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ABSTRACT

Polarized proton targets of the frozen spin type (FST) rely on
nuclear magnetic resonance (NMR) systems to measure the proton
polarization. Difficulties arise when the polarization must be known to
an absolute accuracy that is greater than that achievable by the
currently used NHR.systems, which are typically in the order of + 4%.
An independent absolute measurement of the FST proton polarization was
achieved at TRIUMF by performing a p-p elastic scattering experiment at
an energy and angle where the p-p analyzing power is accurately known.

7 A beam of unpolarized protons was scattered from the FST, and the
scattered and recoil protons were detected in two symmetrically placed
detector systems. The measurement of the FST proton polarization
distribution allowed the calibration of the NMR system to be made to an
absolute accuracy of + 2.6%. The average NMR calibration constant,
deduced from its distribution over three equally segmented horizontal

bins (top, middle and bottom), was 0.953 + 0.025 (absolute).
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CHAPTER 1
INTRODUCTION

Polarized proton targets of the frozen spin type, otherwise known
as frozen spin targets (FST), have been used in nuclear and high energy
physics experiments for over two decades. Great emphasis has been
placed on their development, largely because of their ability to achieve
and maintain high proton polarizations as is required for the
measurenents of many spin-dependent observables.

Frozen spin targets currently in use utilize "dynamic" methods,
that is microwave "pumping”, to achieve polarization. Nuclear magnetic
resonance‘(NMR) methods are then used to ascertain the degree of proton
polarization in the target. For the FST developed at the TRIUMF
cyclotron facility, the absolute accuracy in the NMR polarization
measurements was typically about + 4% [Ref. 1}.

Using NMR technigues to measure the FST polarizations have a two
fold disadvantage:

{a) achieving an absclute accuracy of + 4% may be sufficient for most
nuclear scattering experiments, but for cases in which the target
polarization must be known to higher accuracy, the current NMR
techniques are clearly inadeqguate; and

(b) because of the NMR coil physical geometry within the target sample,
the NMR system samples different parts of the target volume with
uneqgual weight, indicating a target polarization that may be
different from what is seen by the beam in the actual experiment.

Therefore, what is needed is an independent absolute measurement of the

FST polarization, which can be achieved by a proton-proton {p-p) elastic



scattering experiment. The accuracy in the FST polarization
measurements in such experiments is then limited by the known accuracy
of the p-p analyzing powers, which act as systematic errors {scale
factors}). A second advantage in using p-p scattering events originating
throughout the entire target volume to measure the target polarization
is that not only does it give a good representation of the true average
polarization, but it also provides the means to determine the target
polarization distribution, thus enabling finite target size effects to
be accounted for.

An experiment was performed at the TRIUMF cyeclotron laboratory to
measure the neutron-proton {(n-p) spin correlaticon parameter Ayy(G) and
analyzing power Ay(e} to an absolute accuracy of + 0.03, for the
angular range of 40° to 150° {center of mass) at incident neutron
energies of 220, 325 and 425 MeV [Ref. 2}. Attainment of the +0.03
absolute accuracy depended on the criterion that the FST proton
polarization be known to an absolute accuracy of +2% [see Appendix A].

The objective of this work is to determine the average NMR
calibration constant from the FST proton pelarization distribution to
an absolute accuracy of +2% by performing a p-p elastic scattering‘
experiment at an energy and angle where the p-p analyzing power is known
to +1.5% [Ref. 37. The proton polarization was determined from a
measurement éf the left-right scattering asymmetry.

The main concern of this thesis is the direct measurement of the
target polarization distribution (and hence the NMR calibration constant
distribution) using p-p elastic scattering. Chapter II will describe

the FST polarizing mechanism, how the pelarization was maintained, how



the NMR system measured the target polarization, and the difficulty

that arose when using the NMR system. Chapter III is concerned with the
experimental apparatus for the p-p elastic scattering experiment, and
Chapter IV presents the analysis involved in the determination of the
average NMR calibration constant from the FST polarization distribution.
Finally, Cﬁapter V summarizes the results, and draws conclusions about

the target polarization and NMR calibration constant distributions.



CHAPTER II
THE FROZEN SPIN TARGET
I1.1 Introduction

The traditional polarized targets used in particle scattering
experiments were mainly of the continuously polarizing type, in which
irradiation of the target nuclei with microwaves was reqguired to obtain
and maintain the target polarization. This required that the target be
held continuously in a strong magnetic field which was uniform over the
target volume.

In 1965, Schmugge and Jeffries [Ref. 4] suggested that target
polarizations could be maintained without an external microwave source
in a less homogeneous and perhaps less strong field. Their prediction
was based upon the observation that the nuclear spin-lattice relaxation
time of the protons in Lanthanum Magnesium Nitrate [LazMgS(N02}12‘24H2O]
extrapolated to very large values at temperatures below 1 K. Using this
material would free the experiment from the constraint of having the
target in a region of high uniform magnetic field. allowing a large
solid angle of access for observing the scattered particles and minimal
perturbation of the particle trajectories. The advent of highly
polarizable organic materials {Ref. 5, 6] having long relaxation times
at low temperatures, and the incorporation of the dilution refrigerator
in the polarized proton target, as suggested by London, Clarke and
Mendoza [Ref. 7]} led to the development of the FST. The large angle of
acceptance around the FST, the orientability of the target polarization,
and the use of a low holding field have made the use of the FST in

present day nuclear scattering or reaction experiments most desirable.



11.2 The Dynamic Nuclear Polarization Hethod
Consider an ensemble of protons in a static external magnetic
field, B. The proton polarization at thermal equilibrium (TE) can be

shown [see Appendix B] to be of the form:

Ppp = tanh %Bk_?;‘ (1a)
=n{m = 1/2) - n(m = -1/2) {1b)
n{m = 1/2) + n{m = -1/2)
with nvBh
n{m) = e kT {ic)

where ¥ is the gyromagnetic ratio of the proton {in rad~m2-s"1-Wb’1), B
is the magnitude of the magnetic field (in T}, h is Planck's constant
divided by 21 (in J-s), k is the Boltzmann constant (in J-K_l) and T is
the absolute temperature {in K). The occupation number n{m} of the
magnetic substate, m, after the Zeeman splitting of the proton energy
levels is given by the Boltzmann distribution [Eq. 1c].

It is seen from [Eg. la] that significant proton polarizations can
in principle be achieved by reducing the temperature and/or increasing
the magnetic field so that the thermal energy KT becomes much smaller
than the magnetic energy I%ﬁ. This is illustrated in [Fig. 1].

However, the construction difficulties in refrigerators operating
at very low temperatures {< 10 mK) and the reguirement in nuclear
scattering or reaction experiments te have the least possible
interference by target, cryostat and magnet with the incoming and/or
scattered charged particles, has made this "brute force" method of

polarizing protons inadequate. The requirement for a strong magnetic
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field is particularly restrictive for lower energy (less than 100 MeV)
charged particles.

An alternate scheme was then developed which allowed achievement of
proton polarizations as high as 0.97 [Ref. 8], using magnetic fields of
2.5 T and operating temperatures of ~0.5 K. Under these conditions the
brute force method would have obtained a proton polarization of only
0.005. The new method has come to be known as the dynamic nuclear
polafization method or the "solid effect”.

The samples that are commonly used as target material for the
dynamic method of proton polarization are organic substances [Ref. 5,
6] that have been doped with an electron donor material, usually a
complex molecule containing the chromium atom. This is done because the
efficiency of the polarization process depends on the density of free
electrons in the target sample, as will be explained below. In this
method the electrons in guestion are the unpaired electrons of the
chromium atoms, whereas the protons to be polarized are the nuclei of
hydrogen atoms in the organic substance.

The mechanism of target {proton) polarization is indirect: first
the spins of the electrons are polarized, and then the polarization is
transferred to the protons. This is made possible by the fact that the
electron has a magnetic moment some 660 times larger than that of the
proton and so under conditions of 2.5 T and 0.5 K has a polarization in
excess of 0.99.

In the presence of an external magnetic field that permeates the
target samplg, the electrons and protons form temporary pairs, whose

energy levels undergo Zeeman splitting into four distinct magnetic



substates ]mem > depending on the electron (me) and proton (mp) spin

b

orientation [Fig. 2}. In this discussion a spin up (down) orientation
with respect to the external magnetic field E, is denoted as '+' (-).
The occupation numbers of the magnetic substates at thermal eguilibrium
are given by the Boltzmann factor. Under conditions of 2.5 T and 0.5 K,
the states! +-> and | ++> are almost unpopulated and the states | --> and
]—+> are approximately egually populated.

By irradiating the target sample with microwave photons of energy
h(ve + vp) the transition ¥ becomes saturated, equalizing the populations
of the states |—+> and |+—>. The electrons are strongly coupled to the
lattice and so the state ]+—> quickly relaxes (relaxation time ~1 ms
[Ref. 9]) to the state ]——> by electron spin flip. After a certain
time the state I—-> breaks up into an electron and proton, leaving the
proton in a spin state reversed from that in which it started. The
electrons are free to form spin coupled states with other protons, some
of which are in the [+> state and sc can be flipped to a [—> state.

Since the protons are only weakly coupled to the lattice, they relax to
their equilibrium state relatively slowly; by this process of microwave
pumping, the proton | -> state is populated at the expense of the !+>
state and the magnitude of the proton polarization approaches that of the

electron polarization. Thus, the proton polarization can be given as:

P = —tanh hve (3)
2KT

which is enhanced by the magnetic moment (p) factor “e/“p =~ 660 over the

thermal eqguilibrium polarization given by:



Energy
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hve
-—
Be:»(ternal
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[Fig. 2]

Energy level diagram of electron-proton system in an external
. . —
magnetic field B. The state 1me my > for electron and proton

spin up {+) orientation is labelled asl ++>. The solid lines
represent microwave pumped transitions where as the dashed
lines represent the decay of excited states {(relaxation
transitions).



10

Ppg = —tanhfhw ' (4)
where h is Planck's constant {in J-s) and v being the transition

frequency (in Hz). [Eq. 4] can be related to [Eg. la] by performing the

following substitution:

= P
v, o= {5a)
Poom
= ¥B (5b)
2m

where w. is the proton angular frequency in the magnetic field B.

In the above example., microwave photon energy of h(ve + vp]

resulted in the enhancement of the population of the proton | -> state,
causing a negative proton pelarization. Similarly microwave photons of
energy h(ve - vp) will saturate the transition M [Fig. 2}, resulting
in a positive proton polarization.

1t becomes evident from the above discussion that in order to
obtain a significant proton polarization using the dvnamic nucliear
polarization method, three criteria must be met. First, the external
magnetic field used to produce the Zeeman splitting of the
_electron—proton {(e-p} energy levels [Fig. 2], must be extremely
homogeneous, to ensure that the microwave photon energy matches the

energy difference between the two states involved in the transition N or

=

throughout the sample (a microwave photon frequency uncertainty of Av

i

+ 0.003%, requires the external magnetic field homogeneity to be known

to + 8 x 107° T). Second, the external magnetic field. henceforth

referred to as the polarizing field, must bhe large to ensure that

thermal excitations kT can not exceed the energy difference between any

g



11
two neighbouring spin states. Thus, by eliminating spin state mixing,
the polarization process is preserved. Finally, the temperature must
be low; this has the effect of decreasing the thermal excitations kT
which in turn increases the electron pelarization [Eqg. 3].

Once the target sample is polarized by the dynamic nuclear
polarizatioh method, the microwave irradiafion is stopped, the
polarizing field is reduced and the sample polarization is maintained in
a weaker external magnetic field called the holding field. The lowering
of the polarizing field is done to ensure that the perturbatione in the
incoming and outgoing charged particle trajecteories during the
experiment are small.

The target polarization in the holding field as a function of time
{t) and initial pelarization (PO) can be expressed in the following

form:

P{(t) = P e (6a)

o
where T is the target polarization decayv time in the holding field and
is given by the following empirical relation which applies to
our experimental conditions [Ref. 107:

17

T =0.7 x 10 (6b)

B2

cTé

In the above equation, B is the holﬁing field (in T), C is the
concentration of the electron donor material (in molecules . ml-1}, T is

the sample temperature {(in K} and 1T is the target poiarization decav time
{(in hours). Puring the experiment, the FST sample {(with electron donor

19

concentration of 6 x 10 molecules - mlvl) was cooled to ~45 mK in a

0.2

w

7 T holding field to attain pelarization decay times that were on

the average 620 hours, when using [Eg. 8b]. Large polarization decay



12
times were desirable during the experiment to ensure a relatively stable

target polarization throughout the data taking period.

11.3 The He-3/He-4 Dilution Refrigerator
The milliKelvin temperatures necessary to attain a large
polarization decay time was achieved by a Helium-3/Helium-4 (He-3/He-4)

dilution refrigerator.

II1.3.a2a Liquid Hixture of He-3 and He-4

The operating principle of the dilution refrigerator is based on
the unique properties exhibited by mixtures of He-3 and He-4 at low
temperatures. To best understand these properties consider the phase
separation curve for a liguid He-3/He-4 mixture {Fig. 3] [Ref. 11] at
temperatures below 1.5 K.

Below about 0.8 K the liquid mixture spontaneously separates into
the two isotope components, one of the phases being rich in liquid
He-3 and the other rich in liquid He-4. But since the He-3 phase has a
lower density it floats on top of the He-4 rich phase. As the
temperature is lowered further, the relative amounts of He-3 and He-4 in
the two phases change; below about 40 mK the upper phase is essentially
pure ligquid He-3 whereas the lower dilute phase is made of ligquid
He-4 of which 6.4% [Ref. 12] is dissolved liquid He-3.

The fact that in the dilute phase the He-3 solubility does not
change from 6.4% as the temperature is lowered to absolute zero is of

paramount importance for the success of the dilution refrigerator.
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Phase separation curve for a liquid He-3/He-4 mixture
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I1.3.b The Principle of Dilution

Because liquid He-4 has zero nuclear spin, at temperatures below
0.5 K it undergoes a phase transition to a quantum mechanical ground
state (Bose condensate) with superfluid properties. Also, since very
few phonens are excited the liquid is thermally inert. As a result of
this, we may describe the He-4 in the dilute phase as a "supporting
medium" for the active He-8 atoms. Thus the upper phase of ligquid
He-3 is in equilibrium with its own vapor (He-3 atoms in the lower
dilute phase}.

When atoms of He-3 move downward from the liquid to the dilute
phase the temperature is lowered because energy is needed to overcome
the interatomic forces. But because the concentration of He-3 atoms in
the dilute phase remains constant at 6.4% as the temperature is lowered
below 40 mK, the coocling process can be made continuous by recirculating
the He-3 atoms from the dilute phase to the pure He-3 liquid phase.

This is precisely what is done in a He-3/He-4 dilution refrigerator.

I11.3.c Theory of Operation of a Dilution Refrigerator

To describe the cooling that takes place when one mole of
He-3 crosses the phase boundary isothermally, consider a vessel (mixing
chamber) containing the phase-separated He-3/He-4 mixture in thermal
equilibrium at a temperature less than 0.1 K [Fig. 4] [Ref. 11].

Since the wpper phase is essentially pure He-3, the molar entropy

in this phase is the molar entropy of pure liquid He-3 (SS) which has

been shown experimentally [Ref. 13] to be:

sg = C4RT (7)

1

where Cyq is a constant equal to 2.7 K -, T is the mixing chamber
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_1}‘

temperature {in K) and R is the gas consfant {in J-mol_l-K Because

in the dilute phase the He-4 is a Bose condensate (thus has zero
entropy) the total entropy in the lower phase (sd) is just the entropy
of the He-3 "vapor" which has been theoretically [Ref. 14} and
experimentally [Ref. 15] shown to be that of an ideal Fermi gas. Thus
the molar entropy in the dilute phase is given by the entropy of a Fermi

gas [Ref. 16], which is:

sq = BRT (8)
2TF
with 5 2 \2/3
TF = h In"N (9)
2km3 Y

where N is the number of He-3 atoms in the dilute phase, V is the volume

occupied by the He-3 atoms in the dilute phase (in ms), TF is the Fermi
temperature {in K} and Mg is the effective mass of a He-3 atom in the
dilute phase, which is 2.4 times [Ref. 17] that of the He-3 atom mass
{(in kg). Because 6.4% of the dilute phase is occupied by He-3 atoms
then:

N = 0.064f PHe-4 (10)
\Y my

where PHe-4a is the density of liquid He-4 (in kg-m_s) and m, is the

He—-4 atom mass {in kg).
Evaluating [Eq. 10], [Eg. 9] and [Eg. 8] we get:

Tp = 0.37T K {11)

and

Sq = chT (12}

where c, is a constant equal to 13.3 k1

If we now assume the mixing chamber to be in thermal contact with a
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heat reservoir at a temperature below 0.1 K, [Fig. 4] the amount of heat
(AQ) that can be withdrawn from the reservoir as one mole of He-3 is
transferred from the pure He-3 phase to the dilute phase is:

AQ = TAS

[

T(sd - 33)

= 63RT2 (13)
where Cy is a constant equal to 10.6 K—l.
If ﬁg moles per second are transferred, the rate of heat extraction
1)

Q (in J-s ") is:

. . 2
Q = cgNsRT™. (14)

{Eq. 14} applies to the case in which He-8 is withdrawn from the
dilute phase and is not returned to the pure He-3 phase. To make the
dilution refrigerator continuous, the He-3 atoms in the dilute phase
mgst be removed, cooled and returned to the pure He-3 phase. A means of
doing this is shown in [Fig. 5].

To remove the He-3 atoms from the dilute phase, an unbroken column
of dilute He-3/He-4 is conducted from the low temperature region (T <
0.1 K) of the mixing Chambef to a higher temperature region of ~0.9 K
called the still. At the temperature of the still, the vapor above the
dilute phase is very rich in He-3 so that cold He-3 gas can be removed
by pumps and then recompressed at room temperature. The returning
He-3 gas is then cocled to 4.2 K when it passes through a tubular heat
exchanger in the separator that is in thermal contact with liquid
He—-4. The He-8 gas is coocled further and liguified when it passes
through a tubular heat exchanger in the condenser that is in thermal

contact with liquid He-4 at 1.6 K. The liquid He-3 is then cooled to
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approximately the mixing chamber temperature when it traverses the
still's tubular heat eﬁchanger, the main dilution heat exchanger and
sintered copper heat exchanger, all of which are in thermal contact with
the cold He-3/He-4 dilute phase leaving the mixing chamber. The phase
boundary is maintained in the mixing chamber by adjusting the amount of
He-3 in the system.

The rate of heat extraction from the mixing chamber when it is
operating continuously at a temperature below 0.1 K can be calculated
using [Eq. 14]. This represents the total heat that can be removed from
the surroundings during the dilution process. If we now assume that
ﬁs moles per sec of pure He-3 is entering the top of the mixing chamber

at a temperature Ti < 0.1 K and that the dilute phase is leaving the

bottom of the mixing chamber at a temperature TMC‘ then [Eg. 14} can be

rewritten for the case of continuous dilution as follows:

00
|

— CLNRT (15)
378 'mMe
with:
T
hS(T) = CS(T') dT' (16)
o

where Qe is the external heat load (in J-sﬁl) applied to the mixing

chamber. C3 is the molar specific heat of pure He-3 at constant

1

pressure {in J-mol™ -Knl) and h3 the molar entholpy of pure He-3 (in

1

J-mol 7).

As it is seen in [Ea. 15], the total heat load Q that is being
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dumped into the mixing chamber is a result of two distinct processes.
The first term is due to the He-3 fluid stream whereas the second term,
ée, is the heat load on the mixing chamber from every other conceivable
source. This is referred to as the external heat load and could be from
“the mixing chamber heater, or radiated heat from the heat shields [Fig.
5]}, or beam heating, or vibrations or any éombination of these.

Using the experimentally [Ref. 18] determined C, value for the

temperature region below 0.1 K:

C, (T) = c,RT (17)
4

in [Eg. 16] we get:

ha(T) = cgRT? (18)

e,

1 1

where Cy and Cy are constants equal to 2.7 K - and 1.35 K *,
respectively.
Substituting [Egq. 18} inte [Eg. 15] we get the external heat load

the mixing chamber can handle, that is:

: : P y 2
= N N - 9
Qq chSRTMC CSNSRTi {19)

-1
where Cs is a constant equal to 11.95 K .
Setting Qe = 0 in [Eg. 19] gives the low temperature limit that can

be reached by the mixing chamber. This is found to be:

Tye = 0.336 T, . (20)

It becomes evident from the above equation that it is the heat

exchanger efficiency (which eventually determines Ti) that governs the

performance of the dilution refrigerator.



I1.3.d Dilution Refrigerator External Heat Load Limitation

When a dilution refrigerator is used in an experiment to cool the
target material to milliKelvin temperatures, it is imperative that the
heat deposited in the target (mixing) chamber by the incident beam (as
it traverses the FST), be below a heat load that is large enough to cause
a substantial rise in the mixing chamber temperature. If this condition
is not satisfied, the excess heat loa& would cause the target material to
depolarize, by decreasing the target polarization decay constant [Eqg. 6b].
It is seen then, that, the incident beam intensity will limit the
magnitude of the polarization decay time.

For small values of Qe' that is when T, = Tye- [Eq. 19] indicates

that Qe o T;C. If one then separates Q. into two terms:
Qe == Qh 4 Qee (21)

where Q, 1s the mixing chamber heater power {heat load rate) and Q the
h ee

power due to all other external heat sources. One can then obtain the heat

lJeak from the external sources, Qee'

by plotting éh vs TQMC for various
values of éh and then determining "Qee from the éh intercept at T2MC = 0.
Prior to the p-p elastic scattering experiment, a mixing chamber power
test, such as the one described above was performed [Fig. 6] at a base
temperature f{at éh = 0) of 37 mK and it was determined that the residual
heat leak was 47.2 uW.

During the p-p elastic scattering experiment, the mixing chamber

temperature with beam loading was typically at 45 mK.l From

fFig. 6]. this temperature corresponded to an incident proton beam

1 N ) .

The mixing chamber temperature was determined from the conductance
of a carbon resistor which was located beneath the mixing chamber. The
temperature was then extracted from a calibration tablie.
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heat load rate on the target chamber of 25.7 uW. Thus the total heat
load rate on the mixing chamber due to all of the external heat sources
was typically 72.9 uW.

The polarization decay time as calculated from [Eq. 6b] for a
temperature of 37 (45) mK was 1980 (620) hrs. Thus, the 8 mK temperature
rise in the mixing chamber as produced by beam heating resulted in a 69%
reduction in the target polarization decay time.

II.4-The Frozen Spin Target Apparatus
The FST [Ref. 19] used in the p-p elastic scattering experiment was

constructed at the TRIUMF cyclotron laboratory. The target sample was a

mixture of 95% 1-butanol [C4HIOU], 5% water and the electron donor material

EHBA(CrvV), chemical formula [Na((CzHS)ZCOCOZ)ECrO] [Ref. 20], with a

concentration of 6 x 1019 molecules per ml. The above mixture was frozen
into beads of 1.5 mm diameter and stored in a liquid nitrogen (LN2) vessel.
The sample was chosen for its high fractional mass of polarizable
protons and long spin-lattice relaxation time. Past experience using
this type of sample [Ref. 21] has shown that proton polarization values
as high as 0.97 can be reached, previously shown only for propanediol
[Ref. 8]. It was also confirmed [Ref. 22] that butanol relaxation times
that are longer than the ones for propanediol [Ref. 8] can be obtained.
The main components of the FST system consisted of:
(a} a He-3/He-4 dilution refrigerator to obtain the milliKelvin
temperatures desired for long target polarization decay times thus

“freezing” the proton spin orientation:

2Formed when combining sodium dichromate and 2-ethyl-2-
hvdroxybutryic acid [EHBA].
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{b} a microwave source to polarize the target nuclei using the dynamic
nuclear polarization method:

{(c) a magnet assembly that allowed the refrigerator to operate in a
very homogeneous and strong magnetic field during the polarizing
process and in a weaker holding field during the data taking period
of the experiment; and

{d) a NMR system to measure the target polarization.

I11.4.a Procedure Used to Cool the Frozen Spin Target Sample

The fellowing discussion refers to [Fig. 5}. The dilution
refrigerator components: separator, condenser, phenolic rods. vacuunm
chamber, target basket and the various heat exchangers were all
constructed upon a center tube with diameter of 19 mm. Within the space
of the centrial tube ran two NMR cables and a microwave guide which
continued to pass through the vacuum chamber below the still to the
mixing chamber. The mixing chamber comprised of three compartments: a
target basket constructed of 2 mil coprer with dimensions of 2 cm wide,
3.5 cm long and 5 ¢cm high, and two vacuum chambers located above and
below the target basket [Fig. 7]. The dilution refrigerator was mounted
on the FST support structure and remained fixed throughout the course of
the experiment. 4 c¢vlindrical cryostat [Fig. 5] containing three
radiation shields within its shell was mounted onto the FST support
structure in such way to enclose the dilution refrigerator components.

The cryostat was removed to load and unload the target material.

3 , ) .
The phenolic rod had machined grooves that fitted the components
of the main dilution unit heat exchanger.
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On the day before the target loading, the space between the
radiation shields within the cryvostat (which had not been mounted vet)
was pumped on and the inner cavity space (space available for the
dilution refrigerater) was filled with LN2. On the morning of the
target loading, the cryostat was repumped and topped up with LN2. As
the cryostat inner walls continued to cool to LN2 temperatures {~77 K},
the target basket was prepared for the target loading. This involved
the sﬁbmerging of the target basket in a LN2 filled cup. Once the

temperature of the target basket had stabilized, the LN2 filled cup was
lowered to expose a § mm diameter hole located at the top of the target
basket. The target beads were then loaded into the basket via a thin
walled funnel and tube, in a LN2 stream (i.e. spoonfuls of LN2 and
target beads). When the target basket was full of beads, the LN2

filled cup used to cool the target basket, was removed and a pre-cooling
can was positioned in such a wav to enclose the dilution refrigerator
components. The pre-cooling can, which was essentially a long dewar
flask, was filled with LN2. During this LN2 pre-cooling period, the
liguid He-4 transfer line was installed and He-4 gas that had been
stored at room temperature in tanks beneath the pump frame was introduced
within the He-3 return line to flush away any air that may have been
trapped. After the temperature of the diiution refrigerator components
had stabilized, the pre-cooling can was removed from underneath the
dilution refrigerator, the LN2 within the cryostat inner cavity space
was removed and the cryostat was mounted onto the FST support structure.
Once the cryostat was installed, the He-4 gas flow within the He-3 line

was stopped and the He-3 space {space between cryostat inner wall and
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dilution refrigerator) was pumped on to remove any remaining LN2 and
air. The separator was pumped on and liquid He-4 transfer commenced
when the pressure in the He-3 space was reduced enough to use a
diffusion pump. Once the separator temperature began to decrease, the
condenser was pumped on and the condenser valve was opened. As the
liguid He-4 level within the condenser increased {(monitored by a
superconductive wire), an automatic condenser valve controller was
actiﬁated to maintain the desired operating level. When the separator
and condenser reached a temperature colder than the mixing chamber
temperature (~77 K}, a mixture of He-3/He-4 gas that had been stored at
room temperature beneath the pump frame was introduced into the He-3
return line. The gas mixture was then circulated {path through dilution
refrigerator is indicated by a solid line in [Fig. 5]) when the V1 and
He-3 bypass valves were opened. Once the entire He-3/He-4 gas inventory
was condensed power was supplied to the still heater. The heat shields
in the meantime were also cooled by conduction from the bottom plate of
the condenser and cold He-4 gas that was pumped out of the separator.

As the separator and condenser approached their operating temperatures
4.2 and 1.6 K, the circulating gas mixture reduced the mixing chamber
temperature from 77 to 1.6 K. Note though, that it was by pumping on
the liquid He-4 that enabled the condenser to be lowered below the
liguid He-4 boiling temperature of 4.2 K. To lower the mixing chamber
temperature below 1.6 K, the circulating gas path was changed by
closing the He-3 bypass wvalve and opening the He-3 valve, such that it

now entered the still tubular heat exchanger and main dilution heat
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exchanger. By continuing to circulate the He-3/He-4 gas mixture, the
mixing chamber was ccoled to the phase separation point, where it began
to operate in dilution mede. A minimum mixing chamber temperature was
attained by making small adjustments to the He-3/He-4 gas flow rate.

It took eight hours to cool the mixing chamber temperature from 77
to 1.6 K and an additional four hours to achieve an operating
temperature of ~45 mK. A typical cool down curve for the dilution
refrigerator when operating in dilution mode is illustrated in [Fig. 8].
IT.4.b Procedure Used to Attain and Maintain the Frozen Spin Target

Sample Polarization

To polarize the dilution refrigerator's target sample, a magnet
assembly consisting of a room temperature coil (above) and superconducting
solenoid (below) was raised such that the target basket {chamber} was
located at the center of the superconducting solenoid [Fig. 9al. The
mixing chamber was warmed to 1.6 K by stopping the He-3/He-4 circulation
and letting the refrigerator come to equilibrium with the condenser
temperature. The superconducting solenoid was then turned on to produce
a field of 2.55 T with homogeneity of + 5 x 10“5 T over a volume of
100 Cm3 (the solenocid homogeneity specifications were verified using NMR
probes). At this temperature the area under the NMR absorption curve
was measured to calibrate the NMR system (to be discussed in the
following section). The target sample was then cooled to ~ 0.1 K and
then polarized by the dynamic nuclear polarization method by irradiation
with microwave photons of energy appropriate to obtain the desired
target spin orientation. Polarization would then take place at a
temperature estimated at 0.2 or 0.3 K. A polarization curve typical for

the experiment is illustrated in [Fig. 10].
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Cool down curve of mixing chamber. At point "a" the

refrigerator began to operate in dilution mode (~1 K).
At point "b", a flow restriction valve was closed by a
quarter turn. This enabled the refrigerator to
stabilize at ~45 mK after 2 hours.
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After approximately four hours of polarizing the microwaves were
"turned" off and the refrigerator was allowed to cool to ~45 mK. The
room temperature coil was energized with a current of 500 A and the
entire magnet assembly was positioned such that the target chamber
location was in the middle of the gap between superconducting solenoid
and room temperature coil (Fig. 9b]. The target polarization was
maintained in a holding field of 0.257 T.

-The holding field was monitored using two Hall probes placed at
fixed locations in the space between the room temperature coil and the
superconducting solenoid. An original requirement was that the holding

field be stable to +1 part in a thousand or te +0.25 mT.

I11.5 Nuclear Magnetic Resonance

When a proton is placed in a static external magnetic field

- —+

Bg. the proton's magnetic moment { and hence the spin precess about

the magnetic field with an angular frequency of

where
g = yhs {23)

- -

regardless of the angle between U and Bg. In the above equation, By is

the magnitude of the external magnetic field, © is Planck's constant and

¥ is the proton gyromagnetic ratio. The value of Wy is callied the

Larmor precession frequency of the proton in the static magnetic field

—_

By

Consider now a system composed entirely of protons. In the

—

presence of the static external magnetic field BO = Bd%. the Hamiltonian

for the interaction between each proton magnetic moment and the field



-

BO is given as

H = -1t-By (24}
= -YﬁBOSZ
where
s, =]s®RJ. (25)
Because protons are spin 1/2 particles, s, has two allowed values: -1/2

and 1/2. Incorporating these two possible S, values in [Eq. 24] we see
that the protons in the svstem can occcupy one of two energy states [— >
or |+ >, depending on the value of SZ [Fig. 11a]l. A transition from
one proton spin state to the other can be produced by either emission or
absorption of a photon of energy'ﬁwo. which is eqgual to the separation
energy between the two spin states [Fig. 11ib}. Because the amount of
energy that must be absorbed by a single proton ih the] + > spin state
to undergo the upward transition to the ]— > spin state iS'ﬁwU. the
relative populations of the two spin states can be determined from the
amount of energy the system can absorb, at frequency Wy {Note that the
protons in the |+ > spin state must be excited to the E— > gpin state,
in order to perform the polarization measurement).

Since it is more realistic to represent the energy level states
in [Fig. 1ta] with a finite width {(this finite width arises from the
proton spin-spin collisions within the system which limits the lifetime
of a given spin state), the sample proton polarization is related to
the area under the sample energy absorption curve for electromagnetic
irradiation that is scanned about the proton Larmor precession freguency

@ [Fig. 11¢]. The fredquengcy scanning is necessary to ensure that most
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of the protons occupying the ]+ > state have at one time or another have
absorbed a guantum of energy with the appropriate frequency to underge
the upward transition to the |- > state. The NMR system uses this
principle to produce a signal that is proportional to the sample

polarization.

11.5.a Theoretical Consideration of the NMR Polarization Measurement
When a NMR system is used to measure the proton polarization of a

given sample, the proton depolarization is achieved by a coil that is

embedded in the sample [Fig. 7]. Let us once again consider the

previously described proton system with the addition that the now

embedded ceil is perpendicular to the static external magnetic field Bg-

-

When a current flows in the coil, a magnetic field By will be produced

whose direction is along the coil's longitudinal axis and is

perpendicular to the field BO. The net effect of this field will be to

introduce an additional torgque, causing the proton magnetic moment

vectors (which were originally aligned with and precessing about the
- - - -

magnetic field BO) to precess about the total field B = BO + B1 at some

angle with respect to their previous alignments. Because the magnitude
-
of the magnetic field B1 is oscillating in time with angular fregquency

- -+

@, the total field B precesses about By with angular frequency . When

the resconance condition w = Wy is met, the precession of the total field

B and the proton spins will be in phase, and radio frequency (rf) energy

will be strongly absorbed by the sample; this is expressed below as
rf power absorption = - M - dB, {26}
dt

-+

where M is the sample magnetization of the proton system, given as



T (27)
1

M =

13

1
Vi

with n being the number of protons in the volume V of sample and

My being the individual proton magnetic moment.

As rf energy is absorbed by the samplie at resonance & = g
changes in the sample magnetization and hence the sample polarization
will occur as a result of proton depolarizations. The NMR system
detects these changes in the sample magnetization by measuring the
sample magnetic susceptibility x(w), which for small rf excitation is

given by

M= x{w) B1 (28)
where
xX{w) = x'{w) - ix"{w). (29)

Since the amount of rf energy absorbed by the samnle at resonhance

=

0 = by is proportional to the sample polarization and since the
relationship [Ref. 23] between rf energy absorpiion and x{w) is

rf power absorption = Eﬁix”(w) (30)
the NMR system uses the absorptive term of the sample magnetic
susceptibility, x"(w), to perform the polarization measurement. Because
not all of the protons see the same magnetic field due to differing
local magnetic environments within the sample, the rf of the embedded
coil is scanned about the proton Larmor precession frequency and the

term x"(w) is averaged over all the scanned frequencies. Thus. the

target polarization (P) is proportional to
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X" (@) do . (31)
0
The direct absolute calibration of [Eqg. 231], which is the NMR
polarization signal, requires knowledge of geometrical factors, the gain
of various amplifiers, etc. This difficulty is overcome by comparing
the rf energy absorbed with the sample highly polarized to the energy
absorbed when the proton spin system is in thermal equilibrium at the

temperature of a helium bath. Thus,

o
1

E+Pyp » (32}

X' {w) dw
o

it

o

Xopg (@) dw
0
where E is the enhancement in the NMR polarization signal over the
thermal equilibrium signal and PTE is the thermal equilibrium
polarization given by [Egq. 1a]. During the course of the p-p elastic
scéttering experiment, proton peclarizations as high as 84% were measured
with the NMR system.
11.5.b.Difficu1ties in Using the Nuclear HMagnetic Resonance System to
Determine the FST Polarization

It was pointed out in the intreduction that the target polarization

must be known to an absolute accuracy of +2%, if the Ayy{e) parameter

is to be measured to +0.03 (absolute). Systematic errors in the




NMR system arise from;

{a) deviation from linearity of the NMR signal with target
polarization;

(b} non-uniformity of the polarization over the target volume. which
could arise from the inhomogeneities in the microwave irradiation:

{c) NMR system sampling of different parts of the target with unequal
weight, indicating a polarization that is different from the
average value of the sample; and

(d) thermometer calibration near 1 K when the NMR svstem was calibrated
with the TE method.

These errors limited the NMR [Ref. 19] system used in the A

tyy (€

experiment to attain an absolute calibration of no better than + 4%
{Ref. 1}.

Because of the above uncertainty in the target polarization, an
independent absolute measurement of the FST polarization was required to
calibrate the NMR system. This was done by performing a p-p elastic
scattering experiment at an energy and angle where the p-p analyzing
power is accurately known.

The main concern for the remainder of this thesis will be the p-p
elastic scattering experiment, whose apparatus is discussed in the
following chapter.

A list of the frozen spin target operating parameters is tabulated

in [Table 1].
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Operating Parameters of Frozen Spin Target

Target volume

{5 cm high, 2 cm wide and 3.5 cm thick}
Target sample :
Bead diameter
EHBA concentration
Operating temperature (typically)
Flow rate of circulated helium gas
Mixing chamber external heat load rate
Holding field
Holding field reproducibility
Polarizing field
Polarizing field homogeneity
Positive polarization microwave frequency
Negative polarization microwave frequency
Thermal equilibrium magnetic field
Thermal equilibrium temperature
Opening angle

35 cmS

1-Butancl beads
1.5 + 0.3 mm
8 x 1019 molecules/ml

45 + 5 mK

1.53 + 0.02 #/min
72.9 pW

0.257 T

+ 0.25 mT

2.55 T

45 x 1070 7T

70.550 + 0.002 GHz
71.020 + 0.002 GHz
2.54 T

1.6 K
Horizontal + 93°
Vertical + 11°, -8°

4

Estimated concentration to be 40% He-4 and 60% He-3 gas, at STP.




CHAPTER 111

EXPERIMENTAL APPARATUS

II1.1 Introduction

The experiment was carried out at the TRIUMF cveclotraon laboratory
in the proton hall, via beamlines 4A and 4A/2 with an experimental
layout as illustrated in [Fig. 127.

The unpolarized primary proton beam energy was monitored by a beam
energy monitor (BEM) system consisting of two six element range counters
placed behind the forward j‘17° (lab) arms of the primary proton beam
polarimeter. Because the primary beam was unpolarized the beanm
pelarimeter was used in the experiment for intensity monitoring purposes
only.

The secondary protoﬁ beam {which had a polarization vertical to the
scattering plane) was produced when the incident protons were
elastically scattered from a liquid hydrogen {LH2} or graphite {C)

target {during the A__(6) experiment, the above targets were replaced

vy
with a liquid deuterium target to produce the secondary neutron beam).
The LH2 target was used when the experiment was performed using 497 MeV
protons and the C target was used when using 512 MeV protons. Producing

the secondary proton beam in this way, allowed the proton beam incident

on the FST to be comparable in intensity to the neutron beam used in the

Ayyie) experiment.
The secondary proton beam was collimated through a 2.27 m long iron
and lead collimator and emerged at the 9° (lab) porit. whereas the

primary proton beam was dumped into a steel beam stop that was inserted

in the 0° (lah) collimator port. The secondary proton beam polarization
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tnpolarized protonbeam

Proton beam polarimeter &
Beam energy monitor

Liquid hydrogen target [LH2]
or Graphite target IC1
o' port 9° port
Beam stop
Lead collimator
—+ ——————TOF startscintillator
Superconducting solenoid
Clyde” E E———————-——Secondafy lead collimator
Dipole Horizontal drift chamber
magnets
“Bonnie"
inti Horizontal drift chamber
TOF sta.rt scintiflator OF stop scintiflator
Veto scintillator olarized prolon target (FSTI

Recoil proton

. detector
g Delay - line

chambers
TOF stop
scintillators

AE scintillator ™~

Scattered proton
detector

[Fig. 12]

Experimental layout used in the p-p elastic scattering
experiment to calibrate the FST polarization. The diagram
is not to scale. The apparatus depicted above was
originally designed for the "Test of Charge Symmetry

Breaking" experiment and was used in the AL,(8)
experiment as well. vy
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was rotated by 90° (into the horizontal) when the beam travelled axially
through a superconducting solenoid magnet at the exit of the collimator.
This was done to ensure that the observed scattering asymmetry was due
to the FST polarization only [see Chapter IV]. A time-of-flight (TOF)
system consisting of two scintillators placed as far apart as possible
was used to select the protons incident on the FST. The dipole magnet
"Clyde” was used to correct the solenoid magnetic field deflections of
the sécondary beam protons. The dipole magnet "Bonnie" was used to
steer the secondary proton beam so as to illuminate the vertical extent
of the target cell in three consecutive steps. Two horizontal drift
chambers with active areas of 8 cm by 8 cm were originally set up
upstream of the FST to estimate the position where the protons impinged
on the FST via track reconstruction. But, because of the non-linear
proton trajectories between the two drift chambers, only the horizontal
drift chamber nearest to the FST was used for FSY image reconstruction
[see section IV.2.a.4].

The scattered and receil protons originating in the FST were
detected in coincidence in iwo left-right symmetric detection svstems.
which allowed first order cancellation of systematic errors arising from
differences in left and right scattering angles, solid angles and
detection efficiencies. Fach detection system for scattered protons at
24° (lab}5 consisted of twe functionally distinct systems supported by a

boom: a TOF system for determining proton velocity consisting of a TOF

DThese are the nominal scattering angles. During the experiment
the detector systems were placed on the fioor at angles adjusted for the
holding field deflections [see Table 11].
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start scintillator close to the FST and a TOF stop scintillator placed
2.934 m away, and four delay line chambers for track reconstruction of
which three had an active area of 58 cm by 58 cm and one (the first one)
of 30 cm by 30 cm. Each detection system for the coincident recoil
protons at 61° (iab)6 consisted of two elements: a delay line chamber
of active area 58 cm by 58 cm supplied x~ and v- coordinates for the
recoil proton track recenstruction from the FST scattering center and a
largercharged particle scintillator (of dimensions 105 cm high by 36.8 cm
wide) functioning as a TOF stop scintillator for the recoil proton TOF.
The scaftered proton TOF start scintillator was used as the time
reference. A scintillator with a 10 cm by 18 cm rectangular hole was
located near the FST to veto recoil protons that had scattered from the

FST cryostat shell.
I11.2 Primary Proton Beam

I1T1.2.a Beam Transport

After extraction from the cyclotron, the proton beam bends out of
the main cyclotron magnet and travels along beamline 4V [Fig. 18]. The
“combination magnet", 4VCM, adjusts the magnetic field in this region
so that the extracted protons are directed down the beamline. The
quadrupole magnet triplet 4VQ1l, 4VQ2 and 4VQ3 then focuses the beam at a
point inside the bending magnet, 4VB1, which directs the proton beam

along beamline 44,

6These are the nominal scattering angles. During the experiment
the detector systems were placed on the floor at angles adjusted for the
holding field deflections [see Table 15].
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Due to the presence of stray magnetic fields (from the cyclotron},
the steering magnet 4VSM1 was used to keep the extracted beam "on axis".

The beam transport along beamline 44 was monitored by remotely
inserting various beam profile monitors (4AM3, 4AM4 and 4AM5)} and the
beam was kept on axis by adjusting the beam with several vertical and
horizontal steering magnets (4ASM2 and 4ASM3). The beam was focussed by
using the quadrupole magnet doublets (24AQ4-4AQ5 and 4AQ6-4AQ7).

The bending magnet, 4AB2, was turned off to allow the primary
proton beam to be dumped into the 0° {lab) collimator port and to extract

the secondary proton beam with minimal magnetic field deflections.

II1.2.b Beam Energy and Intensity HMonitoring

The proton beam energy monitoring system was located within the 1.5
m diameter Simon Fraser University (SFU} scattering chamber. The primary
proton beam energy stability was monitored throughout the experiment by
a system composed of a twin detector assembly (set symmetrically about
the beam axis) viewing a kapton foil located 6.32 m upstream from the
LHZ2 {or C} secondary beam production target center. The primary proion
beam energy was measured by observing the p-p elastic scattering
coincident events from the kapton foil at * 17° (lab} and determining
the proton stopping distribution in a range counter assembly.

The beam energy monitor (BEM) sensitivityv to changes in beam energy
was + 35 keV [Ref. 24] for a beam of 500 MeV. The BEM's could not
determine the absolute beam energy because of the non-negligible
uncertainty in the range-energy relations.

A coincidence was achieved when the scattered proton was detected
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in the left7 (right} 17° (lab) primary proton beanm polarimeter -arm and
the recoil prﬁton was detected in the right (left) 88.9° (lab) recoil
detector [Fig. 14a]. The choice of angles was determined by the
maximum of the p-p analyzing power curve at 500 Mev.

Each of the polarimeter forward arms consisted of: two

scintillators (Al. A2) for the polarimeter telescope, a copper degrader
and six scintillators {counters), By through B,. that had copper plates
sandwiched between them. Counter Bl was reduced in area to minimize the

loss of protons from the range telescope due to multiple scattering.

The scintillator A2 was rotated by 68° lab to make the polarimeter

insensitive [Ref. 25) to minor shifts {+* 2 mm) in the beam

centroid. The recoil detectors consisted of a single scintillator, A,

The range counter assembly coincidence requirement for a particle

stopping in counter Bi was {Al'AE'AQ'Bl"'Bi!‘ The coincidences were

electronically scaled as (AI-AZ-AS-Bl),{Al-AE-AS-Bl-Bz),.,..

(A, -A, -A_-B

148 ..B.} [Fig. 151 and the number of protons stopping in the

3 "1 6
counter Bi were determined by taking the difference between successive
scalers (using software).

The proton beam intensity was determined using the left and right
polarimeter arms and knowledge of the p-p differential cross section,

polarimeter target thickness and solid angle.

¥i . . . . ,
Left is with respect to an observer loocking along the primary
proton beam direction, positioned at the kapton target [Fig. 14a].
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Plan View
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{a) Plan view of polarimeters and beam energy monitor apparatus.
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(b} Beam energy monitor details for a single polarmeter arm.

[Fig. 14]

Schematic of the BEM-Polarimeter apparatus.
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The polarimeter accidental coincidence rate was determined
[Fig. 15] by delaying the scattered proton counter (Al. Az? signals by a
single beam burst {43.5 ns) with respect to the recoil counter {AS)
signals.

buring the course of the experiment the primary proton beam current
was maintained at 110-140 nA which correéponds to a beam intensity of
{6.29 - 8.8) x 1011 particles/sec. The corresponding secondary beam
inteﬁsity was (3.8 - 4.8) x 106 particles/sec. At these beam
intensities, it required on the average ninety minutes of data
collection to attain 100,000 p-p coincident events on tape that had
taken place within the FST.

The specifications of the polarimeter-BEM assembly are tabulated in

[Table 27.

iI1.3 Secondary Proton Beam
I11.3.a Beam Production

The experiment was performed using two different primary proton
beam energies of 497 and 512 MeV. This corresponded to a secondary
preton beam energy of 469 and 501 MeV at the FST center. The second D-p
elastic scattering experiment was not performed at 497 MeV due to the
use of a different secondary proton beam production target. The target
change was introduced to reduce the target changing over period between
the Ayy experiment and the second p-p elastic scattering experiment,
thus allowing more time for data collection.

Using a primary proton beam energy of 497 MeV, the secondary proton
beam was produced by elastic scattering from a LH2 target. The target

contained LH2 at a temperature of 17.1 K and a pressure of 168.2 kPa.



[Table 2}

Operating Parameters of Polarimeter - Beam Energy Monitor Assembly

Kapton target thickness
Beam energy monitor:

By counter distance from k
Number of counters
Thickness of counters
Thickness of Cu separators
Counter size: B4

Bo-Bg
Main degrader thickness:

Polarimeter telescope:

Number of counters

Counter A2 size

Counter Ao distance from k
Counter Ao solid angle
Counter A2 polar angle ran
Counter Az azimuthal angle
Counter Az centrial angle
Counter As rotation angle

Recoil detector:

size
distance from k
solid angle

Counter Ag
Counter
Counter
Counter
Counter
Counter

azimuthal angle
central angle

apton target

using LH2 production target
using C production target

apton target

e
ge

range

apton target

polar angle range

range

4.175 mg/cm?

104.8 cm

ch
mm

mm by 5 mm
cm by 1 cm
143.4 mm
151.0 mm

%) S P Y

2

1 cem by 2.5
T7.47 cm
0.16 msr

+ 0.37°

+ 1.286°

17°

ga°

cm

2 cm by 1 cm
20.32 cm
4.84 msr

+ 1.47°

+ 3.0°

68.9°
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The target chamber was 19.7 cm long {(target thickness of 1.39 g/cmg) by
50.8 mm in diameter, with walls of 0.25 mm stainless steel and end
windows of 0.051 mm. When in operation the target was separated from
the cyclotron vacuum by 0.13 mm stainless steel windows.

When the experiment was performed using 512 MeV primary protons,
the secondary proton beam was provided via 12C(p,p) scattering. The
target consisted of 5 discs of graphite each of 50.80 mm diameter with
thickﬁess of 1.65 mm. The discs were spaced 50.80 mm center to center

to give an overall length of 20.49 ¢m and thickness 1.49 g/cmz.

111.3.b Beam Collimation

The secondary proton beam used in the p-p elastic scattering
experiment emerged at 9° (lab} to the primary beam direction through a
3.37 m long collimator assembly [Fig. 12].

The collimator was constructed of steel pives that were welded to a
steel frame filled with lead. The pipes were built in two sections.
The downstream section was 1.5 m long and 12.8 cm in diameter while the
upstream section measured 1.8 m long and 10.2 cm in diameter (the
downstream section diameter was deliberately made larger than the
upstream section diameter to reduce radiation at the secondary beam
production target location}. Unused ports were shut with steel plugs.
In the 9° (lab) collimator port, rectangular apertures were cut into the
collimator steel inserts, of which the upstream (downstream) pipe
section contained 6(5), ranging from 39.1 mm horizontal by 18.6 mm
vertical upstream to 46.1 mm horizontal by 32.2 mm vertical downstream.

The distance between the center of the LH2 {or C) target and the

entrance and exit of the collimator was 2.92 m and 6.29 m respectively.
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A second collimator was placed in the dipoie magnet "Clyde”, to
eliminate protons that had undergone multiple scattering from the walls
of the inner structure of the superconducting solenoid magnet (to be
discussed in the next section) and upstream collimator walls. The
secondary collimator consisted of lead bricks that were stacked into a
61 cm long spacé to form a 51.3 ¢cm wide bﬁ 52.0 nmm high8 aperture and
were positioned 1.8 m downstream from the main collimator 9° {lab) port

exit.

IT11.3.c Beam Polarization Rotation

Since the primary proton beam is unpolarized and the secondary
proton beam is produced by elastic scattering, the secondary bean
polarization (PB) can be expressed by [Ref. 26]:

Po = A _(0) “{34)
where Ay(ﬁ) is the analyzing power. The beam polarization was positive
{i.e. vertical to the incident beam direction and pointing up} since
Ay(e} > 0 and the protons scattered to the left. Using iRef. 3]

{[Ref. 271), [Eq. 34] and 6 = g° (lab), PB was determined to be 0.41
(0.24) for a primary beam energy of 497 {512) MeV, which corresponded to
an energy of 493 (510) MeV at the center of the LH2 (C) target.

A superconducting solenoid magnet [Fig. 12] with 0.26 m bore length

and 2.104 T.m integrated field strength capability was used te precess the

vertical proten polarization by 90° (clockwise) into the horizontal

plane.

8This value was quoted as 50.8 mm in [Ref. 24], but the value used
in the text was the result of an August 13, 1986 survey performed by
Dr. C. Davis.
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Conservation of parity [Ref. 26] then enéures that the beanm polarization
has no influence on the observed FST left-right scattering asymmetry.

The superconducting solenoid specifications are tabulated in [Table
8]. The upstream end of the solenoid was located 16 cm from the 9°
(lab) collimator port exit, and the downstream end was 4.7 cm from the
upstream face of the dipole magnet "Clyde". Because the magnetic field
of "Clyde" extended into the solenoid's field and vice versa, a net
force.would be exérted on the solenoid's coils. To minimize this
effect, a 0.95 cm thick soft iron field clamp was built on to the
solenoid support structure. The reduction in the tail of the solenoid
magnetic field distribution [Fig. 16] at the location of the field
clamps (+ 37 em) is clearly visible. The field clamp consisted of four
rectangular plates. The two side plates had dimensions of 22.86 cm by
72.39 cm, whereas the front and back plates had dimensions of 22.86 cm
by 54.1 cm. 4 hole of radius 2.85 cm was centered in both the front and
back plates to ensure the passage of the secondary proton beam. The
field clamp hole radius was oversized by 0.32 cm to minimize secondary
beam multiple scattering when entering and exiting the solenoid.

The solenoid integrated field strength necessary to rotate the

secondary proton beam polarization by 90° was calculated from [Ref. 28]:

/Bde = m hc_ (pc) 1 (35)
2 (me?) p
where mc2 is the rest mass of the proton (in MeV), pc is the proten

momentum at the solenoid center {in MeV), fic is Planck's constant times

the speed of light (in MeV-m} and M. is the proton magnetic moment (in

Mev.T 1y,



[Table 3}
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Superconducting Solenoid Specifications

Cryostat:

Max. overall length

Max. diameter

Max. overall height

Room temp. bore tube diameter

Bore length

Max. liquid helium volume

Useful liguid helium volume
Max./useful liquid nitrogen volume
Liquid helium boil off9 rate
Liquid nitrogen boil off9 rate

Magnet:

Max. central field
Current for max. central field
Homogeneity

Persistence {nominal)
Inductance

Stored energy at full field
Switch heater current
Switch heater resistance
Time to energize magnet

68.2 cm
48.8 ¢cm
97.0 cm
5.08 cm
26.0 cm
15.8 litres
8.5 litres
10.4 litres
4.2%/hr
3.3%/hr

7.0 T

54.8 A

+ 5% of central field over
18 cm axis {-9 c¢m to + 9 cm)
1 part in 104/hr

23.25 H

35 kJ

50-60 mA

100 @

0.75 hrs

9

When solenoid was in persistent mode.
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Axial magnetic field of superconducting solenoid. The field
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indicates nearest face of "Clvde”.
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According to the solenoid specifications [Ref. 29], a central
magnetic field of 7 T is obtained at a persistent mode current of 54.8 A
and the fB-dE = 2.104 T-m. The persistent mode current (in A) regquired
to produce a fB-d£ necessary to perform a 90° rotation in beam
polarization is given by the relation

/B a2 (36)
X 54.8

.2.104

The corresponding central axial magnetic field (in T) is determined from

/B.ae (37)

X

2.104

Buring the 497 (512) MeV data collection period of the experiment
(which corresponded to an secondary beam energy of 473 (506) MeV at the
superconducting solenoid center) the sclenoid was operated [Ref. 30] at
a persistent mode current of 51.7 (53.8) A and central axial magnetic
field of 6.6 (6.8) T. The time required to place the solenoid in
persistent mode from its room temperature state took between 2-3 hours
depending on the number of times the solenoid quenched.

A field mapping of the superconducting solenoid when operating in a
persistent mode current of 53.8 A was performed by using an alignment
laser (directed along the solenoid axis) and a 10 T axial-field Hall
probe. As the probe scanned along the axis of the solenoid, as
indicated by the laser, measurements were made over regions for which
the field was 0.01 T or more. The central field was at 6.8 T and the
results of the field mapping are illustrated in [Fig. 16]. The spin
precession angle for 506 MeV protons (energy of protons at solenoid when

using a 512 MeV primary proton beam) was found to be 89.8° + 1.8°,



111.3.d Beam Steering
When the secondary proton beam travelled axially through the

superconducting solencid a ©¢.06° horizontal deflection (460 Y was

abs
observed at the FST (66, . was determined from two runslo, one with the
superconducting solenoid on and one with it off, then observing the
shift in the proton trajectories at the FST locatioen). This implied a
0.1° deviation between the solenoid magnetic axis and the beam central
axis. The solenoid misalignment angle 6 was determined from the
following egquation:

86 .. = g X sinb_ x (IB'dglsoipnoid
n

where éeobs is the deflection angle observed at the FST due to the
solenoid only, g is the charge of the proton (in coul.) and p is the
known proton momentum at the FST center {in kg-m-s'll.

The dipole magnet "Clyde"” was used as a horizontal steering magnet
to correct the secondary beam proton trajectories from the deflection
that they had obtained from the solenoid misalignment.

Because the vertical dimension of the secondary proton beam was
smaller than the vertical dimension of the target cell, the dipole
magnet "Bonnie"” was operated as a vertical steering magnet to direct the
beam to illuminate different vertical sections of the target cell.

During the course of the experiment the magnetic field of "Bonnie"

was changed at the start of each run, to illuminate a different

10The data collection period required to fill a single magnetic

tape with information concerning ~100,000 p-p scattering events at the
F87T is referred to as a run.
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vertical section of the target cell. Three separate consecutive runs
were taken to illuminate the entire target cell.

The DAC settings and corresponding total deflection angles11 for
the dipole magnets "Clyde" and "Bonnie" are tabulated in [Table 4] and
[Table 5] respectively. The DAC unit was a digital control of the
magnet current, whose setting could be manually adjusted. A DAC

setting of 0.01 for the dipole magnet "Bonnie” ("Clyde") corresponded to

a [B,-dz (fB,-dz) of 0.0024 (0.0083) T-m

I111.3.e Time of Flight

The experiment determined the target polarization from the observed
scattering asymmetry and known analyzing power for p-p elastic
scattering. Because the secondary beam was contaminated with lower and
higher energy particles that had resulted from p-p inelastic scattering
and reactions in the secondary beam production target, a TOF system was
’set>up upstream of the FST [Fig. 12) to isolate the protons of
interest [see section IV.2.a.1].

The TOF system, with specifications tabulated in [Table 6}, was
set up such that the start and stop scintillators had a maximum possible
separation. This ensured maximum peak separation in the TOF spectrum.

Each start and stop scintillator was attached to a single

photomultiplier tube via a light guide that contained four optical

11How the total deflection angle was calculated from the solenoid

misalignment and dipole magnetic deflections will be discussed in the
following chapter.
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[Table 4]

DAC Settings of "Clyde" and Corresponding Total Deflection Angles

DAC Setting Secondary Bean fo-dz Horizontal Deflection
Production : Angle
Target (T-m) (in degrees)

0.02 LH2 0.0066 0.024
0.03 LH2 0.0099 0.037

C 0.0099 0.0358

.04 LH2 0.0132 0.049

[Table 5]

DAC Settings of "Bonnie" and Corresponding Total Deflection Angles

DAC Setting Secondary Beam IBX-dz Vertical Deflection
Production Angle
Target {(T-m) (in degrees)
0.00 C 0.0000 0.000
0.0 C 0.0024 0.024
0.0112 C ~0.0024 -0.023
0.02 LH2 0.0048 0.051
0.05 C 0.0120 0.121
0.0512 C -0.0120 ~0.121
0.07 LH2 0.0168 0.177
0.10 C 0.0240 0.243
0.1012 C ~-0.0240 -0.244
0.11 LH2 0.0264 0.279
0.15 LH2 0.0360 0.380

lzThe polarity of "Bonnie" was interchanged.
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Secondary Proton Beam TOF System Specifications

Start scintillator:

Material

Width

Height

Thickness
Distance from FST

center

Distance from collimator
Distance from solencid field clamp
Light guide strip length

Light guide rod:

Stop scintillator:

Material

Width

Height

Thickness
Distance from FST
Light guide strip
Light guide rod:

Length
Inner two strip thickness
Outer

center

length

Length

Inner two strip thickness
Guter

Pilot-u scintillator
4 ¢cm

2.8 ¢m
0.08 cm
648.2 cm
7.8 ¢cm
.2 Ccm
cm

cm

.8 cm
.6 cm

[ e B B o]

Pilot-u scintillator
6 cm

4.cm

0.08 cm

47.7 cm

3 cm

2 cm

1.2 cm

0.8 cm
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strips with the same length. 1In each case, signals from the
photomultiplier tube were fed into a time to digital converter {TDC)
using a constant fraction discriminator (CED). The TOF was determined
from the difference in the TDC outputs. A schematic diagram of the
photomultiplier tube signals to the TDC, for either start or stop
scintillator, is illustrated in [Fig. 17].

Because the CFD comes up often in the experimental electronic
diagrams the reason for using this type of pulse discrimination will be
explained here.

When charged particle interacts with the scintillation detector,
the output pulse signal from the photomultiplier tube has an amplitude
that is related to the energy deposited by the particle in the detector.
A discriminator is used to select pulses that correspond to particle
energies that are of interest. Two common discriminators are of the
integral and differential type {Fig. 18]. The integral discriminator
serves to pass pulses that have an input pulsé height greater than the
“threshold bias". The differential discriminator however, yields an
cutbut pulse only if the pulse falls between prescribed upper and lower

"threshold" levels. Th

39

difficulty in using such discriminators arises
from the relative timing dependence of the output pulse on the amplitude
of the input pulse. This is illustrated in [Fig. 19] for the case of an
integral discriminator.

Improved timing resolution is achieved with a constant fraction
discriminator that is insensitive to the input pulse amplitude. The CFD
functions with the following principle [Fig. 20i. Suppose a 20% fractional
triggering level is used. The detector anode current pulse {input pulse) is

first attenuated to 20% of its initial amplitude. The input pulse is also
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—— (" 3+——TDC

CFD >
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Scintillator
v / PMT {

T " F+——ADC

[ index: ]
PMT  Photomultiplier tube

[Fig. 17]

Schematic diagram of electronics for either start or stop
scintillator signals. The 50 ns indication in the CFP
corresponds to the width of the output pulse. The ADC
abbreviation is used for the analog to digital converter
module.
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[Fig. 18]

Types of pulse discrimination.
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The effect of input pulse of differing amplitude on the
timing of the output pulse from an integral discriminator.
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delaved by a time interval, t3, and invefted. The delay time t3 is
chosen such that the 20% phase point on the delaved and inverted pulse
lines up with the maximum amplitude of the attenuated pulse. These two
pulses are then added to produce the bipolar constant fraction timing
pulse. As can be seen, the attenuated pulse exactly cancels the delayed
and inverted pulse at the 20% phase point on the delaved pulse. A
trigger circuit, which is enabled by the current gate signal, is
arranged to trigger an ocutput pulse at the zero-crossing point of the
bipolar pulse. This corresponds to sensing the arrival of the same
fraction of charge (i.e. 20%) regardless of the input pulse amplitude,
for input pulses of the same shape.

1I1.3.f FST Image Reconstruction

0f the two horizontal drift chambers, located 87.2 cm and 2315.6 cm
- upstream of the FST [Fig. 12], only the drift chamber nearest to the FST
was used to depict the FST image. see |[section IV.2.a.4} for mare
details. The chambers were chosen for their high rate capabilities.

The internal construction of the drift chamber {Ref. 311 consisted
of four wire planes and five cathode foils. Each wire plane was
positioned at the midpoint between adjacent cathoede foils [Fig. 2ia].
Two of the four wire planes were used to provide the horizontal position

readout and the other two were used for vertical position readout. Each

wire plane consisted of sixteen pairs of alternating anode and cathode

(]

wires that had an adjacent anode and cathode wire spacing of mm. The
cathode and anode wires were made of 2 mil diameter Au-Be-Cu (mostly

copper) and ~1/2 mil diameter gold plated tungsiten wires respectively.

The active area of each drift chamber was 8 cm by 8 cm.
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The space between the cathode foils contained a gas whose
composition was 70% argon and 30% isobutane. The separation distance
between foils was 6.4 mm.

When a charged particle travels through the drift chamber [Fig. 21b]
it liberates electrons and positive ions as a result of the argon gas
ionization. The electrons begin to accelerate toward the anode wire
under the influence of the electric field, and after a time ~10 11 sec
they reach an approximately constant drift velocity (typically 4 cm/us
[Ref. 31]). The magnitude of the drift velocity will depend on the
electric field and pressure of the gas. As the electrons continue to
travel through the gas they will begin to spread out due to diffusion,
multiple scattering and secondary ionization. Once a singal that the
particle has passed is received, the drift chamber then measures the
spatial position of an ionizing particle from the electron drift times
for the anode wires that are struck [Ref. 327.

The main drift chamber gas component is argon chosen for its high
specific ionization, large multiplication (the additional charge
released due to secondary ionization) at a relatively low working
voltage, and its low cost. Because the photons that are emitted in the
deexcitation of excited argon atoms (which had been initially excited
via electron collisions) can photo-emit electrons from the cathode, the
gas isobutane was added. This gas can absorb photons over a wide range
of energies (since excited isobutane molecules have many rotational and
vibrational energy levels) and then deexcite through elastic collisions
or dissociate into simpler molecules.

Because it is desirable for the field to be uniform in the drift

space, so that the horizontal or vertical spatial position of the
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particle varies linearly with time, the field shaping cathode wires are
incorporated in the wife plane.

To discriminate on which side of the struck anode wire the particle
passed, there was a 2.5 mm (half of anode wire spacing) offset between
two adjacent wire planes.

The operating voltage was set at -1.52 kV. A list of the materials
the secondary proton beam passed through as it travelled through the

drift chamber is tabulated in [Table 7].

Iil.4 The Frozen Spin Target
The FST has been discussed in some detail in the previous chapter:

only topics relevant to the analysis will be present below.

1I1.4.2 HMagnetic Holding Pield

During the data collection period of the experiment, the target
sample was maintained at a mixing chamber temperature of 45 (+ 5)13 mK
and in a holding field of 0.257 T. This ensured average polarization
decay times (~650 hrs) that were in excess of the experimental data
taking period (~21 hrs). The holding field direction throughout the
experiment was vertical to the secondary beam central axis and pointed
up. Various field maps were made of the vertical component of the
target holding field as a function of distance from the center of the
target during the "Test of Charge Symmetry Breaking" experiement, using
properly calibrated Hall probes. These field maps, which were taken at a

distance of 3.81, 2.54, 0, ~-2.54 and -4.57 cm above and below the target

13 . . . . .
" "Considering only statistical fluctuwations. If the carbon

resistor calibration is taken into account as well, the uncertainty
becomes + 10 mK.
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[Table 7]

Horizontal Drift Chamber Material in the Secondary Proton Beam Path

Material Thickness Description
(cm)

Aluminized mylar 0.00025 Cathode foil
Isobutane/argon 0.64 Brift chamber gas
Aluminized mylar 0.00025 Cathode foil
Isobutane/argon 0.64 Drift chamber gas
Aluminized mylar 0.00025 Cathode foil
Isgbutane/argon 0.64 Drift chamber gas
Aluminized mylar 0.00025 Cathode foil
Isobutane/argon 0.64 Drift chamber gas
Aluminized mylar 0.00025 Cathode foil
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cell, were used to correct the incident. scattered and recoil proton
trajectories for the deflection that they had undergone in the presence
of the holding field. The holding field deflection angles for the above
field maps are tabulated in [Table 81. How these deflection angles were
calculated will be discussed in the following chapter. A sample plot of
the vertical component of the holding fieid as a function of radial
distance from the FST in the horizontal beam plane is illustrated in

[Fig. 22].

111.4.b Target Support Structure

To minimize background and multiple scatitering, the insulation and
support structure material used in the construction of the FST was kept
to a minimum. Two 50 cm3 vacuum spaces |[Fig. 7] above and below the
target cell were also incorporated to keep as much unwanted material out
of the A__(8) experiment neutron beam as possible, to reduce background
in that experiment. A list of the FST material around the target cell
is tabulated in [Table 9}.

X-ray radiographs were taken of the FST target cell before the
data collection period of the experiment. The results of these

radiographs are tabulated in {Table 10].

II1.5 Scattered and Recoil Proton Detection Systems
III.5.a Introduction

To determine the target polarization from the experimental data two
criteria had to be met. First, the secondary beam protons had to be of
a specific energy or momentum and second, the protons had to scatter

elastic

™
izl

elasticalily from the FST protons. A p-p scattering event
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[Table 8]

Frozen Spin Target Holding Field Deflection Angles

Vertical Position Secondary Bean Horizontal Deflection

Production Angleld

{cm) Target {in degrees)
'3.81 : LH2 0.694
C 0.667
2.54 LH2 0.680
C 0.654
0.00 LH2 0.666
C 0.640
~2.54 LH2 0.875
C 0.649
-4.57 LH 0.705
C 0.678

14The above deflection angles were calculated using the secondary
proton beam energy at the FST center. This corresponded to 489(501) MeV
when using LH2 {C) as a secondary beam production target.
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[Table 9]

Frozen Spin Target Material in the Secondary Proton Beam Path

Materiall® Thickness Description
(cm)
1-butanol 1.916 Target material
. {60% packing fraction)
Liquid helium 1.916 Refrigerant fluid
{40% packing fraction)
Copper 0.0054 Target cell thickness
Liquid helium 0.279016 Refrigerant fluid
Stainless steel 0.0127 Inner vacuum vessel
Copper 0.0076 Inner heart shield
Mylar 0.00056 Insulation
Copper 0.0076 Middle heat shield
Mylar 0.0032 insulation
Copper 0.0076 Outer heat shield
Mylar 0.0095 Insulation
Aluminum 0.1016 Quter vacuum vessel
15

All of the materials are arranged in a concentric geometry around
the FST.

8 . . .

1“Because the target cell is rectangular and the inner vessel is
circular, the above thickness will change depending on the path taken by
the scattered or recoil proton.



{Table 101

X-ray Radiograph Results of Frozen Spin Target

Offset
Description Longitudinall7 Horizonta118
(mm) {mm)
Cryostat location with respect to
solenoid inner wall -0.7 + 0.2 -0.9 + 0.2
Crvostat location with respect to
pivot post -1.0 + 0.2 0.0 + 0.2
Target cell location with respect to
cryostat outer wall 0.5 +0.2 -1.0 + 0.2
Target cell location with respect to
pivot post -0.5 + 0.3 -1.0 + 0.3
17

The longitudinal axis is along the central beam axis and positive
downstream the FST.

18The horizontal axis is horizontal to the central beam axis and is

positive to the left of an obhserver looking downstream from the FST.
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when kinetic energy is conserved in the p-p interaction.

In the experiment, the p-p elastic scattering events were detected
in coincidence in two independent scattered and recoil proton detector
systems. Two symmetric detector systems were set up left and right of the
beam éentral axis [Fig. 283]. This aided in the first order cancellations
of systematic errors arising from differences in detector efficiency,
scattering angles and solid angles. The four detectors provided
information from which kinetic energy, momentum, scattering angle and
azimuthal angles were determined, which was sufficient information to
identify p-p elastic scattering events from the following kinematic
constraints:

{a) energy sum;

(b} transverse momentum sum;

{c) opening angle and

{d) coplanarity angle.

All of the above four constraints will be described in some detail in
the following chapter.

For future reference, the experimental coordinate system is defined
here as: a left event has the scattered proton to the right of the
incident beam central axis (looking downstream of the FST) and the
recoil protog to the left, a right event has the mirror symmetric
definition [Fig. 23]. The z-axis is defined as positive, downstream of
the FST, along the secondary beam central axis. The x-axis intersects
the target in the horizontal plane and is defined positive on the left
hand side of an observer looking downstream from the FST. The v-axis is

vertical to the x-z plane and is defined positive above the plane. The
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Experimental coordinate system definitions as viewed
from above. Note that positive y-axis comes out of
the diagram.
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phyeical detector angles are defined positive when the proton scatters
to the left of the positive z-axis.

The two recoil and scattered proton detectors were placed at + 61°
(lab)lg and + 24° (lab)lg, respectively. At these angles the p-p

analyzing power is accurately known to + 1.5% [Ref. 31.

II1.5.b Scattered Proton Detection Apparatus

The scattered proton detection system consisted of a TOF systenm
that was used to determine the scattered proton energy or momentum, and
four delay-line chambers (DLC} which were placed between the two TOF
scintillators to record horizontal and vertical coordinates for track
reconstruction. The apparatus mentioned above was mounted on a rigid
boom that was pivoted just below the FSf center. This enabled the
entire detection system to be rotated to whatever angle was reguired
without having to re-align thé detector components. The detector arrays
were also used by the Ayy(e) experiment. Details of the apparatus along

the detector boom are listed in [Table 117

111.5.b.1 Time of PFlight

The TOF start scintillator, with specifications listed in [Table
12) has two photomultiplier tubes attached to the scintillator: one
located at the top and one at the bottom. Each photomultiplier tube was
attached to the TOF scintillator via light guides that contained six

optical strips of equal length. The TOF stop scintillator consisted of

19These are the nominal scattering angles. During the experiment
the scattered (recoil) proton detector systems were piaced on the floor
at angles adjusted for the holding field deflections [see tables 11 and
157,
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[Table 11]

Positions of Scattered Proton Detection Apparatus Along Boom

Distance20
Item Left Event Right Event
{mm) (mm}

TOF start scintiilator 410.0 410.0
DLC 1 616.3 607.3
DLC 2 1689.3 1671.3
DLC 3 2831.5 2828.1
DLC 4 2999 .5 2992.7
AE scintillator 3139.0 3137.0
TOF stop scintillater 3444.0 3444.0
Physical detector angle21

For LH2 target run -25.28° 2z2.62°

For C target run -25.835° 22.60°

10

2'All distances are given as the distance from the center of the FST
to the center plane of the listed item and were measured to within + 1.0
mn.

21The booms were aligned to these angles to take into account the

holding field deflections of the scattered protons. The angles were
measured to within + 0.05° (absolute scale).
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[Table 12]

Scattered Proton Detection System TOF Start Scintilliator Dimensions

Material Pilot-u scintillator
Width 17.5 cm
Height 17.5 ¢cm
Thickness 0.08 cm
Light guide strip length 17 cm
Light guide rod: Length 5 cm

Inner four strip width 3 cm

Quter two strip width 2.75 cm
Overall length22 131 cm
Photomultiplier tube shielding length 35 cm

22

Includes both photomultiplier tubes and light guides.
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one large scintillator sheet of dimensions 67.0 cm wide by 69.0 c¢cm high
and thickness 6.4 mm. The TOF stop scintillator was viewed by four
photomultiplier tubes: two located at the Top and two at the base. In
each case, signals from the photomultiplier tubes were fed into a TDC
via a CFD. The associated scintillator TDC's were averaged and the TOF
determined from the difference bhetween averaged TOF start and stop TDC
signals. Because of the TOF stop scintillators large dimensions, the
timiné signals had a position dependent correction [see section IV.2.b.27.

A simplified schematic diagram of the scattered proton detector
system electronics is illustrated in [Fig. 24]. The AE scintillator had

dimensions of 67.0 cm wide by 65.0 cnm high and a thickness of 6.4 mn.

IT1.5.b.2 Track Reconstruction
The scattered proton track was reconstructed from hit coordinates
in four DLC's each capable of recording vertical and horizontal
coordinates. The DLC's, which are multiwire propertional chambers
{MWPC) [Ref. 31], were chosen for their high detection efficiency (> 90%)
of ionizing particles.
The reconstruction of the scattered proton track had a two-fold
importance:
(a) the proton scattering angle could be determined; and
(b) the proton kinetic energy or momentum could be determined from
the TOF, since the reconstructed proton track could be used to
determine the proton path.
The first of the four DLC's in each scattered proton detection
system had an active area of 30 cm bv 30 cm, whereas the remaining

three had an active area of 58.0 cm by 58.0 cm. It was not necessary
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for the first DLC to have a large active area since the solid angle
projected to an area at the first DLC well within the 30 cm by 30 cm
active region.

The following discussion will apply to the 58.0 cm by 58.0 cm DLC's
but a similar description can be used for the 30 cm by 30 c¢m DLC's.
fach DLC [Fig. 25al consisted of two cathode planes and one anode wire
plane that was sandwiched in between. The cathode planes consisted of
copper—mylar laminate strips that had a separation of 0.5 mm. The
copper strips were 3.5 mm wide and 20 pm thick. The anode wire plane
contained 291 vertically running wires that had a separation of 2 mm and
were at a + 4550 V potential {the first DLC operated at + 3600 V). The
copper strips of the cathode planes ran horizontally in one plane and
vertically in the other, each ran perpendicular to their respective
delay line, to which each cathode plane was capacitatively coupled.

A delay line is a transmission line that allows the spatial
position of a particle to be determined from the difference in arrival
times of the signals at the two ends of the line [Fig. 261. The two
delay lines on each chamber were mounted on the vertical and horizontal
frames of the chamber and had a propagation of approximately 28 ns/cm.

" : ]

The space between the cathode planes contained "magic” gas whose

composition was 230% iscbutane, 30% a mixture of 1% freon in argon and

3,fmin

40% argon bubbled through methylal. The gas flow rate was 65 cm
{the first DLC had a gas rate of 90 cms/min). This was sufficient to
counter-balance the electrostatic attraction beiween the anode and

cathode planes. The separation distance between cathode planes was

maintained at 6 mm.
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As the charged particle traveled through the DLC [Fig. 25h] a track
of ionization was left in the gas. The resulting electrons are
then collected at the anode wires, disturbing the potential temporarily.
An image of the disturbance appears on the cathode plane strips and
gives an electrical signal that travels along the delay-line,
indicating that the particle has passed. Each anode wire in the DLC
then operated as an individual proportional counter. As the electrons
moved.towards the anode wire under the influence of the large electric
field their acceleration was large enough to cause secondary ionization
near the wire, yet small enough so that the output anode wire signal was
still proportional to the number of primary ion pairs.

As for the drift chamber, the main gas compecnents of the MWPC are
argon and isobutane. Because the dissociated preoducts of the isobutane
can recombine to form solid or ligquid residues (i.e. polymerizes) that
can build up on the cathode planes and cause serious distortions of the
electric field in the chamber, the gas methylal (which is
non-polymerizing) was added. Ionized methylal molecules, which have an
ionization potential lower than that of the other gas components, were
formed through ion exchange and were what eventually reached the cathode
plane. Freon, which is a molecule with a large electron affinity, was
also added to capture secondary electrons (i.e. preventing avalanching).

When a scattered proton travels through the DLC the ionization
electrons collect at the anode wires from either side of the wires,

this implies that the coordinate with cathode strips parallel to the
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23

anode wires will have a resolution®® of just the anode wire spacing + 1

mm. The coordinate with cathode strips perpendicular to the anode wires

. . 3
will have a resolut10n2

of + 0.7 mm. A list of the DLC cathede strip
geometry with respect to the anode wire direction is tabulated in [Table
121,

The DLC coordinate non-linearities were corrected from calibration
tables that relate time delay to absolute coordinate position.  These
tablés were constructed prior to the "Test of Charge Symmetry Breaking"”
{Ref. 33, 34] experiment and were obtained in the following fashion.

The calibration of the coordinate with cathode strip parallel to the
anode wire. referred to in this discussion as the horizontal coordinate,
can be made by histogramming the time difference spectra of the
horizontal delay line TDC's. Individual anode wires can be
distinguished as sharp peaks, thus the characteristic “picket fence”
signature. A calibration table can then be constructed from the number
of peaks in the histogram and known peak (ancde wire) separation. The
vertical coordinate calibration is somewhat more complicated since no
"picket fence" spectrum exists. This arises from the fact that the anode
wires run vertically, the horizontal spectra are then discrete whereas
the vertical spectra are continuous. The vertical coordinates of each
DLC were calibrated by using the following scheme: the second and
fourth DLC were rotated by 90° so that their vertically running anode

wires were now running horizontally. This allowed the vertical

{horizontal) coordinates in the first (second) and third (fourth) DLC to

o

“How the DLC resolution was determined will be discussed in the
following chanter.




[Table 13]
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DLC Cathode Strip Geometry with Respect to Anode Wire BDirection

DLC Identification

X coordinatez4

y coordinate24

Left event:
DLC 1 perpendicular parallel
DLC 2 parallel perpendicular
DLC 3 parallel perpendicular
Dchg parallel perpendicular
BLC parallel perpendicular
Right event:
DLC 1 perpendicular parallel
DLC 2 parallel perpendicular
DLC 3 parallel perpendicular
DLC g parallel perpendicular
DLCZ” parallel perpendicular
24

Coordinates are defined similarly to the experimental coordinate

system with exception that it is with respect to an observer facing the
DLC's positioned at the FST center.

25

These are the DLC's used in the recoil proton detector systems.



89
be calibrated by using the already calibrated "picket fence" spectra of
the neighboring DLC's. The ray tracing between each pair of "picket
fence" coordinate DLC's then allowed the non-linearities of the
delay-lines in the "non-picket fence" coordinates to be mapped. This
showed.the deviations from linearity are on the order of +1 mm over the
length of the delay lines [Ref. 834]. The individual TDC modules were
calibrated electronically prior to the "Test of Charece Symmetry Breaking"
[Ref. 33, 34)] experiment.

In each DLC four BNC inputs were provided for pulser injection near
each end of each delay line, with a separation of 552.5 {(+ 0.7) mm.
These inputs were coupled directly to 1.6 mm wide copper strips which

were in turn coupled capacitively to the cathode plane. These pulser

fiducials were crucial for providing a check on the coordinate calibration.

The materials which the scattered proton had to pass through as it
travelled through the DLC are listed in [Table 14].
II1.5.c Recoil Proton Detection Apparatus

The recoil proton detection system consisted of a TOF stop
scintillator used to determine the recoil proton momentum or energy, a
single DLC placed just in front of the TOF stop scintillator to provide
coordinates for track reconstruction and a veto scintillator located near
the FST to veto recoil charged particles that had scattered fronm the

cryostat shell. The DLC and stop scintillator were mounted just in front

of the A (8) experiment's neutron detection array [Ref. 337 which consisted

vy

of two stacks (second stack placed behind first) of seven scintillator
bars each having dimensions 150 mm thick by 150 mm high by 1050 mm long.

The neutron detection array was on a movable Fframe that allowed the



80

[Table 141}

Delay Line Chamber Material in the Scattered Proton Path

Material Thickness
Aluminized mylar 25 pm
Magic gas2b 14-20 mm
Mylar 25 pym
Copper cathode strip 20 pm
Magic gas 6 mm
Tungsten anode wire 20 m
Magic gas 6 mm
Copper cathode strip 20 pm
Mylar 25 pm
Magic gas 14-20 mm
Aluminized mylar 25 um

26The thickness of the magic gas is listed as 14-20 mm because of
the bulging of the outer foils of the DLC's.
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detector to be positioned at any radial distance and angle (with respect
to scattered proton detector pivot) without the need to re-align the

individual detector components. During the A__(6) experiment the DLC

vy
was moved aside via a linear bearing roller system. Details of the
recoil.protgn detector apparatus with components relevant to the p-p
elastic scattering experiment are tabulated in [Table 151%.

II1.5.¢.1 Time of Rlight

The TOF system used the scattered proton TOF start scintillator as

the time reference. The TOF stop scintillator, also used in the A__(8)

vy
experiment as a charged particle veto scintillator, consisted of three
vertically running scintillator sheets that gave an overall dimension of
1086 mm wide by 1050 mm high. Each scintillator sheet had a thickness
of 6.4 mm and width of 368 mm. The central sheet overlapped the two
outer sheets by 9 mm on each side. 1n the p-p elastic scattering
experiment only the central sheet was included in the recoil proten
electronic trigger, that is, only the central sheet functioned as a TOF
stop scintillator. Each scintillator sheet was viewed by two
photomultiplier tubes; one located at the top and one at the bottom. In
each case, signals were fed into a TDC via a CFD. The TDC signals from
above and below each scintillator sheet were averaged and the TOF was
determined from the difference between the average start and stop TDC
signals with the appropriate timing considerations. which arose from the
fact that the start signals did not originate at the FST center and the
scattered proton electronic trigger (to be discussed in next section)
was also involved. A simplified schematic diagram of the recoil proton
detector system electronics for the componenis relevant te the p-p

elastic scattering experiment is illustrated in [Fig. 27].



[Table 15]

Positions of Recoil Proton Detection Apparatus

Distancez7
Item Left Event Right Event
LH2 runs C runs LH2 runs C runs
{mm) (mm})
Veto scintillator 410.0 410.0 410.0 410.0
DLC 2394.8 2409 .1 2408 .4 2397 .4
TOF stop scintillator a 2719.0 2733.5 2730.0 2719.0
Physical detector anglez‘ 59.5° 59.5° -62.5° -§2.5°

27 , . ;
All distances are given as the distance from the center of the FST

to the center of the listed item and were measured to within = 1.0 mm.

28The “"neutron array" was aligned to these angles to take into
account the holding field deflections of the recoil protons. The angles
were measured to within + 0.05° (absolute scale).
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I11.5.c.2 Track Reconstruction

The recoil proton track was constructed using the following scheme:
the origin of the track was the point where the ray traced scattered
proton track intersected the x equal to zero plane at the FST. The DLC
that was mounted on the recoil proton detector supplied the second
coordinates. The two overlapping regions {(each 9 mm wide) on the TOF
stop scintillator and the known widths of the neutron detector
scintillator bars provided sufficient information to align the DLC on

the recoil proton detector (using software}.

I11.5.¢.3 Veto Scintillator

To eliminate protons that had undergone scattering from the FST
cryostat shell, a veto scintillator (with a rectangular hole) was placed
between the FST and recoil proton detector. The veto scintillator was
set 410 mm from the FST center and was included in the recoil proton
electronic trigger. The specifications of the veto scintillator are

tabulated in [Table 16].

II1.8 Trigger Logic

A simplified diagram of the electronic trigger system used in the
experiment is illustrated in [Fig. 28]. The scattered proton latch
{SPL) is triggered when the scattered proton TOF start (b), AE
scintillator (c) and TOF stop scintillator (d) all fire, thus
signifying that a particle has been detected by the scattered proton
detector system. The SPL then commences to start the TDCs and ADC gate
strobing. If the coincident recoil proton detecteor electronics (SPL

reset inhibit in diagram} does not inhibhit the SPL reset, the SPL
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[Table 167

Recoil Proton Veto Scintillator Dimensions

Material Pilot-u scintillator
Scintillator thickness 0.32 cm
Overall width {scintillator) 16 cm
Hole width 10 ¢m
Overall height (scintillator) 25 cm
Hole height 18 cm
Light guide strip length 25 cm
Number of strips 6
Light guide rod: Length i0 cm
Inner four strip width 3 cm
Outer two strip width 2 cm
Overall length29 91 ¢m

P
'glncludes both photomultiplier tubes and light guides.
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Schematic of p-p elastic scattering
experiment's trigger logic.
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releases itself, the ADC and TDCs are cleared and it returns to its
waiting state. If on the other hand the SPL reset is inhibited, which
requires a signal from the recoil proton latch {(RPL} to arrive within
100 ns of the SPL, the event is processed by the computer as the
electronics waits (common inhibit in diagram), the computer reset is
triggered, both ADC's and TDC's are cleared and the latch returns to its
waiting state after being cleared by the computer. The RPL is triggered
when both the scattered proton TOF start scintillator (b) and recoil
proton TOF stop scintillator (central sheet) {a) fire, provided there is

no recoil proton veto scintillator signal.

I11.7 Data Collection and On-line Monitoring

Whenever a latch was set, the signals from the detector component
electronics were interfaced to a Data General ECLIPSE computer system
via three CAMAC crates. The computer then, by using the DACS data
acquisition program, stored the data on tape at 1600 b.p.i. and provided
the on-line monitoring of the data.

The information from the CAMAC crates was divided into eipht event
types, with each event type ﬁccupying a single tape block that had a
maximum length of 1024 16-bit words. A summary of the eight event types
is made in [Table 17]. For type 2 events, that is p-p coincident events
observed by both recoil and scattered proton detectors, the
identification of the left (right} events was made by setting the least
significant (next higher) bit within a digital coincidence register
(DCR) unit. The DCR bit map is tabulated in [Table 187.

The time it took to collect the 100,000 events on tape varied

from one to twe hours depending on the primary beam current. Every tape



[Table 171

Event Type Summary

Event Type Description30
1 Contained information for scalers 1-80.
The data was read as clock events every §
seconds.
2 Contained all the DCR bit, ADC, TDC and

wire chamber information for a given p-p
coincident event.

w

This event type was used in the A (6)
experiment for the neutron beam p}ﬁfile

monitor and polarimeter events.

sy

Contained information concerning all the
LeCroy mainframe high voltage settings.
These events were read as clock events
every 10 minutes.

3] Contained information for scalers 61-136
and were treated in the same way as type 1
events.

6 Spare - was not assigned.

7 This event type contained information
concerning the operation of the FST. These
events were read every 5 minutes as clock
events,

8 Spare - was not assigned.

] This event type was used in the Ay,(a)
experiment for the button events, %hich

were used to calibrate the neutron bars.

30The above event type summary was used by both Ayy(e) and
calibration experiments.



iTable 18]

DCR Bit Map Summary
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Bit Number Description31
0 Left event
1 Right event
2 Left button event
3 Right button event
4 Pulser event (software set}
5 DLC trip
6 Polisis spin Up and not Busy
7 Polisis spin Down and not Busy
a Polisis spin Off and not Busy
e RF signal present
10 Polisis Busy
13 Pulser
12 Enable neutren profile monitor
{switch 1)
13 Enable neutron polarimeter
{switch 2)
14 p single mode (switch 3)
15 n single mode (switch 4)

1
3‘The above bit map is for the lower order bits of the DCR and was

used by both A

¥y

(8) and calibration experiments.
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was identified by the assignment of a run number. A list of the various

runs, with information pertinent to the data analysis, is tabulated in

fTable 19] and [Table 20].

During the course of each run the following on-line monitoring was

performed:

(a)

(b)

{c)

the output signals of the various ADC and TDC modules were
monitored by plotting a two dimensional spectrum with the
channel number on the x-axis and the word number {module
identification within a tape block) on the y-axis:

the high voltage settings in all the LeCroy mainframes were
checked at the beginning of each run:

there was continuous checking of all scalers and their rates;
and

at the beginning of each run the FST x- and v-coordinate image
(via track reconstruction of upstream horizontal drift
chambers) was checked to ensure proper proton beam illumination

on the FST.

During the collection and on-line monitoring of the data, there was

no data rejection. This was left to the off-line data analysis that

will be the main concern of the following chapter.



Tape Summary of p-p Elastic Scattering Experiment
Using LH2 as a Secondary Beam Production Target

[Table 19]
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"Clyde" "Bonnie" _
Run Number DAC DAC PNMR
Setting Setting
213 0.02 0.15 -0.790
214 0.02 0.07 -0.777
215 0.02 0.02 -0.766
218 0.02 0.02 unpolarized
217 0.02 G.0%7 unpolarized
218 g.02 0.15 unpolarized
219 0.02 G.07 unpolarized
220 0.02 0.07 unpolarized
222 0.04 0.07 0.799
223 0.04 0.02 0.798
224 0.03 0.15 0.797
225 0.03 0.07 0.798
226 0.03 0.07 0.794
227 0.03 0.02 -0.834
228 0.03 0.11 -0.830
229 0.03 0.11 -0.82%
230 0.03 0.11 -0.824
231 0.03 0.11 ~-0.820




Tape Summary of p-p Elastic Scattering Experiment
Using C as a Secondary Beam Production Target

[Table 20]

i02

"Clyde” "Bonnie" _
Run Number DAC DAC PNMR
Setting Setting
271 0.03 0.05 0.821
272 0.03 0.00 0.820
273 0.03 0.05 0.819
274 0.03 0.10 0.818
275 0.03 0.10 0.817
276 0.03 0.1032 0.815
277 0.03 0.1032 0.814
278 0.03 0.1032 0.813
279 0.03 0.1032 0.812
280 0.08 0.10 -0.820
281 0.03 0.05 -0.819
282 0.03 0.00 -0.818
283 0.08 0.1032 -0.817
284 0.03 0.1032 -0.816
285 0.03 0.1032 -0.815
286 0.03 0.10 -0.814
287 0.03 0.05 -0.812
238 0.03 0.01 -0.811
289 0.03 0.0132 ~-0.810
290 0.03 0.0532 -0.809
201 0.03 0.1032 -0.807
292 0.03 0.10 -0.806

3 ; . n :
2The pelarity of "Bonnie" was interchanged.



103

CHAPTER IV

DATA AHNALYSIS
1v.1 Introduction

Because the goal of the p-p elastic scattering experiment was to
calibrate the polarization measurement made by the NMR system, the p-p
elastic scattering experiment will henceforth be referred to as the
caliﬁration experiment. The data that will be presented in this work
are the results of the calibration experiment performed before and
after the second Ayyfe) data collection period {June 1987). The first
calibration experiment was performed with a 469 Mev secondary proton
beam produced at 9° {lab) to a primary beam of 497 MeV striking a liquid
hydrogen (LH2) target. The second calibration experiment was performed
at 501 MeV when a 512 MeV primary proton beam underwent 9° {lab)
scattering from a graphite (C) target.

Even though both calibration experiments were performed at the
TRIUMF facility, the entire data analysis was undertaken at the
University of Manitoba. The analysis was performed on VAX-11/750 and
MicroVAX II computer systems using the analysis program PERSEUS
which was modified to suit the experiment. The analysis program was
originally written to analyze the E121 “Test of Charge Symmetry Breaking"

data.

IV.2 Analysis of p-p Scattering Rvents
As the protons in the secondary beam, henceforth referred to as the
incident beam, impinge on the FST, they can undergo elastic or inelastic

scattering or reactions. This section will concern itself with
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presenting the various incident, scattered and recoil proton
information that will be used to isolate elastic scattering events from

inelastic ones and reactions.

IVv.2.a. Incident Proton Analysis
IV.2.a.1 Time of Flight
During the first calibration experiment the time resolution of
the incident proton time of flight {TOF) system, located upstream of the
FST [Fig. 12] with TOF scintillator separation of 600.5 cm. was
experimentally found to be *+ 0.5 ns (one standard deviation of proton
peak in TOF spectrum) which corresponded to a proton peak width of
62 MeV (two standard deviations of proton peak in energy spectrum).
Because the TOF system had an energy resolution of + 31 MeV, the
sysfematic error contribution to the FST polarization measurement. due

to this error in the incident proton beam energy, would have been

ar = GAET(G) . [ Q_E_ . ]
P35 o =240 | Ayl9)

469 MeV
0.032 (39}

B>
-l
I

non

1]

where E and AE is the incident beam energy and its uncertainty {in MeV).
The p-p analyzing power and its derivative was determined [Ref. 3] to be
0.4092 and 4.2 x 10-* MeV-' respectively. One can see then that the TOF
system energy resolution is insufficient to achieve the desired + 2%
absolute error accuracy in the FST polarization measurement. For this
reason, the TOF system was used solely to introduce a cut on the momenta

of the incident proton beam. The two horizontal drift chambers located
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between the two TOF scintillators were not used to correct the incident
proton path length, for the following two reasons:

(a) the incident proton trajectories were not straight
paths as a result of the various magnetic field
deflections; and
{b) the incident proton track reconstruction efficiency
was low {(this point is illustrated in section IV.2.a.4).
VThe incident proton TOF was calculated from
p-TOF = (TDC

™C 0.05 + offset {40}

stop start)

where TDCstop and TDCstart are the TDC channel number positions of the

stop and start TOF scintillators, the multiplicative factoer 0.05
converts TDC channel numbers to nanoseconds and electronic delays were
accounted for by the addition of an offset. The TOF spectra typically
seen during the LH2 and C runs are illustrated in [Fig. 29]. The main
peak in the LH2 TOF spectrum corresponded to the elastic proton peak and
the two minor peaks corresponded to the deuteron and positive pion peaks
from the proton reaction pp - da’. The C TOF spectra consisted of a
single peak that contained protons from both elastiec and inelastic
scattering that had taken place within the graphite target. The TOF
systems timing resolution was not sufficient to separate the protons
from the two scatterings. The vertical lines in the diagrams illustrate
the software cut that was imposed to isolate the proton peak. On the
average 74% of the FST p-p scattering events fell within the incident

proton TOF software cut.
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Incident beam TOF spectrum.
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Iv.2.a.2 Proton Beam Energy

The absolute primary proton beam energy was taken to be the
cyclotron beam energy as determined from the stripper foil radius and
was known to within * 1 MeV. Because of the non-negligible uncertainty
in the range-energy relations, the BEM system was used only to obtain an
estimate on the variation of the primary proton beam energy with run
number,

-The proton beam energy at the center of the FST was deduced from
the cyclotron primary proton beam energy after subtracting energy losses
of the protons through the various materials traversed. The proton
beam energy losses from cyclotron exit to FST center are tabulated in
[Table 21]. The energy lbss contributions were calculated by using the
energy loss program LOSS, whose data are based on the Bethe-Bloch
equation with corrections at low energy. Results from the program LOSS
are good to better than 5% for protons in the 10-1000 MeV region, noting
~that density effects at high energiés have been approximated. The
proton beam energy at the center of the FST was 469 MeV when using LH2Z,
and 501 MeV using C as a secondary beam production target.

The primary proton beam energy can be determined from the BEM
- system by knowing the number of protons that stop in each of the six
scintillators, B1 through B6 [Fig. 14b]. 1If for example, Ni protons have
stopped in the ith scintillator B;. then the beam energy_is calculated

from



fTable 211}

Primary Proton Beam Energy Losses
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LHZ run € run
{MeV) (MeV)
At cyclotron exit 497.0 512.0
At BEM kapton foil exit 497 .0 512.0
At center of secondary beam production
target 493.0 510.3
After 9° {lab) scattering at center of
secondary beam production target 477.9 509.0
At secondary beam production target exit 476.8 507.3
After passing through 317.13 cm of air 475.8 506.3
At TOF start scintillator exit 475.6 506.1
After passing through 166.28 cm of air 475.1 505.6
At horizontal drift chamber exit 475.1 505.5
After passing through 124.22 cm of air 474 .7 505.2
At horizontal drift chamber exit 474 .86 505.2
After passing through 9.75 cm of air 474 .86 505.1
At TOF stop scintillator exit 474 .4 504.9
After passing through 21.55 cm of air 474 .3 504.8
At FST center 469.0 501.2
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. — N, ) :
<T> 1 i+1
beam = i= (41)

(N = Ny.y)

where a; is determined from the range-energy tables and is the energy of
the proton whose range extends up to the B; scintillator or to the
copper plate just after it. The number of protons that stop in the ith
scin£illator Ni’ is determined from the trigger condition stated in
[Section II1.2.b].

The primary proton beam energy deduced in this manner was averaged
over the measurements from the two symmetric {left, right) detector
arms, of the BEM. ([Fig. 30] illustrates the BEM deviations in the
primary proton beam energy from the mean beanm energy as a function of
run number. The standard deviation for these primary proton beam
energies was found to be + 0.7 MeV and + 0.1 MeV for the LHZ and C runs
respectively (the LH2 beam energy deviations were somewhat higher due to
electronic difficulties with the right BEM range counter assembly, the
rectification of which is evident in [Fig. 30a] after run 225).

The uncertainty in the proton beam energy at the center of the FST
was estimated to be + 2 MeV and + 1 MeV for the LH2 and C runs
respectively. The incident beam energy uncertainty was estimated by
adding in quadrature the beam energy uncertainty from the stripper foil
radius position (+ 1 MeV), the energy deviations from run to run as
measured by the BEM system, and the 5% uncertainty in the total proton
energy loss as a result of using the program LOSS. The differences in
the estimated proton beam energy uncertainty for both calibration

experiments was attributed to the 5% energy loss uncertainty
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contribution. The systematic error contribution to the FST polarization
measurement due to the incident beam energy uncertainty was calculated
to be 0.2% and 0.1% (see Appendix C) for the LH2 and C runs
respectively. The vertical lines in [Fig. 30], indicate periods during
the calibration experiments which invelved removing the stripper foil
for access to change the FST polarization direction. The discontinuity

in beam energy between runs 215 and 216 was a result of a beam tune.

IV.2.a.3 Magnetic Field Deflection Angle Corrections

Because the incident protons traversed the maghetic fields of the
superconducting solenoid, steering magnet and FST holding field, their
trajectories will be deflected in each of the above fields. Estimates
of the individual magnetic field deflections were calculated and then

used to correct the incident proton trajectories.

JV.2.a.3.1 Magnetic Field Deflection Due to FST Holding Field
The angle by which the incident, scattered and recoil proton
traiectories would be deflected due to the presence of the FST holding

field alone was calculated from

66pgr = O {42}
' Pin '

1}. and o is a

where Pip is the incident proton momentum (in MeV-c
constant that depends on the holding field's strength.

The coefficient o was determined in the following way. Proton
paths leaving the FST center as a function of energy were computed as
they passed through the scattered proton detector systems DLCs. A

rolvnomial fit was then made to the paths and the paths were used to

calculate each DLCs point of intersection. A straight line fit was then
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made using the DLC intersection points which enabled the calculation of
the proton deflection éngie as it was observed by the scattered proton
detector system (the linear fit was justified from the observations that
the scattered proton deflections occur mostly in the first 10% or so of
the path and the deviation from a straight line path was found to be
very small, 0.7 mm for a 500 MeV proton). Knowing the proton deflection
angle as a function of proton energy allowed the determination of the

CQefficient a to be made, by fitting the data to a dependence. The

= =

coefficient a took on the values in [Table 22] depending on the incident
proton vertical target hit position (noting, that at the center of each
of these regions, the field map of the FST holding field was known).

The calculation of the coefficient @& was made under the assumption that
the holding field had only a vertical component (along the positive
y-axis), thus, the proton deflections were always in the horizontal x-y
plane.

The incident beam deflection angles tabulated in [Table 8] were
calculated when using [Eg. 42], {Table 22] and the momentum values of
1049 MeV/c and 1091 MeV/c¢ (which correspond to protons of energy 469 MeV
and 501 MeV}, when using the LHZ and C secondary beam production targets
respectively. A typical deflection angle for the incident protons as
they traversed the FST holding field during the LH2 (C) calibration
experiment was in the order of 0.67° (0.64°).

IV.2.a.3.1i Magnetic Field Deflection Due to Superconducting Solenoid
and Horizontal Steering Magnet

Because of superconducting solencid focussing (focal length ~ 4 m)

whose net effect was to reduce the dimensions of the secondary proton beam

and the possibility that the solenoid could have been set with an offset



[Table 22}

FST Holding Field Deflection Coefficient
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Vertical tarpget hit position Target geometry i
{mm) (deg-MeV/cC)

50.8 to 31.8 Top 728

31.8 to 12.7 714

12.7 to -12.7 Middle 698

-12.7 to -31.8 708

~31.8 to -50.8 Bottom 7490




along its y-axis, the dipole magnet "Clyde" was used teo steer the
incident proton beam onto the target. The horizontal deflection of the
incident protons due to the superconducting solenoid and horizontal

steering magnets' fields was calculated from

y = Q. 3
66Hori =S 69C1yde (43)

S + T
where T is the distance between the horizontal steering magnet center

and the FST center, S is the distance between the solenoid center and

the steering magnet, and 5901yde is the deflection angle the protons

would have undergone due to the horizontal steering magnets field alone,

as in [Fig. 31a]. 5eclvde was calculated from

80c1yde = S0pgr (jB-df}Clyde : (44)

{(fB-d9)

The sign convention used in the ahove magnetic field deflection angles
is illustrated in [Fig. 32]. The unprimed coordinate system corresponds
to the incident proton reference frame at the FST center when the proton
is travelling along the positive z-axis. The primed coordinate svystenm
corresponds to the incident proton reference frame when the proton is
now travelling along the positive z'-axis as a result of the magnetic
field deflection angle, 6. The deflection angles as illustrated were
defined positive.

The total horizontal deflection angles tabulated in [Table 4}, were
calculated by using [Eq. 43}, [Eq. 44} and [Table &7.
IV.2.2.3.1ii Magnetic Field Deflection Due to Superconducting Solenoid

and Vertical Steering Magnet

The dipole magnet "Bonnie" had two functions: to compensate for
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the possible horizontal misalignment in the superconducting solenoid and
to steer the incident proton beam so as to illuminate the vertical
extent of the target cell. The incident proton verticai deflection
angle, resulting from the superconducting solenoid and vertical steering

magnets' field, was calculated from

S:58@ {45)

80 - -
Vert Bonnie

5+ T

which was derived from geometrical considerations of [Fig. 31bl. The
distances T and S are defined as before but now with respect to the
vertical steering magnet. The deflection angle 6980nnie was calculated
using an equation similar to {Eq. 44]. The value of V, which varied
between "Bonnie'" DAC settings, was determined from the difference
between the y-coordinate target image centroid and the v = 0 point
{center of FST as determined from the radiographs). [Table 23]
tabulates the various values of V as a function of "Bonnie" DAC setting.
The sign convention that was used in the above magnetic field deflection
angles has also been illustrated in {Fig. 32].

The total vertical deflection angles stated in [Table 5] were
calculated using [Eg. 43], [Table 8}, [Table 23} and an equation similar

to [Eg. 44].

IV.2.a.4 FST Image Reconstruction

To ensure that the p-p scattering events originated within the FST
sample, software cuts were imposed on the FST coordinate images. To
project the incident proton beam, say, along the FST x-coordinate, this
would reguire hoth ?orizontal drift chambhers to have had a valid

x~coordinate return. The ftrack efficiency would be the product of the



{Table 23)

FST y-coordinate Image Centroid
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Centroid
"Bonnie" DAC setting LHZ2 runs C runs
{mm) (mm)
0.00 2.98
0.01 3.76
0.0133 -9.01
0.02 1.52
0.05 8.46
0.0533 -9.46
0.07 6.56
0.10 13.98
0.1033 ~-9.80
0.11 10.03
0.15 14.46

33The polarity of "Bonnie" was interchanged.
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x-coordinate efficiency {€) of both drift chambers, which was defined as

€ = number of events with valid coordinate return . {46)
number of triggered events

The drift chambers typically had a x{y)-coordinate efficiency of
0.81 (0.87) which implies that the track efficiency would have been 0.66
(0.76) respectively. It is seen then that by requesting both drift
chambers to have a valid cdordinate return for a given event, fewer
events would satisfy this condition thus reducing the experimental
statistics when using FST image reconstruction as one of the data
rejection conditions. In addition to the above difficulty, the true
incident proton trajectory could not have been correctly represented by
track reconstruction, for the reason that the true track was not
straight as a result of magnetic field deflections. To allow us to
retain the FST image reconstruction as a data rejection test, the
coordinate distributions of the drift chamber nearest to the FST
(located 67.2 cm upstream of the target) were used to depict the FST
image. On the average 81 (87)% of the FST p-p scattering events fell
within the x(y)-coordinate software cuts of the FST image, depicted as
vertical lines in [Fig. 33]. Because the y-coordinate dimension of the
incident beam was smaller than the physical y-coordinate dimensions of
the target cell, runs were performed with different "Bonnie" DAC
gsettings (thus steering the incident beam) to illuminéte the vertical
extentrof the target cell. The cuts in [Fig. 33b] were deliberately
chosen so as to enclose the various horizontal drift chamber
y-coordinate distributions. The sharp edge in the y-coordinate

distribution [Fig. 33b) is due to the physical cut off of the incident
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proton beam by the top of the target ceil. The tail of the distribution
illustrates the lower tail of the incident beam about the vertical

direction.

IV.2.b Scattered and Recoil Proton Analysis
IV.2.b.1 Track Recomstruction

As the scattered protons traversed the four DLCs mounted on the
scattered proton detector system, each DLC provided x~ and
y—qoordinates. But, because the position of the proton intersection for
a given DLC coordinate was determined from the time difference of the
TDCs located on opposite ends of the coordinate delay-line, the
coordinate return may not have been a valid one, due to the TDC
timeouts. To ensure relatively high track efficiencies the first two
and last two DLCs were grouped together to form two pairs. In this way
if one DLC in the pair had an invalid coordinate return the second DLCs
coordinate return could still be used. Because of this arrangement, at
least one x- and y-coordinate must be found in each pair. The software
track reconstruction was then determined from a least squares fit to the
track coordinates as ébtained from the four DLCs.

Each scattered proton detector was aligned via software, by
-allowing the centers of the FST coordinate images as deduced from the
scattered proton track back projections, to coincide with the X~ray
radiograph coordinate centers. The alignment was made by adjusting a
x- and a y-coordinate global offset that was added to the Xx- and

y-coordinate return of each of the four DILCs.
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[Fig. 34} illustrates the typical DLC coordinate resolution found
during the experiment. The resolution, defined as the difference
between the actual DLC coordinate return and that of the least squares
fit, was found to be + 1.4 (+ 0.8) mm (at FWHM) for the left event DLC 3
x{y)-coordinate. The DLC coordinate resclution centroids were set as
close as possible to zero, by adjusting the coordinate return of each
DLC with the addition of a small offset via software. The difference in
the x-and v- coordinate resolutions for a given DLC is attributed to the
intrinsic coordinate resolution that arises from whether the coordinate
had the cathode strip plane parallel or perpendicular [Table 13] to the
anode wire plane. The deviations from the intriniéic resolution (which
is + 1 (# 0.7) mm for a coordinate with cathode strip plane parallel
{perpendicular) to the anode wire plane) are due to multiple scattering
and the coordinate nonlinearities.

The average individual DLC coordinate efficiencies (e). defined as
[Eq. 46], observed during both calibration experiments are tabulated in
[Table 24]. The individual DLC coordinate efficiencies were then used

to calculate the track efficiency from

€track = €1€2€3€4 + €1€p€3{l-€4) + €1en(l~€g)ey
+€1(1—€2]€3€4 + (1—61)€2€3€4 + (1—61)6263(1—64)
+€1(1*€2)€3(1*€4)»+ (1—61)62(1—63)€4 (47)
+€1(1—€2)(1~€3)€4
where €3 through €4 are the coordinate efficiencies for DLCI to DLCA.
{Eg. 47] determines the coordinate track efficiency from the sum of all
of the possible combinations the four DLCs can have a valid (¢)

coordinate return, provided that at least one valid coordinate return is

attained in each of the front and back DLC pairs. The total track
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[Table 24}

Average DLC Coordinate Efficiencies
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DLC identification Coordinate Average DLC efficiencies (¢)
Left events Right events
LH2 runs € runs LH2 runs C runs
Scattered proton detector:
DLC 1 x 0.911 0.880%% 0.895 0.900
v 0.912 0.848%% 0.901 0.889
bBLC 2 X 0.934 0.931 0.938 0.922
v 0.927 0.933 0.921 0.938
DLC 38 X 0.914 0.916 0.915 0.909
v 0.922 0.904 0.913 0.914
DLC 4 X 0.930 0.907 0.910 0.927
v 0.916 0.919 0.911 0.933
34

Due to a malfunction in the left event DLC1 durin

data collection period (prior to the second calibration experiment),
the chamber was replaced. The somewhat lower coordinate efficiencies
could be due to incorrect discriminator level settings.

g the Ayy(9)
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efficiency for either left or right event scattered proton detector
systems was then calculated from

€track, total = €track,x ° €track,y (48)

where etrack,x and etrack,y are the individual x- and y-coordinate track

efficiencies. The total track efficiencies for left and right events,
for both calibration experiments, were typically around 0.97.

.The track reconstruction of the recoil protons was determined by

performing the following steps:

{a) the scattered proton track was projected back to the FST x = 0
plane, which was used as the coordinate for the origin of the
events (the x = 0 plane was preferred over the z = 0 and y =0
FST image planes for the reason that the x-coordinate
dimensions of the target chamber are much smaller, thus
introducing less uncertainty to the origin coordinates):

(b) the x~ and y-coordinate return of the recoil proton detector
systems DLC provided a second point; and

(c) a straight line through the above two points was then used to

represent the recoil proton track.

Iv.z.b,z Time of Flight

The scattered proton TOF information was obtained from the TOF
start and stép scintillators mounted on the scattered proton detector
boom [Fig. 12]. The timing signal from the TOF start scintillator was
obtained as the software average of the top and bottom photomultiplier
tube signals. There was no position dependent correction to the net

timing signal since this detector had dimensions of 17.5 cm by 17.5 cm.
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The TOF stop scintillators on the other hand, were made large due to

the substantial increase.in the scattered proton projected area, the TO¥
stop scintillator was placed 3034 mm downstream of the TOF start
scintillator. The TOF stop scintillator timing signals were taken to be
the software average of the signals that were produced by the
photomultiplier tubes that had fired [Fig. 24]. Recause of the TOF stop
scintillator large dimensions, 67 cm by 67 cm, the timing signals had to
have é position dependent correction.

To aid in the TOF stop scintillators signal averaging, the stop
scintillator was segmented into five regions [Fig. 35]. Region 5
corresponded to protons that traversed the central region of the
scintillator and the net fiming signal was taken over the four
individual photomultiplier tube signals. Region 1 on the other hand
corresponded to protons traversing the top left hand corner of the
scintillator and the net timing signal was taken by requiring only
three of the four photomultiplier tube signals. The photomuitiplier
tube that was positioned horizontally acress, in this case the
photomultiplier tube nearest to region 2, was not considered in the
software signal average for the reason that it had bad light geométry
thus having unreliable signal information. A similar discussion can be
made for regions 2. 3 and 4.

The position dependent correction te the TOF stop scintillator net
signal was accomplished by dividing the entire stop scintillator into a
grid pattern consisting of 18 segments along the x-axis and 28 segments
along the y-axis. The transit times from each of these 504 elements to

the various photomultiplier tubes had been previously determined prior
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Scattered proton TOF stop scintillator
region segmentation. '
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to the "Test of Charge Symmetry Breaking" experiment. The assignment of
a particular element was achieved by projecting the scattered proton
track to the TOF stop scintillator position and determining the point of
intersection. The coordinates of this point, which are in the DLC
coordinate system were then transformed into the 18 x 28 array coordinate
systen. During the analysis, the positioﬁ dependent correction was
subtracted from the software TDC sum of the various photomultiplier tube
signéls‘ The TOF for the scattered proton was then determined using
[Eq. 40] with the various adjustments for the electronic delays.

During both calibration experiments, scattered proton TOF cuts were
imposed on each of the 5 TOF stop scintillator regions for both left and
riéht events, thus allowing the removal of some of the lower energy
scattered protdns.

The TOF efficiency was calculated using

€T0F © € ° €track,total (49)

where € is the number of times the TOF stop scintillator had a valid
event (event firing 3 or 4 photomultiplier tubes) divided by the number
of valid scattered proton tfacks (which were defined as events whose
proton tracks had at least one valid x- and y- coordinate return from

each of the two DLC pairs). Because the efficiency € was defined with

’respect to the number of valid scattered proton tracks, to make €TOF in

terms of the number of trigger events, ¢ is multiplied by Etrack,total'

€ was typically 0.99 for both left and right events. The total

scattered proton detection system efficiency was then calculated using

2

€T = € track,total ° € - (50)
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The recoil protons TOF efficiency was not used in {Eg. 50], for the
reason that the recoil proton TOF stop scintillator must provide a valid
hit to produce a valid coincident event. [Fig. 36] illustrates the
variation in total detector efficiency with runs, for both calibration
experiments. The general drop in the left event €r values during the C
runs (as opposed to the LH2 run values),.was attributed to the drop in
the left event DLC1 efficiency [Table 241,

>The recoil proton TOF was deﬁermined by using the TOF stop
scintillator in the scattered proton detector system to produce the TOF
start signal and the software averaged signal of the Ayy(e) experiments
central veto scintillator as the TOF stop signal. The TOF for the
recoil proton was then calculated from

r-T0F = t {p-TOF) (51)

start S

stop 33

-t + 410
4

where tstop and tstart are the timing signal information (in ns) from
the stop and start scintillators; p-TOF is given by [Eq. 40] for the
scattered proton TOF. The third term in [Eg. 51} is the time it took
the scattered proton to travel from the FST center to the TOF start
scintillator location on the scattered proton detector system. Defining
the recoil proton TOF in this way ensured coincident event
identification. Software cuts were also imposed on the recoil proton
TOF spectra. On the average, 93% of the FST p-p scattering events fell
within these TOF software cuts, which are illustrated as vertical lines
in [Pig. 37).

The low energy tails observed in [Fig. 37] are largely due to the
energy losses of the protons as they traverse the various materials

between scattering center within the FST and TOF stop scintillator. The
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amount of energy a given proton would have lost will depend on the angle
at which it was scattered and the amount of multiple scattering that it
had undergone. During both calibration experiments, the amount of
multiple scattering typically undergone by the scattered and recoil
proton (when being scattered, at 24° (lab) and 61° {ilab}) was in the

order of 0.6° and 1.1° respectively.

IV.2.b.3 Proton Energies and Homenta
The scattered proton energy was determined from the TOF information

and the path length of the track between both TOF scintillators. The

energy determined in this way is the average experimental energy (Eexp)

of the scattered proton at the location of the TOF stop scintillator.
The theoretical proton energy was calculated from

Etheo = Ekin ~ Eioss (52a)
where Ekin is the kinematically expected energy and Eloss the energy

the scattered proton would have lost as it traversed the various
materials within its path. Both of the terms in {Egq. 52a] are a

function of the proton scattering angle. Ei i, was determined from the

following relativisitic expression

. 2
Ekin = 2E0Ein Cos é (52':))
o .. 2
2E, + E; 8in e
where 0 is the proton scattering angle in the laboratory reference

frame, E0 is the proton rest mass (in MeV) and Ein is the incident

proton energy (in MeV) at the centre of the FST target,
The scattered proton energy error, defined as,

AE = E {(53)

exp Etheo
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was reduced to near zero for each of the 5 TOF stop scintillator
regions, for both left and right events. This was done by adding a
constant te the timing signal to account for the electronic delays.

This procedure enabled the centroid of the experimental energy of the
scattered proton, as determined from a given region in the TOF stop
scintillator, to be as close as possible to the theoretical energy. The
experimental scattered proton energy at the FST sample scattering center
locatﬁon. was then determined using

E = E {54)

exp * Eloss

The scattered proton momentum could then be determined from [Eq. 54} by
2 2y

pc = [(E+E )" - Ej 17 , (55)
where Eo is the rest mass of the proton (in MeV), p is the proton
momentum (in MeV-c"l} and ¢ is the speed of light.

The recoil proton energy and momentum were calculated using a
method analogous to the procedure used above for the scattered proton
energy. [Fig. 38] illustrates typical recoil and scattered proton energy
error spectra as determined from iEg. 53]. The widths of the energy
error spectra were typically 48 MeV and 13 MeV {one standard deviation,
¢) for the scattered and recoil protons respectively. The widths of
these spectra are attributed to the timing resolution of the detectors
{dominated by the timing signal from the TOF start scintillator), the
energy spread of the incident beam and multiple scattering. The high

energy tail in [Fig. 38a] resulted from the selection of the high energy

TOF software cut in the scattered protons TUF spectra. To fine tune
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the net scattered proton energy error distribution a global offset was
added to each of the 5 TOF stop scintillator regions timing signals, for
both left and right events. The centroid deviation from zero for the
net scattered proton energy error distribution was a result of the fine
tuning offset setting. The recoil proton energy error centroid

deviation from zero was also a result of TOF offset settings.

IV.2.b.4 Scattered and Azimuthal Angles

For the scattered and recoil protons, the scattering and azimuthal
angies are determined with respect to the incident proton direction.
For the uncorrected3® angles, the incident proton direction was assumed
to be parallel to the positive z-axis. For a given scattered proton,

the scattered angle, 6, was calculated from
Z - pg (56)

.
I pg |
.

where Py is the scattered proton momentum vector whose components are

deduced from the reconstructed track. The azimuthal angle ¢, in turn

was calculated from

-1
¢ = tan Pg - § (567a)
Py - %

35These are the scattered and azimuthal angles calculated withount
any consideration of the FST holding field.
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and was taken to be

¢

i

-
¢ + 180° if ® < 0° and pg . g < o

{57b)

"
v
<

=6 if & 2 0° and Py -

it

180° + ¢ if © 2 0° and Dy - X<o0

it

360° + & if ¢ < 0° and pg - X>0

The scattering and azimuthal angles were defined positive in the
regions 0 < 8 < wmand 0 < ¢ < 2n, and have been illustrated in [Fig. 39]
for a proton which had undergone scattering with a proton incident along
the z-axis of the experimental coordinate system.

As the scattered and recoil protons traversed the FST holding
field, they underwent a deflection in the x - 2z plane. This

deflection can be calculated from an equation similar to [Eqg. 42]

86 = o

= 5 2 2 % (58)
|Ds l{cos 8 + sin"8 cos“¢]
where a takes on values shown in [Table 22]. The holding field
corrected scattering angle, 6', was then calculated from
' = cosi[ b - p
in s
(59)
lp' {]p
in s
where p' and p' are the magnetic field corrected momentum vectors for
in S

the incident and scattered protons. The corrected momentum vector
components were obtained from the uncorrected components by performing
the following rotation

sinf'cosg’ cos(60) 0 -sin(66) sinfcos¢

sinfB'sing'| = 0 1 0 sinfsing (60)
cosf!’ sin(606) 0 cos (60} cos®
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Scattering and azimuthal angle
coordinate definitions.



138

which led to the equations:

sinf'cos¢' = cos(60)sinfcosd - sin{&9)cos6
sin®'sing' = sinfsing {61)
cos6! = sin(66)sinfcos¢ + cos(50)cos

The use of the above rotation matrix can be explained by
considering [Fig. 40]. Because the FST holding field was along the
positive y-axis, a proton along a track depicted by the solid line
underwent a deflection 66. The proton detectors then observed the
protén to have a track depicted by the dashed line. Thus, to correct
the proton momentum vector for the holding field deflection, 66 must be
subtracted from the observed scattering angle 8. In other words, we
must rotate the observed proton track by 68 in the counterclockwise
direction. &6 in [Eq. 60; 61} is defined positive in the direction
opposite to that illustrated in [Fig. 40].

[Eq. 60] and [Eq. 61] hold true for both scattered and recoil
protons, but when these equations are used for the incident protens, the
sign of 66 is reversed. This arises from the fact that the scattered
and recoil protons are detected after they had undergone their
deflection whereas the incident protons are detected (from the nearest
horizontal drift chamber x- and y—- coorinate distributions) before their
deflection.

Typical total corrections to the scattering angles observed for the
scattered (recoil) protons were 1.50° {2.30°) during the LH2 calibration
experiment. Approximately 0.65° of these total deflections were due to
the incident proton deflection. The systematic error contribution to
the FST polarization measurement due to inceorrect estimates of the

deflection angles was calculated to be 0.02% {see Appendix C), which is
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I

[Fig. 40}

FST holding field deflection
angle illustration.
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negligible when compared to a 0.22% (see Appendix C) systematic error
contribution that arose from a + 0.05° uncertainty in determining the

proton detector physical angle settings.

IV.2.b.5 FST Image Reconstruction

The FST image was also reconstructed for both left and right events
by projecting the scattered proton tracks back to the FST y-z plane.
Because the back-projected points were in the scattered proton detectors
coordinate system they were mapped onto the experimental coordinate
system by the proper geometric transformation. [Rig. 41] illustrates
the FST x- and z-coordinate image reconstructions.

When a comparison is made between [Fig. 33al and [Fig. 41a], the FST
x-coordinate image reconstructed from the scattered proton tracks is
observed to be not as well defined. This arose from the multiple
scattering the scattered protons underwent as they traversed the FST,
which was in the order of 0.8° (determined from the projected mean
multiple scattering angle). Because of this effect, the FST x- and
y-coordinate image software cuts were placed on the images as produced
by the horizontal drift chaﬁber nearest the FST. The FST z-coordinate
image cuts [Fig. 41b) were placed on the image as produced by the
scattered proton tracks and because of the multiple scattering were
deliberately chosen to be loose. On the average, 93% of the FST proton

scattering events fell within this software cut.

IV.3 Data Rejection
~ A summary of the various software cuts that were used during the

analysis of each run, with typical individual contributions is tabulated
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in [Table 25]. The calculation of the individual software cut
contributions involved-the sequential application of the "events passing
cut”™ column in [Table 25]). The tabulated data were taken from the
analysis of run 271.

It is seen from [Table 25] that ont of the 101600 events recorded
on tape 271, 98.72% were coincident events and 26.7% of these coincident
events actually passed all of the software cuts, corresponding to good
p-p elastic scattering events.

The software cut labelled as "badword" in |[Table 251 was actually a
bit map cemposed of 13 essential conditions that must be satisfied in
order to process a valid p-p scattering event. The "badword" bit map is
tabulated in [Table 26]. The incorporation of this software cut in the
analysis aided in the removal of events that could not be processed
{bits 1 through 15} and events that did not satisfy the scattered proton
TOF cuts (bit 0)}. Of the 18 "Badword" bits, the two most deminant
effects were bits 0 and 9 (bit number 9 corresponded to events that did
not have a valid scattered proton track reconstructien), which comprised

39% and 31% of the events that failed the "Badword" conditions.

1V.4 Constraints Used to Identify Elastic Scattering Events

Because in a p-p elastic scattering event both kinetic energy and
momentum are conserved, numerical constraints on their measured values
can be used to identify the elastic events from the p-p scattering
events. In the present analysis the following four kinematic

constraints were used.
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Software Cut Rejection of Data
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Description Total number Events passing % passing
of events cut cut

Event type 2 101600 100298 98.72
Not a pulser event 100298 85018 94 .74
Badword 85018 60648 63.83
Incident proton TOF cut 80648 45686 75.33
Scattered proton track

(X2 < 6) 45686 41538 90.92
FST x image cut 41538 34398 82.81
FST y image cut 34388 31168 90.61
FST z image cut 31188 29011 93.08
Recoil proton TOF cut 29011 26800 92.38

»
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[Table 26}

Badword Bit Map Summary

Bit Number Description
0 Scattered proton TOF cuts
1 Spare - not assigned
2 Spare - not assigned
3 Scattered proton track projected outside of the TOF
stop scintillator
4 Scattered proton TOF stop scintillator gave less
than 3 TDCs signals
5 Scattered proton TOF stop scintillator gave less
than 4 TDC signals when all should have been present
6 Scattered or reccil proton energy less than 10 MeV
7 Scattered proton TOF start scintillator up-TDC
timeout
8 Scattered proton TOF start scintillator down-THC
timeout
9 Not a good scattered proton event
10 Not a good recoil proton event
11 Spare - not assigned
12 Scattered proton track 'OK' but invalid scattering
angles
13 Cosine of coplanarity angle greater than 1
14 Both left and right events indicated by DCR
15 No left or right event indicated by DCR
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IV.4.a Energy Sua

This constraint was determined from

AE = AE + AE

sum {62)

r
where AES and AEr are the scattered and recoil proton energy errors, as
defined in [Eg. 53]} with magnetic field corrections to the proton tracks
accounted for. [Fig. 42a] illustrates a typical energy sum error
spectrum with width of 50 MeV {one ¢). The width of this spectra was
due fo the widths of the scattered and recoil proton energy error
distributions [see section IV.2.b.3]. This can be illustrated by adding
the two widths in guadrature, that is

[(48)2 + (18)2]% = 50 MevV. (62a)
The energy sum error distributions high energy tail was a result of the
selection in the high energy TOF software cut in the scattered protons
TOF spectra, whereas its centroid deviation from zero was attributed to
the scattered and recoil proton centroid deviations in their energy
error spectra.
IV.4.b Opening Angle

The second numerical constraint that was used, was the opening

angle defined as

0 = g + 6.

open s (63)
1 t
where GS and Gr are the scattered and recoil proton scattering angles.

The experimental opening angle was calculated from the following

expression
1 - -
6 = cos B, D,
open, exp s r (64)
t 1
Il llpl |

-+ -
where p; and p; are the magnetic field corrected scattering and recoil

proton momentum vectors.
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The opening angle error was calculated from

A® = @ -6

open open.exn open. theo (65)

Note that the theoretical opening angle, 6 was determined from

open,theo:

an equation similar to [Eq. 63], whose only difference was in the

b
replacement of Qr with the theoretical recoil proton scattering angle,

t '

Oy theo- The theoretical angle @ theo Was determined from the

following relativistic expression

, oy
tan Br.theo = E, [2n + n ]g 31n88

{66a)

. 2 %
E2hoEin * Ein]

- Eg [2n + n“]z cosG;

where

n = 2B, cos‘6, (66b)

2E, + Einsinzﬁé

The scattering angles. 6, used in [Eq. 66a]l were corrected for the
magnetic field deflections. [Fig. 42b] illustrates a typical opening
angle error spectrum. The width of the spectrum. which was 1.23° (one
¢). was due to the scattered and recoil proton multiple scattering.
This can be illustrated by adding in quadrature the individual
approximated multiple scattering effects of the scattered and recoil
protons, that is

[(0.6)2 + (1.1)2)% = 1.25°. (67)
The opening angle centroid shift from zero {[Fig. 42b] was found to be

equal to the following difference

6 - 8 (67a)

open,uncorrected open.physical

where the first {second) term corresponded to the opening angle as
calculated from the scattered and recoil proton scattering angles with
no magnetic field corrections (angles at which the scattered and recoil

proton detectors were placed on the floor).
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IV.4.c Coplanarity Amgle
Because in elastic scattering, the three proton (incident,
scattered and recoil) momentum vectors are coplanar, the sum of the
scattered and recoil proton azimuthal angles minus 180°, their

non-coplanarity, should be equal to zero.

The non-coplanarity angle, ¢c0p1’ was calculated from the following
relation
’ - —)r —’I _)I _'l
¢C0D1 = sin”? I(pi X pin) * ipin X%pr) I (68)
1 t 1 1
lps X pin l[pin X prl
where pé, p; and pin are the scattered, recoil and incident proton

momentum vectors, corrected for magnetic field deflection. The sign of
¢copl was defined positive when the z-component of the triple product
was along the positive direction of the experimental coordinate system's
z-axis. [Fig. 43a] illustrates a typical non-coplanarity spectrum,
whose width was 1.6° (one o). Because of the manner in which $copl was
calculated, the width in the spectrum was attributed to the scattered
and recoil proton TOF resolution and to the widths of the various
incident, scattered and recoil proton momentum vector component [Eg. 61]
distributions.
IV.4.d Transverse Homentua Sum

Because momentum is conserved for a given p-p elastic scattering
event, the x-component of the transverse momentum {that is, momentum
transverse to the incident proton direction) sum must be equal to zero.

The x-component of the transverse momentum sum (px) as calculated
from the expressionr

Py = pssineécos¢é + prsinefcos¢£ + pinSineinC°S¢in {63)

where 8' and ¢' are the magnetic field corrected scattering and
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azimuthal angles; the subscripts s, r and in correspond to the
scattered, recoil and incident protons. The angles Gin and ¢in were
calculated from the net horizontal and vertical deflections the incident
proton underwent while traversing the various magnetic fields.

[Fig. 43b] illustrates a typical spectrum for the X-component
transverse momentum sum. The width of the spectrum, which was typically
34 MeV/c (one o}, was due to the scattered and recoil protons TOF
resoiution and to the widths in their sinfcosd distributions. The
centroid deviation from zero is due to the scattered and recoil proton

centroid deviations in their energy error spectra.

IV.5 Data Representation
The p-p elastic scattering events were selected from the events
that had "passed” all of the software cuts, by imposing cuts on the

chi-square (xz) sum, which was defined as

X2 =

2 "
sum X3 (70)

e
[ o 1Y

1

2

where X? is the individual x° of the i'th variable, of the

four kinematic constraints to identify the elastic events. The

2

individual x° for the i'th kinematic constraint and j'th event, was

determined from

2 2
X = {x, - <x.>)
ij J i {71)
o?
i
where xj is the measured value for the j'th event, <Xy is the expected

value for the i'th constraints distribution and g5 is the standard

deviation in the i'th distribution.
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To ensure the consistency of x%. aﬁd thus xﬁum’ over the full

angular range of the experimental data, 0; was made independent of

scattering angle. This was performed in the following way. The full
angular range of the scattered proton detector system, which spanned
from 19° to 29° (lab), was binned into 5, 2° bins. The i'th kinematic
distribution was then determined for each bin and the standard
deviations for each of the 5 bins were plotted against their
corrésponding bin centroid angle. The data was then fitted by using a
cubic polynomial. By replacing the constant oy in [Eq. 71] by the
fitted equation of ¢, which is a function of scattering angle, this

removed most if not all of the angular dependence in the variable x?.
i

and thus x2

sum- The angular correction to 0; was performed for all the

analyzed data for each of the four kinematic constraints. To illustrate
the effectiveness of this correction, the eentroid in the opening angle
x? distribution is plotted against the proton scattering angle (for both
constant and fitted standard deviations)} in [Fig. 44]. The data point
in [Pig. 44]) at the 20° scattering angle location was not consistant
with the other points, due to lack of statistics in the first 2° angular
bin.

It should be noted though that with this angular correction, the
centroid in the opening angle x? distribution is relatively constant in
the proton scattering angle region between 21° to 27° (lab), which
corresponded to the scattered proton detectors overlap region (to be
diécussed in section IV.6.a.1).

IV.5.a Detector Counts
The number of elastic events that passed the above software cuts in

the left (right) event scattered proton detector system for a given run
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is symbolized as L(R}. A superscript is attached to illustrate the
- PST polarization state. That is, for a positive (negative)} FST
polarization the left event counts would be symbolized as L+(L_), a

similar notation is used for right events. In the analysis, the

2

detector counts were determined for xsum

cuts of < 10, < 15 and < 20.

The detector counts [Ref. 26] were

+ + +
L = nNQLeLUO(B)[l + PAy(e)]
L = n'NQLeLUO{G]{l - PAy{B)]
R" = nNOgepo (0)[1 - PA(0)] (72)
and
R—':

n'NQ e 0, (6)[1 + PA,(6)]

where n is the number of incident particles, N is the target thickness
{(in protons cm_zl and QL, QR' €, €g are the solid angles and total
detector efficiencies for the left and right events, 00(9) is the

unpolarized cross section, P is the FST polarization and Ay(e) is the

p-p analyzing power. In [Eq. 72}, it is assumed that the incident
proton polarization is along the x-axis (and hence contributes nothing
‘to the left-right scattering asymmetry) and the FST polarization along
the y-axis.

In the analysis, it was assumed that on the average the target
thickness did not.vary with runs {(time). This was a reasonable
assumption since the target, throughout both calibration experiments,
was never refilled with beads. The detector counts were corrected for

background and total detector efficiency.



154
IV.5.a.1 Background Corrections
Because there were no separate runs performed to determine the

background, it was estimated from the experimental data as follows:

2
sum

2

{a) for a given x sum

cut, eg. x < 15, the opening angle

distribution was plotted under the condition xgum < 15,
The number of events within this distribution corresponded to
the total number of elastic and background events "observed"

for that detector system; and

(b) the opening angle distribution was once again plotted, but with

2

the conditions Xoum

< 15 and I¢copl | > 6°; determining the number
of events within this distribution, gave an estimate on the
number of the "observed" events that were due to background.
The detector counts were then corrected for background by
subtracting the number of background events from the total
"observed"” events.
The 6° cut in ¢cop1 was determined using [Egq. 71], by setting X2i= 15
and Oi = 1.6° {width of non-coplanarity distribution) then solving for
the net deviation from the mean, that is |xj - <Ry | . The systematic
error contribution to the FST polarization measurement due to
the uncertainty in determining the background fraction, was found for
both calibration experiments to be 0.5% (see Appendix C). Typical
background fractions during the LH2 (C) calibration experiment were in
the order of 2% (5%). The above technique used to obtain the background

fraction had originally been verified during the "Test of Change

Symmetry Breaking" experiment [Ref. 35].
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IV.5.a.2 Total Detector Efficiency Corrections

The background corrected detector counts (N) were corrected for the

total detector efficiency (eT) by performing the following

N (73)

corrected = Npackground corrected

€7

In the analysis, €p was determined when using [Eq. 50].

Iv.5.a.3 Effective Runs

Because runs with the same "Bonnie" DAC settings have the incident
protons impinging on the same region of the FST sample. the corrected
counts of these runs were summed together to improve experimental
statistics. These runs were known as effective runs. {Table 27] and

[Table 28] indicate the various runs that were combined to create the

effective runs. In both of these tables, Pumg is the straight average

of the various run PNMR values tabulated in [Table 19] and [Table 20].

For the one or two runs with slightly different DAC settings, these runs
were combined in the effective tape group that gave the closest

agreement to their FST illuminated region.

IV.6 FST Polarization Measurement
IV.6.a Using p-p Elastic Scattering Experiment
IV.6.a.1 Scattering Asymmetry
Using tﬁe detector counts [Eg. 72], one can form the following

ratio



[Table 27]
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Effective Runs Used in LH2 Calibration Experiment

"Bonnie"
Effective run DAC -
identification setting PNMR Combined runs
1 0.02 0.798 223
2 0.07 0.796 222/225/226
3 0.15 0.707 224
4 0.02 -0.800 215/227
5 Q.07 -0.777 214
6 0.15 -0.818 213/228/229/230/231
{Table 28]
Effective Runs Used in C Calibration Experiment
"Bonnie"
Effective run DAC _
identification setting PNMR Combined runs
1 0.00 0.818 272/273
2 0.05 0.820 271
3 0.10 0.814 274/275/279
4 0.1036 0.813 276/277/278
5 0.00 -0.811 282/287/288/289/290/292
3] 0.08 -0.819 281
7 0.10 ~-0.817 280/286
8 0.1036 -0.814 283/284/285/291

36The polarity of "Bonnie" was interchanged.
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+ - + - =

LR QLSLQRER{:l + PAY(G)]E
' {74a)

-+ - -4 %

LR Qe Qe 1 - PA. (6 2
L LR R[ y(0)]
By expressing the left event detector solid angles and
efficiencies as

+ +
QL = 90(1 + wL)

-+ (1 +)
€; = € + 8

L 4] L (74b)

It

eo(l + SL)
and using a similar set of egquations for the right event detector, one

can express [Eg. 74a] as

+

L'R™ = [1 + PAy(e)]z (75)

+

LR" 1 - Pag(e)]?
when only the zero order terms in [Eg. 74b] are considered.

Solving for P in the above equation, allows one to determine the
FST peolarization from the left and right event detector counts and p-p

analyzing power. From this we find

| Ay(ﬂ)
where
€e=1r -1 (77)
ro+ 1
with

/_‘__lé
r = (% R )- . (78)
L R*
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The term € is known as the scattering asvmmefrv and the method used
to deduce it from the detector counts is known as the ratio method.
The advantage in using the ratio method to determine €, and in turn P.
is that it allows first order cancellation of systematic errors arising
from differences in detector efficiencies, solid angle, target
thickness, scattering angles and incident beam intensity.

The uncertainty in € due to the statistical fluctuations in the

"observed” counts (after backbround correction), was determined from

1Y+ 1Y R*.RT LT+ LT R+ RE (79)
Ae = r r B, r B ., r B , r B
(1+1)2 (L*)2 (R7)2 (L)@ (R)2

In the above equation the notation LV, L; and Lg corresponded to the
detector background corrected counts, uncorrected "raw" counts and
background counts respectively. The variable r in [Eg. 79] was
calculated from the background corrected counts.

As a consistency check, the scattering asymmetry was calculdted
using the nermalization method as well. In this method, € was

determined from

€= € * €,

(80)
2
where the left event scattering asymmetry (eL) was defined as
e, =L - aL’ (81)
- L* + alL-
with
a =LY+ gt . : (82}
L™ + R™

The right event scattering asymmetry (€} was defined similarly to

€;,. except the left event count rates were interchanged for the right
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event counts. Because the normalization method was not as effective as
the ratio method in systematic error cancellation, a consistency in the
two methods of calculating €, and in turn P, would indicate that most of
the errors arising from the detector differences have been correctly
accounted for in the analysis.

In this work, only the ratio method data has been presented,
although consistency between both methods has been iliustrated (see
following chapter). When using the ratio method to determine €, only
events that fell within the detector overlap region were considered.

The overlap region was determined by histogramming the left and right
event magnetic field corrected proton scattering angle distributions

and then locating the region that was common to both distributions. The
overlap region was found to be between 21° and 27° as oppoesed to the 19°
to 29° detector full angular acceptance (this difference in angular
range was attributed to the scattered proton magnetic field
deflections). Software cuts were imposed on the magnetic field
corrected proton scattering angles to ensure that only events within the

overlap region were selected to be analysed.

IV.6.a.2 p-p Analyzing Power

The average p-p analyzing power, Ay(e), was determined from the

overlap regions proton scattering angle distribution by calculating the

following expression

Ay(G) = % Ay(e)iW(G)i (83)

§ W0},
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The magnetic field corrected proton scattering angle distribution
was binned into ~ 0.1° bins [Fig. 45]. Where i is the bin index,
Ay(e)i was the p-p analyzing power for the i'th bin deduced from the
phase shift data and W(G)i is the weighting term, which corresponds to
the number of elastic scattering events that fell within the i'th bin.
The term Ay(B)i was calculated in the following fashion:
{a) using the phase shift data [Ref. 3], in particular the SP88
| energy dependent solutions, a plot of Ay{e) versus proton
scattering angle was made and the data was fitted using a
quadratic polynomial. The analyzing power was determined for
the incident proton beam energy of 469 (501) MeV when analyzing
the LH2 (C) calibration data; and
{b) the value of Ay(e)1 was then determined from the fit by using
the i'th bins scattering angle centroid.
The uncertainty in the average p-p analyzing power, due to
statistical fluctuations in the weighting term, W(G)i, was calculated
from

N _ 2 ~ a 2 1%
AA,(8) = 1 L A(0)W(6); ~ (Ay(6)) (84)

[ we) 1% T we)

[Eq. 83] and [Eq. 84] gave the average analyzing power and its
statistical error for a given scattered proton detector system. To
obtain the average analyzing power and its statistical error over both

detectors one uses the expressions:

Ag(8) = Ag(8)y + A (0)p (85)

2
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Proton scattering angle distribution
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and

BA(6) = BA_(8), + AA_(8), . (86)
Ay Lt AA(8)g
2

During the LH2 calibration data analysis, the scattering angle
distributions used were those of the unpolarized runs. These runs were
initially combined into effective runs to improve Ky(e) statistics.
Because the second calibration experiment did not have any unpolarized
runs; the effective "unpolarized" distributions were created by
combining two runs of opposite FST polarization. Particular care was
made to ensure that both of these runs had the same number of events
passing the software cuts. Effective runs were also made. The
systematic error contribufion to the FST polarization measurement due to
the uncertainty in the analyzing power deduced from the phase shift

data, Ay(e)i [Eq. 83], was calculated to be 1.47 (1.40)% (see

Appendix C) for the LH2 (C) calibration results.

IV.6.a.3 FST Polarization
The experimental measurement of the FST polarization was made from
{Eq. 78}

P = €

Ag(8)

where € is the calculated scattering asymmetry and Ay{e) the average

analyzing power over both scattered proton detectors. The statistical

uncertainty in P was determined from

sp = P fae 2 . /A (0) \27% . (87)

€ Ay(G)
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The target polarization as calculated above corresponds to the average
target polarization for a given run. Because in reality the target
polarization during a run was exponentially decaying in time [Eg. 6a].
the target polarization for a given run as determined from the NMR
system was corrected for this decay [see following section].

The systematic error contribution to the FST pelarization
measurement due to the presence of various extraneous beam and FST
polafization components was calculated to be 0.56 {0.28)% for the LH2
{C) results (see Appendix C). The svstematic error contribution due to
differences in effective run polarizations was negligibhle {see Appendix
C). The absolute error in P was determined by adding the statistical

and total systematic [Table 23] errors in guadrature.

IV.6.b Using the NMR Systenm

The FST polarization was measured at the start (PS) and end (Pe) of

a given data collection period. The time (t') between polarization
measurements was also known. The FST polarization at some time (t) from

the P_ measurement was determined using [Eq. 6a] which was

s
-t

Pyp(t) = Pge T

The time decay constant, T, of the FST polarization in the above

egquation was calculated from

T =t ' {88}
In(R)
where
= g
R E§ {89}
e 1
Between the polarization measurements P, and Pe, the data may have
been collected (stored) on several magnetic tapes (runs). The average

FST polarization for a given run was then determined from
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;NMR = P(t2} - P(ty) (90)
fn(R')
where
R' = P(ty) . (91)
P(t)

The run had started at a time t, from the P, measurement and ended
at time ty. The ;NMR values tabulated in [Table 19] and [Table 20] were
calculated using [Eq. 90] and [Eq. 911].

The error in the individual NMR polarization measurement was
estimated to be + 2%. This is based upon the distribution of six
thermal equilibrium calibrations which showed a standard deviation of
2%. The error in the enhancement factor [see section II1.5.a] was 10

times smaller and can be neglected.

IV.7 PFST Polarization Distribution

The FST sample was segmented into three horizontal strips [Fig. 46}
of equal height. Software cuts were imposed on the FST y-coordinate
image to isolate the elastic p-p scattering events that had taken place
within a given bin. The experimental data was calculated for xﬁum cuts
of < 10, < 15 and < 20, as well as for various FST bins and effective
runs, which were characterized by their common "Bonnie" DAC settings.

The FST polarizations [see Appendix D} were calculated from

P(i,j,k) = eli,j, k) (92)
Ay i, 5.K)

when using [Eq. 76], whose statistical uncertainty can be calculated

when using [Eq. 87]. The index definitions [see Appendix D] were
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FST sample.segmentation. The dimensions of

the target sample were 3.5 cm long {(along
z-axis), 2 cm wide and 5 cm high. The incident
beam direction was along the positive z-axis.
The diagram is not to scale.
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i = FS8T bin (1, 2, 3)
J = "Bonnie" DAC setting (1, 2, 3 or 4) (93)
k = x2 = <ecut (1, 2, 8).

The FST polarization as a function of bin was then calculated from
the P(i,j,k)} measurements from the relation

3 or 4

P{i,j. k) (94)

1 [AP(i,3,k)]2

M~ Q

3

P{1,k) =
: 3 or 4
1

1 [AP(i,j,k)]2

[ o B =]

J
and the statistical uncertainty in P(i,k) was calculated from

AP(i,K) = 1 , % (95)
3 or 4
1/[AP(i,j.k)]°

"t Mo

j=1

The sum of j goes from 1 to 3(4) when the LH2 (C} effective runs
were analyzed. The FST polarization distribution was also determined
when using 6 bins. The 6 bin setup was achieved by vertically
bisecting the existing three horizontal segments as illustrated in
[Fig. 46]. Because the polarization for the left and right segments of -
a given horizontal bin was found to be within the uncertainty in the
polarization measurement of the horizontal bin (before bisection), only
the 3 bin arrangement was used to determine the FST polarization
measurement.

[Table 29} summarizes the FST polarization distribution when using

a 3 and 6 bin arrangement. The data in [Table 298] were deduced from the

zero "Bonnie" effective run data, that had been collected during the

second calibration experiment.



[Table 29]

FST Polarization Distribution
Using Three and Six Bin Arrangements
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3 bin arrangement

8 bin arrangement

bin FST poiarization37 bin38 FST polarization37
Top 0.782 + 0.024 Top left .799 + 0.039
. Top right ).769 + 0,032
Middle 0.728 + 0.015 Middle left .739 + 0.023
Middle right 721 + 0,020
Bottom 0.749 + 0.024 Bottom left .730 + 0.037
Bottom right .769 + 0.032

nghe quoted uncertainties are purely statistical.

The left-right bin orientation is with respect to an observer

looking downstream from the FST.
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The dimensions of the bins that were ultimately used were 16.7 mm
high by 20 mm wide by 35 mm thick. The smallest bins that could have
heen used {calculated by projecting the fourth DLC x- and y-coordinate
resolutions (typically + 1 mm) from the TOF stop scintillator position
to the FST center and rotating the projected values into the FST

reference frame) had the dimensions of 15.6 mm high by 14.2 mm wide by

35 mm thick.

IV.8 Average FST Polarization
The average FST polarization was calculated from the FST

polarization distribution using the expression
3
P{k) = © P{i, k) . {96)
i=1 '
3

and the associated statistical uncertainty was calculated from

3 %
£ AP(i. k)2 . (97)

AP(K) = 1
3li=1

IV.9 NMR Polarization Calibration
The calibration constant (i) relates the measurements of target
polarization made by the p-p elastic scattering and NMR methods: and was

defined as:

B Pscatter . (98}
NMR

=

To determine p from the experimental P(i,j,k) data (see Appendix D},
the following relation was used
w{i,j.ky = P{i, i, k) (99)

Pamgr (3)
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where

Par(3) = | Phy () |+ P () | (100)

2

s . - . . .
The variables PNMR(J} and pNMR(J) are thg NMR polarization

measurements, as tabulated in [Table 27] or [Table 28], for the two
effective runs that were used to calculate €(i,j,k) for the j'th "Bonnie"
DAC setting. The statistical uncertainty in u was calculated from
. e .. 2 N 2 - w21k
Ap(i,j,K) = p(i,j,k)/me(i, i, k) BAG(1,].k) + APNMR(J)

+ (101)

€(i,j.k) Ayli,i.k) Pyur ()

as opposed to [Eq. 87] for the FST polarization measurement. The
experimental p(i,j,k) data have also been tabulated (see Appendix D).
The average calibration constant was calculated from the calibration
constants distribution in the same manner as indicated in [Eq. 96] and

[Eq. 97}.
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CHAPTER V

RESULTS AND DISCUSSION

Before the average NMR calibration constant was determined from its
distribution thoughout the FST sample, it was necessary to determine the
FST polarization distribution. The FST pﬁlarization distribution was
obtained by segmenting (via software) the FST sample into several bins
of edual size and then determining the FST polarization for the sample
region within each bin. The FST polariiation distribution was deduced
from 3 horizontal strips of equal height [Fig. 46], identified as the
top, middie and bottom bin. When a 6 bin arrangement (vertically
bisecting the existing 3 horizontal bins) was used to deduce the PFST
polarization distribution, the left—right difference in the FST
polarization for the top, middle and bottom bins was typically 0.03,
0.02 and 0.04, respectively. Because the left-right difference in the
FST polarization for a given horizontal bin was smaller than the error
bar in the FST polarization measurement for the entire horizontal bin
[Table 29], this effect was. not significant enough to be accounted for.

The FST polarization and NMR calibration constant distributions
over the three FST bins, as deduced from the p-p elastic scattering
asymmetries, are summarized in {Tabie 30} and [Table 31]. It is
seen from [Table 30] that the FST polarization decreases from top to
bottom of the target during both calibration experiments. A possible
explanation is the following: if we assume the FST sample polarization
to be of uniform distribution when it was initially polarized, then the

observed FST polarization distribution can be predicted when the



[Table 30}

FST Polarization Distribution
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FST polarization39
FST bin LHZ runs C runs
for xa < 10 data
suin
Top 0.808 + 0.015 0.792 + 0.008
Middle 0.768 + 0.010 0.762 + 0.006
Bottom 0.734 + 0.015 0.763 + 0.008
for X* < 15 data
sum
Top 0.818 + 0.014 0.796 + 0.008
Middle 0.766 + 0.009 - 0.788 + 0.0086
Bottom 0.728 + 0.014 0.766 + 0.008
for x2 < 20 data
sum
Top 0.805 + 0.014 0.789 + 0.008
Middle 0.762 + 0.009 0.768 + 0.006
Bottom 0.728 + 0.014 0.761 + 0.008

e . s s
8 The quoted uncertainties are purely statistical.



NMR Calibration Constant Distribution

[Table 31}
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NMR Calibration Constant40

FST bin LH2 runs C runs
for x2 < 10 data
sum
Top 1.009 + 0.019 0.971 + 0.010
Middle 0.961 + 0.012 0.935 + 0.007
Bottom 0.922 + 0.019 0.937 + 0.010
for xz < 15 data
sum
Top 1.023 + 0.018 0.976 + 0.010
Middle 0.959 + 0.012 0.942 + 0.007
Bottom 0.915 + 0.018 0.940 + 0.009
for x2 < 20 data
sum
Top 1.006 + 0.018 0.967 + 0.010
Middle 0.955 + 0.011 0.942 + 0.007
Bottom 6.914 + 0.018 0.934 + 0.009
40

The guoted uncertainties are purely statistical.
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polarization decay constant for each of the 3 bins was different and
decreased from top to bottom. The only FST parameiers that couid cause
the polarization decay constant [Eg. 6b] to vary within each bin would
be changes in the sample temperature and in the holding field. Consider
the sample termperature possibility first. Because the polarization
decay constant decreases from top to bottom [Table 31], then from [Eq.
6b] it would indicate that the sample must be cooler at the top than at
the 5ottom. The qum € 20 data in [Table 30}, indicate a FST
polarization difference of 0.077 and 0.028 from the top to the bottom
bin, for the LHZ2 and C runs respectively. This corresponded to a
temperature difference between the top and bottom bins of 12 mK and

10 mK, respectively. The temperature difference (AT) was calculated
from the observed FST polarization diffefence {AP), using

AT = 1T AP (102)

tp
and [{Table 321, where T is the average polarization decay constant
deduced from the NMR measurements. t is the total data collectiocon
pericd, T is the sample temperature and P the average FST polarization
deduced from {Table 30]. [Eg. 102] was derived from |Eg. 6a] and
[Eg. 6bl. Because there was only one mixing chamber thermometer
[Fig. 7] located at the bottom of the FST sample, it was not possible to
verify this conjecture for the observed FST polarization distribution.
Consider now the holding field possibility. Since the polarization
decay constant decreases from top to bottom, then from [Eg. 6b], it
would indicate that the heolding field is larger at the top than at the
bottom. If once again we employ the x2 < 20 data in [Table 307, the

Sum

up-down FST peolarization difference of 0.077 {0.028) would correspond to




[Table 32]

FST Experimental Parameters
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Item LH2 runs C runs
Average FST polarization 0.766 ¢.755
Top~-bottom polarization

difference {(x um § 20 data) 0.077 0.028
Average polarization

decay constant 479.3 Hrs. 833.6 Hrs.
Total data collection period 18.7 Hrs. 23.3 Hrs,
Sample temperature 45 mK 45 mK
FST holding field 0.257 T 0.257 T




a holding field difference between the top and bottom bins of 0.16
{0.08} T. The holding field difference (AB) was calculated from AP,
using

AB = AP {103)

> I"'l
=

t

o

and [Tab1e732], where B is the FST holding field. ([Fq. 103] in turn was
derived from [Eg. 6a] and [Eg. 6b]. Prior to the "Test of Charge
Symmetry Breaking" experiment, various holding field maps were made
above and below the central plane of the target cell. From these field
maps the holding field change with vertical distance {at the target
center) was found to be 0.006 T . cmnl. The above calculated 0.16 T and
0.08 T holding field differences over the full 5 cm height of the
target, corresponded to change of 0.032 T - cm Y and 0,016 T - em ! for
the LH2 and C runs respectively. Because the observed holding field
variation with vertical distance (as calculated from field maps}) is much
smaller then that predicted, it would be reasonable to assume that the
observgd nolarization difference from the top of the target to the
bottom is not due to a holding field variation between the top and
bottom bin.

Another explanation for the observed polarization distribution
would be to have the sample temperature constant throughout the FST
sample, and thus the polarization decay constant, and have the FST
polariiation distribution to be such that the bin polarization decreased
from top to bottom when the sample was initially polarized. This effect
is somewhat justified from the fact that the microwave photons that are
used to initially polarize the FST sample via the dynamic nuclear

polarization method enter the FST sample from the top {Fig. 7). “Thus,
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the top bin may have been polarized more than the bottoﬁ bin due to
photon attenuation within the FST sample. It is not possible to
distinguish whether the resulting FST polarization distribution is due
te the temperature variation throughout the FST sample or the initial
microwave photon attenuation within the sample, or a combination of both
effects.

The NMR calibration constant {p) was defined as

p=~"r +
scatter {104)

PamMr

where P and Puyp are the FST polarizations deduced frém pP-p

scatter

elastic scattering and the NMR system. 1t should be noted that u was
observed [Table 31] to be near unity at the top of the sample, not in
the middie where the NMR ccil is physically situated.

The average NMR calibration constant over the entire FST sample was
calculated in a manner as indicated in [section IV. 9]. [Fig. 47]
illustrates the experimental results with their associated statistical
error bars. Agreement between the average NMR calibration constants
calculated from the asymmetries using the ratio and normalization
methods indicates that systematic errors arising from differences in
detector solid angles, efficiencies, target thickness, scattering
angle and incident beam current haﬁe been correctlyv accounted for.
[Fig. 48] illustrates the various contributing effects the background
and detector efficiency corrections to the detector count rates had on
the final results.

The systematic error in the average NMR calibration constant (p)

was evaluated fronm

A= £, u (105)
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where the scaler fA is assigned the value 0.0216 (0.0209) when analyzing

the LH2 (C) data. The scaler fA was determined by adding the individual

systematic error contributions [see Appendix C] in quadrature [Table
33] excluding the p-p analyzing power systematic error contribution.
The latter was determined from the phase shift analysis results [Ref. 3]
to the existing p-p data base, and was kept separate from the other 8
due to the method used to estimate it [see Appendix C]. The systematic
error in the average NMR calibration constant due to this effect alone
was calculated using [Eq. 105] but fA was now assigned the value
0.0147(0.0140) {[Table 33] when analyzing the LH2 (C) data. [Table 34]
summarizes the average NMR calibration constant results which have
assigned to them three uncertainties. The first of these is due to
statistical fluctuations in the data, the second is due to the first 8
systematic error contributions as tabulated in [Table 33] and the third
is due to the systematic error of the p-p analyzing power deduced from
the phase shift analysis.

After the data analysis, the primary proton beam energy loss from
cyclotron exit to FST center [see section iv.2.a.2] was re-calculated
and it was found, that the LH2 run beam energy at the center of the FST
should have been 467.6 MeV and not 469.0 MeV [Table 35] as previously
calculated. To compensate for this change in bean energy, the LH2
results in [Table 34) were re-calculated. This involved the scaling of

the observed analyzing power data, that is

A (68) = A (6) f {106)
ynew yobs B )

where



fTable 33]

Systematic Error Considerations
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(AP/P)
Contributing effects LH2 runs C runs
Error in P due to error in
incident proton beam energy 0.0021 0.0011
Error in P due to error in determining
the detector physical angle 0.0022 0.0022
Error in P due to wrong corrections
for deflections in holding field 0.0002 0.0002
Error in P due to different effective
run FST polarizations negligible negligible
Error in PyMp due to reproducibility
of the NMR system 0.0200 0.0200
Error in P due to error in determining
the background fraction 0.0049 0.0047
Error in P due to incorrect spin
precession of superconducting negligible negligible
solenoid
Error in P due to the presence of
various beam and FST polarization 0.0056 0.0028
components
Adding the above in guadrature 0.0218 0.0209
Error in P due to the error in
the analyzing power 0.0147 0.0140
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[Table 34]

Average NMR Calibration Constant Results

X" < cut LH2 runs C runs
stim

10 0.9639 + 0.0084(+0.0208)(+0.0142) 0.9477 + 0.0048(+0.0198)(+0.0133)
i5 0.9654 + 0.0081(+0.0208)(+0.0142) 0.9527 + 0.0045(+0.0199)(+0.0133)
20 0.9579 + 0.0080(+0.0207)(+0.0141) 0.9480 + 0.0044(+0.0198)(+0.0133)
Straight

average of 0.9624 + 0.0082(+.0208)(+.0142) 0.9495 + 0.0045(+0.0198)(+0.0133)
above results

Weighted mean of above
results using the statistical 0.952 + 0.004(+0.020)(+0.014)
errors as weighting




[Table 35]

LH2 Run Primary Proton Beam Energy Losses

22

Previous Recalculated
Values Values
(MeV} {MeV}

At cyclotron exit 497 .0 497.0
At BEM kapton foil exit 497 .0 497.0
At center of secondary beam production
target 4932 .0 493.0
Affter 9° (lab) scattering at center of
secondary beam production target 477.9 477 .9
At secondary beam production target exit 476.8 473.8
After passing through 317.13 cm of air 475.8 472 .8
At TOF start scintillator exit 475.6 472.6
After passing through 166.28 cm of air 475.1 472.0
At horizontal drift chamber exit 475 .1 471.7
After passing through 124 .22 cm of air 474 .17 471.6
At horizontal drift chamber exit 474 .6 471.5
After passing through 9.75 cm of air 474 .6 471 .4
At TOF stop scintillator exit a74 .4 471.3
After passing through 21.55 cm of air 474 .3 471 .2
At FST center 469.0 467 .6
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bdy
(=}
]

Ay (24°)
467.6

Ay {24°)
469

0.9088 {107)

i

and recalculating the NMR calibration constant data from the observed
scattering asymmetries. The scaler fB was determined from Arndt's phase
shift analysis [Ref. 3] SP88 energy dependent solutions. The new LH2
run average NMR calibration constant result, after the above correction,
was found to be 0.9636 + 0.0082(+ .0208)(+ .0142). The new weighted
mean of the average NMR calibration constants of both experiments was
0.953 + 0.004(+ 0.020)(+ 0.014), which had an absclute error of

100 x [(.008)% + (.020)% + (.014)21% - 2.6% . (108)
0.953

As a finishing note, during the “Test of Charge Symmetry Breaking"
experiment an average NMR calibration constant value of 0.961 + 0.024
(#0.027) [Ref. 1] was obtained. The first and second uncertainties
were due to the statistical and systematic errors, respectively. The

NMR calibration constant (R) was calculated from

R = Pscatter (109)
PNMR
is

where PNMR is the NMR target polarization measurement and PScatter |
the FST polarization measurement determined from an experiment that used

a secondary beam of neutrons to impinge upon the FST's protons.
PScatter was determined from the neutron beam polarization (Pn), using

Pscatter =’§1'(d€p/d9> - (110)

den/dd
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In the above equation, €, (ep) is the observed scattering asymmetry when
the neutron beam is polarized {unpolarized) and FST is unpolarized
(polarized); 6 was the proton scattering angle, that was observed over
the angular range of 27° to 37° {lab.).

When a comparison is made between the average NMR calibration
constant found here 0.953 + 0.025 (absolute), and that of the charge
symmetry experiment 0.961 + 0.036 (absolute) it is seen that they agree
within their associated error bars. The present result, is taken to be
a better representation of the true average NMR calibration constant,
due to its smaller error bar and the fact that it was determined from

the NMR calibration constant distribution throughout the FST sample.

V.1 Conclusion

The average NMR calibration constant was determined from its
distribution throughout the FST sample and has been measured with an
accuracy of + 2.6%, using p-p elastic scattering. Prior to this
measurement the NMR calibation constant was known to + 3.6% [Ref. 17.
The NMR calibration constant distribution for a 8 horizontal bin
arrangement, indicated that the top bin of the sample obtained the
highest value, and the middle and bottom bins were consecutively lower.

The incorporation of the results of this work into the Ayy(e)

experiment's analysis, allowed the measurement of Ayy(e} and Ay(e) [see

chapter I] to be determined to an absolute accuracy of + 0.03. The
resulting new data had a great impact on the phase shift parametrization

of the I = 0 scattering amplitudes [Ref. 2].
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APPENDIX A

PROZEN SPIN TARGET POLARIZATIOCN UNCERTAIKTY REQUIREHENT

The n-p spin correlation parameter Ayy(G) can be shown to be of

the form:
() = 1 B-1 (A1)
Ayy - PpPp | B+1
with.
1/2
8 = L++ + L——. R++ + R—- (A2}
L+__ + L_+ R+_ + R-+

where L,, and R_, are the counts in the left and right detectors, the
subscripts indicate the beam (first) and target (second) polarization
directions; PT and PB are the target and beam polarizations.

[Eq. A1) can be simplified to

Agg(0) = _e (A3)
PpPp

when € is defined as

€e=8-1. {A4)
B+ 1

The n-p spin correlation parameter uncertainty can be determined

from [Eqg. A3] and is written as

1/2
o o> o° o®
€ P P
vy B T
= + -+
- - - - (A5)
2 2 2
Ayy € PB PT
where ¢ o OP and 0€ are the uncertainities in the variables PT'

Pre Ay’ Py
Ayy(G), Pp and €, respectively. It should be noted that [Eg. A5] assumes

that PB and PT or GPB and GPT are not correlated.
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The beam polarization can be determined to less than +2%, assuming

that the spin transfer coefficient Ty is known, so

GPB

Py

< 0.02 {A6)

and assuming the systematic errors in the observed scattering asymmetiry

{e}) are under control then

UE
< 0.01 . {AT)

€

If the target polarization can be determined to at most +2%, that

s€L

< 0.02 {A8)

then by substituting [Eq. A6é1, [Eq. A7] and [Eq. AB] into [Eg. AS5] it

can be shown that

i
VY < oa.0z . (A9)
A
vy
Since lAyy | < 0.5 then from [Eq. A9]
., < 0.03 | (A10)

y 37

It is seen then from the above derivation that a target
polarization with absolute accuracy of less than +2% is necessary to
achieve an absolute accuracy of *+0.03 in the n-p spin correlation

parameter.
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APPENDIX B

PROTON ENSEMBLE POLARIZATION AT THERMAL EQUILIBRIUM

Consider an ensemble of independent particles each having the same
spin 8. The Hamiltonian for the interaction between each particle and
the static external magnetic field ; = ﬁﬁ, is given as

H = -MB | (B1)
where Ez is the z-component of the ensemble magnetic moment. Since

M, = 7S, {B2)
where Sz is the z-component of the spin operator S and v is the
gyromagnetic ratio of the particles, then from [Egqg. Bi]

H=-yBS, . {B3)

The nuclear spin polarization for the ensemble of particles is

defined as

P = <8z> {B4)

Sz

where <Sz> is the ensemble average of the spin operator Sz’ and can be

determined by

<§,> = Tr(ps,) _ (B5)

with p being the density matrix. If we assume that the ensemble is at

thermal equilibrium then

= g”ﬂ/kT . (B6)
Z

p
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- Using the above equations, [Eg. B6] can be expressed as

¥BS¢
RTT

<8,> = Tr(e 8;) . (B7)

Z
Recalling that
s, lsm>=mh|sm> (B8)
where ]S m > is the eigenvector of the operator SZ with eigenvalues mh
(m taking on 2I+1 values between -I and I) and summing over all the
states m, puts [Eg. B7] into the form

yBmh
me kT . {B9)

-1

<8 >
-

[T o

]
Nl

From the normalization condition of the density matrix, the

partition function Z can be shown to be

1 YBmh
z= 73 e KT (B10)
By substituting [Eg. B10] into [{Eqg. B9}, and assuming that the
individual particles are of spin 1/2 such as protons {that is, m = 1/2

or -1/2), we get from [Eq. B9] and [Eg. B10]

s -1 .[ YBR/2KT _ e—yBﬁ/gki‘}_ (B11)
2

oYBR/2KT e~yBﬁ/2kT

From the definition of the tanh function we can rewrite [Eq. B11]

as

[

<§,> = Q-tanh[%gg]. (B12)
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Now substituting {Eg. Bi2] into [Eq. B4], we obtain the nuclear

spin polarization for an ensemble of protons as

P = tanh{yBR] . ' (B13)
2KT
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APPENDIX C

SYSTRHATIC ERROR CALCULATIONS
To estimate the various systematic error contributions to the FST

polarization measurement the following numerical values were used:

Item LH2 runs C runs
Incident proton beam energy (E) 469 MeV 501 MeV
Nominal scattering angle (9} 24°{1lab} 24°(1lab)
Average p-p analyvzing power (Ay) 0.4092 0.4204
Average FST polarization (P) ¢.80 0.81
rgq = 1+ PAy 1.8734 2.0327
1 - PAY

The average p-p analyzing power was calculated for the above @ and E
values using Arndt's phase shift analysis {Ref. 3}, in particular, the
SP88 energy dependent solutions.

Before the various systematic error calculations are presented the
following common expression is derived here to eliminate repetition.

By defining the ratio

ro= 'R (C1)
LR" '
and using the following detector count rates {Eq. 72]

L+ = Oo(1 + PAy)
R_ = 00{1 - PAS}') (CZ)
L = 04{1 - PAy)
R = 00(1 + PAy)

it can be shown that

P=1"r, -1 ) (03)
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it should be noted that the above count rates and thus r, are

defined to be in the absence of any systematic errors. Taking the

derivative of P with respect to r, then gives us

AP = 2 Ar {C4)
Ag(1 + 1)’
where
Ar =T - rg . {C5)

The ratio r is defined similarly to the ratio ry, [Eq. C1] but now

the count rates have some systematic error contributions. Writing r

in terms of r, via the scaler §

r? = oré (C6)

allows [Eq. C4] to be expressed as
%

AP = 2. - (6 - 1) . (C7)

P {ro - 1}{ry + 1)
We then have

AP = 1.3636 (5}é - 1) for LH2 runs

p

= 2.0327 (6¥ - 1} for C runs

C.1 Incident Proton Beam Energy
Because the p-p analyzing power is a function of the incident proton

beam energy there would be a systematic error contribution to the FST

polarization measurement as a result of the beam energy uncertainty.

This contribution can be calculated from

AP = -AF aAy

— (C8)
P Ay oE 8.E

Using a + 2 MeV and +1 MeV estimate of the incident proton beam

energy uncertainty for the LH2 and C runs respectively, and
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~4 -4
aAy = 4.2 x 10 (4.6 x 10 7) {C9)
oF 0.E
via the Arndt phase shift analysis (SP88 solution), the fractional error

in the PST polarization measurement was estimated to be

AP = 0.0021 (0.0011}) . (C10)

jae)

Because throughout this appendix data is presented for both
calibration experiments, the terms in the brackets will correspond to

the € run data.

C.2 Scattered Proton Detector Positioning

Because the p-p analyzing power was determined from the detector
scattering angle distributions, there will be a systematic error
contribution to the FST polarization measurement as a result of the
uncertainty in determining the detector physical angular positions.
Estimates of this contribution were calculated from

AP = -A8 aAy

—_ ) (C11)
P A, Lae JE.®

Using an angular positioning uncertainty of A0 = +0.05° (lab) and
AAy = ~-0.0183 (~0.0183) (Ci2)

as |E,0

via the SP88 solution of Arndi's phase shift analysis we find

AP = 0.0022 (0.0022) . (C13)

o

C.3 Bolding Field Deflection Angles
There could have been systematic error contributions to the FST

polarization measurement arsing from wrong corrections for deflection in
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the holding field. As a result of this, there would have been a mismatch
in the left and right event scattering angles. To estimate this
contribution the following definitions were applied. The subscripts

were used for left (L} and right (R) event identification.

By defining the following scattering angles

GL = 8'- p and GR = 8' + p (Cid)
where
2 =z

the analyzing powers could be expressed as

AL = Ay(9’ - p)
2 2
= A'y - p dAy + p d Ay (C16}
a6 2 de’

and
AR = Ay{el + ﬂ)

e 2
= A' _ + p dAy +pd Ay . {C17)

46 2 dee

The difference between the left and right event analyzing powers is
due to the scattering angle mismatch, p. Substituting [Eg. C16] and
[Eq. C17] into [Eg. C2] we get

L =0 [1 +P(A'y, — 6A + §'A)]

R =04 {1 - P(A'y + SA + 6'A)])

- (C18)
L =0, [1-P(A'y - 8A + §'A)]
R = 0o [1+ P(A', + 8A + §'A)]
where
2 2
A = p dAy and 6'A=p d Ay . {C19)

dé 2 de

2
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Using [Eq. C18] and performing the ratio in [Eq. C1) one finds the

relation r? = 6rz to be satisfied when

2 2 2 2 2
6 =1+ 2P A’yﬁ'A + 2P6'A - P (8A) + P (6'4)

. 2
{1 + PA y}

1+ 2P2A'y6'A - 2P6'A - P?(6A)% + PP(s'A)°

_ | 2
(1 - PA",)
Since p = -0.82° (-0.37°), @' = 24.20° (23.84°), A
dA.
SF
= ~0.0184 (-0.0181)
ae | e
and
a’a
— = -0.0001 (-0.0001)
ae’ | o
then

§ = 0.99968 (0.99968)

substituting [Eq. C21] into [Eg. C7] we obtain
AP = 0.0002 (0.0002)
P

C.4 p-p Analyzing Power

(C20)

y = 0.4058 (0.4234},

{c21)

{c2z2)

Because the FST polarization is calculated from the measured

scattering asymmetry and analyzing power, there would be a systematic

error contribution to the polarization measurement arising from the

analyzing power uncertainty. This contribution was determined from the

relation
AP = -AA
— — 9y
P A

{Cc23)
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The analyzing power uncertainty AAy was determined from the Arndt

phase shift analysis by estimating the largest differences between
energy dependent (SP88) and single energy solutions. The following

differences were formed for the LH2 data

AA = A - A = 0.0060

v Yspag sol'n Yca50 sol'n

(C24)

AA = A - A, = 0.0015

v Yspgg sol'n ¥$500 sol'n

and C data

AA = A - A = -0.0039

¥ ¥3p88 sol'n Yc500 sol'n (C25)
A = - A = -0.0059

= A
v Yspgg sol'n Y$500 sol'n

respectively. Using AAy = 0.0080 (-0.0052) in [Eq. C23] we obtained

AP = 0.0147 (0.0140) . ‘ {C26)

o

C.5 Different FST polarizations

When the FST polarization measurement was calculated from the
scattering asymmetry and analyzing power, two effective runs were used
of opposite FST polarization directions. The measured polarization was
then taken to be the average of the two effective run polarizations.
Systematic error contributions to the FST polarization measurement would
exist arising from differences between the effective run polarizations.

Taking this effect into account, [Eq. €2} becomes

L" = 0o(1 + PTAy)
R" = 0.(1 - P+Ay}
(c27)
L™ = 0o(1 - P4y
R = 0.(1 + P_Ay)
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Defining

P = |P+ [ + |P‘ [and &P = |p+ l - IP" ! , {C28)

2 2
and substituting [Egq. €27] into the ratio in [Eq. €1}, we find & in the

relation r? = 6r§ to be

6§ =1 - A (6P)°
v

2
_(rPay (C29)
1 - APy(sP)?

ma
(1 ~ PAy)

using 6P = -0.0059 (0.0014) from the NMR polarization values we find
§ = 1.000010 (1.0000006) . (C30}
Substituting [Eq. C30] into [Eq. C7]

AP = 7 x 1078 (4 x 107T)
P (C31)

It is illustrated above that this contribution is negligible.

C.6 Background Fraction Estimation

Another systematic error contribution to the FST polarization
measurement could have arisen from the method used to estimate the
background fraction [see section IV.5.a.1)}. Rearranging [Eq. C2] to

take into account the various background contributions

+ + +

L = GL + AfLaB

+ +

(c3z)

= UL + AfLoB

™
|

UR + AfRoB

=)
]
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it can be shown then, that

+ - + -

{C33)
o ot o

4
oL R R L

for the relation r2 = 6r: to be true. The various terms in [Eq. €33],
which will be refered to as Afz, Af;, Af; and Afi, correspond to the
calculated background fractions. Calculating these terms from the
general equation

CAf = A - df (Cc34)
ab | ¢ = 6°

where the derivative is the rate of change of the calculated background
fraction with non-coplanarity angle ¢, evaluated for ¢ = 6°, and A the

root-mean-square of the multiple scattering angle. It can be shown,

from the following xa £ 15 data

sum
+ +

df = -0.0208 (-0.0208) dfy| = -0.0133 (-0.0133)

a e -6 aw fe =60 (c35)

df£ = -0.0148 (-0.0148) dER = -0.0199 (-0.0199)

¢ | o = 6° d¢ | ¢ = e°
and

A = 0.62° (0.58°) (C36)
that

AP = 0.0049 (0.0047) . (C37)

P

C.7 Superconducting Solenoid Spin Precession
Systematic error contribution to the FST polarization measurement
could have arisen by not having the incident bheam polarization in the

horizontal, x - z plane. There were two independent effects.
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C.7.a Incorrect #ulenoid Current Setting
After the experiment, the spin precession angle, GP' of the solenoid
was measured (see section III.83.c) and it was found to be 89.8° + 1.8°

(2%). If we consider the worst case, 9? = 88¢, then the incident beam

Y
polarization along the y -~ axis, Pp, would be

7

¥ ¥ .
PB = P« sin{90° - GP) {C38)

where PY is the secondary proton beam polarization along the y - axis,
as a result of 9° {lab) scatftering of the unpolarized primary proton

beam, within the secondary beam production target. Rearranging [Eq. C2].

y
for the presence of Pp we get
+ v y vy
L = 0o[(1 + APy ) + APy + PyPy gyl
+ ¥ v vy
R = 0o[(1 - APy") - APy + PoPp AL ]
- y y y y (ng)
L = o0,[(1 - APy ) + AgPp - PPy Ayy]
- v y AR
R = 0o[(1 + APy ) - APy - PePg Ay ]

T
where P; is the FST polarization assumed to be parallel to the y - axis

and Ay is one of the p-p spin correlation parameters at 6 = 24° (lab)

Yy
and incident proton beam energy E. Substituting [Eq. C39] into [Eq. Ci]

2
we find the relation r? = 8r, to be satisfied when

ET y 37 2
i- (AypB + P P_A )

T B yy
YV 2
(1 + AyPT)
5 = A {C40)
vy
1 - {AyPB - pTPBAyy)

2
(1 - AP
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Using the values

pY 0.4099 (0.2389) (C41)

AYY

0.6368 (0.6086)

which were derived from the SP88 solution of Arndt's phase shift
analysis, it can be shpwn

AP = 7 X 1070 (2 X 1079) . (c42)

a+]

The systematic error contribution to the FST polarization as a

result of the above effect has been illustrated to be negligible.

C.7.b Solenoid Hisalignment

The fB.df of the superconducting solenoid due to a misalignment

angle, GS, will be
. _ (C43}
Slnes (/B d’e)solenoid
thus the change in fB-df will be

But since the spin precession angle of a solenoid is directly

proportional to the (fB-d&) then the spin precession angle, BP,

solenoid-
will change to

Gp(l - sines) (C45)
due to the presence of 8. Thus if GP = 90° and GS = 0.1° then the new
precession angle, G'P, would be 89.8°. Substituting this value for

GP in [Eq. C38] and once again solving [Eg. C40], it can be shown that

AP will be just as negligible.
P
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C.8 BRBzxtraneous Beam and FST Polarization Components

Because the scattering asymmefry was calculated by using [Egq. C2], a
systematic error contribution to the FST polarization measurement could
have arisen from possible extraneous beam and FST polarization
components. Rearranging [Eq. C21 for the various polarization

components we have

+

_ v

L = Oo[(1 + Py Ay) + aj

+ v
R =0,0(1 - Py Ay) + b}

o v (C46)
L = 00[{1 et PT Ay) + C]

- v
R = 0,0(1 + Pq Ay) + d]

where

~ v vy X X zZ z X Z 7z X
a = AyPp + PpPpAy, + PoPpA,  + PpPpA,, + (PgPp + PyPplA, .
b A Yp vy X X zZ z X z Z X

= - +

y "B " PpPgAyy + PpPpA . + PoPgA . — (PypPp + PpPglA, .

= AVPY PyPyA PXDXA PZPZ XpZ + PZPX (e
C = AyPp = PrPpAyy = PpPpAyy = PoPph,, - (PoPp + PoPR)A

Y vy K X Lz Z X _Z 7 X
d = AyPB PTPBAyy PTPBAXX pTPBAzz * (PTPB * PTPB)Azx

In the above equation PB and PT are the beam and FST polarizations,

with their various x, y, and z - components identified as superscripts:
Axx, Ayy, Azz’ and Azx are the proton spin correlation parameters
obtained from Arndt's phase shift analysis (SP88 solution) and were
determined for 8 = 24° (lab) and incident proton energy E, as indicated
at start of the appendix. Substituting [Eq. C46] and [Eq. C47] into

[Eq. C1], one finds the relation r? = arj to hold when



§ =1+ {(a+ d)¥(1 + AyPi) + ad

Y 2
(1 + AyPT)

N4
1+ {c + b){1 + AyPT) + ch

v 4
(1 - ap)

If we define the beam and FST polarization components as

Y

»
A e e mm ] . e e —-——

and using the following data

Ayy = —0.5178 (-0.5001)
A,, = 0.5025 (0.4574)
PT = 0.80 {(0.81)

P =
8 =2° ¢ =
8 = 88° ¢ =

then after some substitution we find

p = 0.4099 (0.2389)

88°

20

. AP = 0.0056 (0.0028)

P

PX = Pcosfsing

PY = Psing

PZ = PcosBcosd
Ayy = 0.6369 {0.6086)
AZX = 00,1627 (0.1399)

for FST polarization

for beam polarization

for beam polarization

for FST polarization

203

(C48)

{C49)



204

APPENDIX D

EXPERIMENTAL DATA

The following data that will be presented below are for the ratio
method calculated scattering asymmetiries using effective run count rates
corrected for background, incident proton beam current and detector
efficiencies. The various effective run data that was used is tabulated
in [Tabie Dil. The ;NMR(j) values as tabulated, were calculated using
f[Eq. 100] which is the straight average of the spin up (+)} and spin
down (-) effective run ENMR values, listed in [Table 27] and [Table 28]}.

The index used throughout this appendix and their assignments are
defined below:

{1) 1 index:

index number FST bin
i bottom
2 middle
3 top

{2} i index:

index number

"Bonnie" DAC setting

LH2 runs C runs
1 0.02 0.00
2 0.07 0.05
3 .15 0.10
4 . 0.10%
[ polarity interchangedj
(3) k index:

ind ber’ 2 £

ndex number xsum £ cut
1 10
2 15
3 20

All of the uncertainties that will be stated below are due to

statistical fluctuations only.



[Tabie Dlj

Effective Run Data
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"Bonnie" DAC Effective run identification -
j index setting Spin up (+) Spin down {(-) PNMR(j)
For LHZ2 run:
1 0.02 1 4 0.7991
2 0.07 2 5 0.7867
3 0.15 3 8 0.8076
For C runs:
1 0.00 1 5 0.8149
2 0.05 2 6 0.8193
3 0.10 3 T 0.8156
4 0.10* 4 8 0.8135

* The polarity of "Bonnie" was interchanged.



[Table D2)

LH2 Run Data
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index A {i,i.kK) e(i,j.k) P(i,j.k) pf{i,ji. k)
R y
ijk
111 .41257 + .00062 .2969 + .0085 L7197 + 0206 .9007 + .0258
2 .41265 + .00061 .2959 + .0082 L7171 + .0200 .8974 + .0250
3 .41261 + .00060 .2958 + .0081 L7170 + .0198 .8973 + .0247
121 .41221 + .00043 .3093 + .0107 .7503 + .0260 .9538 + .0330
2 .41243 + .00042 .3056 + .0104 .7410 + .0283 L9419 + .0322
3 .41260 + .00042 .3037 + .0103 .7360 + .0251 .9355 + .0319
131 .41083 + .00132 .3071 + .0155 7475 + 0379 .9257 + .0469
2 .41127 + .00128 .3045 + .0151 .7403 + .0368 .9167 + .0455
3 .41135 + .00125 .3069 + .0150 .7461 + .0365 .9239 + .0452
211 .41129 + .00048 .3083 + .0073 L7495 + 0179 .9380 + .0224
2 .41142 + .00047 .3040 + .0071 L7384 + 0174 .9247 + .0218
3 .41141 + .00046 .3047 + .0071 L7407 + .0172 .9269 + 0215
2 21 .41236 + .00027 .3288 + .0069 L7974 + .0166 1.0135 + .0211
2 .41246 + .00027 .3274 + 00867 L7937 + .0162 1.0089 + .0206
3 .41246 + .00026 .3251 + 0066 .7881 + .0161 1.0018 + .0204
231 .41180 + .00056 .3115 + .0062 .7564 + .0151 L9366 + .0186
2 .41188 + .00055 .3141 + .0080 .7625 + .01486 .9442 + .0181
3 .41188 + .00054 .3119 + .0060 .7572 + .0145 .9377 + .0180
311 .41152 + .00091 .3438 + .0179 .8354 + .0435 1.0455 + .0544
2 .41178 + 00088  .3456 + .0173 .8393 + .0419 1.0504 + .0525
3 .41194 + .00086  .3451 + .0171 .8378 + .0416  1.0485 + .0520
321 41227 + .00043 .3352 + .0112 .8130 + .0273 1.0334 + .0346
2 .41245 + .00041 .3328 + .0109 .8068 + .0265 1.0256 + .0337
3 .41244 + .00041 .3313 + .0108 .8033 + .0263 1.0211 + .0334
3 31 .41080 + .00064 .3283 + .0081 L7991 + .0198 .9896 + .0245
2 .41103 + .00062 .3371 + .0078 .8202 + .0190 1.0156 + .0236
3 .41115 + .00082 .3284 + .0078 .7988 + .0189 .9891 + 0234
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[Table D3]
C Run Data
index A (i,j.K) eli, i, k) P(i,j,k) u(i,j.k)
. y
ijk .
111 .42918 + .00047 .3324 + .0066 .7745 + 0155 .9505 + .0190
2 .42948 + ,00045 .3351 + .0064 .7803 + .0150 .9576 + .0184
3 .42966 + .00045  .3337 + .0064 L7767 + .0149 .9532 + .0183
1 21 .42913 + .00042  .3243 + .0134 7556 + .0312 .9218 + .0380
2 .42938 + .00041 .3193 + .0131 .7437 + .0304 .9073 + .0371
3 .42955 + .00040  .3171 + .0130 .7385 + .0303 .9009 + .0370
1 31 .42749 + .00065 .3297 + .0116 .7718 + .0272 .8456 + .0333
2 .42785 + .00063  .3337 + .0113 .7801 + .0265 .9564 + .0325
3 .42801 + .00063 .3267 + .0113 L7633 + .0265 .9359 + .0324
141 .42869 + .00026  .3250 + .0043 7581 + 0100 .9320 + .0123
2 .42898 + .00025  .3260 + .0042 .7600 + .0097 .9343 + 0119
3 .42819 + .00025 .3247 + .0041 .7565 + .0096 .8300 + .0118
2 11 .42865 + .00030  .3271 + .0043 .7631 + .0100 .9364 + .0122
2 .42902 + .00030  .3292 + .0041 .7674 + .0097 .9418 + .0119
3 .42911 + .00080  .3204 + .0041 .7677 + .0096 .9421 + .0118
221 .42012 + 00027  .3261 + .0072 .7600 + .0168 .9271 + .0205
2 .42941 + .00026 3300 + .0070 .7684 + .0163 .9374 + .0199
3 .42951 + .00026  .3314 + ,0070 L7716 *+ .0162 .9412 + .0198
2 31 .42937 + .00029  .3219 + .0052 7497 + .0121 .9191 + .0148
2 .42963 + .00028  .3245 + .0051 .7553 + .0118 .9260 + .0145
8 .42997 + .00028  .3250 + .0050 .7562 + .0118 .9272 + .0144
2 41 .42893 + .00027  .3307 + .0043 L7711 + .0101 .9479 + .0124
2 .42931 + .00026  .3334 + .0042 .7766 + .0098 .9546 + 0121
3 .42947 + .00026  .3329 + .0042 7751 + 0097 .9528 + .0120
311 .42878 + ,00050 .3395 + .0066 .7918 + .0154 .9717 + .018%
2 .42894 + .00049  .3412 + .0064 .7955 + .0149 .9762 + .0183
3 .42910 + .00048  .3366 + .0063 .7845 + .0148 .9628 + .0182
321 .42932 + 00040  .3509 + .0093 .8173 + .0217 .9970 + 0265
2 .42949 + .00039  .3544 + .0091 .8250 + .0211 .0065 + .0258
3  .42963 + .00039  .3499 + .0090 .8144 + 0210 .9935 + 0257



Continued

331 .42921
2 .42967
3 .42992

341 .42863
2 .42889
3 .42915

I+ 1+ 1+

I+ 1+ 1+

.00032
.00031
.00031

.00067

. 00065
. 00065

.3344
. 3369
L3355

. 3461

.3452
. 3437

I+ 14+ 1+

T+ 1+ 1+

.0056
.0055
.0054

.0110

.0107
.0107

L7790
.7841
.7804

.8075

.8050
.8008

1+ 1+ |+

14+ 1+ 1+

.0131
.0128
L0127

. 0257
.0250
.0249

.9551
.9613
. 9567

.9927
.9896
.9845

T4 b+ I+

I+ 14 1+
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.0161
.0156
.0155

.0317
.0307
.0306




