OHIPS

of the scintillators are listed in Table 2.5. PMTs were attached to the opposite ends of
the scintillators via Lucite light guides.

Scintillator Width Length Thickness
FS1 37.0 cm 71.0 cm 6.0 mm
FS2(AB,CD,EF) 145.0 cm 32.0 cm 13.0 mm

Table 2.5: Dimensions of OHIPS scintillators.

2.5.2 OHIPS Scintillator Electronics

The signals from the OHIPS scintillator were combined to form the logic signal OHIPS
Pilot, see Figure 2-11. For each scintillator, the signals from the PMTs on either end
were discriminated and meantimed. Because the three scintillators on top of the FPP did
not significantly overlap, their meantimed signals were ORed to form a signal indicating
passage of a particle through the last FPP chamber. The OHIPS Pilot was formed from
the coincidence of the meantimed FS1 and the OR of the meantimed FS2 signals. The
meantimed FS1 signal was delayed so that it determined the timing of the Pilot. The
raw PMT signals were sent to ADCs. The logic signals and the meantime signals were
sent to TDCs and scalers.

2.5.3 OHIPS VDCX and Electronics

The OHIPS VDCX is a copy of the MEPS VDCX. The two chambers were run under
similar conditions. However, only 110 out of 128 wires per plane were instrumented. The
uninstrumented wires were located in the corners of the VDCX.

The read out system of the VDCX was a four delay lines per plane system, see
Figure 2-12. The signal from each instrumented wire in the VDCX was fed into an
amplifier/discriminator. The discriminated signals from every fourth wire were daisy-
chained through 2.2 ns of wire. The timing of the signals from both ends of the delay
line was recorded. There were 28 wires on the first two delay lines and 27 wires on the
last two delay lines.
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Figure 2-11: OHIPS scintillator electronics (also called the Level 1 electronics). Scintil-
lator OSO and its associated electronics were removed for this measurement.

By measuring the sum and the difference of the time of the signal on either end of
the delay line, we reconstructed the wire number on the delay line and the drift time.
Suppose that the nth wire out of N wires on a delay line was struck with a drift time of

td. Let r be the delay time between two successive wires on the delay line. The times

that the signal arrived at either end of the delay line were

t' = (n - 1)T + td + To, (2.2)

tj = (N - n)T + td + To, (2.3)
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Figure 2-12: Schematic of the OHIPS delay line system.

where To was a fixed time delay due to propagation of the signal to the input of the TDC.
We determined the number of the struck wire and the drift time by

td = (tr + ti - (I - -16),2 (2.4)

(2.5)n = -(t, - ti + (N - 1)r).2-r

The delay line signals were delayed to allow time for the trigger electronics to deter-
mine if an event was good. The delay line signals were rediscriminated and sent upstairs.
It was necessary to rediscriminate the signals downstairs to increase the width of the
signal. If the signal was too narrow, it was distorted by the time it propagated up-
stairs to the counting bay. The signals were discriminated again upstairs and sent back
downstairs. The common start for the TDCs was the OHIPS CAMAC ENABLE (see
section 2.7.4) and the stops for the TDCs were the delay line signals.
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2.6 OHIPS Focal Plane Polarimeter

We measured the proton polarization with the OHIPS Focal Plane Polarimeter (FPP).
The FPP statistically measured the polarization of the proton by secondary scattering
off an analyzing medium. If the proton interacted with a nucleus of the analyzer medium
via the nuclear force, then the proton was scattered asymmetrically. This asymmetry
was proportional to the polarization of the proton. By measuring the asymmetry, we
determined the components of the proton's polarization normal to the proton's momen-
tum.

A proton can scatter off a nucleus in the analyzer medium by either Coulomb or
nuclear scattering. Coulomb scattering is roughly twenty times more likely than nuclear
scattering and is independent of the proton polarization. Because Coulomb scattering
contains no information about the proton polarization, we describe it as having "no
analyzing power." The probability of scattering a proton via Coulomb interaction is
sharply peaked at low polar angles. The full width at half-maximum value is a roughly
20 with the peak ideally at 10 or 20. In comparison, the probability of scattering a proton
via nuclear interaction is broadly distributed in the polar angle and peaked at roughly
100. These characteristics can be see in Figure 2-13, which shows a typical histogram of
the counts in polar angle. This difference in the probability distribution as a function
of the polar angle allowed us to greatly reduce the Coulomb scattering events recorded.
By not recording the Coulomb scattering events, we freed the electronics to record more
nuclear scattering events.

The FPP consisted of two small front wire chambers to determine the initial trajec-
tory, a carbon block analyzer to scatter the proton, and two large rear wire chambers to
determine the final trajectory. In this context, "front" is in reference to the proton's path;
as the proton traveled through the VDCX it passed through the bottom FPP chambers
first. This section describes the wire chambers and the carbon analyzer.

2.6.1 FPP Wire Chambers

The wire chambers were used to determine the trajectory of the proton before and after
the proton passed through the carbon analyzer. Each chamber consisted of two orthogo-
nal planes of multi-wire proportional drift chambers (MWPC). Each MWPC plane was
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Figure 2-13: Distribution of polar angle for secondary scattering in the FPP. The solid
histogram is the distribution with the Small Angle Rejection System (SARS) enabled.
The dotted histogram is without the SARS. The strong peak at small angles in the dotted
histogram is due to Coulomb scattering. The circles are the data of Aprile-Giboni et alia.

composed of parallel, 20gm gold-plated tungsten wires at 0 potential with high voltage
planes of aluminized mylar on either side of the wire plane. The gas in the MWPC was a
50%/50% Argon/Isobutane mixture. Properties of the chambers are listed in Table 2.6.
The first two chambers were 15 cm apart. The position of the third chamber with respect
to the second chamber can be changed to allow for different thicknesses of the carbon
analyzer. For this experiment, the third chamber was 30 cm above the second chamber
and 30 cm below the fourth chamber.

The principle of operation of the MWPCs is similar to that of the VDCs. As a
particle passed through the gas, it ionized the molecules. The ionization electrons were
forced toward the ground wires by the electric field. Since the MWPCs were normal to
the central ray, only a couple of wires per plane registered hits. The read out electronics
determined only the wire number of the struck wires and not the drift times. As a result,
the resolution of the MWPC is the distance between wires.

2.6. OHIPS Focal Plane Polarimete
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Front Rear
Active Length 71.1 cm 142.2 cm
Active Width 37.3 88.1 cm
Wire Spacing 2.1 cm 4.2 cm
Operating Voltage 4.7 kV 4.8 kV
Wires in X 336 336
Wires in Y 176 208

Table 2.6: Properties of the FPP chambers.

2.6.2 FPP MWPC Electronics

The read out system for the FPP MWPCs was the LeCroy Proportional Chamber Op-
erating System (PCOS) III. PCOS was similar to the DCOS used to read out the MEPS
VDCX. PCOS used amplifier/discriminator cards, delay and latch modules, a system
controller and a databus interface. Each wire of the MWPCs was connected to an ampli-
fier/discriminator (A/D) card via insulated twisted-pair cable. The signals from the A/D
cards were sent to the latches by twisted-pair cable. The threshold for the discriminator
was set by the latch, which could be remotely programmed. The latch first delayed the
A/D signals and then stored those signals that occurred during the time window started
by the El signal. The El signal was generated in the Level 2 electronics and is discussed
in section 2.7.3. The latches for each MWPC plane were in their own PCOS crate, except
for X3/X4 and Y3/Y4 which were paired, yielding six crates total. The system controller
in each PCOS crate read and packed the wire number information and distributed the
El signal to the latches. The six system controllers were daisy-chained together. The
databus interface acted as a buffer between the controllers and the CAMAC system.

2.6.3 Carbon Analyzer

The analyzer for the FPP was composed of a stack of solid carbon sheets totaling 9.5
cm thick. We chose the thickness of the carbon to balance the secondary scattering yield
and the multiple-scattering angle. The thicker the carbon, the greater the probability
of nuclear scattering off a carbon nucleus. However, the thicker the carbon, the larger
the angle for multiple-scattering due to Coulomb scattering. Nuclear scattering events
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usually occur at larger polar angles than Coulomb scattering events, as shown in Figure 2-
13. If the carbon was thick enough that the multiple-scattering angle was large, then
a significant portion of the events scattered with polar angles near 50 were Coulomb
scattered events.

2.7 Trigger Electronics

We designed the trigger electronics to meet several objectives:

* Reject polarimetry events in which the polar angle of the secondary scattering was
too small.

* Record coincidence events in which the information from the FPP was good.

* Record prescale events: MEPS single-arm events, OHIPS single-arm events and
coincidence events disregarding information from the FPP.

* Inhibit the data acquisition electronics while the event information was transfered
to disk.

* Record timing and scaler information for logic signals in the trigger.

* Record pulse-height information from all the PMTs.

* Record wire chamber information.

* Record information about each beam burst, including charge, position, and halo.

Of these objectives, the first one shaped the design of the electronics the most. The
Small Angle Rejection System required roughly 1 ps to make a decision. To allow time
for this process, we configured the system to hold the current event information until it
was either read or cleared. It was also necessary to inhibit certain stages of the electronics
to prevent new events from corrupting the current event data.

The trigger electronics were divided into three sections: Level 1, Level 2 and Level
3. In the Level 1 electronics and in the MEPS scintillator electronics, the signals were
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generated which indicated an event had passed through the spectrometer. In the Level 2
electronics, the decision was made whether to hold the event information while the Small
Angle Rejection System evaluated the data. In the Level 3 electronics, the decision
was made whether to record the event information. Each of these systems is briefly
described below. An overview of the trigger electronics is shown in Figure 2-14, and a
logic flow diagram is shown in Figure 2-15. For more details on the trigger electronics,
see Reference [52].

Figure 2-14: Overview of the trigger electronics.

2.7.1 Experimental Controls and Inhibits

Five signals were generated in the Experimental Controls electronics: Event 4, Event
8, Event 10, Front End Inhibit (FEI) and the Hardware Blank (HB). The three Events
initiated the recording specific information. The FEI and the HB inhibited different
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Figure 2-15: Logic flow of the trigger electronics.

stages of the electronics to prevent corruption of data. Each of these five signals will be
discussed in this section. The Experimental Controls circuit is shown in Figure 2-16.

The three Event signals, 4, 8 and 10, triggered the data acquisition system to read
out the CAMAC electronic modules and record the information. The Event 4 signal,
which was generated roughly once every ten seconds, caused the scaler information to
be recorded. The Event 8 signal was generated for the first good detector event in each
beam burst. The Event 10 signal, which was generated for each live burst, caused the
beam information to be recorded.

__
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The long read out time of Event 8 required that the electronics be inhibited at the
earliest stage. It took typically 4 ms to read out the Event 8 information. During that
time, another two bursts of electrons would hit the target and scatter particles into the
spectrometers. The spectrometer and beam information for these 'dead' bursts would
corrupt the good data that was being recorded. We "turned off" the data acquisition
for bursts in which the computer was busy reading events. For dead bursts, we did not
record the beam information and we inhibited the discriminators which generated the
raw scintillator logic signals. Without scintillator logic signals, information could not be
recorded or processed.

Figure 2-16: Experimental Control electronics schematic.

The electronics which generated the Front End Inhibit were closely related to the
Event 10 signal. It was impossible, neglecting electronics module failure, for the Front
End Inhibit to be true for a pulse in which the beam toroid information was recorded. As
a check for this situation, the value of the Front End Inhibit was recorded with the beam

Downstairs
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toroid information. We used three visual scalers to check if the beam toroid electronics
were read out while there was no Front End Inhibit. The first visual scaler recorded the
number of timeslots. The second visual scaler recorded the number of Front End Inhibits
ANDed with NOT Event 10. The third visual scaler recorded the number of NOT Front
End Inhibits ANDed with Event 10. When all the electronics worked correctly, the sum
of the second and third scaler equaled the first scaler. This check was routinely performed
and never found to fail.

The Hardware Blank inhibited a later stage of the electronics. The small angle
rejection system required 1 ps to make a decision. During the decision time, it was
necessary to allow the scintillators to continue to count events so that they could be
scaled. Scaling the primitive signals was important because the charge of the pulse was
measured for the entire pulse, not just the portion of the pulse for which the electronics
were not Hardware Blanked. During the decision time, it was also necessary to inhibit
later in the electronics new signals so that they did not contaminate the stored data.

The Hardware Blank was created by two signals, the OHIPS Latch (labelled "El to
PCOS" in Figure 2-16) and the Prompt 8. The OHIPS Latch signal was generated for
every coincidence, coincidence prescale and OHIPS prescale event. The OHIPS Latch
generate the Decision Time Inhibit, a 1.1 ps Hardware Blank while the SARS made a
decision. The Prompt 8 signal indicated that an event was to be recorded by the data
acquisition system. The Prompt 8 signal generated a 24 ps Hardware Blank so that the
higher levels of the electronics would be inhibited for the remainder of the beam burst.
This inhibit protected the data to be recorded from corruption of other events that might
follow later in the burst.

2.7.2 Level 1 Electronics and MEPS Pilot

The Pilots signals indicated that all scintillators fired in coincidence. Each spectrometer
generated its own Pilot. The MEPS Pilot, as discussed in Section 2.4.2, was generated
on the back of MEPS and sent via 100 ns of cable to OHIPS. The electronics which
generated the OHIPS Pilot, as discussed in Section 2.5.2, were also called the Level 1
electronics.
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2.7.3 Level 2 Electronics

In the Level 2 electronics, the decision was made to retain the event information and exe-
cute the small angle test. The two principle inputs were the OHIPS Pilot and the MEPS
Pilot. In addition to the Pilots, the prescale signal generators were inputs. The out-
puts consisted of prescale signals and latch signals. There were three different prescales,
MEPS, OHIPS, and Coincidence. The two latches were the MEPS Latch and the OHIPS
Latch. Latches were created for prescaled events and for coincidence events. The Level
2 electronics are shown in Figure 2-17.

Figure 2-17: Level 2 electronics schematic.

The coincidence signal was formed by the AND of the MEPS Pilot and the OHIPS
Pilot. The OHIPS Pilot was rediscriminated to a width of 10 ns, and the MEPS Pilot
was rediscriminated to a width of 80 ns. The MEPS pilot was long to provide a large time
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window in which to measure the time-of-flight, the difference in timing of the electron
and proton. The OHIPS Pilot was short to limit dead time in the electronics.

Three different types of events were prescaled. Primarily recorded were coincidence
events between MEPS and OHIPS in which the secondary scattering polar angle in the
FPP exceeded a specified minimum, nominally 5'. For diagnostic purposes, it was use-
ful to record uncorrelated electron events, uncorrelated proton events, and coincidence
events that failed the small angle test. These events were called MEPS Prescale, OHIPS
Prescale, and Coincidence Prescale (labeled MPS, OPS, and CPS respectively). The
prescaling was performed by ANDing the signal to be prescaled (Pilot or Raw Coinci-
dence) with the discriminated output of a signal generator. For easy adjustment of the
prescale rates, three signal generators, one for each prescaler, were located in the count-
ing bay. The outputs from the signal generators were patched to the back of OHIPS and
discriminated to widen the pulse width to 150 ns. By adjusting the frequency on the
signal generator, we controlled the percentage of the time one input of the prescale AND
was true. This percentage reflected the prescale rate at which events were recorded. This
approach allowed us to adjust the prescale rates upstairs while most of the electronics
were in the hall.

There was one Latch for each Spectrometer: the MEPS Latch and the OHIPS Latch.
A coincidence or prescale event generated a Latch. The Latch signal served many func-
tions. The Latch created the Hardware Blank to disable the electronics during the time
required to execute the small angle test. The MEPS Latch was the stop for the MEPS
DCOS TDCs. The OHIPS Latch was the start for the VDCX delay line read out TDCs
and for the trigger electronics diagnostic TDCs. The OHIPS Latch generated the El
signal which was used in the FPP PCOS electronics.

A Latch signal was generated by a 3 out of 4 coincidence between the Prescale signal,
the Raw Coincidence signal, and the double input of the Pilot. The Pilot signal was
delayed and inputted twice into the coincidence electronics module so that the timing of
the Pilot determined the timing of the Latch. The signals from the coincidence units were
scaled and passed to a discriminator that was inhibited by the Hardware Blank. The
Latch signals proceeded no further if the discriminators were inhibited by a Hardware
Blank.

The electronics were designed for Exp 88-21, which required a polarized electron
beam. For that experiment, it was necessary to count the number of events for each
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beam helicity. For coincidence events, the helicity of the beam was scaled. The helicity
of the electron pulse was recorded by two signals, Helicity+ and Helicity-. Ideally,
neither of these signals were true at the same time. Each signal was ANDed with the
Raw Coincidence, and the ANDed signal was scaled. In addition, the outputs of the
ANDs were sent to a discriminator that was inhibited by the Hardware Blank. The
discriminated outputs were also scaled. These four scalers provided a check that the
electronics were not preferentially recording one electron helicity over another. This
feature was not relevant for this experiment.

2.7.4 Level 3 Electronics

In the Level 3 electronics the decision was made to either record the event or reset the
electronics to examine the next event. The primary signals generated in this level were the
OHIPS CAMAC Enable (OCE) and the MEPS CAMAC Enable (MCE). The CAMAC
Enables were true if the event information was to be read and recorded. A schematic of
Level 3 is shown in Figure 2-18.

A MEPS CAMAC Enable was generated by either a MEPS Prescale event, a co-
incidence event or a coincidence prescale event. Likewise, the OHIPS CAMAC Enable
was generated by either an OHIPS Prescale event, a coincidence event or a coincidence
prescale event. The Pre-CAMAC Enables, one for MEPS (MFPS) and one for OHIPS
(OFPS), were generated by the OR of the small angle test (FPP or FPP PASS), the
singles prescales (OPS or MPS), and the coincidence prescale (CPS). The Pre-CAMAC
Enable was then ANDed with the NOT of the Multi-Hit signal and the Latch signal.
The Latch signal was delayed so that the timing of the CAMAC Enable was determined
by the timing of the Latch. The Multi-Hit signal was true if three or more wires were hit
in any one of the six planes used in the Small Angle Rejection System.5 A coincidence
event required either a true PASS signal for polarimetry data or a true CPS signal for
cross section data. For this reason, the FPP and CPS signals were used as input to form
the Pre-CAMAC Enables.

A true CAMAC Enable signal meant that the event in storage was recorded. The
CAMAC Enables generated ADC gates, TDC starts, Event 8, and Resets. A Reset

5The planes were X1, Y1, X2, Y2, X4 and Y4.
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Figure 2-18: Level 3 electronics schematic.

occurred when a Latch for a Spectrometer was formed, but no CAMAC Enable signal
was generated. The Reset cleared the electronics of the information about the stored
event so that the electronics were available to receive the next event.

2.7.5 Small Angle Rejection System

The Small Angle Rejection System (SARS) was designed to eliminate events in which
the polar angle of the secondary scattering of the proton in the carbon analyzer was
below a specified limit. The design of the system was described in detail in a paper by
R. Lourie et alia. [53] The system manipulated the wire number output of the PCOS
crates to form a bit pattern which was dependent on the initial and final angles of
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the secondary scattering. The bit pattern represented a memory address in a Memory
Lookup Unit (MLU). A memory address in a MLU was programmed to contain a '1' if
the address corresponded to an angle configuration that exceeded the given minimum
angle. Otherwise, the memory address was loaded with a 'O'. The electronics for the
system are shown in Figure 2-19.

Figure 2-19: Schematic of the Small Angle Rejection System.

The SARS independently evaluated the X and Y planes to form the Small Angle Test
Pass signal. For each plane, the difference between wire numbers were determined. The
output from the PCOS crate for plane 1 and 2 were inputted into an Arithmetic Logic
Unit (ALU) to form the difference, N2 - N1. Likewise, the output from the PCOS crate
for plane 1 and 4 were inputted into another ALU to form the difference N4 - N1/2. 6

6The factor is 1/2 is because the wire density of plane 1 is twice that of plane 4.
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The Strobe formed a gate for the ALU. The Strobe signal was generated by the 4/4
coincidence of the three Data Readys from the crate for plane 1, 2 and 3/4 and the plane
bit from the 3/4 plane crate. The PCOS System Controller issued one Data Ready for
each hit wire latched in the corresponding crate. The plane bit, Bit 11, was true if the
information concurrently from the crate System Controller was for the plane 4. Without
at least one hit in the first, second and fourth plane, no Strobe was generated, and hence
the Small Angle Test Pass was False.

The output of the MLUs for X and for Y formed the Small Angle Test Pass. The wire
differences determined by the ALUs were synthesized to form a memory address in the
MLU. The output of the MLU was a level, i.e. it remained constant until the next time
the Small Angle Test was executed. Thus, it in coincidence with a delayed version of the
Strobe formed a pulse. The Small Angle Test Pass was the three out of four coincidence
of the Data Ready and the pulsed output signals of the MLUs for both X and Y. To pass
the SARS, the event must have hits in planes 1, 2, and 4 in both X and Y, and the angle
in one coordinate must have exceeded the minimum angle.

The SARS required that either the angle in X or the angle in Y exceed a 3.5'.7
This design eliminated events based on the Cartesian angles of the secondary scattering,
not the physically significant polar angle. As a result, it was necessary to eliminate in
software events with a polar angle less 70. This procedure is discussed in section 3.6.2.

2.7.6 Multi-Hit Electronics

The Small Angle Rejection System was designed with the assumption that only one wire
per plane was hit. The first wire number from each PCOS crate was sent to the SARS.
For multiple hits in a plane, the PCOS System Controller issued the wire numbers in
order from the lowest wire number to the highest wire number. If in a plane the "true"
hit was a higher wire number than the false hit, then the SARS would be given the wrong
wire information for that plane. Thus it was possible that for multi-hit events, the SARS
would incorrectly eliminate small angle events.

To circumvent this problem, the electronics incorporated a Multi-Hit Rejection Sys-
tem. Ideally, the trigger should be designed to accept all multi-hit events so as to not

7 This limit can be specified by the user.



Chapter 2. Experimental Setup

bias the recorded data. Multi-hit events would be analyzed off-line later. However, a
significant percentage of all events, from 20% to 40%, were multi-hit events. Because
less than 5% of these events had analyzing power, the system was inundated by useless
Coulomb scattering events. In addition, for most two-hit-in-one-plane events, the two
hits occurred on consecutive wires. For this situation, the SARS was not significantly
affected by the double hit in a plane. The implemented solution rejected all events in
which three or more wires were struck in any plane, excluding the third chamber. The
information from the thrid plane was not included because it was not involved in the
SARS. Such events were difficult, if not impossible, to analyze.

The Multi-Hit Rejection System employed the Data Ready signals from the PCOS
System Controllers, see Figure 2-20. The System Controllers issued one Data Ready
pulse for each struck wire latched by the El signal. By looking for a third Data Ready
pulse from the X1, X2, X4, Y1, Y2 and Y4 planes, we eliminated three or more hit events.

The Data Ready signals were fed into a Majority Logic Unit (MALU) that required
three or more inputs. Three copies of the Data Readys from X1, X2, Y1 and Y2 were
sent to the MALU. One copy of the Data Ready and the plane bits from X3/4 and
Y3/4 was sent to the MALU. The MALU was gated on a delayed version of the Strobe
generated in the SARS. The delay was set so that the MALU examined the third Data
Ready issued from the PCOS System Controllers. The output of the MALU formed the
OHIPS Multi-Hit (OMH) and a delayed and widened version of the output of the MALU
formed the MEPS Multi-Hit (MMH). It was necessary to widen MMH to 100 ns to allow
for timing variations of the MEPS Latch.

The Multi-Hit System was not a perfect filter. The system did not reject events with
single hits in all planes, with the exception of three hits in either X4 (exclusive)or Y4. In
this situation, only two of the inputs to the MALU were true during the gate. Despite
this shortcoming, the Multi-Hit Rejection System eliminated far more bad events than
it passed.

In order for the Multi-Hit System to bias the data, it must preferentially select one
part of the rear chamber. Preferential selection in the front chambers cannot bias the data
because such selection is before the secondary scattering and hence before the formation
of the asymmetry. For preferential selection, three or more wires in one part of the fourth
chamber must have a tendency to fire all together. If the system behaved in this manner,
then it would be observable in the raw hit information in the fourth chamber either as
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a peak if the multi-hit system was enabled or as a valley if the multi-hit system was
disabled. We observed no such behavior in the fourth chamber, so we conclude that the
Multi-Hit System did not introduce a significant bias in the data. This conclusion was
confirmed by the measurement of small false asymmetries, see section 3.5.2.
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Figure 2-20: Schematic of the Multi-Hit Rejection System.

2.8 Data Acquisition System

The data acquisition system consisted of the Q software package run on a pVax III com-
puter system. The pVax interfaced to the CAMAC modules by the Microprogrammable
Branch Driver (MBD). The entire system was event driven; given an event, the MBD
would read and clear specified CAMAC modules. The instructions for each event type
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for the MBD were written in a QAL code. The different events were: 4) scalers, 6) beam
pulse digitizer, 8) wire chambers, 10) beam toroid, and 13) target. Once the data was
transferred to the pVax, the user-written analyzer code was executed.

Q was a versatile data acquisition software package. [54] It included a histogram pack-
age, a test package, a dynamic parameter package, a data storage/retrieval package, and
it executed user-supplied subroutines, known as the analyzer and tasks. The analyzer
consisted of three significant parts: the MEPS subroutines, the OHIPS subroutines, and
the FPP subroutines. The MEPS and OHIPS subroutines were modified from existing
software packages at M.I.T.-Bates. The FPP subroutines were written largely by this
group. The MEPS and OHIPS software decoded the wire chamber information and con-
structed the focal plane and target coordinates of each event. The FPP software decoded
the FPP chamber information and constructed trajectories of the particles through the
FPP chambers.

Once the raw information was processed, the physical quantities were written to ntu-
ple files in the form of CERN's Physics Analysis Workstation (PAW). [55] Data analysis
with PAW was considerably faster than with Q and allowed one easy examination of
features in the data.
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Data Analysis

In this chapter, we describe the process of determining physically meaningful quantities
from the recorded raw information. There are three principal parts to the analysis:

1. Determination of the kinematics for each event.

2. Determination of asymmetries of the secondary scattering.

3. Placements of cuts on data to ensure data quality.

For each event, we started with the raw wire information from the chambers. From
this information, we calculated the trajectory of the particles at the focal plane. Then we
determined the coordinates of the particle at the target from our knowledge of the optics
of the spectrometer. We calculated the kinematics of the event from the coordinates and
momentum of the particles at the target.

We also calculated the asymmetry of the secondary scattering. We determined the
polar and azimuthal angles of the secondary scattering from the FPP wire chamber
information. We then calculated the polarization components at the focal plane from our
knowledge of the trajectories, the instrumental asymmetries, and the analyzing power of
the secondary scattering.

Finally, we applied several cuts to ensure data quality. We required that the trajec-
tory information from the spectrometers was analyzable. We also placed several cuts on
the polarimetry data to remove instrumental biasing of the data. Finally, we required
coincident pion production by placing cuts on the coincidence time of flight and the
missing mass. We discuss each of these aspects of the analysis in this chapter.
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3.1 Proton Trajectory Coordinates

The purpose of the OHIPS VDCX analysis was to determine the trajectory of the proton
at the target as it enters OHIPS. This process involved several steps. First, we converted
the raw drift time information of VDCX chambers into drift distances. We calculated the
location the trajectory passed through the VDCX with these drift distances. Using this
information and the wire information from the front two FPP chambers, we determined
the focal plane coordinates. An understanding of the transport of protons through OHIPS
enabled us to determine the coordinates at the target.

3.1.1 Drift-Time-to-Drift-Distance Calibration

The drift-time-to-drift-distance calibration was a straightforward and well established
procedure. The calibration was necessary to properly convert the VDCX drift time
information into drift distance information needed for calculation of the focal plane co-
ordinates. We followed the work of David Jordan [56] and his predecessors.

To understand the drift-time-to-drift-distance calibration, we must first understand
the physical process that occurs when a charged particle passes through the chamber.
As a charged particle passes through the wire chamber, it ionizes the gas. The ionized
electrons travel along the field lines (shown in Figure 3-1) toward the wires. The drift
time is the time it takes the electron to travel from the point of ionization to the wire. It
has been shown that the actual drift velocity of the electrons is roughly constant at 50
ym/ns for a wide variety of voltages and the gas mixture used. [57] For this reason, the
drift time is roughly proportional to the distance traveled by the electron.

There are three regions of interest in a histogram of the drift time; for an example
see Figure 3-2. The first region is the initial peak. This peak results from a change in
the drift path. Far away from the wire, the electric field lines are nearly parallel. Near
the wire, the field lines turn inward toward the wire. The peak in the drift time curve
is the result of the field lines changing from parallel to radial. In the second region, the
drift time histogram is flat because the field lines are parallel. In the third region, the
distribution drops off. The drop off is due to limitations of the delay line readout system
and of the chamber acceptance. The maximum measured drift time in the OHIPS VDCX
is a function of the incident angle of the trajectory. If the drift time is longer than this
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maximum, then the drift time for an adjacent wire on the same delay line is shorter. The
shorter drift time is recorded. The drift velocity in this drop-off region remains constant
at roughly 50 pm/ns.

We define the drift distance as the vertical distance from the wire to the particle
trajectory, see Figure 3-1. The drift distance differs from the path length traveled to the
wire by the ionized electrons. The readout system records the first electron which reaches
the wire. Thus, the recorded drift time is related to the shortest path length along the
field lines from the particle trajectory to the wire.

ectory

Drift
.h

Figure 3-1: Drift paths of ionized electrons in
electric field lines.

a VDC chamber. The dashed lines are the

The philosophy behind the drift time to drift distance calibration is to map the
distribution of the drift time histogram to a flat distribution. Because the chamber is
uniformly illuminated along the drift distance, a histogram of the drift distance should
be flat and extend outward to the geometric maximum drift distance of the chamber.
There is a drop-off in the histogram for large drift distances because of the drop-off in the
drift-time histogram. To accomplish this mapping, we create an effective drift velocity.
The drift distance for the ith time bin is

di = EijAtj,j~i (3.1)
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where, for the jth time bin, ij is the effective velocity and Atj is the width of the time
bin.

We followed Dave Jordan's definition for the effective drift velocity. He divided the
drift time histogram into three regions: the initial peak, the flat region, and the tail. The
effective velocity for the flat region and the tail was constant at 50 pm/ns. The effective
velocity for the peak was 50 pm/ns times the ratio of the counts in the bin of the peak
to the average counts per bin of the flat region:

N-
=i0eak = 50pm/ns • (3.2)

where Nj is the number of counts in the jth bin and (Nflat) is the average counts in the
flat region.

Some of the drift time data is corrupt. There are two possible explanations. In his
thesis, Bill Schmitt suggested that Moller scattering inside the chamber corrupts the long
drift times. [58] Another possibility is that multiple tracks through the VDCX corrupt
the drift time data. For either possibility, long drift times are more likely to be corrupted
than short drift times. This behavior is observed in the slope of the flat region of the
drift time histogram.

We eliminated the corrupted drift time data before we performed the drift-time-to-
drift-distance calibration. To eliminate bad events, we cut on the slope of the trajectory
in the wire chamber coordinate system. If the drift time information was corrupted,
then the calculated slope of the trajectory did not fall within the range of slopes that
are physically possible. In Figure 3-2, we observe that the flat region in the drift time

histogram and the entire drift distance histogram become horizontal once we incorporate

the cut on the slopes.

We changed the gas mixture for the final 10% of the production data. This change
was necessary to prevent the chamber from sparking.' We changed the gas mixture from
45% Isobutane and 55% Argon to 35% Isobutane and 65% Argon. This change altered
the average drift velocity of the ionization electrons in the gas by a few percent.

'We determined well after the end of the experiment that the o-rings in the chambers did not form
a good seal.
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Figure 3-2: Typical histograms of the OHIPS drift time and drift distance.

For our experimental setup, this change in the drift velocity is not important. The
determination of the intercept of the trajectory in the chamber is nearly independent of
the drift velocity. The slope of the trajectory, however, is sensitive to the drift velocity.
As we detail in the following two sections, we did not use the slope information from the
VDCX for our calculation of the focal plane coordinates. Instead, we used the position
information from the VDCX and from the front two FPP chambers. For this reason, the
change in the drift velocity due to the change in the gas mixture in the OHIPS VDCX
does not significantly affect our measurements of the focal plane coordinates.

3.1.2 Wire Chamber Coordinates

Once we determined the drift distance for each wire, we calculated the intercept and
slope of the particle trajectory in the VDCX. The VDCX was composed of two planes
of wires labeled U and V. These planes were perpendicular to each other and rotated
by 450 with respect to TRANSPORT Xp and Yp. By reconstructing the intercept and
slope of the trajectory through each of the planes, we determined the trajectory of the
particle as it passed through the VDCX.
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We modified Steve Penn's code [59] for the reconstruction of particle trajectories
from the drift distance information. This code determined the slope and intercept by
a linear fit to the drift time data. The linear fit algorithm was taken from Numerical
Recipes. [60] The program attempted to analyze events with three and four wires with
good drift distance information in each plane.

The code was designed to handle a historic problem in the delay-line readout system.
For a small fraction of the events, the difference in the timing of two sides of the delay
line shifted enough so that the analyzer would interpret the wire position as shifted one
wire on the delay line away from the actual wire position. When the linear fit of the drift
distance had a poor X2 per degree of freedom, the code shifted each wire position. If a
better fit, lower x2 per degree of freedom, was obtained, then the shifted wire position
information was used to determine the trajectory. Tight requirements on X2 per degree
of freedom reduced the probability of introducing spurious data. This shifting occurred
for typically 4% of the events.

The first step to determine the TRANSPORT coordinates was to project the inter-
cepts from each wire chamber to the plane between the chambers. We accomplished this
projection by

U = -DT (3.3)

U'B = U+ DTB (3.4)

where the T and B subscripts denote the top and bottom chambers, ui and mi are the
intercept and slope in a VDC plane, uý is a projected intercept and DTB is the distance
between the top and bottom chambers.

Next, we performed two rotations of the chamber intercepts to convert them to
TRANSPORT positions. We began with the coordinate system of the wire chambers,

{u'~, u1 , z}. The intermediate coordinate system, {x', y', z'}, was oriented so that 2 was
parallel to z' and that y' = ifp,. The transformation between these two coordinate systems
was a rotation of 450 about z'. The final coordinate system was the TRANSPORT
focal plane coordinate system at the focal plane, {Xp,, Yfp, Zfp}. The X ,p and Yfp in
TRANSPORT coordinates were perpendicular to the central ray, and the central ray
was vertical in OHIPS. To convert from the intermediate coordinate system to the final
coordinate system, we rotated the second coordinate system by £o = 45.3' about the
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Yfp direction. This rotation accounted for the angle of inclination of the VDCX with
respect to horizontal. Analytically, these transformation are

XP cos •o 0 -sin •2 cos 450 sin 450 0 u'o
Yf, = 0 1 0 -sin45 0 cos 450 0 u I . (3.5)

ZIP sin o 0  cos )o 0 0 1 0

We did not use the VDCX alone to determine the focal plane angles, 98p and ,fp.
We used the VDCX angles for diagnostic purposes in which knowledge of the focal plane
angles was not critical. For completeness, we list the focal plane angles as determined by
the VDCX:

e pDCX = arctan (mB cos 450 + mTsin 450) - fo, (3.6)

VDCX arctan -mB sin 450+ mTcs 45 . (3.7)
DCX a (mB cos 450 + mT sin 450) sin to + cos to

3.1.3 Focal Plane Coordinates

We fit to a line the position information from the VDCX and the FPP to determine
the focal plane angles. Because the front two FPP chambers were 75 cm and 90 cm
from the center of the VDCX, there was a large lever arm in calculating the focal plane
angles. This large level arm improved the resolution of the focal plane angles from 17
mrad for measurement from the VDCX alone, to 6 mrad for the measurement from the
three chambers.

The VDCX was troublesome during this experiment. Mid-way through the measure-
ment, the power supply began to trip regularly. The VDCX did not work well for one
out of tens days of production data. Our final solution was to change the gas mixture as
mentioned in section 3.1.1. We examined the possibility of using the FPP to reconstruct
the trajectory at the focal plane when the VDCX information was bad. This approach
would enabled us to analyze more events at the cost of lower resolution.

Under the best of conditions, only 60% of the events contain good OHIPS VDCX
information. Roughly half of the bad events did not pass through the active area of the
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VDCX, see Figure 3-3. The other half did pass through the active area but the drift time
information could not be analyzed, i.e. the drift-time information was corrupted. We
attempted to recover the latter half of events with information from the front chambers
of the FPP.

We calculated the focal plane coordinates using the two front chambers of the FPP
when the VDCX information was bad. The equations to determine the focal plane
coordinates are

X1 - tan OfpDvl
1 - tan Of, tan Qo'

Yfp = Yj - tan OfpDvl, (3.9)

0fp = arctan X 12 X1 (3.10)

Ofp = arctan YD12 Y) (3.11)

where Xi and Yi are the X and Y position in the ith FPP chamber, Dv1 is the distance
along the central ray from the VDCX to the first FPP chamber, and D 12 is the distance
between the two front FPP chambers.

We had to ensure that the proton passed through the active area of the VDCX. Most
previous experiments placed a scintillator on top of the VDCX to eliminate events that
did not pass through the VDCX. Because we used the front FPP chambers to calculate the
angles, we removed this scintillator (OSO) to reduce multiple scattering which improved
the angular resolution. We included a software cut on Xf,p to eliminate events that did
not pass through the active area of the VDCX.

The limits of the software cut were determined by examination of the limits of the
central flat region in Figure 3-3(b). We fit asymmetric Gaussian functions with a linear
background to each side of the Xf, histogram with bad OHIPS VDCX information.
From those fits, we set the limits of the active range to three standard deviations from
the centroids on either side of Xfp.

We found only a minor statistical decrease in the error of Pn when the FPP was used
to reconstruct the focal plane coordinates when the VDCX information was bad. We were
required to increase the width of the cut on the missing mass peak because of the poor
resolution. Using the FPP, the error in P, decreased by 9% compared requiring good
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Figure 3-3: Histograms of OHIPS Xfp distribution. Figure (a) is Xfp calculating by the
VDCX and required good VDCX information. Figure (b) is Xp calculated by the FPP
and required bad VDCX information. The dashed vertical lines represent the limits of
the software cut to ensure that the trajectories passed through the active region of the
VDCX.
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VDCX information. We decided to require good VDCX information. The improvement
in the error bar was not significant enough to outweigh the loss of resolution. In addition,
requiring good VDCX information for the analysis of the polarimetry measurement was
consistent with the analysis of the pion electroproduction cross section measurements as
conducted by Christoph Mertz [45] and Costas Vellidis [46].

3.1.4 Dispersion Calibration of the Focal Plane

It was necessary to determine the relationship between the momentum of the particle in
the spectrometer and Xfp. To accomplish this task, we measured the locations in Xfp of
the ground state and first two excited states of 12C(e,e') for different dipole magnet fields.
The momentum in TRANSPORT coordinates is expressed as a fraction of the momentum
of the central ray, 6 = (P - Pc)/PI. For a given incident energy and scattering angle,
the momentum of an electron elastically scattered off a nucleus is fixed. By varying the
dipole field strength, we vary the central momentum.

We measured the location of the elastic peak at the focal plane for different values
of J. Then we fit X1 , and to a second order polynomial of 6 to determine the dispersion
parameters. We corrected the peaks for kinematic broadening, see section 3.3.1. The
peaks locations were determined by ALLFIT [61]. We determined the dispersion param-
eters for three sets of data: the ground state peaks, the 4.4 MeV peaks and the 9.6 MeV
peaks. We observed little variation in the parameters and chose the parameterization
of the fit of the ground state peaks. We show the X , and 6 data along with the fit in
Figure 3-4. The fitted parameters are listed in Table 3.2.

3.1.5 Target Coordinates

We determined the target coordinates using the focal plane coordinates and inverse ma-
trix elements. We defined the TRANSPORT coordinates in section 2.3. At the target
we labeled the coordinates {Xtgt, Ot9 t, Ytgt, ktgt, 6} and at the focal plane we used the la-
bels {Xfp, 0fp, Yp, q!p, 6}. The target coordinates up to second order in the focal plane
coordinates are

agt =z( t I6fP ) fPd + Pt (3.12)

Chapter 3. Data Analysis
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Figure 3-4: Focal plane dispersion data
for both MEPS and OHIPS.

for the ground state peaks and the quadratic fit

where i a generalized variable that represents one of the target or focal plane coordinates.
The matrix elements depend on the geometry and field patterns of the spectrometer.

We determined the matrix elements from a series of sieve-slit runs. A sieve-slit is a
collimator with small, well-defined holes. The sieve-slit collimator creates several bunches
of particles with restricted target angles. By measuring the location of each bunch as it
appears at the focal plane and by identifying the sieve-slit hole through which it passed,
we can determine the optics of the spectrometer for central Ytgt position.

In addition to studying the angular dependence, we recorded data over a range of
Ytgt using a slanted target. While the face of the slanted target is perpendicular to the
beam, it is slanted at 450 with respect to vertical. By moving the slanted target up and
down, we varied the interaction point of the beam along the beam-line.

We recorded both elastic spectrum and white spectrum sieve slit data. The advantage
of the elastic spectrum is that 6 is well-defined. By keeping the spectrometer angle and the
beam energy fixed and varying the spectrometer magnets, we measured the dependence
on the J. The white spectrum data varied smoothly in 6, compared to the well defined
peak in elastic scattering. With a white spectrum, we can study a variety of momentum
(6) at once.
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In principle, the procedure to determine the matrix elements is straight forward. [62]
First, each sieve-slit hole is isolated as best as possible. Then the peak of the rays that
pass through a single hole at the focal plane is measured for a range of momentum. This
procedure is repeated until there is a collection of data with known 0, Y, q and 6 at
the target and 0, Y, q and X at the focal plane. This set of data is then systematically
fit to determine the best matrix elements. In practice, certain difficulties arise such as
inability to isolate a sieve-slit hole or incomplete data sets.

In Figure 3-5, we show dot plots of Otgt versus Otgt for the sieve slit data for OHIPS and
MEPS. The holes of the collimator are distinguishable in each of plots. Three holes in the
OHIPS sieve slit were larger than the others to determine orientation of the collimator.
The center hole, the hole in the lower left corner and the hole between these two holes
were larger. For MEPS, the hole in the upper-left corner was larger.
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Figure 3-5: Dot plots of 4tg, versus 0tgt for MEPS and OHIPS.

OHIPS was not in a point-to-point tune for Y. Figure 3-6 shows a plot of YI, versus
Xfp(6) for a point target. For low Xfp, Yp was nicely peaked, implying a point-to-point
focus. For high 6, Yfp was spread out implying a more parallel-to-point focus.

To determine the OHIPS matrix elements, we used two sets of runs: one from Septem-
ber, 1994 and one from May, 1995. During the 1994 runs, we measured the Ytgt depen-
dence of the matrix elements using a slanted BeO target. For these runs, the OSO
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Figure 3-6: Yp versus Xf, in OHIPS for a point target. Both coordinates are in cen-
timeters.

scintillator was in place above the VDCX. The multiple-scattering in this scintillator
reduced the angular resolution because we reconstructed the trajectory angles using in-
formation from the VDCX and the front FPP chambers. The angular resolution was
poor, so we used these runs only to determine the Ytgt dependence on Yf, for the central
hole (Qtgt = 0 and Otgt = 0):

Yt,• = a + (yI y)YP. (3.13)

The remainder of the Ytgt matrix elements were determined from a measurement con-
ducted on a point target in May, 1995. The location at the focal plane of the bunches
from the sieve slit holes were then fit to the equation

YfP = a + 0ipO + 70p, + r 7peqp,, (3.14)

where f, 7 and r are the varied parameters. From this fit, we constructed a new focal
plane Y coordinate which was centered at zero and was more narrowly distributed:

Yfp = YIP - (a + 80fp + y7fp + 77•pOfp) . (3.15)
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By substituting ,fp for YI, in Equation 3.13, we determined the Ytt matrix elements:

yo = -(yly) a,
0) = Yl , (3.16)

(Yk'0) = -(YIY)'Y'
(yl 0) = -(Yly),

The matrix elements for Otgt were calculated from a 12C(e, e') sieve slit measurement
and from a H(e, e') open collimator measurement. The measurement on carbon provided
the matrix elements for Ytgt = 0 since the target was thin. The measurement on hydrogen
provided the Ytgt matrix elements. For elastic scattering, the sieve slit is not necessary
because the the scattering angle, Atgt, can be determined from a measurement of the
momentum.

In comparison, the determination of the matrix elements for 9tgt was straightforward
and followed the procedure as discussed in Reference [62].

We list three types of uncertainties in the calculation of the target coordinates in
Table 3.1. The first is the systematic uncertainty due to the fit of the matrix elements.
The second is the resolution of reconstructing events at the focal plane for a point source
in that coordinate. These values include the effects due to the uncertainties of the
matrix elements. We list both types of resolutions to demonstrate that the resolutions
were dominated by the intrinsic resolution of the spectrometer/detector system. The
third uncertainty is the error in the offset for each coordinate. For 6, this error is the
uncertainty of the magnet constant. The other offset errors were determined by examining
the variation in the offsets for several runs.

3.2 Electron Trajectory Coordinates

The VDCX in MEPS was identical to the one in OHIPS. The process of calibrating the
drift time to drift distance was essentially the same for MEPS as it was for OHIPS.
However, the readout systems of the two VDCXs were very different; the OHIPS VDCX
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3.2. Electron Trajectory Coordinates

Matrix Elements Resolution Offset

OHIPS
Ytgt 1.7 mm 2.4 mm 1.6 mm
Otgt 0.7 mrad 1.6 mrad 2.0 mrad
4 tgt 1.4 mrad 6.7 mrad 2.0 mrad
6 0.03% 0.07% 0.3%

MEPS
Ytgt 2.2 mm 6.7 mm -
0tgt 0.8 mrad 4.6 mrad 1.8 mrad
qtgt 1.5 mrad 4.1 mrad 2.0 mrad

6 0.003% 0.036% 0.3%

Uncertainties (standard
and OHIPS.

deviation) of reconstructing the target coordinates

readout was a 4 wire delay-line system and the MEPS VDCX readout system was DCOS,
a TDC per wire system. The latter required a more involved analysis, but the data was
less likely to be corrupted by multiple tracks.

3.2.1 Focal Plane Coordinates

Once the drift-time-to-drift-distance conversion was completed, the code grouped the
wires into clusters. These were a group of adjacent wires that fired together. The code
allowed for one wire in the group not to fire. Typically, a cluster consisted of four or five
wires and required a minimum of three.

Next, the code determined the sign of the drift distances for each wire that fired. The
sign for each wire indicated whether the particle passed above or below the mid-plane
of the chamber. The wire with the shortest drift distance was chosen as the pivot wire.
The drift distances for the lower wire numbers in that cluster were made negative. To
determine the sign of the drift distance of the pivot wire, we performed a linear fit to the
drift information of the cluster for both positive and negative drift distance for the pivot
wire. The fit with the lowest X2 was chosen as the particle trajectory.

Table 3.1:
for MEPS
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Then the code determined the best cluster for multiple cluster events. The algorithm
chose the cluster with the smallest difference in projected distances. The details of the
algorithm varied with the number of non-pivot wires with positive and negative drift
distances. We discuss the different cases below.

The first case considered was two or more hits for both positive and negative drift
times. For this situation, lines were fit separately to the positive and negative drift
distances. We determined the average of the intercepts of the axis along the wires (per-
pendicular to the drift distances) for each fit. Then we extrapolated both trajectories to
this average wire location and took the difference of the two drift distances.

The second case considered was only one hit for either the positive or the negative
drift distances. We fit a line to the group of drift distances with more than one wire. This
line was extrapolated to the location of the wire which had a single hit for the sign of the
drift distance. We took the difference of this projected drift distance and the actual drift
distance for the single drift distance sign wire. Regardless of how the code determined
the difference, the cluster with the smallest drift distance was chosen as the analyzable
cluster.

The focal plane coordinates for MEPS were calculated in a similar manner as those
for OHIPS. However, the coordinate systems of the two VDCXs were defined differently.
In order to use the OHIPS focal plane coordinate equations for MEPS, the following
substitutions are necessary: OBTHIPS - EPS and mOHTPS 1/m EPS

3.2.2 Target Coordinates

The approach to calculating the target coordinates from the focal plane coordinates was
the same for MEPS as it was for OHIPS. The matrix elements were determined in a
similar manner; see Table 3.2 for a listing of the inverse elements. The matrix elements
were determined from data taken in September, 1994 with 200 MeV beam. We took sieve
slit data for both elastic and inelastic scattering off a BeO target at a central momentum
of 199 MeV and 175 MeV respectively. We divided the inelastic data into bins of 6 to
determine the 6 dependence of the matrix elements. The elastic data served as a check
on the inelastic data. All matrix elements up to second order were tested.
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A second partial optics study was performed in May, 1995, with central momentum of
approximately 390 MeV. The setup of the cryogenic target prohibited us from performing
the Ytgt study in 1995. The matrix elements which involved Ytgt were determined from
the September, 1994 data. We discovered that the matrix elements unrelated to Ytgt
for the September, 1994 and May, 1995 did not agree. We believe that this difference
resulted from the 1995 data being taken at a higher momentum. Once we established
a tune for a spectrometer, we maintained a constant ratio of the dipole magnet field
to the quadrupole magnet current when adjusting the central momentum.2 For high
momentum, this procedure may not have maintained the proper tune. We decided to use
the matrix elements as determined from the September, 1994 data, because our central
momentum was well below the non-linear region of MEPS at 309 MeV/c.

3.3 Momentum Calibrations

In this section we discuss three topics related to the momentum calibration of the spec-
trometers. First, we discuss the determination of the beam energy. Then we discusss the
calibration of the particle momentum to the dipole magnetic field. Lastly, we discuss the
population of events at the focal plane to determine the focal plane efficiencies.

3.3.1 Beam Energy

The determination of the beam energy is a critical component in our analysis because we
rely on the precise knowledge of the beam energy for calibration of the spectrometers.
We determined the energy of the incident electrons by two methods. The first method
was the information from the Energy Compression System (ECS) chicane. The second
method was the differential recoil technique. Both of these methods are discussed below.

2We did not have a measure of the quadrupole field.
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MEPS
(6 x) 0.5467 ± 0.0017
(6mx2) 0.00054 ± 0.00011

yo 5.36 : 0.18
(yly) -5.83 ± 0.11
(YI4 ) 0.782 ± 0.013
(y|x') -0.0152 ± 0.0011

00 -11.16 ± 0.12
(0 x) 0.3112 ± 0.0073
(010) -0.3918 ± 0.0011

(01 x) -0.01716 ± 0.00066
(01xO) 0.001993 ± 0.000084
(0102) 0.000328 ± 0.000016

00o -3.77 ± 0.11
(4l y) -10.741 ± 0.093
(41 0) -0.0127 ± 0.0014
(4 14) -0.328 ± 0.012
(41 xy) 0.1789 ± 0.0042
(4IyO) 0.0141 ± 0.0011
(410) -0.00254 ± 0.00015

OHIPS
(6 Ix) 0.24080 ± 0.00014
(6 Ix') -0.000453 ± 0.000016

yo 0.240 ± 0.018
(yly) -0.2441 ± 0.0024
(y 0) 0.00350 ± 0.00039
(yI 4) -0.0260 ± 0.0024

(yj 90) -0.00096 ± 0.00022
00 2.185 ± 0.066

(0 x) 1.0676 ± 0.0073
(010) -0.4311 ± 0.0018

0o 7.56 ± 0.15

(4IY) 6.230 ± 0.042
(4|1 ) -0.0254 ± 0.0030
(441) -4.138 ± 0.019

Table 3.2: Inverse matrix elements for MEPS and OHIPS. The elements are in standard
TRANSPORT coordinate units, i.e. centimeters for positions, milliradians for angles and
percent for 6.
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ECS Energy

The settings of the ECS precisely determined the beam energy. Three factors contributed
to the uncertainty in the beam energy as determined by the ECS. First, there was an
uncertainty in the central momentum of the chicane due to an uncertainty in the field
integral of the central ray. Second, the energy defining slits in the ECS allowed a limited
range of beam energies around the central energy to pass through the chicane. Third,
an uncertainty of the phase of the beam with respect to the Radio Frequency electro-
magnetic waves (RF) in the cavity after the chicane induced an uncertainty in the central
beam energy.

The dipole magnets of the ECS chicane were precisely mapped. This mapping was
discussed in detail in Reference [63]. An absolute error in the field integral of the central
ray through each dipole was quoted as 0.035%.

The second uncertainty was due to the range of possible energies that can pass
through the chicane. There were energy defining slits in the chicane between the second
and third dipoles. These slits defined a range of momenta about the central momentum
that passed through the chicane. For this experiment, the slits were set at 0.3%. A typical
ratio of the energy spread before and after the ECS was 10 [64], so that the uncertainty
of the beam energy after the ECS, due to the range of momentum acceptance of the
chicane, was 0.03%.

After the beam passed through the ECS chicane, it passed through an RF cavity in
which the spread in beam energy was reduced. If the phase of the RF did not match
that of the beam, then it was possible for the RF to change the central beam energy.
We estimated the worst phase mismatch to be 100. [65] Enough power was supplied to
the RF cavity so that if the beam was 900 out of phase of the RF cavity, then the beam
energy would change by 0.5%. We estimated the error due to the phase mismatch to
be 0.5% - sin 100 = 0.1%. Adding the above uncertainties in quadrature, there was a
total 0.11% uncertainty. This uncertainty was confirmed by the precise beam energy
measurement conducted by measuring the spin precession frequency of the electrons in
the SHR. [66] Finally, the beam energy as determined by the ECS was 719.0 + 0.8 MeV.
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Differential Recoil Technique

We confirmed the beam energy measurement from the ECS using the differential recoil
technique. For electrons elastically scattered from a nucleus, the scattered electron mo-
mentum is a function of the initial electron energy, E0, the scattering angle, 0, and the
mass of the nucleus, M. From a measurement of the final momentum and scattering
angle of an electron scattered off a known nucleus, we can determine the initial electron
energy. To reduce the reliance on an absolute momentum calibration of the spectrom-
eter, we measured the difference in final electron momentum for elastic scattering off
two nuclei. This difference in momenta was related to the beam energy. We needed
to know only the dispersion of the spectrometer to measure the difference in recoiling
momentum. By measuring the two momenta simultaneously using a composite target,
we further reduced systematic uncertainties.

We want to determine the difference in energy of electrons scattered off two nuclei
with mass M1 and M2. The energy of an electron scattered from a nucleus of mass Mi is

I 1EM E2,
E, = 1 Eo Eoi e i ,E (3.17)E 1, 2 2M, 2

where 7ri is the recoil factor.

S 2E - Eoss,i sin2 0/2, (3.18)
Mi

and i = 1, 2, Eo,,,~i is the energy loss of the electron in the ith target due to radiation
and ionization, and ej is the excitation energy of the nuclear state. If the two nuclei are
distributed uniformly in the target, then the energy losses are equal, Eto 8,1l = Eloss,2.
The difference in the final momentum of the scattered electrons is

AE = E' - E2'
1 1

S(Eo - ) - (Eo - 2 ) , (3.19)

where

wi = ei + 2-• (3.20)
2M'
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For our measurement, the effect of the energy losses in the recoil factors was small and
was ignored. We can solve Equation 3.19 for the beam energy:

-B + VB2 - 4AC
Eo = 2A (3.21)2A

where

A = 2sin2 (0/2) -2 sin 2 (0 /2) M I M 2  1 A, (3.22)

B = 2 sin 2(0/2) -AE ( + - (3.23)

C = -AE- 1 + ~ 2. (3.24)

To determine the beam energy, we measured the electrons scattered off of a Beryllium-
Oxide solid target (BeO) with OHIPS at 30.770. We measured the peak positions in the
focal plane of the 160 ground state and 6.13 MeV excited state to determine the energy
per channel calibration. We also measured the location of the 9Be ground state peak to
determine the relative separation energy of the 9Be and 160 ground states. A plot of the
energy spectrum is shown in Figure 3-7.

It was necessary to kinematically correct the three peaks to determine their proper
location in the focal plane. The finite ktgt acceptance of the spectrometer and variation
of the cross section with the scattering angle combine to broaden the discrete peaks at
the focal plane. The corrected focal plane position is

Xkin = X/p + tgt (X 16) E sin 00 (3.25)

where E1 is the momentum of the scattered electron, Po is the central momentum, Mtgt
is the momentum of the recoiling nucleus, Otgt is the TRANSPORT q coordinate and O0
is the central scattering angle of the spectrometer. We corrected the position of the 9Be
peak and the 160 peaks separately since the kinematic correction depended on the mass
of the recoiling nucleus. We used ALLFIT to determine the locations of the peaks.

The beam energy as determined from the differential recoil technique was 716.5 ± 3.4
MeV. This measurement was independent of the momentum calibration of the OHIPS,
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Figure 3-7: Energy spectrum for "elastically" scattered electrons off a BeO target for a
nominal beam energy of 720 MeV with OHIPS at 30.770. The energy in this figure was
corrected for kinematic variations over the Otgt acceptance for scattering off 160. The
lines are the fit as determined by ALLFIT.

but did rely on the matrix elements for determination of 9tgt for the kinematics correction.
The dominant contribution to the error of this measurement was the uncertainty in the
location of the peaks. This measurement was an independent confirmation of the beam
energy as determined by the ECS, 719.0 - 0.8 MeV.

3.3.2 Dipole Magnet Constants

The absolute momentum calibrations for both spectrometers were conducted using the
well-known beam energy. The energy of an electron elastically scattered off a nucleus of
mass M is

E' = Eo 1 sin 20/ 2 (3.26)

where 0 is the scattering angle. We ignored the energy losses in the target because they
were small in comparison with the uncertainty in the beam energy. We knew well the
beam energy, the scattering angle and the mass of the nucleus, so we also knew the
energy of the scattered electron. By setting the magnetic field of the dipole magnet(and
properly adjusting the quadrupole magnets) so that the elastic peak is centered in the

Chapter 3. Data Analysis



3.-. Momentum Calibrations 1 --

focal plane, we determined the dipole magnet constant: the field strength in the dipole
divided by the momentum of the central ray.

There were two separate calibrations of the OHIPS magnet constant. Christoph
Mertz performed both calibrations using elastic 12C(e, e') data. One calibration was for
a nominal 720 MeV beam energy and the other for nominal 800 MeV beam energy. The
two measured magnet constants were 0.012846 and 0.012803 kG/(MeV/c) respectively
with a 0.1% uncertainty due to uncertainty in the beam energy. These two measurements
differed by 0.3%, which was more than the statistical difference. This difference may be
caused by variations in the dipole magnet power supply or in the magnet field meter. We
took the average of the two magnet constants and set the uncertainty at 0.25%, 0.012835
+ 0.000032. This value is close to the historical value of the OHIPS magnet constant.

There are also two separate calibrations of the MEPS magnet constant. Brian Mil-
brath conducted the first calibration using the elastic hydrogen data from Experiment
88-21. This experiment was conducted with an extended, liquid target, so energy losses
were addressed. Christoph Mertz performed the second calibration using elastic 12C(e, e')
data. The two calibrations agreed. We chose to use the calibration from the carbon data
because the analysis of the hydrogen data was complicated by energy losses and angle-
momentum correlations in the extended target. We used the MEPS magnet constant of
0.04037 ± 0.00012 kG/(MeV/c).

This magnet constant differs from the historical values of 0.0423 kG/(MeV/c) for two
possible reasons. First, the Rawson probe with which we measured the MEPS dipole field
read roughly 4% lower than the OHIPS dipole Rawson probe. We suspected that the
MEPS probe/meter was faulty because our OHIPS magnet constant calibration agreed
with the historical value. The second possibility is that the X1 , offset in the software
analyzer changed. This offset effectively determines the definition of the central ray.
Shifting the central ray will also shift the magnet constant. All of our analysis was
completed with the same offset, Xp = 2.7 cm.

3.3.3 Focal Plane Efficiencies

In general, the population of detected particles at the focal plane is not uniform in J.
The two principle factors that contribute to variations are the spatial inefficiencies in the
detector systems and portions of the solid angle contributing differently to regions of the
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focal plane. A measurement of the relative efficiency of both the MEPS and OHIPS focal
planes was necessary for averaging polarization observables over the finite acceptances of
the experiment using Monte Carlo techniques.

We determined the relative focal plane efficiencies by measuring a smoothly varying
cross section for several overlapping ranges of momentum. We deconvoluted the cross
section and the relative efficiency from the observed rates. For both MEPS and OHIPS,
we measured the 12C(e, e') cross section. We took five measurements in 2% increments in
momentum for OHIPS and five measurements in 4% increments in MEPS. Unfortunately,
the data for runs of the two lowest momentum settings for OHIPS were corrupted on
the original tape. There was sufficient overlap in the three remaining runs to extract the
relative efficiency for OHIPS.

We used the program RELEFF [67] to extract the cross section and relative efficien-
cies from the quasi-elastic 12C data. This program was described in several theses (for
examples see References [68, 69]) and we present only a brief explanation here. RELEFF
parameterized the cross section as a polynomial:

aij = E anfn (pii), (3.27)
n

where i refers to the channel number of the 6 histogram and j refers to the jth run with
a given central momentum. The program allowed f, to be either regular polynomials
or Legendre polynomials. We used Legendre polynomials. The function minimized to
obtain the best fit was

X2 = 2 w (C1j - Nyaij ) , (3.28)

where Cij is the counts in channel i of histogram j, Nj is the normalization factor
for histogram j (charge, dead-time, etc), wii is the statistical weight for channel i of
histogram j, and ci is the efficiency of channel i.

The efficiencies were determined through an iterative process. For the first pass,
the efficiencies were set to unity and the coefficients an were determined. Given these
coefficients, the efficiencies were determined:

j =ii (3.29)
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These new efficiencies were then used to recalculate the coefficients a, by minimizing x2.
This process was repeated until the change in X2 was less than a user-specified value.

The determined efficiencies depend on the tests applied to the 6 histogram. For
MEPS, we varied cuts on the target coordinates to investigate the known discrepancy
between the geometric solid angle and the effective solid angle. We found that the relative
focal plane efficiency curve was insensitive to cuts in Otgt, but sensitive to cuts in tgt.
For an example, see Figure 3-9(a). There was a significant difference between the two
efficiency curves on the high 6 side. From this observation, we learned that the full 0 tgt

acceptance fed the focal plane fairly uniformly, but the extreme ktgt angles fed the focal
plane in a non-uniform manner. The difference on the low 6 is a result of the scaling of
the two curves. For OHIPS, we varied the required detector information. We required
good VDCX only, good VDCX or good front FPP, and good VDCX and good front FPP.
The relative efficiency curves for each of these tests are very similar, see Figure 3-9(b).
This result implies that there are no gross spatial inefficiencies in either the VDCX or
the front FPP chambers.

3.4 FPP Coordinates

The determination of the coordinates of the trajectory is considerably easier with the
FPP Multi-Wire Proportional Chambers than with the VDC chambers because we have
only wire number information. From the wire numbers and the proper software alignment
of the chambers, we can determine the trajectory of the protons.

From the wire number information, we can determine the approximate trajectory
of the particle. When a particle passes through the FPP, only those wires that are
fired are recorded. By properly decoding the PCOS information, we determine the wire
numbers that were hit and their planes. This information is adequate to determine the
approximate trajectory. For a precise determination of the trajectory, we need to include
the software alignment information.

The proper alignment of the FPP chambers is fundamental to the extraction of the
correct asymmetries. We must understand the internal alignment of the FPP chambers.
If misaligned, the chambers could introduce false asymmetries. Because we use the FPP
to determine focal plane coordinates, we must establish the absolute alignment of the
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Figure 3-8: Unnormalized 12C(e,e') quasi-elastic cross section for a) MEPS and b) OHIPS.
The line is the best fit to the points as determined by RELEFF. The momentum scale was
determined by setting to 0 and 1 the lowest and highest momentum sampled respectively.
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Figure 3-9: Comparison of relative focal plane efficiencies as determined by RELEFF
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FPP with respect to vertical and the relative alignment of the FPP with the VDCX.
These issues are discussed in Appendix B. In addition to the software alignment, the
initial physical alignment of the FPP and VDCX are discussed in Reference [70].

3.4.1 Coordinates

We used the FPP chambers to measure two sets of coordinates. As discussed in sec-
tion 3.1.3, we used the FPP chambers together with the VDCX to determine the focal
plane coordinates. We also used the FPP to measure the polar and azimuthal angles of
the secondary scattering.

The coordinate system for the FPP is shown with three sets of angles in Figure 3-10.
The first two sets are the Cartesian angles of the initial and final trajectory, (ai, /i) and
(a,, fl). The third set is the polar and azimuthal secondary scattering angles, O, t and

Ocat. - .. . . Polar Scatterina

Figure 3-10: Coordinate system for the Focal Plane Polarimeter. The proton travels from
the left to the right of the figure. t points in to the page.
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3.4. FPP Coordinates

From the Cartesian angles, we can determine the scattering angles. We first construct
vectors parallel to the initial and final trajectories, i and f. We choose the normalization
of these vectors such that the third component is unity. We use the {I, Y, 4} coordinate
system of the FPP, where i is along Xfp and 9 is along Yfp. The trajectories are

i = (Ax21/A 21, A 21 /A 21, AZ 21/Az 21)
= (tan ai, tan ,O, 1) , (3.30)

f = (AX43/AZ43, A 43/A z43, A z43/Z 43)
= (tan af, tan Of, 1), (3.31)

(3.32)

where the Ax 21 is the difference in X coordinates at chamber 2 and 1. The other terms
are defined in a similar manner. Given the initial and final trajectories, i and f, we can
determine the polar scattering angle:

Oscat = COS-1  . (3.33)

The calculation of the azimuthal angle is more involved because the plane in which

'scat is defined is not parallel to the plane of the wire chamber systems. We must define a
new coordinate system, { i, 2, ý},for the secondary scattering, rather than the one natural

to the FPP wire chambers. Let 3 be parallel to the initial trajectory of the proton, i.
We define i to be perpendicular to 3 and to YFP. With these two definitions and a
right-handed convention for the coordinate system, the unit vectors of the scattering
coordinate system are

= = (tan ai, tan Oi, 1)3 = =(3.34)
1 + tan2 a, + tan2  (3

i Yfp x 3 (1, 0, - tan ai)
S= l+tana, (3.35)

yfP X 3 1 + tan2 ay

3 x i (- tan ai tan 3, 1 + tan2 ai, - tan3 i)1 + tan2 + tn2)(1 + tan2 (3.36)3 xi1 ( + tan2 i± tan 2 i (1 n2 (
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The transverse components of the final trajectory in this coordinate system are

f" i = sin Os,,t cos t,

fj 2= fsin Oct sin qt. (3.37)

From these equations, we can determine ,sat:

tanOscat =-

tan 3f - tan Pi + tan a i (tan ai tan Of - tan /i tan af)

V1 + tan2 ai + tan2 /i (tan af - tan ai)

In order to determine ckat for the full 3600 range, we examine the signs of the transverse
components.

3.4.2 Multi-hit Events

When only one wire fired in each plane, there was only one possible path through the FPP
that the proton could have follow. Such events, called "single-hits," were the simplest to
analyze. However, many of the events had more than one wire fire in one or more planes.
We called these events "multi-hits."

There were two causes of multi-hit events. Either a second particle passed through
the wire chamber at the same time (or a wire fired spuriously) or a single particle caused
more than one wire to fire. In the former case, the wires are very likely to be separated
by at least one wire, but in the latter case, the wires that fired would be adjacent.

We classified events by the number of clusters in each plane. A cluster was a group
of adjacent wires that fired. If all planes had a single cluster, then the event was a single-
cluster event. Otherwise, it was a multi-cluster event. There was only one possible path
of the proton for single-hit and multi-hit-single-cluster events. For multi-cluster events,
however, more than one proton path through the FPP was possible. In this manner,
multi-cluster events were difficult to analyzer.
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It was possible for multi-hit events to introduce a bias in the measured asymmetries.
The Small Angle Rejection System (SARS) made a decision based on the first set of wire
numbers it received. For multiple hits in a plane, the lowest wire number which fired
is given to the SARS. In this manner, the SARS can introduce a false asymmetries for
multi-hit events. This bias is not large for multi-hit-single-cluster events, but can be
significant for multi-cluster events.

We made several attempts to reduce the number of possible paths for multi-cluster
events. We tried to restrict on the distance of closest approach between the initial and
final trajectory in the FPP. We tried to restrict the intersection point between the initial
and final trajectory so that it fell inside the carbon analyzer. We also tried to restrict
the range of Of, and ,fp as measured by the front FPP chambers. We did not use these
tests to reduce the number of possible tracks because they introduced false asymmetries.

We decided to analyze only single-cluster events. If the two wires in a plane that fire
were adjacent, then the SARS was given adequate information to make the small angle
test decision properly. By analyzing only single-cluster events, we did not introduce any
bias in the asymmetries.

3.5 Extraction of Polarization

In order to measure the final state proton polarization at the focal plane, it is necessary
to examine the distribution of events in the azimuthal angle, kC t. The cross section for
P- 12 C scattering in our coordinate system is

oa (0, , Tc) = r () [1 + PA,(O, Tc) sin + PyAy(, Tc) cos O], (3.39)

where P. and P, are the normal and transverse polarization measured at the focal plane,
A, is the analyzing power, Tp, is the kinetic energy of the proton at the center of the
carbon analyzer and ao is the unpolarized cross section. We distinguish the normal and
transverse focal plane polarizations, P, and P,, from the target polarizations, Pn and
Pt, because in general each focal plane polarization component is a mixture of all three
target polarization components. For our measurement, however, P, oc P, is a good
approximation. In this section, we frequently use 0 and 0 to abbreviate O9,c and 0,,t.
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We discuss topics related to the determination of the final state polarization in this
section. In the following section, we discuss the extraction of the asymmetries from the
azimuthal distributions. We briefly discuss the calibration of the FPP at the Indiana
University Cyclotron Facility (IUCF) and the models we used for the analyzing power.
Next, we discuss issues of subtracting the background polarization. Finally, we conclude
with a discussion on the determination of the false asymmetries.

3.5.1 Extraction of the Asymmetry

In this section, we discuss the process of extracting asymmetries from the observed 0Ct
distributions for the secondary scattering. Ignoring instrumental effects, the cross section
for the secondary scattering as a function of kscat is

(a (0)) = 0o [1 + Ex sin 0 + ey cos ] . (3.40)

where the asymmetry is e(x,y) = P(x,y)(Ay). (Ay) is the event-averaged analyzing power.
The observed yield, however, is a product of the event-averaged cross section for '-- 12 C,
(a(¢)), and the instrumental asymmetries, ý((). The false asymmetries can result from
spatial inefficiencies and residual chamber misalignment. The effect of the instrumental
asymmetries was small, ý e 1. Because the event-averaged cross section is represented
in terms of sines and cosines of Oscat, it is convenient to expand ( (€) in a Fourier series.
Then the measured yield is

N (¢) = (a ( ))•((), (3.41)

= (a()) [1 + ex sin 0 + ey cos 0] x

1 + E e,m cos(m¢) + E Em sin(m)] , (3.42)
m>1 m>1

= (a()> 1 + 2 • um cos(n) + 2 vm sin(no) , (3.43)

where we define the weighted integrals, U, and vn as

S- fo N() cos(n)d / fo N(q)do, (3.44)
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v j f N(O) sin(nq)dq / N(q)d . (3.45)

By expanding Equation 3.42 into terms of sin(no) and cos(no), we determine the weighted
sums for n = 1:

-e(2 + e2) + 2 + 2e (3.4)
U 1  = (3.46)4 + 2e~el + 2e• e1

Ef(2 - e 2 ) + y2 + 2 (3.47)v1 = (3.47)4 + 2~eel + 2Eee1

In order to extract the physics asymmetries, e(.,y), we need to measure ul, vl, e(1 ,2 )

and e(1,2). We measure the weighted integrals ul and vi in the polarimetry measurement
as a discrete sum:

1
urn = cos (mevt), (3.48)

evt

1
vm = sin (mevet), (3.49)

evt

where the sum is over the events and AN is the total number of events. We determine
the instrumental asymmetry terms by measuring the "false" asymmetries for unpolarized
final state protons. This procedure is discussed in more detail in the following section.
With these quantities measured, Equations 3.46 and 3.47 can be expressed as two linear
equations with two unknowns. We solve these equations in the standard manner:

(f 1 + ( e2 - ule 2 - 11 2 - e (3.50)

z !E2 - l1e1 1 - e 2 - ll ' 2v1 - El

If one assumed the instrumental effects are periodic in q over ir, ý(O, O) = +(0, 7+ir),
then our results simplify to agree with the work of Besset. [71] Given this assumption,
the instrumental asymmetries for the odd values of m vanish and e2 = 2U2 and e2 = 2v2.Then

S(cOS2 ) (sin 0cos) (cos )(351)
:x (sin 0 cos () (sin2 ) (sin l) (
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where (term) is the event-average of term. With this assumption, we do not need to
measure the instrumental efficiencies in a second measurement; measuring up to second
order sin q and cos 4 terms of the physics yield is adequate to extract the physics asym-
metry. For our measurement, it was not necessary to assume that the instrumental effects
were periodic in q by r because we performed measurements that served as a calibration
as discussed in the following section.

We estimated the error of the asymmetries by keeping terms up to first order in
em and Em. This approximation was valid because the instrumental asymmetries were
small, typically less than 0.01. We first determined the inverse of the 2 x 2 matrix in
Equation 3.50. The determinate of the inverse of this matrix is

IWI 1 + vil + uiel. (3.52)

Then to first order in the instrumental asymmetry terms, the uncertainties of the physics
asymmetries, aU(Y,), are

( l2 (1 + 2ulel + v - e2
2  2)

1 + U2 -2u) (3.53)
1 - 2 - 2u

3.5.2 False Asymmetries

The instrumentation of the FPP can create false asymmetries. The sources of these asym-
metries include small variations in the efficiency of the readout system for different wires,
residual misalignments, and different inefficiencies among the three rear scintillators. We
determined the false asymmetries by measuring the final state proton polarization for
elastically scattering unpolarized electrons off hydrogen. For unpolarized electrons and
detecting the proton with in-plane kinematics, only the induced polarization, Pn, can be
non-zero. Since there are no final-state interactions for elastic scattering off hydrogen, Pn
must also be zero. A measurement of the proton polarization for elastic hydrogen scat-
tering with an unpolarized beam was a measurement of the false asymmetries inherent
to the FPP.
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The hydrogen measurements were performed with polarized electrons. By summing
the two beam helicities, we effectively formed an unpolarized beam. The total charge
for the two beam helicity differed by 0.15%. The beam helicity as measured by the
Moller polarimetry was approximately 30%, so that the net polarization of the beam
was less than 0.0005. This net beam polarization could induce an asymmetry no larger
than 0.0002 at the focal plane. By summing the two helicity states to approximate an
unpolarized beam, we did not introduce any significant asymmetries at the focal plane.

Elastically scattered protons fill the focal plane of OHIPS differently than inelasti-
cally scattered protons. For elastic scattering, the proton momentum is correlated with
the angle. In addition, collimation of the electron arm by MEPS restricts the proton tra-
jectories to fill only part of the focal plane. As a check that this difference between elastic
protons and inelastic protons did not create a significant difference in the instrumental
asymmetries, we used the proton polarization measurements from unpolarized electron
scattering off deuterium. Both the proton and deuteron measurements were conducted
during the Winter of 1995. [72, 73] For the deuterium measurements, there could be
small but non-zero P,. From Table 3.3, we estimated Pfor deuteron electrodisintegra-
tion to be P,, 0.002 ± 0.005. 3 The theoretical value according to the deuteron model
of Arenh6vel [74] was P, = 0.005. This possible non-zero value of P, was within the
statistical errors of the efficiency coefficients for the deuteron data, so we ignored it.

A listing of the instrumental efficiency coefficients for proton and deuteron mea-
surements is shown in Table 3.3. Both sets of coefficients were small compared to the
statistical error of the physics measurement discussed in this thesis, except for the cos 20
term (e2 ). Fortunately, e2 is reduced by a factor of 2 compared to el and El in the
determination of the asymmetries. The proton and deuteron terms agreed for all terms.
The final values for the false asymmetries terms were the weighted averages of the proton
and deuteron values. The errors for the final values were set large enough to include the
range of values up to one standard deviation around the proton and deuteron points.

3.5.3 Analyzing Power

The measured asymmetries are products of the proton polarization and the average
analyzing power. The analyzing power is the probability that the secondary scattering

3 Factor of -1 for spin precession and 2 for analyzing power.
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proton deuteron final value
el (cos ) 0.0047 ± 0.0012 0.0021 ± 0.0025 0.0042 ± 0.0046
9i (sin q) 0.0019 ± 0.0012 -0.0007 ± 0.0025 0.0014 ± 0.0046
e2  (cos 2) -0.0093 ± 0.0012 -0.0115 ± 0.0025 -0.0097 ± 0.0043
e2  (sin 2q) 0.0004 ± 0.0012 -0.0002 ± 0.0025 0.0003 ± 0.0030

Table 3.3: False asymmetry terms as measured from scattering off the proton and
deuteron and the values used for this measurement.

process produces a spin-dependent asymmetry. Analyzing powers for the Y- C reaction
have been measured over a wide range of proton energies. [75, 76, 77, 78, 79] In order
to calibrate the FPP without the additional complications of the magnetic spectrometer
optics, we took data at the Indiana University Cyclotron Facility (IUCF). A part of this
calibration was the determination of the analyzing power.

We calibrated the FPP in the QQSP area of IUCF. [80] We studied the asymmetries
for scattering of polarized protons directly from the beam with incident energies of 120,
150, 180 and 200 MeV. To reduce the intensity of the proton beam to '0 105 protons per
second, we used a lead degrader, slits and collimators. We illuminated a wide range of
regions on the polarimeter at different incident angles.

The success of the IUCF measurements gave us confidence in the overall calibration
of the FPP. Analysis of the complete data set was presented in Reference [81], but a
separate analysis was performed at the University of Virginia for the 200 MeV data. The
latter analysis determined two ratios as a check on the calibration of the FPP. The first
ratio was the beam polarization as measured by the FPP to that as measured by the
IUCF beam polarimeters, FPP/IUCF = 0.976 ± 0.006. By combining the asymmetry for
± beam polarization, the false asymmetry due to instrumental effects canceled, and the
physics asymmetries remained. Therefore, this ratio was insensitive to false instrumental
asymmetries. False asymmetries did not cancel in the ratio of the spin-up polarization
to spin-down polarization. This ratio, as measured by the FPP and compared to the
IUCF beam polarimeter, was FPP/IUCF = 1.018 ± 0.011. Thus the FPP performs to
the design goal of 2%.

Figure 3-11 is a plot of the asymmetry (proton polarization times analyzing power)
versus 0,,t for 200 MeV incident energy protons on 5 cm thick graphite as measured
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at IUCF. To reduce dependence on the carbon thickness, the analyzing powers were

modeled as functions of the kinetic energy of the proton at the center of the carbon. For
200 MeV incident protons on 5 cm of carbon, the kinetic energy at the center of the

carbon was T; = 177 MeV. Also plotted in Figure 3-11 is the data with similar T; from
measurements at LAMPF [77] and SIN [75]. There was good agreement between the
three data sets.

Several fits as a function of TC and polar scattering angle, 0, to the world's data of
the f- 12C analyzing power exist. Two of the most recent fits in the relevant energy
range can be found in Aprile-Giboni et alia [75] and McNaughton et alia [77]. These two
fits used different functional forms for the analyzing power. We examined the effect on
these fits of including the IUCF analyzing power results for Tc = 177 MeV.

The first functional form we considered was the low energy form of Aprile-Giboni:

A (,) = D (T, 0) a sin] (3.54)AY. ,_(T• D • ,0))1 + p sin2 0 + -sin4 '

where a, / and y are fourth order polynomials of the variable X = (T; - Tcentral)/Trange.
For this fit, Tcentra, = 250 MeV and Trange = 100 MeV. D is a damping factor designed
to produce a sharp drop in the analyzing power for small 0 and low energy:

D (T, 0) = (1 + C exp [02/2(Co + C1(15/p/c)2)]-1 , (3.55)

where p is the momentum of the proton at the center of the target and Oc is the speed
of the proton divided by the speed of light. C and C1 are free parameters, but Co is
fixed to the MWPC's resolution. The damping factor differs significantly from 1.0 only
for small angle and low energy data. Because we did not introduce any new data in
the region in which D was significantly different from 1.0 and because of the numerical
difficulties of calculating D, we held these parameters fixed at C = 75.383, Co = 0.12
and C1 = 0.18472. We refer to this functional form of the analyzing power as NIM215.

The second functional form of the analyzing power we investigated was introduced
by Ransome and used later by McNaughton. Their low energy function has the form

A, (T, ) a r (3.56)
1 + br2 + Cr4 '
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where a, b and c are fourth order polynomials of p' =p, - 0.7 GeV/c, Pc is the momentum
of the proton at the center of the carbon, and r = Pc sin 0. We refer to this functional
form as NIM241.

We fit each of the two functional forms to two databases of analyzing power. The
first database, which contains sets of data with Tc from 95 MeV to 483 MeV, is the
same database as used in the low energy fit of McNaughton et alia with one exception.
McNaughton did not include all of the SIN data because the carbon thickness of 4 out
of 25 data sets did not "conform to standard choices of carbon thicknesses used for the
LAMPF data." We included in our database the SIN Tc = 187 MeV data set which used
a 5 cm carbon analyzer. For the second database, we included the University of Virginia
analysis of the Tc = 177 MeV data from IUCF but restricted the range of Tc from
155 MeV to 300 MeV, which is the energy range covered by all experiments conducted
with the FPP during 1995. The results of the fits are shown in Table 3.4. We distinguish
these two databases as the "Narrow" and "Wide" in reference to the range of Tc in each.

We determined the four fits (two forms x two databases). We restricted the range of
the polar scattering angle to 5' < 0 < 200. Most of the existing data falls in this region.
Once the fit was performed, parameters that were smaller than their error were set to
zero. We then repeated the fit. The errors of the parameters are highly correlated, so we
do not list them. The results of the fit of the NIM241 form to the Wide database agreed
well with the published McNaughton results. No published counterpart exists for the fit
of the NIM215 form since Aprile-Giboni used a different database for their low energy
functional form.

We determined the error of the fits using 5exp as defined in Aprile-Giboni. For a given
data set, 6 eX is

6exp = Ze w(O)Afit(0)Aexp() (3.57)
ep w()At() 2  (3.57)e0 ew (0) Afit (0) 2

where w(O) = 1/oao is the statistical weight of each experiment point. 6exp is the factor by
which the fit must be scaled to match the data set. We calculated ,,,p for each data set

and determined the mean and standard deviation of the collection of (1- 6exp). The error
of each fit was the sum of the mean and one standard deviation. We only considered data
sets with Tc > 150 MeV because there was no FPP production data below this energy.
In addition, the quality of the fits decreased rapidly below this energy. The errors of the
fit are listed in Table 3.4.
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NIM215 NIM241
Narrow Wide Narrow Wide

ao 3.8216 3.8415 ao 5.3902 5.4479

al 0.43410 0.32772 al -4.5980 -3.7223
a2 0.0 -0.22827 a2  0.0 -15.200
a3 0.0 0.0893140 a 3  0.0 45.891
a 4  0.0 0.0 a4  0.0 0.0

/o -6.0782 -5.8801 bo -10.691 -9.3937

#1 0.0 -3.0705 bl -92.415 -50.073

/2 17.527 9.9698 b2 1838.7 867.30
#3 -15.922 -2.9130 b3 0.0 -2731.3
44 -22.601 0.89766 b4 -75781. 4137.5

TYo 303.85 300.68 co 1059.6 1026.2
71 274.77 283.21 cl 3180.5 1488.5
72 -126.85 -56.700 c2 -48043 -21193.
73 0.0 -33.788 c3 -174475 44996.
74 208.73 6.6796 c4 2851120 -34560.

x2/d.o.f. 1.55 1.46 1.55 1.50
Error 1.4% 1.6% 1.6% 1.7%

Table 3.4: Parameters for two functional forms of NIM215 and NIM241 for the two
databases. The Error shown is valid for TC > 150 MeV only.
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< Ay >true < Ay >accd
NIM215 form with Wide Database 0.5255 0.5243
NIM241 form with Wide Database 0.5238 0.5227
NIM215 form with Narrow Database 0.5186 0.5186
NIM241 form with Narrow Database 0.5192 0.5187
Published NIM241 Low Energy Fit 0.5185 0.5179

Table 3.5: Event-averaged analyzing power for true and accidental events. Results from
the four new fits and from the published low energy fit of McNaughton are listed.

A list of the event-averaged analyzing powers for each of the four fits and the low
energy parameterization of McNaughton et alia are shown in Table 3.5. There is good
agreement between the four new fits and between the four fits and the published fit of
McNaughton. This result implies that both functional forms correctly express the energy
dependence of the analyzing power.

There appears to be a systematic difference between the two fits to the Narrow
database and the two to the Wide database. This difference is less than the error of
the fit. The inclusion of the data with higher kinetic energy in the Wide database may
sacrifice the fit in the lower region of kinetic energy to improve the fit for the higher
region.

We choose the fit of the NIM215 functional form to the Narrow database for the
model of the analyzing power because the error of this fit was the lowest. To approximate
the model dependence of the fit, we determined the relative difference in event-averaged
analyzing powers from the fit of the NIM241 and NIM215 forms to the Narrow database.
This relative difference was 0.11%. We linearly added this value to the error of the fit to
determine the overall error of the model of the analyzing power, which is 1.5%.

3.5.4 Background Subtraction

We want to determine the polarization for true events from our knowledge of the polar-
ization for real and accidental events. We start by rewriting the yield for the secondary
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* OHIPS FPP: 177 MeV, 5 cm
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O LAMPF: 171 MeV, 6.4 cm
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Figure 3-11: Proton polarization times the analyzing power for the IUCF measurements
of T= = 177 MeV versus Oscat. Energies listed are the kinetic energies at the center of
the carbon. The SIN are data from Aprile-Giboni et alia. The LAMPF data are from
McNaughton et alia.

scattering for real events:

R NE NR Cos
NR(¢) = N n 1 + N---sin + N---cos€ .

(3.58)

We suppressed the instrumental asymmetries because they do not affect this discussion.
The product of the total number of events, NR, and the physics asymmetry, eR, is deter-
mined by measuring the asymmetry for many events. The real events can be separated
into true and accidental events. Explicitly writing the real asymmetry as a sum of events,
we get

NRCR - _ pevtAy(oevt, T;,evt)
evts

- pT,( 0 ev Tev) + pAA(Oevt, Tcevt)

true evts accd evts

= NTpT (Ay)T + NApA (Ay)A,

(3.59)

(3.60)

(3.61)

where (Ay)' represents the event-average of the analyzing power for i = true or accidental
events and NR - NT + NA
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It is necessary to measure two asymmetries to extract the polarization for true events.
We must measure the asymmetry for real events, ER = pR (A )R, and for accidental
events, A = pA (Ay)A. The asymmetry for accidental events will be determined in a
manner analogous to the real events, however, the extraction of this asymmetry is more
simple because there is no "background" contribution.

We also need to determine the event-averaged analyzing power for true events. This
quantity can be determined from the average analyzing powers for real and accidental
events. We start with the definition of the event-averaged analyzing power for true events:

(A)T = Y A(oe•t , TeP'C) /NT (3.62)
true evts

= z Ay (evt, Tevt) - E Ay, P(e, Tee)')/ NT, (3.63)
real evts aced evts

= 1 + a-') (Ay)R - 0-1 (Ay)R, (3.64)

where a = NT/NA is the signal to noise ratio. We solve Equation 3.61 for pT and
re-express it in terms of measured quantities:

pT = [1 + a] _ (3.65)
[1 + a] (A,)R - (A,)A6

This approach to subtraction of background contributions allows for the proper con-
sideration of the average analyzing power for accidental events. If the momentum distri-
butions of the real and accidental events differ, then the distributions of analyzing power
will differ for these two types of events as well. We can write a simplified version of
Equation 3.61,

NRpR = NTpT + NAP A .  (3.66)

Solving this equation for pT, we find that the determination of pT differs from Equa-
tion 3.65 by a factor of

(AY)A - (Ay) R
1+ (3.67)

a (AY)R
Thus the simplified determination of pT fails for situations where the average analyzing
power for accidental events is significantly different from that for real events and there is
a significant background contribution.
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The error for PT is then

a2(PT) = [1+ a] ) U2 R) (2 ' 2( A) + (3.68)

( PT) 2 2A(A (A )R - eR (A, ) 2 (a)

where we have assumed that the error for (AV)R and (A,)A is dominated by the error of

the fit to the analyzing power. The first two terms are statistical errors, and the second

two terms are systematic errors.

3.6 Software Cuts

It was necessary to place several cuts to ensure quality data. We applied five types of

tests on the data:

1. Good Electron Event

2. Good Proton Event

3. Good Polarimetry Event

4. Coincidence Time-of-Flight

5. 7ro missing mass

These five cuts can be placed in two categories. The first three requirements ensured
that the information for each event was physically meaningful. These tests guaranteed
that the data for the analyzed events were complete and uncorrupted. The last two tests
ensured that we examined coincident pion production. The application of these five tests
is discussed in this section. In addition to these five requirements, we also examined the
possible affect of "ice" on the target cell walls.
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3.6.1 Definition of Good Electron Event

Several tests were applied to the MEPS data to ensure that the event information was
good. First, the code determined an unambiguous good track, which required an analyz-
able cluster with pivot wires in both planes. Second, the slopes of the tracks in each plane
were cut at the 3a level to remove corrupted drift distance information as discussed in
section 3.1.1. Finally, a set of cuts were applied to the target and focal plane coordinates
to remove extreme trajectories. Cuts were located where the counts in the histogram
were less than 5% of the maximum number of counts in a bin.

3.6.2 Definition of Good Proton Event

To ensure that an event was properly analyzed, we required proton events to pass several
tests. First, we required good VDCX information. For an event to have good VDCX in-
formation, it had to pass three tests. The first test ensured that the delay-line TDCs were
within physical limitation. Like the electron data, we cut the slopes of the trajectories
at the 3a level, and we cut on the target coordinates at the 5% level.

We also placed a cut on the analog scintillator signals for protons. Figure 3-12 is a
histogram of the square root of the product of the two analog signals from the PMTs at
each end of the FS1 scintillator. The prominent peak is from protons, while the small
bump at low values is from r+s. We placed a cut at the dashed line shown in the figure
to eliminate contributions from 7r+s. This cut eliminated 1.7% events of the raw events
(without any cuts) and 0.4% of the coincident pion production events (cut on missing
mass peak and time of flight).

We required passage of two tests of the FPP wire information. First, the event
information had at least one wire hit in all eight planes. The electronic structure of the
SARS setup required at least one hit in X1, X2, X4, Y1, Y2, and Y4. For this reason,
we had very few events which were eliminated because one of the planes did not record
a hit. Second, the wire information reduced to a single-cluster event as discussed in
section 3.4.2.
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Figure 3-12: Histogram of the geometric mean of the ADC values for both sides of the FS1
scintillator PMTs. The dashed, vertical line represents the software cut to distinguish
protons from pions. No cuts, e.g. missing mass or time of flight, were applied to this
histogram.

3.6.3 Definition of Good Polarimetry Event

We required polarimetry events to satisfy two tests. First, that the polar angle of the
secondary scattering fell in a specified range. Second, we required that for each event
the full 360 range in ,,,t fit into the acceptance of the FPP. These requirements were
necessary to ensure that the acceptance did not introduce any false asymmetries.

We required 70 < O,,t 5 200. The minimum angle was chosen to remove effects of
the Small Angle Rejection System (SARS), see section 2.7.5. The maximum angle was
chosen to minimize uncertainties in the analyzing power models. The SARS used the
Cartesian angles of the FPP system to eliminate small angle events. For this reason, we
increased the minimum polar scattering angle accepted in software to remove any bias
in the qS0 t distribution introduced by the SARS.

In Figure 3-13(a), we show the effect of the SARS cut on a projection of the {O,ct,
osct} coordinate system. We defined two new coordinates,

180
X = - sin Osat cos ,sat,

180
= - sin O,,at sin 0,,t, (3.69)71"
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where X and 1 represent the coordinate system used by the SARS. Figure 3-13(a) is a
plot of the distribution of the events in this coordinate system. The nearly-empty square
in the middle of the plot resulted from the SARS rejection of small angle events. The
square is not in the center of the plot because of misalignment of the chambers, see
appendix B. The edges of the square are not well-defined because of multi-hit events and
chamber resolution.

We determined a minimum 0,,t that includes the entire blank square in Figure 3-
13(a). To accomplish this task, we plotted the histograms of X(b) in which the SARS
eliminated events in O(X). These histograms are displayed in Figure 3-13(b) and (c).
We fit a Gaussian distribution with a linear background to each of the four peaks in the
projection. We took the centroid of the Gaussian peak as the edge of the SARS square.
Taking the square-root of the sum of squares of the two largest edges for each projection,
we determined that the minimum 0acat which includes the entire SARS square was 6.90.
For the polarimeter measurements, we set the minimum 0,,t to 7.00.

We also included a test on the acceptance of the secondary scattering event. We
defined a cone by rotating the final trajectory of the proton around the initial trajectory
while keeping the polar scattering angle fixed. We set the point of the cone along the
initial trajectory at the front face of the carbon block. The locus of points for which
the fourth chamber and this cone intersect defined an ellipse. We required the entire
ellipse to fit inside the instrumented area of the fourth wire chamber. This test was
necessary to ensure that we did not introduce a bias in 0,.t distribution due to the FPP
acceptance. Few events were eliminated by this test because of the wide acceptance of
the polarimeter.

3.6.4 Time-of-Flight Cut

The coincidence-time-of-flight (CTOF) information was a critical component of this ex-
periment. In coincidence experiments, one measures true and accidental coincidences
in which the detected particles are generated from the same or different interactions,
respectively. We reduce the contributions of accidental events and measure the relative
number of accidental events in the data by employing a cut on the CTOF information.

The structure of the CTOF histogram is easily understood. For accidental coinci-
dences, the times in which the electron and proton reach the focal plane are uncorrelated.
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These events fill the CTOF histogram following Poisson statistics. Typically, the proba-
bility for an accidental coincidence is so low that accidentals contribute nearly uniformly
throughout the CTOF distribution. For true coincidences, the times in which the elec-
tron and proton reach the focal plane are highly correlated. This correlation produces a
peak in the CTOF distribution. By cutting on this peak, we significantly reduce the con-
tribution from accidental events. We call events which survive this cut "reals." The real
coincidences consist of "true" and "accidental" coincidences. Figure 3-14 shows sample
raw CTOF histograms.

For this experiment, we had two means to measure the CTOF. We distinguished these
measurements by the location of the electronics involved in determining the CTOF. The
"downstairs" CTOF was started on the raw COIN signal and stopped on the MEPS
latch. The "upstairs" CTOF was started on the discriminated FS1A PMT signal and
stopped on the discriminated MS3A PMT signal. Because the start and stop signals for
the upstairs CTOF were each from a single side of a scintillator, the width of the raw
upstairs CTOF was inherently broader than that of the raw downstairs CTOF.

We wanted to minimize the number of accidental events in the real events. The width
of the trues peak was due to instrumental resolution and variation in the time-of-flight
caused by differences in the path lengths to the timing scintillators. By correcting the
time-of-flight, we reduced the width of the trues peak. This reduction enabled us to place
a tighter cut on the CTOF peak. which reduced the relative contribution of accidental
coincidences.

We attempted to correct the CTOF by two means. The first was a kinematical
correction which employed differences in drift path lengths from the target to the timing
scintillators. This method was well documented in Reference [68]. We also attempted a
numerical correction in which we fit the CTOF data to all focal plane coordinates and
scintillator ADC and TDC information up to second order. We found the latter method
to be superior for two reasons. First, the width of the CTOF peak was more narrow
for the numerical correction than for the kinematical correction. Second, fewer events
were lost in the numerical correction. True events were lost because spurious information
in the event made the correction excessively large and moved the timing outside of the
CTOF peak. These observations were true for both the upstairs and downstairs CTOFs.

We used the numerically corrected upstairs CTOF for the time-of-flight cut. The
uncorrected downstairs CTOF was more narrow but had considerable structure, see Fig-
ure 3-14. This structure was due to crosstalk in the ECL electronics through which
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Figure 3-14: Sample histograms of upstairs and downstairs CTOFs. The units of the
abscissa for each plot are TDC channels, but the number of channels shown were scaled
so that each plot shows . 100 ns. The downstairs CTOF histograms were truncated
for the high channel numbers to eliminate a strong peak from events in which the TDC
never received the stop signal (TDC "time-outs"). The corrected CTOFS were cut on
the pion mass peak in the missing mass.

the signals passed. By applying a cut on the pion mass in the missing mass spectrum
and by applying the CTOF correction, the structure in downstairs CTOF was mostly
eliminated. However. the measured asymmetries were more stable under small changes
in the limits of various cuts when using the upstairs rather than the downstairs CTOF.
This observation implied that the structure seen in the raw downstairs CTOF remained
significant in the corrected downstairs CTOF, thus the downstairs CTOF was unreliable.
The numerically corrected upstairs CTOF was

CTOFUcorr = CTOFU - 0.403 XOo, - 0.109- O

- 0.0520 X M  - 0.0296 -0

+ 0.484 -TDColA - 0.253 TDColB
(3.70)

- 0.655 TDCM3A - 0.440 TDCM3B,

where superscript "0" and "M" denote coordinates in OHIPS and MEPS. This correction
reduced the full width at half maximum (FWHM) from 5 ns to 3 ns.
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We made a considerable effort to further reduce the FWHM of the corrected CTOF
peak, but the recorded information was the limiting factor. The upstairs CTOF was
started and stopped by signals from one side of the scintillators. The signals from the
PMTs varied in time with the distance from the PMT that the particle passed through the
scintillator. Ideally this variation can be corrected in software by applying a correction
for the mean-time signal from the PMTs on both ends of the scintillator. Unfortunately,
the recorded TDC signals from the PMT were not the same signals as those in the
CTOF TDC. Much of the event information, including the PMTs' timing pulse, were
delayed by sending the signals from the back of OHIPS to the counting bay upstairs and
then downstairs again to the back of OHIPS. The TDC signals were fanned-out in the
counting bay and inputted into the CTOF TDC before they returned downstairs to the
trigger electronics. The extra path length traveled by the recorded trigger TDC signals
introduced small but significant variations in the measured timing of the signal. These
variations rendered the software mean-time correction ineffective.

Signal-to-Noise Ratio

We placed three cuts on CTOF. We placed a narrow cut on the peak in CTOF to define
the real events. The center of the trues cut was the centroid of the Gaussian function
fitted to the peak. We determined the width of the cut by minimizing the error of P'.
A wide cut was placed at the edge of the 80 ns CTOF window to define the outer limits
of accidental events. We placed a third cut around the reals peak but outside the trues
cut to exclude a region from the accidental events. The limits of this cut were chosen to
be obviously outside of the trues peak. Figure 3-15 shows the limits of the three cuts.

We determined the signal-to-noise ratio by fitting a Gaussian peak plus a constant
background to the histogram in Figure 3-15. We fit only the region of the histogram that
fell within the wide accidental event cut. The number of real events was the number of
events which passed the narrow CTOF cut. The number of accidental events was the
width of the narrow cut times the background constant determined by the fit. We found
the signal-to-noise ratio to be

a = 2.578 ± 0.047. (3.71)

We estimated the error of the signal-to-noise ratio by using the error of the fit to the
background constant.
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Figure 3-15: CTOF histogram with the three cuts to define real and accidental events.
The dashed vertical lines define the accidental events. The solid vertical lines define the
real events.

3.6.5 Missing Mass Cut

We detected a proton and an electron in coincidence for each event. We can study
pion production by placing a cut on the missing mass. First, we write the conservation
of momentum for (virtual) photon scattering off a free proton which produces another
recoiling system,

Q + P = P' + X, (3.72)

where Q is the four-momentum of the photon, P(P') is the four-momentum of the initial
(final) proton, and X is the recoiling system. By subtracting P' from both sides of the
equation, only the unmeasured system remains on the right-hand side. By squaring the
resulting equation, we can determine the mass of the recoiling system:

MI2 = W 2 + M2 - 2 [(w + Mp)E'- q. p] . (3.73)

Because we do not detect X, we call Mx the missing mass.

By placing a cut on the pion peak in the missing mass histogram, we ensured that a
pion was created for the events we examined. Figure 3-16 is a plot of three missing mass

.3.6. ~i>ftw~rc~ ~rlts 41 3
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histograms. From top to bottom, the histograms are for real events, accidental events,
and true events. We varied the missing mass cut to determine statistical optimum:
128.3 < M,i,, < 140.2 MeV/c 2. The peak for true events is centered at 134.3 MeV/c 2

with a FWHM of 7 MeV/c 2.

3.6.6 Ice on Cell Walls

During the experiment, we observed some "ice" on the walls of the target cell. We are
not certain of the origin of this ice, but we suspect that it was due to occasional vacuum
problems in the beam line or diffusion through the target chamber windows. It is likely
that the "ice" was frozen air, i.e. mostly nitrogen. This hypothesis was supported by the
observation that much of the ice disappeared as the target was warmed to 1000 K.

We examined the distribution events in OHIPS Ytgt for true and accidental events,
see Figure 3-17. On the positive side of Ytgt for accidental events, there is a noticeable
bump that could be the result of scattering from ice on the walls. The histogram of the
true events does not show a similar effect.

We isolated runs in which there was little ice on the walls by counting the events
inside and outside of a central region of the OHIPS Ytgt. We defined the central region
to exclude the bump on the positive Ytgt side of the accidental events. We then formed
the ratio of the counts outside the central region to those inside the central region, see
Figure 3-18. The error of the ratio is due to statistics only. We determined the average
and standard deviation of this ratio from runs with index 10-80. The ratio for this
range of runs was relatively constant. We tabulated all the runs in which the ratio was
within two standard deviations of the average. The runs in this "short" list were less
contaminated by ice then the runs not in this list.

We compared the polarization results as determined from the full list of runs and
from the short list of runs. There was good agreement between the two lists for both P.
and P,. The statistical overlap of P, for the two lists was 91%, whereas it was 93% for
P,. Thus, we conclude that the ice on the walls does not contribute to the polarizations
for true events.

144



3.6. Software Cuts

0 25 50 75 100 125 150 175

Missing Mass cut on Reals

0 25 50 75 100 125 150 175

200

200

Missing Mass cut on Accidentals

25 50 75 100 125 150 175 200

Missing Mass for Trues

Figure 3-16: Missing mass histograms. Figure (a) is the missing mass for real events, (b)
is the missing mass for accidental events and (c) is the missing mass for true events. The
dashed vertical lines represent the limits of the cut on the pion mass.
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Figure 3-17: OHIPS Ytgt for true events(solid) and accidental events(dashed). The verti-
cal solid lines represent the limits of the central region of Ytgt used to isolate runs without
contributions from the ice. The histogram for accidental events was scaled to match the
peak of the true events.
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Chapter 4

Results and Discussions

In the first three chapters, we discussed why measuring the induced polarization for
pion electroproduction is interesting, how we measured the protons' polarization, and
how we analyzed the data to determine the polarizations components at the focal plane.
In this chapter, we discuss the approach to transforming and correcting the focal plane
components into physically meaningful polarizations at the target. This process has three
steps:

1. Transform the measured polarizations components at the focal plane to those at
the target.

2. Correct the target polarizations components for radiative effects.

3. Correct the extracted target polarizations components for effects due to averaging
over the acceptance.

After listing the focal plane polarizations, we discuss these three aspects of the analysis.
We conclude this chapter with a discussion of the implications of our findings on the
physics of pion production near the A resonance.

4.1 Polarizations at the Focal Plane

In Chapter 3, we discussed the process of analyzing the data to determine the polariza-
tion measured at the focal plane. We present the results of this analysis in two tables.
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Table 4.1 lists the uncorrected and corrected trigonometric averages of the focal plane
asymmetries. The focal plane asymmetries in Equation 3.40, Ex and ~,, differ by a factor
of 2 from the average trigonometric quantities as defined in Equation 3.44, u, and v,.
We present the average trigonometric quantities multiplied by 2 for comparison with the
corrected asymmetry. The difference between the corrected and uncorrected values is
28% of the statistical error for the real events and 59% for the accidental events. The
event-averaged analyzing power and the signal-to-noise ratio, as reported in Chapter
3, were (AY)true = 0.5186 ± 0.0073 and S/N = 2.578 ± 0.047. From this information
we calculated the focal plane polarizations for true and accidental events as shown in
Table 4.2

Reals Accidentals
Uncorrected
2vl = (sin ,,qt) 0.1403 ± 0.0164 0.0685 ± 0.0097
2ul = (cos ,,ct) 0.0123 ± 0.0164 0.0118 ± 0.0097
2v2 = (sin 20,ct) 0.0080 ± 0.0164 0.0076 ± 0.0097
2u2 = (cos 20,,t) -0.0090 ± 0.0164 0.0137 ± 0.0097
Corrected
Es ((sin 0cat)) 0.1383 ± 0.0163 0.0668 ± 0.0096
•E ((cos ,cat)) 0.0081 ± 0.0163 0.0077 ± 0.0096

Table 4.1: Uncorrected and corrected focal plane coefficients.

Trues Accidentals
Px 0.3200 ± 0.0442 0.1289 ± 0.0186
P, 0.0160 ± 0.0442 0.0148 ± 0.0186

Table 4.2: Corrected final state proton polarizations at the focal plane for true and
accidental events. The errors are statistical only.

A plot of W versus Q2 is shown in Figure 4-2 for real events. This range of kine-
matics was determined by the acceptance of the electron spectrometer. For our measure-
ment, the event-averaged central kinematics for true events was (W) = 1231 MeV and
(Q2) = -0.126 GeV/c 2.

Chapter 4. Results and Discussions
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Figure 4-2: W versus Q2 for real events. W is in MeV and Q2 is in (GeV/c) 2

4.2 Spin Precession Transformation

The primary scattering, p(e, e'p)iro, occured in the hydrogen target. The scattered pro-
tons traveled through the magnetic spectrometer from the target to the focal plane. We
measured the polarization of the proton at the focal plane. However, as the protons
passed through the magnetic elements of OHIPS, the orientation of their spins changed
with respect to their momentum. This precession of the spin of the protons must be
understood in order to calculate the polarization at the target.

4.2.1 First Order Spin Precession

To first order, only the dipole magnet of OHIPS precessed the spin. The magnetic field
of the dipole rotated the two components of polarization that were perpendicular to the
field. This rotation is determined from the Thomas equation [82] for no electric field,

d M e-,- - + 1 ) = -. •
e gx B= sx , (4.1)

dt M- c 2 M
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4.2. Spin Precession Transformation 151

S, = -M -y + 1) , (4.2)

where g is the Lande g factor of the proton, y is the usual relativistic factor, and the
motion of the proton is assumed to be almost perpendicular to the field (,. /BIB < 1).
The precession frequency of the spin is W',.

Next, we determined the precession of momentum in a magnetic field:

d ='t e B• x = x w p, (4.3)
e

Bp - , (4.4)

where 'p is the precession frequency of the momentum. The spin precession angle, X, is
the difference of the angles through which the spin and momentum rotate:

x = dt'(w,-ww), (4.5)
e eg\

-7 - 7 + 1 Bt - ,Bt, (4.6)
7Mpc 2 -YMPC

= 70bend (-1), (4.7)

where bend = e/7Mc is the angle through which the proton momentum rotated. The
longitudinal and normal components of the polarization were mixed by the spin precession
angle:

Pn = P, sin X + P cos X, (4.8)
Pt = PycosX - PsinX.

For our experiment, the average X was approximately 1980.

4.2.2 Higher Order Spin Precession

To higher orders, the spin of the protons precess in the quadrupole magnetics of the
spectrometers as well as in the dipole magnet. An analytic approach to the determination



of this precession is discussed in Appendix D. Because of the non-linear nature of the
quadrupole field, the spin precession in a quadrupole depends on the particle trajectory
through a quadrupole in a complicated manner.

The polarization of a single proton at the focal plane can be transformed to the
polarization at the target by

Sntz

Six

Sny

Sty

Snz

Stz

SIZ

(4.9)

The matrix S depended on the spin precession through the magnetic spectrometer. For
example, the transformation for a precession through a simple dipole magnet in which
the spin precesses by an angle X is

\-1
0 -sinX

1 0
0 cos X

As discussed in the previous section, the polarization components
beginning of a dipole magnet are related to Px and Pz at the end of a
rotation.

P, and P,
dipole by a

We determined the event-average of SPtgt to transform the polarization components
at the focal plane to the polarization components at the target. The polarization com-
ponents at the focal plane were determined from the measurements of the asymmetry of
the secondary scattering for many events. The statistical nature of the asymmetry mea-
surement required that the transformation to the target components also be statistical,
i.e. it was necessary to determine the average transformation for many events distributed
over the acceptance. To determine the average transformation, we needed to know how
the spin precesses in the spectrometer and how the events populated the acceptance. To
further complicate the problem, it was possible that

(iPfP) = Pg ( 4P1t),

cos X

= 0

sin X

(4.10)

at the
simple
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because of correlations among the polarization components. As a result it was necessary
to consider the spin precession and the population of the acceptance simultaneously when
we determined the average transformation.

We used COSY [83, 84] to model the spin precession in OHIPS and MCEEP [85]
to model the population of events across the acceptance of the spectrometers. COSY
calculates to arbitrary orders the transport of a beam through a series of magnetic el-
ements. For our use, the beam consisted of the protons that passed through OHIPS,
and the magnetic elements was OHIPS itself. MCEEP is a Monte Carlo program for
coincident electron scattering. Rather than generating events based on a model of the
cross section of the reaction, MCEEP generates events uniformly across the acceptance
but assigns as a weight the cross section for that event. We discuss the input to MCEEP
in section 4.4.3.

MCEEP was modified to read in a COSY spin-transfer matrix. [86] This matrix
transformed the spin directions at the target to those at the focal plane. MCEEP deter-
mined the spin precession on an event-by-event basis to determine the average focal plane
polarizations. The population of events across the acceptance and Pgt depended on the
cross section model; we used both the Devenish-Lyth and von Gehlen model (DLvG)
and the Sato and Lee model (SL). At the conclusion of the Monte Carlo run, MCEEP
reported the cross section weighted average polarization at the target, (ptgt), and cross

section weighted average of the polarization at the focal plane, (A)tgt.

For our kinematics, the diagonal matrix elements of S were large, typically close to
one. The lx and nz elements were approximately sin(1980 ) = 0.3 which reflected the first
order spin mixing of the normal and longitudinal components. The other off-diagonal
elements were less than 0.003.

It is possible to have non-zero longitudinal and transverse polarizations at the fo-
cal plane because of finite acceptances, but we expect these components to be small.
Indeed, we found that P, was zero within error bars. Because the other polarizations
components were small and the off diagonal matrix elements of 3 were small, we sim-
plified the transformation of the normal polarization from the focal plane to the target
to (P.) = (P•tgt W Mec(•x). Thus, by determining (Ps) and (Pn) in MCEEP which
modeled both the population of events across the acceptance and the spin precession of
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the protons through the spectrometer, we were able to extract We,,, the spin precession
transformation. We found that

w.ec = -1.051 ± 0.019, (4.12)

where we averaged the spin precession transformation calculated from the two models to
determine the central value. The negative sign reflected that the nominal spin precession
angle was 1980. The absolute value of w;ec was greater than 1 to reflect that the normal
polarization at the target was partially rotated into a longitudinal polarization at the
focal plane. We discuss the errors of wrec in the following section.

We were limited by the statistical precession of the Monte Carlo for the transverse
polarization because that component was small. For the transverse polarization, we use

(Pt) w,.ec(Pj) wiec(S)ty(Pi), which yielded wrec = 1.007. This approach was of
adequate accuracy for demonstrating that Pt was zero.

4.2.3 Errors in Spin Precession Transformation

We examined five types of uncertainties in the spin precession transformation for the nor-
mal type polarization. We examined the sensitivity to the alignment of the quadrupoles,
the bend angle of the dipole magnet, the field integrals of the quadrupoles, higher order
COSY spin mappings and experimental acceptances. Our approach was to adjust one
parameter at a time by its uncertainty (generically labelled 6) in the MCEEP/COSY
setup. We then determined the relative effect on the spin precession transformation for
±6. To determine the total uncertainty in wn;re, we added in quadrature the larger of
the two relative differences for each varied parameter.

After the N - A experiment, the quadrupole magnets of OHIPS were surveyed.
We found that the quadrupoles were yawed by 3.8 mrad with respect to the front face
of the dipole magnet. [87] There was no other significant alignment problem with the
quadrupole magnets. Including this yaw angle did not change the spin-transfer matrix.

We included a 6 mrad offset in 0,p for the central ray. This offset was observed in the
sieve-slit data and had an uncertainty of 2 mrad. [88] We believe this offset was caused by
the dipole because the offset did not change when the quadrupole magnets were turned
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off. This offset had a small but significant affect on the spin precession. We included this
offset in the COSY model of OHIPS by adding 6 mrad to the 900 bend of the OHIPS
dipole. The uncertainty in this offset was the largest uncertainty in the determination of

prec*

We examined the effect of higher order calculations and fringe fields on the spin-
transfer matrix in COSY. We determined the spin-transfer matrix for second and fifth
order calculations with and without fringe fields. The difference of the focal plane polar-
ization was less than 0.03%, so we chose to use the second order calculation without fringe
fields. We included the 0.03% difference as an error in the spin precession transformation.

We varied the field integrals of the quadrupole magnetics to examine the sensitivity
of the spin-transfer matrix to the OHIPS model used for COSY. We individually varied
the two quadrupole fields by ±5%. The spin precession transformation factor was more
sensitive to the field integral of the first quadrupole magnet. However, the uncertainty
in Wprec due to the uncertainty in the quadrupole field integrals was small compared to
the uncertainty due to the dipole offset.

Uncertainties in the acceptances contribute two types of systematic errors. First,
they can create uncertainty in Pn averaged the acceptance. We discuss this uncertainty
in Section 4.4. Second, they can create uncertainty in the averaged spin transfer matrix,
and hence in uncertainty w,,ec. We examined the sensitivity of ~,rec to the acceptances
by following the procedure similar to the one discussed in Section 4.4. This uncertainty
was one of the larger contributions to the uncertainty in w;.ec-

The uncertainties in the spin precession transformation are summarized in Table 4.3.
We first examined the uncertainties for the DLvG and SL models separately. We averaged
the spin precession transformation factors from the two models to determine the central
value, and we set the uncertainty of wpre large enough to include the range of values up
to one standard deviation around the factors from the DLvG and SL model calculations.

4.3 Radiative Corrections

The simple picture of the First Born Approximation does not describe what we physically
measure. In addition to the exchange photon, the electrons and protons can radiate other

. 3.4 Radiative 
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DLvG SL
+6 -6 +6 -6

6(Quad 1 Field) = 5% -0.01% 0.01% -0.02% 0.02%
5(Quad 2 Field) = 5% 0.00% 0.00% 0.01% -0.01%

6(Dipole Angle) = 2 mrad 0.08% -0.08% 0.07% -0.07%
Fringe Fields 0.03% 0.03%
Acceptance 0.86% 1.04%
Total Uncertainty 1.04% 0.87%
W.ec per model -1.059 -1.043

w{rec -1.051 - 0.019
Table 4.3: Uncertainties of the spin precession transformation.

photons while in an electromagnetic field. Electrons are much more likely to radiate
photons because of their higher charge to mass ratio.

Radiative effects are typically divided into three classes: internal bremsstrahlung,
external bremsstrahlung and Landau straggling. For internal bremsstrahlung, the elec-
tron interacts with the Coulomb field of the nucleus involved in the (e, e'p) reaction by
radiating real and/or virtual photons in addition to the virtual photon exchanged in the

(e, e'p) reaction. For external bremsstrahlung, the electron interacts with the Coulomb
field of the nucleus not involved in the (e, e'p) reaction. For Landau straggling, the
electron (and proton) lose energy due to ionization of the atoms. In order to compare
measured observables with theoretical predictions, we must correct the observables for
these radiative effects. [89, 90]

In Figure 4-3, we show the diagrams for first order correction due to internal brems-
strahlung after renormalization. Figure (a) and (b) correspond to the emission of a real
photon by the initial and final electron, respectively. The emission of photons shifts the
observed kinematics away from the actual kinematics of the interaction. This shift can
be quite large and creates the "radiative" tail seen in scattering from a discrete state.
Figure (c) is the diagram for the vertex correction which shifts the actual 4-momentum
transfer from the observed 4-momentum transfer.

The radiative correction for polarization observables differs from that for cross section
measurements. For cross section measurements, the correction adjusts for the number
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(a) (b) (c)

Figure 4-3: Feynman diagrams for first-order radiative corrections after renormalization.

of events that fall outside a range of a kinematic variable (e.g. Minis, or Emis,). For
polarimetry results, these events are unimportant, except that the radiated events lower
the counting rates. Rather, the issue for polarimetry measurements is how the radia-
tion shifts the actual kinematics of the interaction from the observed kinematics. This
shift depends on two factors: the width of the kinematic cut and the derivatives of the
observables on the kinematic factors. If the cut on the kinematic variable is tight, then
the maximum energy of the radiated photon is small, and the shift in kinematics is also
small. If the observables depend strongly on the kinematic variables, then even a small
shift in the kinematics of the interaction could create a large shift in the observables.

We examined the effect of internal bremsstrahlung of real photons. [91] We did not
consider external bremsstrahlung or Landau straggling because the probability for both
of these processes was reduced by the target thickness. The probability of internal brems-
strahlung of a virtual photon was less than the probability of a internal bremsstrahlung
of a real photon by a factor of a because the virtual photon had two electron-photon
vertices.

In addition to internal bremsstrahlung, we examined the effects of multiple scattering
and energy losses. We described the proton energy losses in the extended target and
windows by the Bethe-Bloch equation. For electron losses, we used the appropriately
modified Bethe-Bloch equation. We also considered the effects of multiple scattering in
the target and windows in the Gaussian approximation.
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Our approach involved two programs. First, we generated two lists of events, one
with and one without radiation/energy losses, using the Monte Carlo code AEEXB. [92]
We calculated the pion production cross section using the model of Nozawa, Blankleider
and Lee (NBL). [93, 94] Next, we passed this list of events into a program, modified from
MCEEP, to calculate P, according to the Devenish-Lyth and von Gehlen calculation.
We determined the average Pn weighted by the cross section. For unradiated events, we
used the Lee cross section for pion production. For radiated events, we used the Borie-
Dreschel cross section with the Lee cross section for pion production. Then we formed
the ratio,

pno rad
Arad (4.13)prad

n

We found that Arad = 1.0034 ± 0.0038. The error is statistical only. If we did not cut on
the missing mass peak, then the correction was A"radt 1.01.

4.4 Averaging over the Acceptance

Physical experiments measure observables over a finite acceptance. Theoretical models
predict observables for a point acceptance. The finite acceptance of real measurements
are specific to each measurement. The quantities we want to determine should be inde-
pendent of the experiment setup. Hence, the experimenter must correct the measured
results for acceptance effects in order to compare them to results from theoretical models.
In this section, we discuss the corrections due to the finite acceptance.

We examined three effects of averaging over the acceptance. First, we considered
the variation in the observable measured over the finite acceptance for variations in the
acceptance. Second, we examined the contributions of other response functions to Pn
besides RLT. Third, we examined the correction necessary to convert Pn measured over
a finite acceptance to the observable for a point acceptance.

We begin this section by defining two coordinate systems for the components of the
polarization. Then we discuss the Rn, and R1T response functions. We conclude this
section with our observations on the effects of averaging over the acceptance.
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4.4.1 Coordinate Systems for Polarization Components

There are two different coordinate systems in which we discuss final state polarization
components. In the first coordinate system, which we call the Reaction System (following
the convention of MCEEP'), the components of polarization are defined with respect to
the reaction plane. The longitudinal component is along the momentum of the proton,
the normal component is normal to the reaction plane, and the transverse component is
in the reaction plane but normal to the longitudinal component:

. = /V , (4.14)

,. = x p1/ x p, (4.15)

,r = fir X r. (4.16)

This coordinate system is the same one as defined in Chapter 1. Theoretical discussions
of the polarization observables often use this system.

We refer to the second coordinate system as the Spectrometer System. In this system,
the coordinates are fixed with respect to the spectrometer. For in-plane measurements,
the longitudinal component is along the central ray of the spectrometer, the normal
component is vertical, and the transverse component is in the scattering plane:

1, = PC/ I = Zt9, (4.17)

n, = -rXtgt, (4.18)

is = i, x is = Yt t, (4.19)

where p'c is the momentum of the central ray and {Xtgt, Ytgt, Ztgt} are the TRANSPORT
coordinates at the target.2 The polarimetry measurements are conducted in this system.
We measure the polarization of the proton over many events rather than on an event-by-
event. Because we must accumulate many events over the acceptance, we attribute the
observed polarizations to the central ray.

'The manual for MCEEP refers to coordinate systems as "frames."
2We did not define the Spectrometer System in the same way as MCEEP. In MCEEP, fi, = X)tgt.
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For in-plane kinematics, the Spectrometer System and the Reaction System are equiv-
alent. For a parallel kinematics measurement in which q = p., and for an event with
general Opq and pq, the two coordinate systems are related in the following manner:

,' = cos epqlr - sin Opq4,,

n, = sin qpq sin epqtr + sin pq cos Epqtr + cos opqfr, (4.20)

s = cos ,pq sin epq, r + cos qpq cos epq~ - sin pq ^n.

Once the events begin to go out-of-plane, the two systems are related by a rotation of the
normal and transverse components. For bpq = 900 and epq -+ 0, i, = t,. In this manner,
a transverse polarization from the cross section in the Reaction System is measured as
a normal polarization by the spectrometer in the Spectrometer System. We discuss the
implications of the definitions of the coordinate systems in the next section.

4.4.2 RL, and RIT

As pointed out by Picklesimer and Van Orden [95], R2T is equal to RiT in parallel
kinematics. The angle between the scattering plane and reaction plane, Opq, is not well
defined as the angle between the momentum of the scattered proton and momentum
transfer approaches zero, Opq - O0. All dependence of the cross section on qpq must
vanish in parallel kinematics. After examining the implicit ,pq dependence of the spin
vector, S, the multiplicative factors of RLT and RLT have the same qpq dependence (up
to the sign) in parallel kinematics.

There is a simple physical picture to describe this relationship. We design two ex-
periments to measure the induced final state polarization with an unpolarized electron
beam. The proton acceptance for the first experiment is oriented horizontally with a very
small vertical acceptance. For in-plane kinematics, only the polarization normal to the
scattering plane (and reaction plane) can exist for this setup. The proton acceptance for
the second experiment is oriented vertically with a very small horizontal acceptance. The
acceptances of the two experiments overlap at parallel kinematics. The second experi-
ment is also designed to measure polarization normal to the scattering plane. Because
the acceptance is oriented vertically, only the response functions with transverse polar-
izations contribute to the measurement. In the limit of parallel kinematics, only the R T
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response survives for the first experiment, and only the R'T response survives for the
second experiment. These two experiments must measure the same physics in this limit;
thus, in parallel kinematics R2T = RET.

From this observation, we conclude that the polarization response functions do not
reflect the physics of the reaction. The distinction between R!T and R'T is due to the
coordinate system in which the physics is measured. The observed polarization physics
does not change as the reaction plane rotates about q, but the coordinate system in
which the polarization components are defined does change. Near parallel kinematics, a
quantity that better reflects the physical strength of the induced polarization is

RI = cos2 qpqRnLT + sin 2 OpqRtLT. (4.21)

This results follows from rewriting Equation 4.20 in terms of the polarization components
and examining it in the limit of ~pq -+ 0 to first order in epq,

Pn = cos OpqP, + sin qpqP[. (4.22)

From Equation 1.20, we determine that in parallel kinematics, P[ c sin qpqRtLT and
Px oc cos ,pqRnL. Using these findings in the above equation yields Equation 4.21.

4.4.3 MCEEP Input

We used MCEEP to examine the effects of averaging the polarization over the acceptance.
We used the Devenish-Lyth and von Gehlen model (DLvG) and the Sato and Lee model
(SL) for the pion production observables. For the DLvG calculations, we used CMR =
-5% and EMR = -2%. For the SL calculations, we used the model with a 1.4%
probability of a D state in the A wavefunction.

We made three modifications to MCEEP. First, we included a lookup table for the
relative focal plane efficiencies for each spectrometer. Second, we modified MCEEP to
report the event-averaged polarizations. Third, we incorporated the determination of the
spin precession from the COSY spin-transfer matrix.

We used simple models for the OHIPS and MEPS spectrometers in MCEEP. Both
spectrometers were modeled as collimators at the appropriate drift distances. For OHIPS,
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we used the geometric collimator dimensions, 110 mrad horizontal by 48.6 mrad vertical.
The drift distance to the collimator was 154.5 cm. For MEPS, we attributed the difference
in the effective solid angle and the geometric solid angle to the qtgt acceptance. This
decision was based on our observation of the behavior of the relative focal plane efficiency
for different cuts on the solid angle, see section 3.3.3. We used a 130 mrad horizontal
by 110 mrad vertical collimator with a 47.1 cm drift distance. We included the relative
focal plane efficiency curves for each spectrometer. For MEPS, we used the efficiency
curve determined for no cut on the solid angle. For OHIPS, we used the efficiency curve
determined for good VDCX and good FPP. We used a target length of 2.7 cm to reflect
the loss in the extended target acceptance of MEPS.

4.4.4 Point Acceptance Correction

To compare with model calculations, we corrected the measured P, for the effect of
measuring over a finite acceptance. We defined this correction as

P, for a point acceptance
P,= for experimental acceptance(

There are two possible contributions to Apmnit. First, other response functions besides
RLT can contribute to P, measured other a finite acceptance. Second, averaging an
observable over the acceptance, and hence averaging over a range of kinematics, may
shift the measured observable from the value at the central kinematics. We determined

Apint using the average of the results from the DLvG and SL models in MCEEP. We
found that

Apoi,nt = 1.152 ± 0.020. (4.24)

The central W and Q2 for the point acceptance and for the full acceptances were the
same. The error is discussed in more detail in the next section.

We investigated the contribution of response functions other than R2T and Rt, to the
measured P, by modifying MCEEP so that the polarization observables were determined
from only one response function at a time. A list of the results are shown in Table 4.4.
The ratio of the contribution from R2T and RLT was a predominately a function of the
geometry of the acceptance. From this table, we determined that the other response
functions contribute -2% to the observed P, for the DLvG model.
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4.4. Averaging over the Acceptance

Response Relative
Function Contribution

R n 0.01%
R_ -2.60%

_RT 1.17%
R2T 68.07%
R 0.14%
RIT 33.89%
R 0.00%
RT -0.68%

Table 4.4: Relative contribution of the polarization response functions to Pn for the
DLvG model.

We wanted to isolate the contribution of RIT/RLT to the observed Pn. We also
considered the divergence of RtT from RTL away from parallel kinematics. We used

MCEEP to calculate the polarization observables for contributions from the full set of
polarization response functions and from only RnT and RVT with the DLvG model.
However, for the latter calculation, we replace RLT with RnLT. Then we determine the
ratio

Pn due to R2T and RT = R2T = 1.034 ± 0.012.
full Pn

(4.25)

To determine the error, we examined the variations of this ratio for different acceptances
as discussed in the following section. Approximately 2% of the 3% of the ratio came from

response functions other than RLT and RET. The other 1% of the ratio came from the
divergence of RtT from RnT over the acceptance.

From these observations on the contributions of over response functions, we concluded
that of the 15% point acceptance correction roughly 3% is due to contributions from
other response functions and the balance is due to variations in the observable across the
acceptance.
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4.4.5 Uncertainties in Apoint

In cross section measurements, a precise knowledge of the spectrometers acceptance is
necessary. Polarimetry measurements do not count rates of events but rather measure
polarization components. If the polarization components do not vary rapidly over the
acceptance, then polarimetry measurements are less sensitive to uncertainties in the
acceptance of the experiment. To determine Apoint, we modeled the experiment using
Monte Carlo techniques and examined the ratio of the measured polarization for a point
acceptance to that for the experimental acceptance. The uncertainty of the experimental
acceptance created an uncertainty in Apant.

We investigated sensitivity of the observed polarization to the acceptance by varying
parameters in the MCEEP setup for the DLvG and SL models. We individually varied
each parameter by an uncertainty (generically labelled 6) and then determined the relative
change in the average Pn for a point acceptance compared to the average Pn for the
nominal acceptance. For the DLvG calculations, we used CMR = -5% and EMR = -2%.
For the SL calculations, we used the model a 1.4% probability of a D state in the A
wavefunction.

We examined the affect of Pn on the uncertainty of several acceptance and kinematic
parameters. We independently varied the four different ranges in angles (2 spectrometers
x (one horizontal range + one vertical range). We varied the angular ranges by ±5% for
OHIPS and by =10% for MEPS. The larger variation in the MEPS angles reflected the
larger uncertainty in the MEPS solid angle. We varied the central angles of the acceptance
assuming a 2 mm offset, which corresponded to a 4 mrad shift for MEPS and a 1.3 mrad
shift for OHIPS. These offsets were larger than the systematic uncertainties due to the
matrix elements in reconstructing the target angles, see Table 3.1. We independently
varied the central momentum of both spectrometers by ±0.3% for MEPS and +0.25%
for OHIPS. We also varied the central beam energy by =0.1%. In addition, we varied the
length of the extended target by ±2 mm to reflect the uncertainty of the MEPS extended
target acceptance. In Table 4.5, we list the percent difference of Apoint from the nominal
acceptance for these variations for both models.

We examined the acceptance uncertainty for the DLvG and SL models separately.
For each model, we determined the total uncertainty due to the acceptance by adding
in quadrature the larger of the two uncertainties (+6 or -6) for each varied parameters.
The central value of Apmnt was the average of the corrections determined for each model.
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The uncertainty was set large enough to include the range of values within one stan-
dard deviation of the correction for each model. The total uncertainty of averaging the
measurement over the acceptance, 1.80%, was small compared to the statistical error of
P..

4.5 Pn at the Target

We listed the final state proton polarizations as measured at the focal plane in Table 4.2.
While this information is free of model uncertainties, it cannot be used to interpret the
results in terms of pion production. To obtain a physically significant number, we must
account for the spin precession in the magnetic spectrometer for true events:

Pn = w,,rcPx = -0.336 ± 0.047 ± 0.008, (4.26)

Pt = w•cP• = 0.019 ± 0.047 ± 0.008, (4.27)

where the first error is the statistical error and the second error is the systematic error.
The uncertainties in the averaging analyzing power, the signal-to-noise ratio and the
precession transformation were added in quadrature to determine the total systematic
error. The systematic error for Pt was set equal to the systematic error for Pn. For
accidental events, we found

p,"d = -0.135 ± 0.019, (4.28)

paCcd = 0.015 ± 0.019, (4.29)

where we have used the spin precession factor for true events for the accidental events.
We have shown the polarization components for accidental events only for comparison
with those of true events; hence, we do not list a systematic error.

The normal-type polarization for accidental events was significantly non-zero. The
accidental events were dominated by electrons scattering very close to the unscattered
beam line. Because the momenta of the photons were along the direction of the beam
line for these events, an undetected recoiling system was necessary in order for the proton
to be detected away from the beam-line. For example, the recoiling system could have
been one or several mesons. By assuming that the photons were real (Q2 = 0), their
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166

DLvG SL
+6 -6 +6 -6

MEPS
6(0o) = 4 mrad 0.70% -0.72% -0.11% 0.09%
6(0o) = 4 mrad 0.02% 0.06% 0.03% 0.11%

6(Aq) = 13 mrad -0.01% -0.06% 0.18% -0.11%
6(AO) = 11 mrad 0.41% -0.38% 0.85% -0.77%
6 (Po) = 0.93 MeV/c 0.45% -0.66% -0.03% -0.05%
OHIPS
6(0o) = 1.3 mrad 0.10% -0.13% 0.39% -0.51%
6(0o) = 1.3 mrad 0.00% 0.02% -0.02% 0.06%

6(Aq) = 5.5 mrad 0.06% -0.09% 0.16% -0.20%
6(AO) = 2.3 mrad 0.02% -0.01% 0.10% -0.11%
6 (Po) = 1.7 MeV/c -0.61% 0.24% 0.39% -0.40%
Beam Energy
6(e) = 0.7 MeV -0.35% 0.28% -0.29% 0.20%

Target Length
6(ittg) = 2 mm 0.02% 0.03% -0.01% -0.03%

Total Uncertainty 1.29% 1.16%
Apoint per model 1.146 1.158

Apoint 1 1.152 ± 0.020

Table 4.5: Uncertainties of the point acceptance correction. The first table lists the un-
certainties due to uncertainties in the acceptance. The second table lists the contributions
to the total uncertainty of Apoint-
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momenta were along the direction of the beam-line, and a recoiling system was involved
in the process, we determined the energy transfer in terms of measured quantities for
accidental events to be

M2 - 2M 2 + 2E'M,
WUaced = (4.30)2 (Mp - E' + p' cos 0)'

where Mx is the rest mass of the recoiling system and 0 is the scattering angle of the
proton. From the limits of the proton acceptance, we determined the range of Wac
necessary for a given Mx. To be physically possible, wacd was necessarily less than the
beam energy.

Given the above approximations, there were two possible recoiling systems that con-
tributed to the accidental events for our experimental setup. First, if the recoiling system
was composed of a single pion, then the invariant mass ranged from 1340 MeV to 1410
MeV over the acceptance. Second, if recoiling system was composed of two pions, then
the invariant mass ranged from 1380 MeV to 1490 MeV over the acceptance. The possi-
ble rest mass of the two pion system ranged from 270 MeV up to 380 MeV. Accidental
events from production of heavier mass mesons, such at the ,q, did not fit into our ex-
perimental acceptance. Thus, the accidental events came from production of one or two
pions over a higher range in W. Since we were sampling the same reaction but over
different kinematics, it is not unreasonable for the accidental events to be polarized.

Next, we must correct the polarization of true events for effects of averaging over the
acceptance. We want to isolate the contributions of R', to the P, as discussed in the
previous section. In addition, we want to determine P, for a point acceptance so that
we can compare to theoretical calculations:

PnPO"i t = WprecAradApointPz = -0.389 ± 0.054 ± 0.011. (4.31)

We added the contributions to the systematic error in quadrature. These contributions
are listed in Table 4.6. The systematic error was roughly 20% of the statistical error of
the measurement.

We want to compare our measurement of Pn due solely to RLT for a point acceptance
with the three models from which we can calculate final state proton polarizations for
pion production. These results are summarized in Figure 4-4.
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Absolute Relative
Analyzing Power 0.0059 1.5%
Precession Factor 0.0070 1.8%
Signal-to-Noise Ratio 0.0013 0.3%
Radiative Correction 0.0015 0.4%
Point Correction 0.0067 1.7%
Statistical 0.0536 13.9%

Table 4.6: Systematics and statistical errors for P, for a point acceptance.

The measurement of P, clearly distinguished between the different pion production
models. The DLvG calculation for a CMR = -5% agreed with the measured value. The
two calculations of Sato and Lee, with and without a D state in the A wavefunction, were
3.1 and 2.9 error bars3 from the measured value, respectively. The model of Mehrotra
and Wright unambiguously disagreed with our measurement. The MW prediction of Pn
was 6 error bars away from the measured value. In our discussions, we considered only
the SL and DLvG models.

We investigated the possibility of binning the data into two or three W bins. We
found that the variation in P. for the different W bins was smaller than the statistical
error. In addition, it was not possible to establish a trend in P" over W. As a result, we
present results for only a single It' bin.

4.6 Discussion

The pion production reaction is completely described by six complex amplitudes. Follow-
ing Walker [96] for photoproduction and Lourie [97] for electroproduction, we introduce
six helicity amplitudes that are the matrix elements of the scattering amplitude T:

H1 = (A = - 7 = -i, A^ = +1), (4.32)

H2 = ( f = 2 T i = +, , = +1), (4.33)

3 statistical and systematic errors added in quadrature
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Figure 4-4: Comparison of measured P. with the three models. The horizontal bar at the
top of the figure roughly represents the experimental W acceptance. Only the statistical
error is shown.

H3 = (A = +I T A, = -, A, = +1), (4.34)

H4 = (A 1=+f = TjAj =+!,A, = +1), (4.35)

Hs Of( = +1TA =+ , = 0, (4.36)

H= =( =+ = -, =0, (4.37)

where Ai(f) is the helicity of the initial (final) nucleon and A, is the helicity of the photon.
Conservation of parity requires that (A I]AT , A ) = (- A I T I-A1, -A,). In parallel
kinematics (' Ip_'), only H4 and H6 are non-zero. The multipole amplitude structure of
these helicity amplitudes in this limit is given by:

H4 = (-1)( + 1) M - E(+1)-) + (+ 2) (E + M(+-)] (4.38)
1=0

H6 = i1(-1)(e+1)2 (St+ - S(1+l)-) . (4.39)
1=0
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The response functions of interest simplify to

RT = ~IH412, (4.40)

RL = IH612, (4.41)

RLT = Im [HAH 4 ], (4.42)

where we follow the response function normalization convention of Equation 1.14. From
these results, we conclude that H4 and H6 are related to the transverse and longitudinal
electromagnetic current, respectively. To reduce confusion created by the factor of i in
the helicity amplitudes and to make the notation more transparent, we define two new
terms, S and T, such that

H4 = iT and H6 = iS. (4.43)

Then in parallel kinematics, the normal final state polarization due to RLT is

Pn = VLTR2T (4.44)
VTRT + VLRL'

2VLT (Ps - Cs#fr) (4.45)
VT (1 + /3) + VL (/L + C()'

where
ReT ReS ImS

r = Ts = (s = Im (4.46)
ImT' ImT' ImT

Note that we do not use the complex conjugate of S. Up to this point we have made
no assumptions concerning the relative size of various amplitudes or which processes
contribute to which amplitudes. Thus, Equation 4.45 is a model-independent relation
between Pt, fls, and Cs that is determined by this measurement of P,. Any model which
successfully describes pion electroproduction must satisfy this relationship.

If we make three assumptions, then the interpretation of the ratios simplifies. First,
we assume that only the A resonance processes contribute to the imaginary parts of S
and T. Second, we assume that only the non-resonant processes contribute to the real
parts of S and T. Then PTr() is the ratio of the non-resonant transverse (longitudinal)
amplitudes to the resonant transverse amplitudes, and Cs is the ratio of the resonant



Model Ps rT Cs
SL +0.15 +0.32 +0.001
DLvG +0.36 +0.90 -0.15

Table 4.7: Helicity ratios for SL and DLvG models for the central kinematics.

longitudinal amplitude to the resonant transverse amplitude. In addition, if we assume
that the contribution of the EMR to T is small, then we find that (s = 24VCMR.

While these three assumptions do not seem grossly unreasonable, they are not sup-
ported by the theoretical models. In Table 4.7, we list the helicity ratios for the Lee and
DLvG for the central kinematics. Included in the table is the CMR used for the model
calculation. While (s ; 2V/2CMR for the DLvG model, it is not true for the Lee model.
In the Lee model, there is a strong imaginary So+ component that invalidates the first
of the three approximations.

We can construct two types of constraints on pion production models based on Equa-
tion 4.45. The first type is the general three parameter constraint represented by the
equation itself. To illustrate this constraint, we rewrite Equation 4.45 in terms of a
binomial equation in (s:

ýVLPnCs + VLTTCS + Pn [VLs + VT (1 + )] - VLTS = 0 (4.47)

If we are given Pr, then the above equation establishes an allowed region in Ps - (s space.
Figure 4-5(a) shows the Cs versus fs for Tr for the Lee and DLvG models. The dotted
lines represent the value of the CMR determined by Pn and the solid lines represent the
extent of one standard deviation around this central value. This plot demonstrates that
the larger the background transverse compared to the resonant transverse amplitudes,
the greater the sensitivity of the Pn measurement to the (s and hence to the CMR.
From the figure, we see that the two parameter spaces satisfied by these two models
are very different. The DLvG model, with its large transverse background, shows some
sensitivity to the CMR in Pn. In contrast, the Lee model shows less sensitivity. This
lack of sensitivity is also seen in RLT', which should have a sensitivity to the CMR that
is similar to that of Pn. We conclude that we cannot determine the CMR from our
measurement of Pn in a model independent manner.

. 6.4 Discussion

171



In Figure 4-5(b), we plot the three parameter constraints in fT--Os space given the Cs
values for the Lee and DLvG models. There is considerable overlap between the allowable
regions for the two models. In our simple picture of processes which contribute to the
helicity amplitudes, the two P terms are the ratios of the transverse and longitudinal
background amplitudes with the resonant MI+ amplitude. We conclude that this P,
measurement constrains the background terms in pion production. The variation in the
constraint for different models is not large.

The second type of constraint due to Equation 4.45 is a two-parameter constraint. All
the terms in Equation 4.47 are explicitly real. For Cs to have a real solution, the factors
in the polynomial must satisfy B2 - 4AC < 0 where AC( + BCs + C = 0. This constraint
involves only two of the helicity ratios, fs and iT. We can determine similar constraints
for the two other pairs of helicity ratios by rewriting Equation 4.47 as a polynomial in
/s and Pr and making a similar requirement of the coefficients. The three constraints,
shown in Figure 4-6, are

#T2  Pn( VL + VT) - 2VLTfS
7 > PnV2 (4.48)

C2 P VTPn(VLOSp + VT) - 2vLT#s (4.49)S- VLVT (4.49)

0 P,2•• + 2PnVLVLT/TCS - V2T + P,2VLVT(1 + #2). (4.50)

These constraints establish a minimum ir for Ps < 0.26 and a minimum Cs for Ps < 0.26.
The third equation establishes a maximum for Cs given iT, however the constraint is so
loose that it is meaningless unless fir < -0.5.

It is difficult to describe why the SL model fails to agree with this measurement. The
SL model most noticeably fails the second of the two parameter constraints, Figure 4-
6(b). Increasing ps, Cs or some combination of the two ratios is necessary for the SL
model to agree with this constraint. Since these terms are ratios of combinations of
multipoles, it is impossible to prescribe a unique solution to the disagreement between
the SL model prediction and the measured value of Pn.
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Figure 4-5: Examples of the three parameter constraint on the helicity ratios. Figure (a)
is the constraint on (s and fs given #r, and Figure (b) is the constraint on Os and PT
given (s. We show the results for the Lee and DLvG models. The solid lines represent
the one standard deviation uncertainty in the constraint.
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4.6.1 Conclusions

This experiment was designed as a measurement of the non-resonant processes in pion
production. An understanding of contribution of these processes will be important in
future extractions of the CMR. The measured observable, P,, was large, which indicates
a significant non-resonant longitudinal, resonant transverse interference.

After correcting the measured induced polarization for effects of averaging over the
acceptance, we demonstrated the types of constraints this measurement places on pion
production models. We have shown that the CMR cannot be reliably extracted from
this measurement. We have also demonstrated that the real longitudinal and transverse
terms are constrained by this measurement. In addition, we established minimum values
for the real transverse terms and the imaginary longitudinal terms as a function of the
real longitudinal terms.

This measurement clearly distinguished between three pion production models. Of
the Devenish-Lyth and von Gehlen, Mehrotra and Wright, and Lee models, only the
DLvG calculation with a CMR of -5% satisfied the constraints. The Mehrotra and
Wright "Fit A" model was 6 error bars from our measurement. The preliminary results
from the model of Sato and Lee was 3 error bars from our measurement. Perhaps further
refinements of the Sato and Lee model will bring it into better agreement with the data.

Future Improvements

There are several simple improvements for future experiments of this type that would
decrease the statistical error. First, we can improve the efficiency of the detector system.
The minimum polar angle of the secondary scattering could be reduced if the physical
chamber offsets were incorporated into the Small Angle Rejection System (SARS). This
change involves modifying the initialization code of the SARS. Second, an improved read-
out system for the OHIPS VDCX would increase the efficiency of analyzing the proton
events. In addition to the readout system, a second VDCX would possibly provide a
reliable means to reduce multi-hit events in the front two chambers. The OOPS exper-
iments which followed the FPP experiments have already incorporated these last two
VDCX changes.

46. 
Discussion
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We should consider the possibility of running at different kinematics where the rates
are more favorable. For instance, by changing the beam energy from 720 MeV to 800 MeV
and looking at the same Q2 and W, the rates increase by 20%. We decided to conduct
this experiment with 720 MeV beam because of the uncertainty in the reliability of the
accelerator at 800 MeV. Increasing the beam energy is a realistic possibility because after
the P, measurement was completed, the lab produced reliable 800 MeV beam.

By using a higher duty factor electron beam, we would be able to increase the counting
rate by increasing the average current. The beam current of this experiment was limited
by the singles rates in MEPS. 4 By increasing the duty factor from 1% to 50%, these
rates would drop by a factor of 50. We could then triple the average beam current, which
would triple the counting rate while not significantly decreasing the efficiency of the
readout systems. With higher duty factor beam, the signal-to-noise ratio, the percentage
of single-hit events in the FPP, and the VDCX efficiencies would increase. Altogether, the
improvement in readout system, kinematics, and duty factor would improve the statistics
by 300-500%. These improvements are realizable in the near future at M.I.T.-Bates.

One other step could be taken to improve the quality of the measurement. We should
use a smaller collimator in MEPS. This change would decrease the systematic error in
averaging over the acceptance. In addition, it would restrict the MEPS acceptance so
that cross-sectional measurements would be more reliable. We used a 17 mSr geometric
collimator, but the effective solid angle was about 14 mSr. By using a 9 mSr geometric
collimator, for instance, we would dramatically improve the efficiency of the acceptance.

Finally, the efficiency of the polarimeter should be improved. We were unable to
analyze many events that had more than one wire fire in a plane (multi-hit events).
A higher duty-factor electron beam would significantly improve the efficiency. Adding
a third rear chamber to the polarimeter would enable an analysis of these events that
would not bias the data. Requiring good information in two of the three chambers,
we would improve the efficiency. Analysis of multi-hit events in the front chambers
might be improved by using two VDCXs before the FPP instead of one. Adding a third
rear chamber is not practical for the current FPP but should be considered for future
polarimeters.

Most of these changes are possible in the near future. The most significant improve-
ment, higher duty factor, is expected to be realized at M.I.T.-Bates by the end of 1997.
These changes will significantly improve the statistical error of the measurement.

4While taking data, we thought that the signal-to-noise ratio was the limiting factor.
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Appendix A

Multipole Expansion of the Responses

Functions

To determine the multipole structure of the response functions, we must examine the
properties of the nuclear electromagnetic 3-current, J(q-. Rather than representing the
current in a cartesian basis, we use unit spherical vectors, 60 = z and C+ = T (f 9) /v±.
For this section, we use a coordinate system in which ^ to be parallel to q'and Y is parallel
to Ix k'. Then

(q3 = J (qjm EM.  (A.1)
m=O,±l

Current conservation reduces the number of independent variables in the nuclear
current from four to three. The scalar part of the nuclear 4-current is equal to the
Fourier transform of the charge density, Jo (q' = p (q). Then by current conservation,

Q - J = wp (q" - qJo (q- = O. (A.2)

We can define the general response functions in terms of the spherical basis of J(q :

RL 2' = (A.3)

ZT = l(q-• + J (q-•2 (A.4)
nRT = 2Re [f(q+ (q-*_'*] (A.5)
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1ZLT = -2!Re [f(q)+ f(q)O* - @(q)- f(qo*] (A.6)

The nuclear current as a function of q'is the Fourier transform of the second-quantization
operator, j (V)": f(q) = f d3 ei 'eq (f j (g) li). Following reference [98], we perform the
following expansion:

-ime = i Ej>o•[J] g V (M9 (qg)), if m = 0,

S/2"-Ej>1 [J]iJ [mMy (qi ) + t x Myjm (q)] , if m = ±1,

where [J] = /27J+ 1 and

Mm (qY) - jj (qx) Yjm (•,), (A.8)
_# (qg) = j (qx) Y-*JM (Q) . (A.9)

The vector spherical harmonic is

"Z [Y1 (p) L - (A.10)

We define the transverse electric and magnetic multipole operators to be

T, - d3 ' X (q[)V J (X) , (A.11)

-m I d3glaj (qg) - (V). (A.12)

We also define the longitudinal multipole operator to be

L,, ( d3i, [VMm (q)] -31 (i). (A.13)
q

From current conservation, we can relate the longitudinal multipole operator to Coulomb
multipole operator:

(fl Lrnm (q) |i) = ( I fMIm (q) |i), (A.14)
q
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where

rJm, (q) - d3iMm (qY)B( . (A.15)

From these definitions, we can define

J (q),*J (qx = 47r Z [J] [J'] (-i)J' (i)J (f I TJ'; li)* ( fl TJ, li), (A.16)
J'J

where

o (q), if A=0,(A.17)
T1 (T(q) + ag (q)) , if A = ±1.

Having established the approach for multipole decomposition, we are ready to present
the multipole expansion of the response functions. This work is detailed in Reference [2]-
we present their results. Considering only the S and P waves, the multipole decomposition
of the relavent response functions for pion electroproduction are as follows:

RL = ISo+12 +4 IS1+12 + IS-_ 12 + P1Re [So+ (Si- + 4S1+)]

+ [I4P S+2 [ + Re (S*S,_)], (A.18)
RL = sin O,,Im ({S, [2S 1 + - SJ_] + 6PiS _Sl+) , (A.19)

RT = IEo+12 + 2 |MI+12 + 6 IE1 +12 + IMi-12

+2PIRe {(E+ [MI+ - MI_ + 3E 1+]}

+P2 (3 IE±+12 _- IMJ1 2 - 2Re [M+ (Ml+ + 3E 1+) - 3M+E±+]), (A.20)

R! = sin eqlIm {(E+ [MI+ + 2M,_ + 3E,+]

-3P,1 E+ [M,+ + 3E,+]} , (A.21)

RT = 3 sin 2 pq M+ 2 - E 12 - Re [M+ [El+ - MI+] - M+EI+] } (A.22)

RPT = -3 sin e,Ilm {Eg+ [El+ - M,+]

+Pi1 [M*+ (El+ - MI+) - 4M*+EI+] }, (A.23)

RLT = V2sin EpqRe {S, [MI- - MI+ + 3E 1+] + [S1 _ - 2S 1+]* Eo+

+6P, [S+ (Mi_ - M1 + + 3E,+)

+ (S1 - - 2S1+)* Eo+]} , (A.24)
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R LT = --VIm {So+Eo+ - S*_ [Mi_ - MI+ + E 1+] + 8S*E1 +

+P 1 [S~+ (Mi- - M1+ - 3E1+) - (S_- + 4Si+)* Eo+

+4P2 [S*_E1 + - S*+ (Mi- - MI+ - El+)]) ,

-= sin EpqIm {2S+ [Mi- + 2M1+] + 2 [Si_ - 2S1+]* Eo+

+P1 [S_ (MI+ + 2M 1_ - 3E1+)

-2Sf+ (Mi- + 5M,+ + 3E+)] },
RT = VIm (S•+Eo+ + IS, [M1 - + 5M4+ + 3E,+] - S [2M 1 _ + M1+ -

(A.26)

3E1+]

(A.25)

=3 sin2 E,

= R;T ,

+P1 [S+ (M1- - M1 + - 3E1 +) - (S1- + 4S1+)* Eo+J (A.27)

- P2 [S*_ (MI+ + 2M1 _ - 3E1 +) + SI (M+_ - 4M1, - 6E1 +) ,

,qIm {Mi+ [El+ - MI+] + M{+ E1+) , (A.28)

(A.29)

(A.30)

where Pi is the ith order Legendre polynomial as a function of cos (,pq).

The N -+ A transition is dominated by the MI+ amplitude. For this reason, the
response functions are often expressed only to the leading order terms in M1 +. We show
the simplfied expressions for the normal and transverse polarization response functions
only because these are significant responses for this measurement:

11rTT

R LT

R1T

R T

R TR6,
Rtry

= sin eqIm {(S+ [2S1+ - S1-] + 6PSi_SI+},
= sin e,,qIm {(E+Mi+ - 3PIE,+Mi+}

- -3sin EpqIm {-E•+Mi+ + P1 [M*+Mi+ - 4M*+Ei+] }
- -xVIm {(S_M 1+ + P1S+MI+ - 4P2S*+Mi+)

= Im 1( [5S1- - 4S1+]* Mi+ - PiSS+M1+

- P 2 (S1i - 8S•+)* Mi+

= -sin EpqIm {4S +M+ + P (S;_ - 10S,÷) Mi+) ,
= -3 sin 2 epqIm {M1+ (MI_ + Ej+) .

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)
(A.36)
(A.37)

(A.38)

R'T
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Appendix B

Alignment of the Polarimeter

Software alignment of the polarimeter chambers is necessary for proton polarization data
analysis. The FPP consists of four multi-wire proportional chambers, figure 2-10. Each
chamber has two perpendicular planes, X and Y. The four chambers measure the initial
and final trajectory of the secondary scattering which occurs in the carbon analyzer.
The distribution of the azimuthal scattering angle is a measure of the polarization of
the protons. In order to properly determine this distribution, we must align the FPP
chambers with respect to each other (internal alignment). Because we use the FPP
chambers to calculate focal plane coordinates, we must also align the FPP with respect
to the VDCX (absolute alignment).

We physically aligned the FPP chambers to each other before we installed the FPP
into the One-Hundred Inch Proton Spectrometer (OHIPS). In simple terms, the chambers
were aligned by matching marks on the outside of the chamber that indicated canonical
wire positions. This process is described in detail in reference [70]. To test reproducibility
of the alignment, we removed and reinstalled chambers. Reproducibility was high. How-
ever, between the time the FPP was aligned and installed into OHIPS and the time we
collected production data, all the chambers were moved into and out of the FPP support
structure. In addition, the FPP was taken out of OHIPS twice during this time. As a
result of these activities, we could not rely on the physical alignment of the chambers.

One indicator of chamber misalignment was the distribution of the azimuthal scat-
tering angle (,,ct) for all polar scattering angles (0,'ct) with the Small Angle Rejection
System (SARS) enabled.[99] If the chambers were physically aligned then the 0,st spec-
trum would resemble a rectified sin 20 function. The spectrum would not be flat because
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Figure B-1: c,,t histogram with no cut on Oc8t. If the chambers had been physically
aligned, then the distribution would resemble a rectified sin 20,,t curve.

the corners of the SARS create dips at 0, 90, 180 and 270 degrees. The SARS used the
raw wire number information to determine whether or not to veto an event. This infor-
mation was not corrected for misalignment of the chambers. For this reason, some tracks
with too small a polar scattering angle passed, and some tracks with a large enough polar
scattering angle failed.' This "inefficiency" of the SARS resulted in an asymmetric Ocat

spectrum when the chambers were misaligned, as seen in figure B-1.

The software alignment can significantly, but not completely, recover from physical
misalignments. To understand this subtlety, we can consider a simple model of three
chambers: one small misaligned chamber and two large chambers, see figure B-2. We
examine only vertical tracks, where vertical is defined by the placement of the two rear
chambers. As a track passes through the chamber, the closest wire to the track will fire
and the wire number will be recorded. A cell is defined as the region around a wire

1A consequence of this effect is the widening of the software ,,cat cut.
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Figure B-2: Simple model of FPP chamber misalignment. The back two chambers are
aligned. The front chamber is displaced by 6 from the vertical defined by the back two
chambers.

through which a track must pass in order for that wire to fire. In our model, we consider
only a single cell defined by the two wires in the rear chambers. The cells in the rear
chambers are twice as wide as those in the front chambers because the wire spacing
in the rear chambers is double that in the front chambers. Vertical tracks that travel
through this rear cell will pass through three cells in the front chamber. The number
of these tracks that pass through a front cell is proportional to the percentage of the
front cell that overlaps the projection of the rear cell onto the front chamber. A plot
of the distribution of the difference of the location in the first chamber as predicted by
the back two chambers and as determined by the front chamber is shown in figure B-
3. This distribution is asymmetric, but the centroid is zero when the correct offset is
included in the determination of the position by the front chamber, see table B. The
alignment procedure determines the offsets for all chambers so that the distribution of
the differences is centered, but it cannot force the distribution to be symmetric.

We determined the absolute alignment of the FPP in OHIPS in three steps. First,
we surveyed the relative position of the two rear chambers. This information established
the absolute angular alignment of the FPP. We then aligned the front two chambers
with respect to the back two chambers using a PAW kumac. This procedure determined
the internal alignment of the FPP chambers. Finally, we translated the FPP as a unit
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Figure B-3: Histogram of counts in a simple model of misaligned FPP chambers. Note
that the distribution is asymmetric but that its centroid is zero.

Cell Difference Area Product
wire #1 -L - 6 - L2 +- + 62

2 2 2
wire #2 -6 L -Lb
wire #3 L - 6 + 6 + L6 62

Table B.1: Results from misalignment model. The "Difference" is the difference of the
location in the front chamber as predicted by the back two chambers and as measured
by the front chamber when the offset is included. The "Product" is proportional to the
percentage of tracks that pass through that cell. The sum of the Products, which is
proportional to the centroid, is zero.
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to align it with the VDCX to establish the absolute position alignment. Each of these
procedures is discussed below.

B.1 Absolute Angular Alignment

The first step to aligning the FPP is the determination of the absolute angular alignment.
We must align the FPP chambers with respect to true vertical to properly calculate the
focal plane coordinates. To accomplish this task, we surveyed the relative positions of the
two rear chambers. This information was then included in the procedure to determine
the internal alignment parameters.

The survey of the rear chambers was performed by measuring the location of fiducial
marks on the chambers. The fiducials correspond to wire locations in the chambers. The
following steps were used to determine the Y offsets:

* Level OHIPS.

* Hang plumb bob from the fiducial scratches corresponding to wire 208 in Y4 (plumb
line 1) and wire 208 in Y3 (plumb line 2) on the side of the chamber where the card
edge connectors are located. The Y card edges are on the front of OHIPS (-Xf,),
i.e. on the side towards the pivot.

* Put a theodolite on shielding blocks 25 ft above the floor and to the rear of OHIPS.
Roughly level the theodolite.

* Roughly align the theodolite with plumb line 1 suspended from chamber 4 and the
fiducial corresponding to wire 208 in Y4 on the rear of the chambers (+Xfp).

* Level the theodolite.

* Realign the theodolite with wire 208 in Y4 so that, when viewed from the rear of
OHIPS, both the plumb line in the front of OHIPS and the scratch at the rear of
OHIPS appear in the cross hairs of the theodolite.

* Measure the displacements of plumb line 2 (front of chamber, -Xf,) and the fiducial
scratch on wire 208 in Y3 (rear of chamber, +Xf,) with respect to the theodolite
cross hairs.
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We measured plumb line 2 exactly in the cross hairs and the scratch on wire 208 in
Y3 at 2.2 mm to the left of the cross hairs. All positions were surveyed to an accuracy
of 0.1 mm. These measurements imply that Y3 shifted by 1.1 ± 0.1 mm in the -Yfp
direction and rotated clockwise by 0.8 ± 0.1 mrad as viewed from above.

We measured the X offsets in a similar manner. The fiducial scratches on the X
side corresponded to wire 169. We determined that the fiducials on both the front and
back of X for the third chamber were aligned with the fiducials on wire 169 of the fourth
chamber.

There is an apparent inconsistency between the survey results for Y and for X. The Y
survey results imply that the third chamber is rotated by 0.8 mrad; the X survey results
imply that the third chamber is not rotated. One explanation for these results is that
the X and Y wires are 0.8 mrad away from perpendicular.

The uncertainty in the survey results is dominated by the uncertainty in the location
of the fiducial scratches. The fiducial marks were made as the wires were located on the
artwork of the chambers. The estimated uncertainty in the location of the fiducials is 0.1
mm. This uncertainty implies that there is a systematic uncertainty in measuring the
absolute angles of 0.3 mrad with the FPP.

The results from the survey established the absolute angular alignment. For each
axis, we determined three offsets. The fourth offset was ignored because of translational
symmetry. We set the fourth chamber as our canonical fixed chamber, and then surveyed
the relative displacement of the third chamber with respect to the fourth chamber. The
other two offsets were determined by the internal alignment procedure which aligned
the two front chambers with respect to the two rear chambers. Thus, by measuring the
relative position of the rear two chambers, we determined the absolute angular alignment
of the FPP.

B.2 Internal Alignment

The relative orientation of the FPP chambers to each other is called the internal align-
ment. We correct for translational misalignment by adding an offset to the physical
location of the trajectory as it passes through the chamber. Since there are four FPP
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Figure B-4: Rotational angles of the FPP chamber.

chambers and each chamber measures two coordinates, X and Y, we must determine eight
offsets. If all the chambers are moved by the same offset, then the translation has no
effect on the trajectory in the FPP. This symmetry in both X and Y reduces the degrees
of freedom to six. Offsets were of the order of 1 mm. We also corrected for a relative
rotation of the chambers in the horizontal plane by mixing the X and Y coordinates by
the yaw angle. Yaw angles were of the order of 1 mrad.

In addition to the yaw angle, the chambers can also have pitch and roll angles,
figure B-4. The X and Y coordinates are mixed by the yaw angle, the X and Z coordinates
are mixed by the pitch angle, and the Y and Z coordinates are mixed by the roll angle.
The pitch and roll angles are small (on the order of 1 mrad). These angles affect the X and
Y coordinates by the cosine of the angle. This effect, which is negligible, is of the order
of the square of the angle. The effect of the roll and pitch angle on the Z component is
proportional to the sine of the angle, which is on the order of the angle. This correction to
the Z component is small compared to the distance between the chambers. For example,

B.2. Internal Alignment
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the two closest chambers are the two front chambers which are 15 cm apart. If the Z
component in one of the front chambers must be corrected for a rotation of 1 mrad, then
the largest correction would be 0.04 cm. Thus the corrections due to pitch and roll angles
for all three coordinates are insignificant and are ignored.

The alignment procedures ensure that all chambers are aligned with respect to ver-
tical. First, we align the rear chambers with respect to vertical in the absolute angular
alignment. Next, we align the front chambers with respect to the rear chambers in the
internal alignment. In this way, the front chambers are aligned with respect to vertical.

For the internal alignment, we aligned the FPP chambers by examining the distri-
bution of the difference between the predicted trajectory position in the front chambers
and the actual trajectory position. These differences were termed X1Dif, X2Dif, Y1Dif
and Y2Dif. We examined data for which there was no carbon analyzer in the FPP, and
we considered only tracks which fired a single wire in each plane. The predicted position
was calculated using the position information of the two rear chambers:

S - S3
Spred - S4 3 DS3 + S3, (B.1)

D34

where

S 3(S 4 ) = location of the track in the third (fourth) plane,

D34 = distance between third and fourth plane,

DS3 = distance between target plane and third plane.

The XDif and YDif data is strongly correlated to the focal plane coordinates. By
examining these correlations, we determined the offsets and yaw angles to internally
align the FPP. In figure B-5, X1Dif is plotted against focal plane 0, fp,. There are two
important features in this figure. The first is the strong correlation between X1Dif and

fp,, which is used to determine the offsets. The second feature is the banding of the data.
This banding is a result of the discrete nature of the measurement of the FPP positions.
Because the OHIPS VDCX, not the FPP, determines 8f,, the discrete nature is blurred.
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B.2.1 Offsets

We determined the X offsets and the Y offsets by examining the dependence of XDif with

Op, and of YDif with op,.2 As seen in the simple alignment model, the chambers were
aligned when the Dif data for vertical tracks had centroids of zero. If the centroids were
non-zero, then we adjusted the software offsets by the value of the centroid. To better
determine the centroid of the Dif data for vertical tracks, we measured the dependence
of the Dif data over a range of the focal plane angles.

Figure B-5: Contour
position, versus fp,.
X1Dif is in mm.

plot of XlDif, the difference between the actual and predicted X1
fp, was determined from VDCX information. Op is in mrad and

We divided the XDif data into slices of fp,. Then we fit the XDif distribution of each
slice to a multi-peaked Gaussian distribution. Examples of the sliced data and the fit
are shown in figure B-6. The first chamber data was fitted to a seven peak distribution
and the second chamber data was fitted to a five peak distribution.3 We assumed that

2 The focal plane angle was calculated using the OHIPS VDCX which is of adequate accuracy for this
procedure.

3 The different number of peaks in the first and second chamber is due to the distance from the rear
chambers.

-80 -60 -40 -20 0 20 40 50 50
Theta
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the Gaussian peaks were equally spaced and had the same width. The fitting algorithm
determined the amplitude of each peak, the universal width of the peaks, the spacing
between the peaks, and the center of the peak distribution.

We then calculated the centroid of the fitted distribution for each slice. The centroid is
the sum of the fitted peak positions, each weighted by the corresponding peak amplitude.
Not included in the sum are peaks with large uncertainties and peak amplitudes that
were small compared to the largest fitted peak.

We used the centroids to determine the chamber offsets. For each 0,p slice, the
centroids of the fit of XDif are plotted against the mean of Op,. A line is then fit to the
plotted points. The y intercept of this line, 0,p = 0, is the offset if the initial offset is
zero, see figure B-7.

We calculated the Y offsets in a similar manner. First we divided the YDif data into
slices of p,,. We then followed the procedure that was used to evaluate the X offsets.

B.2.2 Yaw Angles

By examining the dependence of the YDif data on X, we were able to determine the yaw
angle of the chambers. If a front chamber was not rotated with respect to the two rear
chambers, then YDif and X are not correlated. If the front chamber was rotated, then
the plot of YDif versus X has a non-zero slope.

The steps followed to determine the YDif dependence of X are similar to those fol-
lowed to determine the Dif dependence on the focal plane angles. We first divided the
YDif data into X slices. Then we fit each slice of YDif data with multiple Gaussian peaks.
Rather than calculate the centroid of the fitted distribution as we did to determine the
offset, we measured the dependence the YDif position of each peak in the multi-peaked
Gaussian fit as a function of X. To accomplish this task, we plotted the peak positions
in YDif against the means of the X bins. We then fit a line to the YDif position versus
X data for each peak. For example, a line was fit to the {YDif,X} data of the third peak
for all slices of X. The slope of this line corresponded to the tangent of the yaw angle.
There were seven such lines for Chamber 1 and five lines for Chamber 2. The arctangent
of the average of the slopes of these lines is the final yaw angle. In calculating the average
slope, we weight the slope for each peak by the percentage of all the data in that peak.
See figure B-8 for an example of the linear fits.
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Appendix B. Alignment of the Polarimeter

Figure B-7: Fit to centroids of XlDif banned on fp,. The centroids of the fitted distri-
butions are shown as the solid circles and error bars. The line is the fit to the centroids.

Figure B-8: Fits of the Y1Dif peaks versus X1. The points are the location of the fitted
peaks of the Y1Dif data sliced on X1. Each column of points represents the results of
the fit on one slice of X1. The nth row of points represents the location of the nth peak
in the Y1Dif distribution.
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B.3. Absolute Position Alignment

B.2.3 Systematic Errors

We performed a simple systematic check of the reproducibility of this approach for cal-
culating the offsets and yaw angles. Once the alignment parameters were established, we
individually varied the offsets and yaw angles from their aligned values and recalculated
the alignment parameters. We looked at five different X1 offsets, five different Y2 offsets,
and five different Chamber 1 yaw angles. Each group of five settings was centered around
its calculated aligned position. We then plotted the offset for the misaligned data (as
determined by the fitting algorithm) versus the known offset from the aligned position.
Because the deviation from the aligned position was small, it is reasonable to expect
that this plot should be linear with a slope of 1.0. To determine the reproducibility, we
calculated the standard deviation of the data from a line with a slope of 1.0. We found
that the data was reproducible to 0.09 mm for the X1 Offset, 0.06 mm for the Y2 Offset,
and 0.02 mrad for the Chamber 1 yaw angle. As a result of these findings, we set the
systematic errors to 0.09 mm for the offsets and 0.02 mm for the yaw angles.

B.3 Absolute Position Alignment

The absolute position alignment translates the FPP as one unit so that the FPP focal
plane position calculations agree with those of the VDCX. The internal alignment and
absolute angular alignment ignore the overall displacement in Xfp and YI, of the FPP.
Because we use the FPP to calculate focal plane coordinates, it is important to align
the FPP with respect to the VDCX. The only adjustable parameters for the position
alignment are the overall translation in Xfp and Yf, of the FPP.

By comparing the difference of the focal plane positions as calculated by the VDCX
and as calculated by the FPP, we can determine the overall translational offsets. The
VDCX calculates the focal plane positions within 0.1 mm, so that the VDCX positions
can be employed as the absolute positions of the track. The FPP extrapolates the focal
plane coordinates by:

FPP X- - tan ODvxl
J 1 - tan0tanwo'

yfPP = Yi - tan O(Dvy1 - xPP tanwo),
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where

Dvxl = distance from center of VDCX to X1,
Dvyv = distance from center of VDCX to Y1,

0 = 0f, as determined by the FPP,

0 = fp as determined by the FPP,
wo = Angle of inclination of the VDCX with respect to horizontal.

It is important to note that these are TRANSPORT coordinates. TRANSPORT coor-
dinates are orthogonal and right-handed. In OHIPS at the focal plane, ^ is point up, ^
is along the dispersion direction pointing toward increasing momentum, and Y = 2 x x.
The focal position of X is not along the VDCX, but is orthogonal to 2.

We fit the full width at half maximum of the x DC - "FFPP and yVDC - Y FPP his-
tograms with a Gaussian distribution. The centroid of the Gaussian distribution is the
translational offset of the FPP with respect to the VDCX. As a result of the Gaussian
fits, we shifted the FPP by -0.160 cm in X and by 0.154 cm in Y.

B.4 Final Alignment Parameters

The corrections due to the yaw angle are not significant . We analyzed the Q2 proton
kinematics data with the determined yaw angles and with zero yaw angles. The difference
in the false asymmetries of the two analyses was less than 30% of the statistical error.
We concluded that the yaw angles had little affect on the polarimetry measurements.

The yaw angles do not significantly affect the average focal plane coordinates. The
corrections due to the yaw angles are small: typically of the order of 1 mrad x 500 mm
= 0.5 mm at the extremes of the chambers. The yaw angle correction is odd in the
focal plane coordinates. For example, if the correction for X , > 0 is positive, then the
correction for Xf, < 0 is negative. This behavior coupled with the nearly symmetrical
distribution of the focal plane coordinates results in a small correction in the average
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coordinates. Because the average coordinates and the polarimetry results are unaffected,
we set the yaw angles to zero.

Below is a listing of the final alignment parameters.

X 1 Offset

X 2 Offset

X 3 Offset

X4 Offset

Yi Offset

Y2 Offset

Y3 Offset

Y4 Offset

Chamber 1 Yaw

Chamber 2 Yaw

Chamber 3 Yaw

Chamber 4 Yaw

= -0.009

= -0.057

= -0.160

= -0.160

= -0.419

= -0.202

= 0.043

-= 0.154

= 0.000

= 0.000

= 0.000

= 0.000

cm

cm

cm

cm

cm

cm

cm

cm

mrad

mrad

mrad

mrad
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Appendix C

Data File Structure

This appendix details the structure of the data arrays used by the data acquisition and
replay system. Three tables below, C.1, C.3 and C.5, list the data structure for wire
chamber events, scaler events and beam toroid events(Event 8, Event 4 and Event 10).
The beam pulse event, Event 6, was the digital output from the LeCroy ICA and was
160 words long. The target event, Event 13, consisted of up to 127 ASCII characters
followed by a CONTROL-Z (ASCII 26). The string consisted of fifteen words separated
by spaces. The first word was the date in the form "YY/MM/DD". The second word
was the time in the form "HH:MM:SS". The third word was an alarm integer. The next
twelve words were the average and standard deviation of the two loop pressures and the
four CGR temperatures.

1 Event Type Bit Pattern
2 Trigger TDC Flag
3 OHIPS Pilot TDC
4 MEPS Pilot TDC
5 OHIPS Prescale TDC
6 MEPS Prescale TDC
7 COIN TDC
8 FPP Pass TDC
9 OHIPS Latch TDC #1

10 OFPS TDC

Table C.1: Event 8 Data Structure (continued on next page)
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11 MEPS Latch TDC #1
12 MFPS TDC
13 Downstairs CTOF
14 OHIPS CAMAC Enable TDC
15 MEPS CAMAC Enable TDC
16 Upstairs CTOF
17 COIN Prescale TDC
18 Hardware Blank TDC

19-20 Beam Position Monitor
21 OHIPS Delay Line TDC Flag

22-31 OHIPS Scintillator ADCs
32-41 OHIPS Scintillator TDCs
42-46 OHIPS Meantimer TDCs

47 FS20R TDC
48-63 OHIPS Delay Line TDC

64 MEPS Scintillator ADC Flag
65-70 MEPS Scintillator ADCs
71-80 MEPS Aerogel ADCs

81 MEPS Aerogel Sum ADC
82-87 MEPS Scintillator TDCs

88 MEPS SOOR TDC
89-9() MEPS Scintillator MT TDCs

91-100 MEPS Aerogel TDCs
101 MEPS Aerogel Sum TDC
102 MEPS DCOS Flag

103-127 MEPS DCOS Words
128 FPP TDC Flag

129-130 PCOS MLU Data Ready TDCs
131-136 PCOS Crate Data Ready TDCs

137 FPP PCOS Flag
138-183 PCOS Wire Chamber Words

Table C.2: Event 8 Data Structure (continued from previous page)
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1-6 MEPS Scintillators
7 MEPS SO OR
8 MEPS MS3 Meantimer
9 MEPS MS4 Meantimer

10 BT3
11 MPI Upstairs
12 Blank

13-22 MEPS Aerogel's
23 MEPS Aerogel Sum
24 Gun
25 Gun AND Computer Not Busy
26 Gun AND Computer Not Busy AND Helicity Plus

27 Gun AND Computer Not Busy AND Helicity Minus

28 Gun
29 Gun AND Computer Not Busy

30-39 OHIPS Scintillators
40-44 OHIPS Meantimers

45 FS20R
46 COIN
47 COIN Prescale
48 OHIPS Prescale
49 OHIPS Latch
50 COIN Prescale
51 MEPS Prescale
52 MEPS Latch
53 MEPS Pilot
54 MEPS DCOS Stop
55 OHIPS PCOS Start (El)
56 COIN and Helicity Plus
57 COIN and Helicity Minus
58 1/burst COIN and Helicity Plus
59 1/burst COIN and Helicity Minus
60 Hardware Blank
61 OHIPS Pilot
62 1/burst COIN
63 FPP Pass
64 FPP Pass
65 1/burst COIN Prescaler

Table C.3: Event 4 Data Structure (continued on next page).
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66 l/burst OHIPS Prescaler
67 1/burst FPP Pass
68 1/burst COIN Prescaler
69 l/burst MEPS Prescaler
70 l/burst OHIPS Latch
71 l/burst MEPS Latch
72 l/burst OHIPS Latch #2
73 l/burst OHIPS CAMAC Enable
74 l/burst MEPS CAMAC Enable
75 1/burst MEPS Latch #2
76 1/burst OFPS
77 l/burst MFPS

78-93 OHIPS Delay Lines
94 Prompt 8
95 COIN Event

96-101 PCOS Crate Data Readies
102-103 PCOS MLU Data Readies

105 PCOS Small Angle Pass
106 OHIPS Reset
107 MEPS Reset
108 OHIPS Pilot T

109 OHIPS Pilot 2T
110 MEPS Pilot T

111 MEPS Pilot 27
112 COIN Pilot T
113 COIN Pilot 27

Table C.4: Event 4 Data Structure (continued from previous page).
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0 ADC Flag
1 Helicity Word
2 Timeslot Scaler
3 BT1 ADC
4 BT2 ADC
5 MollerX BPM ADC
6 MollerY BPM ADC
7 Target X BPM ADC
8 Target Y BPM ADC
9 MollerHalo ADC
10 Target ADC

11-14 Raw Coincidence TDC

Table C.5: Event 10 Data Structure.
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Appendix D

Analytical Spin Precession

We considered two approaches to examining the spin precession in the magnet spectrom-

eter. The first approach, as discussed in section 4.2.2, used COSY to determine the spin

precession matrices. The second approach is based off of the work on S. Nurushev [100].

We discuss the latter approach in this appendix.

Nurushev started by writing the Thomas equation for a spin in a magnetic field:

ds' e g 9 2d _ .X BL+ 2+ 7 BT (D.1)
dt E 2

e
E- xA, (D.2)

where BL and BT are the components of the magnetic field parallel and perpendicular

to the velocity of the particle and E is the energy of the proton. He then assumed that

the motion of the particle is along i, so that

dsi ed= -- eijkSjAk, (D.3)dz pc
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where p is the momentum of the particle. For a quadrupole lens in which BL = 0 and

BT = GyX, + Gx^, the above equation becomes

sX(z) = sX(O)- A sz(()x(()d(, (D.4)

8s(z) = s,(0)+ A fsz(()y((4)d(,

Sz(z) = s(0) + Aj (s(C)x(() - s(()y(()) d(,

(D.5)

where A = (1 + ,•y~)K 2 . The equations of motion for a particle in quadrupole field are

d2
dz K2± = 0, (D.6)

d2
=F K2y = 0, (D.7)

where k = eG/pc and the upper(lower) sign refer to horizontal(vertical) focusing in the

quadrupole field. With the solution to these these equations of motion, we can determine

the integral relations in equation D.5. 1 We can also solve this problem for dipole field.

We can write a matrix equation for the spin transport through the spectrometer with

the solutions for the quadrupole and dipole fields:

fP = MDMQ2MQIPtgt = MDQQPgti, (D.8)

where Mi represents the matrix of spin transport through each magnetic element in the

spectrometer.

1There are several errors in the Nurushev article. Equation (16) should be Vz(z) = -(x'(z) -
'(O))/K 2, V,(z) = -(y'(z) - y'(O))/K 2 . This error is propagated through many of the equation in

the paper. The only matrix element in equation (18) that is affected is M33, which should be M33 =
1 -_a2[(X' - 4)2 + (y' - y1)2]

202 Appendix D. Analytical Spin Precession



203

By measuring the average MDQQ, for a large set of events distributed over the ac-

ceptance of OHIPS, we can determine effect of the net effect of spin precession on the

measured polarizations. A monte carlo code written and tested and R. Lourie and D.

Barkhuff was designed for experiments in which the electron beam was polarized. In this

type of measurement, one measures four polarizations at the focal plane: two for each

beam helicity which we label ± and two polarizations which we label Pco, and Pai,. We

form the difference and sum of the helicity terms,

Erco = (PcJ'+ + p~,f-)12,
sin = (pfp,' + Ps nP'- )/2,

AcoS = (PcfP+ - pfP'-)/2,

Asin = (PsfP''+ - PsPn'-)/2.

These difference and sums are related to the actual polarization components; for example

Pn = Esin. The polarizations at the target are related to the Ei's and Ai's by

0

(Qii)
0

(-Q21 cos x

-Q31 sin X)

(Q12)

0

(-Q22 COS x

-Q33 sin X)
0

0

(Q13)

0

(-Q23 cos x

-Q33 sin x) A
r vI

where Qij represents the effect on

is the precession angle due to the

the polarization components of both quadrupoles, X

dipole, and the 3 by 4 matrix is Mtotal. The code

(D.9)

(D.10)

"cos
ACOS

Esin

Asin

Ptgt

pngt

pIt9 tJ(D.11)
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calculates the pseudo-inverse of Mtot,&t to calculate the target polarizations:

Pt~t
Ptgt

ptgt

----T -- 1 M-T
= (MtotaliMtotal) Mtot (D.12)

In this manner, one can determine the mixing of the target and focal plane polarizations.
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