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ABSTRACT

Proton polarization of a butanal 5% H O—EHBA—Cr(V)

2
polarized target have been measured by elastic scattering
to an accuracy of + 2%. The four cubic centimeter target
sample, suspended in a 25 KG field, was cooled by a

pumped 3He refrigerator. .Left right asymmetry of scattered
particles were deteqted by a two arm telescope, each arm
consisting of a MWPC and a plastic scintillator. Separa-
tion of elastic two body events in hydrogen from non-

elastic two body events in nonhydrogenous material was

achieved using a coplanarity test.
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Chapter I

INTRODUCTION

The calibration of a polarized proton target by
nuclear scattering techniques is described in this thesis.
The calibration involved a measurement of the left right
asymmetry in proton proton scattering with the beam and
target aligned longitudinally. The measured asymmetry is
given by a product of the beam polarization, the target
polarization and the CLL parameter. The CLL‘parameter was
computed from a phase shift analysis of the world data and
the beam polarization was determined using a previously
calibrated polarimeter. The target polarization extracted
from this asymmetry measurement was then compared to the
value of target polarization determined from an NMR
measurement.

Measurements were made at beam energies of 210,
325, 425, 460, 500 and 520 MeV. The energy region covered
by these measurements extends from the minimum to the

maximum beam energy available at the TRIUMF cyclotron.



The measurement of target polarization by the
nuclear scattering method was motivated by the need for
an accurate determination of the target polarization which

L AoL is the

was required in the measurement of Ac
difference in proton proton total crossections for spins
aligned parallel and anti-parallel along the longitudinal

. . . 2,3,4
direction. Previous measurements of Ac 1,2,3,

L have re-

lied only on nuclear magnetic resonance techniques to

determine the target polarization. Inconsistencies in

previously published data might be explained by systematic

errors in the normalization of the target polarization.

This experiment is essentially a test of that hypothesis.
In an NMR measurement the target polarization is

determined from the following relation

_ INMR enhanced signal

PT - jNMR thermal signal =~ = thermal

where Pthermal is the absolute target polarization at

thermal equilibrium. Thermal equilibrium refers to the
state in which the nuclear spin system is in equilibrium

with its surroundings. is calculated from the

Pthermal

fundamental Boltzman equation

P _ EXP_ (uB/kT) - EXP (-uB/kT)
thermal EXP (uB/kT) + EXP (-uB/kT)

where p is the proton magnetic moment, B is the strength
of the static external field, k is the Boltzman constant

and T is the equilibrium temperature. thus

Pthermal



depends critically on an accurate knowledge of the
temperature which appears inversely in the exponential
factor. Measuremenﬁ of the equilibrium temperature and
in particular the electron spin temperature‘is difficult
as the lattice temperature must be determined indirectly
by monitoring vapor pressure in the cryostat.5 Un-
certainty in the temperature calculation introduces a
systematic error into the overall NMR measurement.

A second experimental difficulty is associated
with the weak thermal equilibrium signal which was the
order of 0.1% of the enhanced signal. Distortions
arising from electronic amplification and noise are much
more serious for the small thermal signal, particularly
as the nuclear signal appears as a small a.c. modulation
on a large d.c. offset.

A further limiting aspect of the NMR measurement
is that all parts of the sample contribute equally to the
measurement. Inhomogenieties in the magnetic field and
surface effects in the sample cause local variations in
the Larmor precessional frequency of the protons. The
signal is an average over the entire volume of the sample.
In comparison the nuclear scattering measurement samples
only those protons in the target that contribute to
scattering. Hence this method is more direct in giving
information on the initial spin state of those protons

which interact via a spin dependent potential in the



fundamental process being studied (i.e. AOL)-,

Consequently all systematic errors are estimated
to limit the overall accuracy of the NMR measurement to
the order of 6%.

The measurement of target polarization by the
nuclear scattering method is limited by statistical errors
since the data can be accumulated only for a finite time.
This time was estimated such that the statistical errors
were less than uncertainties arising from the phase shift
predictions for Cry and the other components of the
scattering matrix which enter in the calculation. These
errors were added in quadrature with the statistical
errors. To these was added a small uncertainty in the
angular distribution of the scattered events. The over-
all uncertainty obtained in this measurement was of the
order of * 2%. This measurement thus provided a cali-
bration of the NMR system.

The formalism describing the nuclear scattering
measurement is summarized in Chapter 2. The description
is based on the density matrix formalism which is parti-
cularly well suited to this application. A brief dis-
cussion of dynamic nuclear orientation is given in the
same chapter. Included is a description of the method
used to prepare the initial polarization state for the
scattering experiment. Finally Q meter detection which

constituted the detection system of the NMR measuring



apparatus employed in this experiment is described.

A general description of beam line apparatus and
essential equipment including the polarized target and
NMR. apparatus is given in Chapter 3. Chapter 4 is de-
voted entirely to a description of the polarization
monitor which was used to observe the nuclear scattering.
In Chapter 5 a short account of the procedure for re-.
cording experimental data is given. The duration of the
experiment was one week hence only some general aspects
of the data acquisition program are included.

Details of the analysis used to obtain the target
polarization are summarized in Chapter 6. Track
reconstruction of protons scattered into the monitor is
described. The reconstructed trajectories were used to
compute the coplanar and opening angle for each scattering
event. Use of a coplanarity test to separate elastic two
body events in hydrogen from background scattering is
described. The fitting equation used to obtain the target
polarization are presented and discussed. Finally the
calculation of an overall uncertainty in the measurement
is described.

The results of the nuclear scattering measurement
with error analysis and conclusion are presented in the

final Chapter.



Chapter II

FORMALISM

This Chapter gives a description of the density
matrix formalism in nucledn-nucleon scattering, the
methods of dynamic nuclear orientation and the technique

of Q-meter detection
2.1 The Scattering Matrix

The kinematics of elastic proton proton scattering
are completely determined by two parameters, which may be
chosen as the centre of mass momentum, k, of the incident
proton and the centre of mass scattering angle 6, . .
The spin dependence of the interaction has been conven-
iently formulated in a matrix representation.6 In this
formalism the scattering amplitudes, f(k’ec.m.)’ for
each possible spin configuration are the components of
a matrix. The initial spin state n is specified by a
four component vector X(n). In the asymptotic limit as

r becomes much larger than the range of the interaction

the wave function of the scattered particle is given by



w(n) = oJikexr X(n) + f(n)elkr
he
where
g(n) _ g (0 (2.1)
M is a 4x4 matrix which is a function of k, ec and the
Pauli spin operators, c(l) and 0(2), for the two particles.

The incident momentum vector k and the scattered
momentum vector k' are used to define three orthonormal

cartesian vectors in the c.m. frame given by

LS =" LR O LE
P = ‘I—_]E_—+£' I ' N = T————kxk, l ‘ K = _]i_]i' l = Nx P
(2.2)

The most general form of M that preserves invariance under

space rotations, reflections and time reversal is

M=a + c(o(l)+ 0(2)) + m(o(l) OéZ))

N N N

O'E(>l)O'P(2)+ O']il)

(2)

+ g{ D

0£2)) + h(cél)o oél)c(z)

k)
(2.3)

where the subscripts k,N, and P indicate the direction of
the spin vector with respect to the definitions in 2.2.
The coefficients a,c,m, g and h are known as the amplitude
of the scattering matrix. The spin scattering matrix M

is related to the scattering matrix S by

M = 2T
~ip ° 9f¢f|s-l|ei¢i > ‘ (2.4)
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where the bra and ket vectors specify the direction of
motion of the outgoing and incoming nucleons whose re-
lative momentum is described by wave number p.

The matrix M is used in the framework of a density
matrix formalism7 to relate the initial spin state of two
scattering nucleons to the expectation value of the spins

in the final state given by

<

o;l) 0é2) > e (a,8 = 0,1,2,3) (2.5)

where g = 1 corresponds to a measurement where the spin
component is not determined and 1,2 and 3 correspond to
(n)

the direction P,N and k. For a pure spin state x , the

density matrix is defined as

‘.i.
_ () _(n)
pij = X4 Xj (2.06)
where X(?) is the ith component of the column vector X(n)

(n) T

and ¥ is the adjoint row vector. For an incoherent

mixture of pure spin states as is a beam produced by an

accelerator, the density matrix is defined

_ (n) _(m)f
plj = 12,1 Pn Xi Xj (2.7)

where P, is the probability of finding the system in
(n) (w)

state x . The expectation value <s

(u)

operator s is

> of any spin

by Mg @)

. (n) .(u)_(n) .
T e AL R T o Bt e
[ £ R £+) RO C VRN )
n n X r X ni n’i X4

= ' (2.8)
Tolog)
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Hence
: (1) (2)
T | o] o )
W @, - xf o (2.9)
Tr(pf)

The final state density matrix Pe is expressed in
terms of the matrix M and the density matrix oy which

describes the preparation of the initial state. From 2.1
+ o
= 3 Pn Mx(n) X(n) M =M piM+ (2.10)

and the final state expectation value of spin is

T (1) _(2)
LW @, T MMy g ) (2.11)
* B £ T (Mp-MT)
r 1

(W) _ (1) (2)

Defining S o g !

=1,2, ... 16, the relation

between initial and final polarization states is

16
(n) _ 1 (v) (v) T (1)
I<S e =7 vzl <S >4 Tr(MS M'S ) (2.12)

where I is the differential scattering crossection from
the initial state ]ei¢i> into the final state <9f¢f|.

For experimental convenience the reference frame is
re-defined to be the laboratory coordinate system. The
crossection, IuB’ corresponding to a measurement where a
polarized beam with polarization along .o scatters from-a

polarized target with polarization along 8, and the final

polarizations are not observed, is written

-1 t

IaB 1 Tr(MM )
v g o P oMo g or e BT <o
+ % Tr(Moél)Géz)MT)<cél)>i<cé2)>i (2.13)
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The first term is I the differential crossection for

OI
scattering of an unpolarized beam from an unpolarized
target and the next two terms are the polarization IOP.

By defining a tensor Ca such that

B
Iy Cup = T, (e (P céz) M) (2.14)
equation 2.13 takes on the form
IaB = IO{l+P(6aN<oél)>i + 66N<cé2)>i)
+ Ca8v<oél)>i<cé2)>i} (2.15)
(1)

where § is the Kronecker delta. <o,y is the expecta-
tion value of the beam spin along o in the initial state

(2)
and <c8

>4 is the expectation value of the target spin
along 8 in the initial state (i.e. the components of beam
and target polarization). The dependence of the scattering
on the two kinematic variables is implicit in the de-

finition of P and Ca through their relation to the matrix

B
M, whose components are the scattering amplitudes.

Numerous experiments have been done to determine
the scattering matrix. The present work was not designed
to contribute to that determination but rather made use
of existing information on M to determine the target

polarization. Equation 2.15, expressed in Ac. configura-

L
tion (eq. 6.4), was precisely the equation used to
determine the target polarization. In this configuration

both beam and target had zero component of polarization
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in the normal direction. Hence the second term of 2.15
did not contribute to scattering and is absent in 6.4.

The components of the tensor Cas which did contribute

LL CSS and CSL' The contribution of the CSS and

CSL terms resulted because both the beam and the target

were C

spins had a non zero component in the sideways direction.
The origin of these non-longitudinal components is ex-
plained in the discussion on apparatus given in Chapters

three and four.

2.2 Dynamic Nuclear Orientation

Some of the basic concepts involved in the
preparation of an initial polarization state are described
in this section, beginning with a description of the funda-
mental principles of nuclear orientation.
The magnetic dipole moment vector u, of a particle
or atom is related to its angular momentum vector Ih by

the expression

p=gBlI (2.16)

where B is the Bohr magneton and g is the g-factor
appropriate to the system being considered. The inter-
action energy of the dipole moment with a magnetic field

EO is

(2.17)
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The dipole existé in discrete energy levels given by

E - = gBmH

- (2.18)

0

Each level is characterized by m, the expectation value

of the spin.component in the direction of the applied
field. For an assembly of identical dipoles in equilibrium
at a temperature T(OK),_the relative number, Nm’ of the

whole assembly in state m is given by the Boltzman equation

N, = EXP(—Em/kT) (2.19)

When the temperature is sufficiently low that the
magnetic energy is larger than the random thermal energy,
the number of dipoles with spins aligned parallel to the
field, N, exceeds the number with spins aligned anti-
parallel N_. The spins are preferentially oriented and a

suitable measure of this polarization P, is given by
' T

L
il mNm
%3
N
m=—I

-1
P = I (2.20)

The magnetic properties of the assembly ‘can be

described by the magnetisation M, defined by

I
Y m EXP (g8mH /KT) -
g R
M = NgB8 . - (2.21)
) EXP (gBmH,/kT

m=-1

where N is the total number of dipoles in the assembly
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The exponential factors appearing in the definition of M
are N as given by 2.19. Therefore the magnetisation is

simply related to the polarization by
M = NgRIP (2.22)

At a temperature of approximately 1°K and a field of 25 KG
the electrons in the paramagnetic ions are essentially 100%
polarized but the nuclear spin states are essentially
equally populated except for the small Boltzman factor
which leads to proton polarizations of the order of 0.5%.
The proton polariéation can be enhanced by dynamic
methods. The important features of dynamic polarization can
be illustrated in a simple model. 1In this model the sample
is an assembly of paramagnetic ions each in a hyperfine
coupling with the free protons. The sample is placed in a
microwave cavity at liquid He temperature and in a strong
external field. Denoting the electron magnetic guantum
number S and nuclear spin projection m, the energy levels -

of the system are
E(s,m) = gBHOS + Asm (2.23)

Here g is the electronic spectroscopic splitting factor
and A takes on a value such that the hfs interaction is
secondary but still much larger than the interaction.of the
proton spin directly with the external field, which is

neglected. The splittings of the levels in units of kT



15

(Figure 2.2) are
§ = A/2kT and A_gBHO/kT (2.24)

The labelling of states in Figure 2.2 corresponds to
the electronic and nuclear spin projectiocens. . For ex-
ample, (++) means (S=+%, m=+%) etc.

Dynamic nuclear polarization is achieved by
connecting an rf oscillator to the cavity containing the
sample. With the oscillator frequency set such that
hv = gBHg, transition between the states (+-) and (-+)
are induced. This transition corresponds to flipping
the electron spins up and the nuclear spins down. The
populations of these two levels will eventually become
equal since rf induced emission and absorption rates are
equal. Assuming N, _ = N__+ = 1, the relative population
‘of the other two levels will be determined by the re-
levant relaxation mechanism. As the dominant mechanism

favors transitions where As=1 and Am=0, the steady state

populations tend to

" N
— = e =~ and = (2.25)

resulting in dynamic nuclear polarization of the system
approximately equal to -A/2. Now if the oscillator is
set to induce transitions between the states (--) and (++)
the relaxation mechanism will establish a steady state

polarization of +A/2.
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(a) (b)
“A-8 _A-8
BT e~ e
-%kT e-A |
a-18H
kT
o8 o A-8

| |
(- +)

FIGURE 2.2 ENERGY LEVEL DIAGRAM

column (a) gives the relative populations at thermal
equilibrium; column (b) gives the dynamic equilibrium
populations achieved by rf saturation of the
transition shown



2.3 Q-Meter Detection

The NMR measuring apparatus used in this experiment
detected nuclear orientations by a simple method known as
Q-meter detection. This method exploits some of the well
kﬁown properties of rf coils which will be reviewed
briefly in this section.

A current i circulating in the coil produces a
magnetic field H linearly polarized along the axis of the
coil. The magnetic flux across the coil due to this .

current is
® = Li (2.26)

where L is the coil inductance. For a current with time

dependence given by

i = Re {1e7"%} (2.27)
The quality factor Q, of the coil is defined
P = Wu/Q (2.28)

where P = %Izzr is the power dissipated in the coil of

2

resistance r, and W = YL I is the maximum energy stored in the

coil. Equivalently Q can be written
Q = Lw/r (2.29)

The coil is arranged such that the rf field is

perpendicular to a uniform external field Ho' Thus the
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nuclear magnetisation is forced to precess about Hj
by the driving rf field. The magnetisation has a component,

M/ , along the rf field direction equal to
M/ = Re {2yHel®%} (2.30)

inside the sample and zero outside. The complex rf
susceptibility,x , can be written as x'-jx" and is vansihly
small except at resonance. ThHe flux at the induction

vector, B = H + 4mM, across the coil is
B = Re {L(l+dmyn) Iel®%} (2.31)

where n is the sample filling factor. This is equivalent
to saying that in the presence of nuclear magnetisation
the inductance takes on the complex values L (l+4myn).

When a capacitance C is added in series with the
coil containing the sample and the circuit is driven by
a constant current generator it develops a voltage across
its terminals proportional to its series impedance Z, given

by
Z =1+ j (oL(L+dnxn) = &) (2.32)

When the rf field is swept through the resonant
frequency, excitation of dipole transitions in the sample
causes power to be absorbed from the coil. This
absorption changes the impedance of the circuit and.
results in a fractional change in voltage across the

circuit proportional to
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41 n Q x" (2.33)

X is‘related to Xq the static Curie susceptibility,
via dispersion relations8 and since the nuclear magnetisa-
tion is proportional to xogi the recorded signal amplitude
is proportional to the nuclear polarization. For positive
polarization power is transmitted to the coil by the

nuclear spins resulting in a fractional change in voltage

of the opposite sign.
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Chapter III

APPARATUS

Beam line 4C at TRIUMF was designed specifically
for the transmission of a polarized proton beam to the
polarized proton target. This description of appératus
begins with various components that can be termed beam
line apparatus and includes the polarized target and

NMR system.

3.1 Polarimeter

A polarimeter, previously calibrated to an accuracy
of = 1.5%10, was used to measure beam polarization and
monitor beam intensity. This device is a four arm teles-
coﬁe which measured the left-right asymmetry in beam
scattered from a 50 um thick CH2 target suspended in the
beam pipe. Each arm consisted of two plastic scintillators
accuractely aligned. The forward arms were positioned
at 26° with respect to the beam and the recoil arms were
at the conjugate angle of 60°. For proton proton elastic
scattering with the incident beam polarized vertically

and the target unpolarized, the polarization, 'denoted Pb,
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is related to the scattering asymmetry e by

Pb = ¢/P

where e is defined

_ #Left - #  Right
- #Left + # Right

The polarization parameter P has been accurately

10 The correction

measured in a previous experiment.
rates for the carbon content of the target have also been

determined in the same experiment.

3.2 Super Conducting Solenoid

The TRIUMF cyclotron produces beam polarized in
the vertical direction. In this experiment the proton
spins were precessed in two stages to the longitudinal.
The first precession through 90° into the sideways
direction was performed by a super conducting solenoid.
The solenoid used was 1lm long with a 10 cm warm bore.
It is capable of producing a uniform 6 tesla magnetic field
when operated at the maximum rated current of 212A. The
line integral of the magnetic field along the axis of the
solenoid was.calculated to be 0.028187 T-M-A T,

The precession angle of the spin vector in a

uniform magnetic field B was calculated using the

a==§B-IB x dg
p — i
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where e is the proton charge, P is its momentum and u
is the proton magnetic moment. The solenoid currents
calculated to effect a 90° precession are given in Table

3.1.

3.3 Collimator

A collimator of approximately 30 cm thickness and
3.5 m in length followed the solenocid. The collimator
was constructed from 2 steel plates 50 mm thick and
filled with.lead. It was originally designed for use
in neutron experiments. There are 1l equélly spaced
ports from -3° to + 27°, each port having an up stream
diameter of 10 cm and a down stream diameter of 12.5 cm.
This experiment utilized only the 0° pert. A 20 cm. long
copper plug with 1Imm bore was inserted in the 0° port.
The plug was used to reduce'the beam intensity to the

5

level of 10~ to 106 required for this experiment.

3.4 4B3 Bending Magnet

This dipole magnet performed two functions.
First it was used to deflect the collimated beam through
a 35° bend in the beam line on its way to the experimental
area. This angle is approximately optimum for precessing

proton spins from the sideways to the longitudinal

direction at TRIUMF energies. The amount of deflection

was calculated from the expression



Table 3.1

Solenoid Currents Calculated to Effect a 90° Precession

ENERGY. . CURRENT (A)
519.9 74.25
500.7 72.50
459.4 68.95
423.3 65.78
329.6 56.26
208.2 44.03
Table 3.2

Currents in the Bending Magnet Calculated for a 35° Bend

ENERGY CURRENT (A)
519.9 2295.0
500.7 2205.0
459.4 1995.0
423.3 1833.0
329.6 1500.90

208.2 1131.0
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[Bxa

T |0

where 6 is in radians. The currents needed to deflect
the incident protons through 35° were calculated for each
of the experimental energies and are tabulated in Table 3.2.
Secondly, protons which had suffered energy loss in
the collimator were deflected at angles greater than 35°.
They were effectively swept out of the beam by the field.
This resulted in the selection of a narrow momentum bite.
In coming through the bending magnet the proton
spins were precessed not exactly to the longitudinal, but

by an amount w.r.t. the sideways direction given by

where
Y=(E)
M’ protons
The resulting sideways component,of the spin vector,

given by cos(y) is responsible in part for the contribution

of the C ..
s

i component of the tensor Cu to the crossection

B
in 2.15.

3.5 Quadrupole and Steering Magnets

A vertical steering magnet, two gquadrupole
focussing magnets and a horizontal steering magnet were
placed in succession down stream of the bending magnet.
In this experiment the quadrupole magnets were not used

as the beam properties were found to be. acceptablé without



27

them. The steering magnets each have a pole gap of
100 mm and a maximum rated current of *+ 7A. They were

used to centre the beam on the target.

3.6 Monitor 4CMS8

Monitor 4CM8 was used to check beam focus and
centering approximately lm upstream from the target. It
was permanently installed in the beam line and evacuated
by the beam line vacuum system. The monitor consisted
of an aluminum outer casing housing a multi wire pro-
portional chamber. The monitor was swung into the beam

path to obtain a beam pofile, then swung aside.

3.7 Polarized Target Cell

The target cell was a poly tetra fluoro-ethylene
(teflon) cylinder measuring 2.4 cm (length) by 1.5 cm
(diameter). The target composition was, by weight, 95%
C4HlOO and 5% H20 doped with 2-ethyl-2hydroxybutyric acid
- Cr(v) Complex (i.e. EHBA-Cr(v)). The target material
was frozen into beads 1.0 to 1.7 mm in diameter. The
density of free hydrogen in the target, determined from
three weighings of the target material and measurements
of the cell volume, was 0.0765+*.0003 gm/cm3. On operating,
temperature of 500 millikelvin was produced by a 3He
evaporation refrigerator, designed and previously used at
Liverpool University. Proton spin alignment was achieved

in a field of 25 KG produced by a pair of superconducting
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Helmholtz coils. A Klystron operated in the neighbourhood
of 71 GHz enhanced target polarization with spin flips

accomplished by adjusting the frequency.

3.8 NMR System

A saddle coil wrapped around a teflon form containing
the target cell formed the inductive element of a series
tuned LRC circuit. The saddle coil was constructed from
0.05 mm thick copper foil and satisfied the requirement
that the rf field direction should be perpendicular to the
static field direction. Radio frequency power was
supplied by a Rockland model 5600 fregquency synthesizer.
The rf driver was programmed to sample 301 frequencies
centered on 108.8 MHz in steps of 1 KHz. The main detector

N
employed a balanced ring modulator (BRM) operating as a
full wave synchronous rectifierll to reduce measurement
inaccuracies but a conventional magnitude detector was
incorporated to facilitate tuning. . Quality factor curves
sampled slightly off resonance (by adjusting the static
magnetic field) were digitized and stored in micro processor
memory. - NMR signal received during the experiment was
digitized and subtracted from the stored Q curve by the
micro processor, then integrated and written to an output
register. The quantity recorded onto magnetic tape was
thus the polarization integral in units of volts - KHz,
where the polarization integral is the area between the

two curves as shown in Figure 5.1 after: the enhanced



signal has been normalized to the Q curve at two

selected points as illustrated in 5.1.
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Chapter IV

THE POLARIZATION MONITOR

The polarization monitor was a two arm telescope.
Each arm consisted of a multiwire proportional chamber and
a plastic scintillator. The positions of the chambers
and scintillators were accurately measured to * 2 mm. The
forward arm subtended angleskof 21.3° to 40.9° at the
target center. The recoil arm viewed the target in the
angular range of 43.8° to 63.1°.

The target cannister including Helmholtz coils
and target cell was physically rotated through 12° in the
horizontal plane. This rotation was necessary in order to
monitor CLL in the region of gréatest sensitivity (45° c.m.)
and where it is best known from phase shift analysis.
The physical construction of the apparatus allowed un-
impeded beam exit only to 50° on either side of an axis
defined by the coils. Detection of recoil events out past
60° was accomplished by effectively ofsetting the incident

beam direction by the 12° rotation of the target assembly.
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Consequently the 12° rotation of the target
introduced the contribution of an additional term in
CSL and one.in CSS to the crossection of 2.15. Also
the rotation limited the experiment to a single co-
incidence telescope rather than a symmetric four armed
apparatus.

The MWPC's had outer dimensions of 28.25 cm square.
A magic gas mixture of 69.7% argon, 30% isobutane and
.3% freon composition was continually circulated through
each chamber. A plane of 1000 cathode wires spaced 2mm
apart were maintained at a voltage of 4 kv. A grid of
horizontal and vertical sense wires on either side of the
cathode detected ion tracks produced when a charged
particle passed through. Each sense plane determined two
coordinates. The pulses arriving at both ends of a
sense wire due to a particle track anywhere along the
wire were recorded. The four pulses from each chamber were
descriminated in-an ECL to NIM unit and a digital pulse
transmitted to a time to digital converter.

Each chamber had a scintillator placed directly
behind it. The scintillator were identical with dimensions
of 16.1 cm x 14.5 cm % 2 mm. The chambers were triggered
on a coincidence between the three beam defining
scintillators with the forward and recoil scintillators
of the polarization monitor. Formally the trigger was
constructed from

81.82.s3.L.R
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where sl is an up down split scintillator, s2 is a left
right split scintillator, s3 is a 1 cm in diameter
circular scintillator and L,R denote the scintillators

in the left and right arms of the monitor. This trigger
provided a common start pulse for all the TDC's with the
stop pulses coming from each of the chamber coordinates
described above. The absence of a stop pulse from any
chamber coordinate prompted an overfldw bit to be set in
the appropriate TDC. This indicator was used to determine
the detection efficiency of the chambers which was defined
with respect to the trigger (i.e. the trigger was assumed
to be 100% efficient). The detection efficiency of each
chamber was taken as the fraction of events in which
pulses arrived from all four coordinates of that chamber.
The detection efficiency of the monitor was taken to be
the fraction of events in which the two chambers detected
in coincidence an event that had produced a trigger.

The split scintillators provided a very sensitive
monitor'of beam stability. By monitoring the count ratio
in all four quadrants a slight shift in beam position
could be detected. As a precaution to guard against false
asymmetries the beam spin was flipped régularly. The
count ratio in the scintillators indicated no observable

shift in the beam when the polarization was flipped.
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Chapter V

DATA ACQUISITION

A brief description of the procedure for recording
data and the preparation involved is given in this chapter.
The duration of the experiment was one week.

The polarized ion souce spin controller was operated
in automatic spin mode giving five minutes each: of spin up and
spin down beam followed by one minute of unpolarized beam.
The intensity of the extracted beam was monitored by the up-
stream polarimeter. All singles rates and useful coincidences
were scaled. Scalar information along with TDC data was read
through the CAMAC dataway by a PDP-11/34 computer and written
onto magnetic tape. A computer generated "busy" or a "spin‘
busy" from the spin controller formed a master inhibit, that
is the scalers and TDC's were disabled while the computer was
busy processing an event or when the beam polarization was
being reversed. Histograms of each multiwire proportional
chamber were constructed on-line and displayed on a CRT.

Run times averaged 2 hours for a typical accumulation of

50,000 events.
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The target polarization was reversed periodically
by adjusting the klystron frequency. One half hour was
required for the polarization signal to grow to its maximum.
Polariod photographs of the scope trace showing fhe NMR en-
hanced signal were made after each adjustment (see Figure
5.1).

The monitor 4CM8 was used to determine beam profiles
after each new beam tune. Polaroid film exposures of the
beam spot size at target entrance and exit were recorded.
Steering of the beam onto the target was achieved ﬁsing the
vertical and horizontal steering magnets. The beam was
swept through the target independently in the vertical and
horizontal directions to ensure unbiased centering.
.Centering of the beam on the .target was observed as a two
percent attenuation in“the transmitted beam. A plot of the
attenuation during one such vertical scan is shown in
Figure 5.2.

Data were taken at six extraction energies. Energy
losses in transmission down the beam line were calculated.
The energies of interest were those at the polarimeter and
target centre, which were needed for kinematic calculations,
and the energy of the beam after passing the polarimeter,
which was needed to calculate precession and bend angles in
the solenoid and bending magnet. There were no beam line
elements directly in the path of the beam in the interval

from the polarimeter to the bending magnet, hence the bend
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and precession angles were calculated at the same energy.
These three beam energies along with the energy of the beam

at extraction are given in Table 5.1.
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Table 5.1
Precise Beam Energies in MeV

(at extraction, at the polarimeter, after the polarimeter, and at the target centre)

Energy'at Extraction _Energy:-at the Polarimetér ZEnergy After Polarimetér Energy at Target

520.7 520.3 | 519.9 516.5
501.4 | 501.0 . 500.7 497.1
460.2 459.8 ' 459.4 455 .8
424.1 423.7 423.3 419.5
330.6 330.1 329.6 325.4
209.8 209.0 208.2 202.7

A7
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Chapter VI

DATA ANALYSIS

A description of track reconstruction for protons
scattered into the target polarization monitor is given
at the beginning of this chapter. This chamber informa-
tion was used to separate elastic hydrogen events from
non elastic two body events in non hydrogenous material
by a coplanarity test. The absolute target polariza-
tion was obtained from. the extracted elastic data using
a non linear fitting réutine with chi-squared minimiza-

tion.

6.1 Reconstruction of Proton Tracks

Trajectories of scattered protohs were obtained
by first translating the time to digital converﬁer in-
formation into distances with respect to a cartesian coor-
dinate system. Scattering . angles were then computed with
respect to this system, and corrected for deviation due
to the magnetic field surrounding the polarized target.

The éranslation of TDC information to particle

trajectories was done as follows. The chambers were of
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the delay line read out type. That is the passage

of a charged particle through the chamber induced a
pulse on the'delay line sense wire which travelled
outward in both directions. The TDC digitized a time
proportional to the time interval between the arrival
of these pulses at either end and a common arbitrary
start pulse taken to be the trigger scintillator pulse.
It is the difference in the arrival time between pulses
arriving at opposite ends of a chamber that determines
the location of the track in the chamber. Hence common
offsets in the time at both ends cancel in the computa-
tion. Location of the track with respect to the cartesian
coordinate system requires determination of the
correspondence between a fixed TDC channel and the
coordinate system as well as the calibration of TDC
channel numbers with respect to distance.

Both the calibration and reference point were
obtained from histograms of the time differences
mentioned above. The éalibration is determined from the
digital width of the distribution which.is just twice
the projected width of the scintillator onto the chamber
as seen at the target. The histogrammed distribution is
centered on the median line of the scintillator, whose
coordinates were measured. Histograms were constructed
for both the horizontal and vertical planes of each

chamber. Thus from the chamber information the six



@=ZTCOMN

240,0
234.0
2°8.0
222.0
216.0
210.0
224.,0
198,0
t92,0
186.0
180,.0
t7a.0
168.0
162.0
156,0
150.0
184,0
138,0
132,0
126,0
120,0
114,0
108,0
102,0
%,0
90.0
84,0
18,0
72,0
46,0
60,0
S54.0
0,0
a2.0
36,0
30,0
28,0
16,0
12,0
6.0
0.0

FIGURE 6-1 TDC DIFFERENCE HISTOGRAM

!
x 2
X X 7
xS x5 oy X
2xx s 2 x x(x 2 K X
2anx 2 x x 2x8xxn n X X7
Xxxx x X x AR A X HAN

5% ITxaxxxx s wxup? TxuxAxd ABX £x¥
XX AXARAXNK X XXONAXKY  XAXNAXK RXX AMK XX
AXNIAARKKNANTS KB XXANNXXQRXAAXNTAA XAXLAXR XX
XOCXXXXXXEX X ABAL XK AN ARKAAXK XK XA AT
630X XK XX OOOOOBINOCOOCOOUEER KX KRN KX XxAR
MOOOOOOCOOOOOCOCKONCEEENE XXX KA XXX NN KX AR
XXX KKK KKK AR AKX ARAAAAAK (XX
OO0 R 000K XXX AR AN AA KK
XX0O00CCKOO0O00000CKN OO OCHCCOUE KON XXX
3XCKKO0E 000000000 OO XXX AN K
XXOCIOCKOCK 000000 R KOO KR AXX XA X LN
MCKOOOCKKCKCOCEK KK RO XXX KX A AN X
lllllillllIlllllllllllllllllllllllllllllllllllll
XOOC KK OOCKOOK X IOOCRE XXX R XXX XN X NN XA AN
OO0 OO KKK XXX RN KR HA
XXX 0K XOE0K XXX KOO0 OO KR AKX
XXOCOCKIOOKE KK OOCNCOCOCCOUOONCCE KR
MOOCOOCKCOO OO XX
XOOCOOOOOOOOEEKXCER XX KA KAXA XA KRR
JOUKOOCKEX OO IOODOE XXX XA KKK
XOOCK K O0E000OOO00OCNOOCCE XK X KX XA NAL XA XX
3OO0 KU OO KK KON R NN HN
OOOCKONOEO0OCEENCCR OO KOO KOO XXX X
OCXXO000E KK IO OUCCIO0CCKOCCEX KRN XXX XXX
XOOKCR KOO0 OO KX XXX XXX
YOOI XK UK XN N KX XX KX N N
30000000000 KOO0 XX XX XA
XXX XX K NINDOOOX XX AR A XA AR AN RAAAR KA AN
OO0 0K KGO0 XXX OO XXX XX
63 0K000OUNOONECKOOO0NOONONOCEOEEREEXNEEEOXNK KR XXX
3OS0 K000 MO0 KKK OO XA XXX X AN X
2 lllllxllxllllllxllllllxllxllxllllllllll!illlllllll! 2 e

Q|d-oo.oo-o|...o---.-.-..--...o|.---.oo--|-....-.--|----.--.-|.---.-..o|-...-.-.-|----.--..|.o....--.|-.-.-.-.-l----.---.

-

| teccccerevessonsnssrocscroarrrsresosasncsanas [XEXSERRRRRRRTRRASEE]
0199998888877 77766666555550440a333332222211111 ===~ llllIZZZZZS!SSSGGU“HSSSSSOG&OO’T'77606689099QOOOUOIIlllZZlEZ!!l!!
[} bﬂloﬂbul000020803200bﬂ2006“205002080"2066“2060“2 2“0802“bﬂOZUbBOZ“bUOZ“bHO2“0808“6601“bﬂozﬂha0206'02“08020060206802“00
0 0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

TDC SPECTRUM (DIFFERENCE)

Ly



48

cartesian coordinates of each proton pair triggering
the monitor were calculated.

The proton tracks were deflected up to 6° by the
25 KG field required for the polarized target. The
amount of deflection for each trajectory was calculated
by an iterative procedure and the corrections applied to
obtain the true scattering angle. Corrections were
applied similarly to the incdiént trajectories.

In the iterative procedure, as a first approxi-
mation, the scattering angle was chosen to be the angle
at which the particle had been detected. The momentum
P of the scattered protons at this angle was then calcu-
lated using the following equation (derived in Appendix
A) which applies to the case of a target particle at

rest.

2. 2 20 2. P 2 - , .
P(EI+mp+2EImp PI cGs o) + (-2PImp cosem2EImpPIvcose) =0

(6.1)

Where‘EI,Pi'are the incident proton energy and momentum
respectively and mp is the proton mass. In each iteration
the calculated momentum was corrected for magnetic de-
flection, using the procedure described in the following,
and the computed angle compared with the observed angle.
The trial scattering angle was then varied and theé
iteration continued tiil the difference between the

calculated and observed angle was less than 5 milliradians.
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The required properties of the magnetic field
were calculated using the computer simulation routine
SOL RAY, available at TRIUMF. SOL RAY simulates the
magnet field produced by the Helmholtz coils of the
polarized target. The field is calculated using the
Biot-Savart law for a current loop, which ié appropriate
since the field of the Helmholtz coils is the super-
position of fields from two such current loops. In the
simulation, protons of definite momentum were generated
at the target centre. The trajectory of each proton was
followed through the magnetic field with the coordinates
of the proton being output in one centimeter intervals
over the flight path. From these coordinates the line
integral of the transverse component of the magnetic field
was computed over the angular range of the monitor. The
angular dependence of the integral was found to be ?
linear function of the angle in the region of the monitor.

As shown in Figure 6.2 the integral could be parameterized

by

fg x d2 = 3.71(8) - 15.15 (6.2)

where the angle 6 is measured in degrees with respect
to the direction of B. At a fixed angle the variation
of the line integral over the range of momenta relative
to this experiment was less than 1%. Having determined
the values of the line integral the magnetic deflections

were calculated using the expression found in Section 3.4.
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The opening angle and the coplanar angle,
defined as the angle between the recoil nucleon momentum
and the normal to the scattering plane where the scatter-
ing plane is that plane which contains the momentum vector
of both incident and scattered particle, were constructed
for each event that triggered the monitor. Momentum
conservation requires that for proton proton elastic
scattering with the target particle at rest the recoil
nucleon's momentum must lie in the scattering plane.
Thus the coplanar angle must be 90°. This restriction
does not apply to a proton scattering from a proton in
a carbon nucleus whose constituent nucleons possess
fermi motion. For the carbon events the fermi momentum
of the nucleons was consistent with a gaussian distribu-
tion centered at approximately 170 meV/C in each of the
three momentum coordinates. Asva result the probability
of the struck nucleon having zero component'of fermi
momentum in the normal direction was small.

Histograms of the coplanar and opening angle

" [
’

were made for each run in beam spin "up "down" and

"off" configurations. The coplanar and opening angle
histograms contained essentially the same information,
however the coplanar histograms were found to be more

sensitive to geometry and thus provided better resolution.
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For that reason coplanarity histograms were used for all
calculations.

A sample coplanar histogram is shown in Figure
6.3. The parameterization is a gaussian elastic peak

and a quadratic background. The five parameter fit used

was
N = P1 + P3(9-P2)2 + P4 EXP(-.5((6-P2)/P5)2) (6.3)
where N is the number of counts. Though the scale in

Figure 6.3 is in degrees the data were éctually binned
in half degree steps.

Two consistent features of these distributions
were the points above the gaussian fit at approximately
+ 6° from the centre and the points above the peak near
the centre. These features were present in allispin
configurations. The points lying off the gaussian tails
were in fact an indicator of good resolution in the
chambers; These events have been assumed to be hydrogen
signal that has been broadened by multiple scattering
and energy losses. The chamber resolution was adequate
to distinguish these events from the background. The
points lying above the peak were also assumed to be
hydrogen signal since, as explained earlier, the fermi
momentum in carbon would not favour events to be peaked
in this region. 1In the final analysis the quadratic

background was integrated analytically using the parameter
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values P1,P2 and P3 as determined by the fitting procedure.
The::number of protons elastically scattered into the
monitor was determined by numerically summing all the
events lying above the fitted background. In this way
the multiple scattering events and the events lying above
the gaussian peak were included in the elastic hydrogen
count.

The ratio of hydrogen to background signal in
the monitor was tabulated for each run in the configura-
tions of spins parallel and spins antiparallel. The run
averaged values of these ratios at each energy are tabu-
lated in Table 6.1. The hydrogen to background ratios
reflect the fact that the hydrogen in the target is
polarized but the background is not. The terms parallel
and antiparallel are only nominal since neither the in-
cident protons nor the target protons were polarized
exactly along the longitudinal. The spin precession in
the bending magnet was different from 90° and the target
was rotated through 12°. The polarization of the inci-
dent protons in the'longitudinal direction depended
firstly on the value of the beam polarization before
precession, and secondly on the amount of precession in
the bending magnet which was energy dependent. Hence
because of the variation in the longitudinal component
of beam polarization the ratio of hydrogen to background

signal varied from run to run and had a definite energy
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Table 6,1

Run Averaged Hydrogen To Background Ratios

" Energy " Spins Parallel "° =~ Spins.’/Anti Parallél °

516.5 2.373%% .082 | 1.960 = .114

497.1 = 2.472 + .098 1.966 = .130

455.8 2.487 + .140 - 2.020 + .108

419.5 2.594 + ,255 2.026 + .064

325.4 3.003 £ .276 1.851 + .154

202.7 4,942 + .828 2.303 + .258
Table 6.2

Precession Angle ¢ in the Bending Magnet

Energy ¢ (Degrees)
519.9° 97.52
500.1 96.24
459.4 93.47
423.3 91.06
329.6 84.79

208.2 76.68
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dependence. The ratios were used to check the consistency
of the data and the run averaged values are included here
to demonstrate in a systematic way that the monitor was

sensitive to the polarization of hydrogen in the target.

6.3 The Fitting Equation

Using the density matrix formalism described in
Section 2.1 the number of protons elastically scattered
into the monitor for beam polarization Pb and target

polarization P_ is

T
+3 : _ '
I—+=Ioil+[CLLSin(¢)cos(120) - Cgg cos(y)..sin (12°);

- C.. cos(y+12°)] Pi pp} (6.4)

SL

This equation was fitted by a non linear chi-squared

minimization procedure to determine the target polari-

3

zation. I*7 is the number of protons elastically

+
scattered into the monitor for beam polarization PB and

target polarization PY . The superscripts + and -

T

indicate positive and negative Spiniprojections along
the longitudinal direction. Io is proportional to the
unpolarized rate in the monitor as described in the

following. C C and CSL are the spin correlation

LL’ 7SS

parameters whose relation to the amplitudes of the
scattering matrix is described by Hoshizaki.  The sub-
scripts S and L refer to the conventions of Figure 2.1.

The contributions of the C and CS

SL components arise

S
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from the 12° rotation of the target and the precession

Yy in the bending magnet 4B3. Values of ¥y calculated

for a 35° bend at the precise beam energies are tabulated
in Table 6.2.

The values of T+ input into eq. 6.4 were the
elastic hydrogen count obtained from the coplanar
reconstructions, after correction for the detection
efficiency of the monitor by the method outlined in
Chapter IV. The correction for monitor efficiency was
calculated on a run to run basis and applied to the
hydrogen count.. The monitor efficiency ranged from 95°
to 99° throughout the experiment.

The unpolarized count IO is the number that
would have been elastically scattered into the monitor
for an unpolarized beam and unpolérized target. IQ de-
pends on the geometry of the monitor and on the incident

rate. It was written as

I, = (KK) (N3) (6.5)

where KK is a constant and N¢ is the number in the
incident beam as defined by the three beam defining
counters. The constant KK represents the differential
crossection for unpolarized scattering integrated over
the solid angle acceptance of the monitor. It was left

as a free parameter of the fit.
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The spin parameter values at the precise
experimental energies and angles were obtained from
David Bugg's phase shift analysis that makes use of the
most recent nucleon-nucleon data from Argonne and
Geneva.12 Accuarate values of the beam polarization
were calculated from the beam line polarimeter using
the method described in Section 3.1. Values of the
polarization parameter at 26° were also obtained from
Bugg's phase shift analysis and are given in Table 6.3.
Typical values of the beam'polarization were 62°.

To obtain the target polarization, equation 6.4
was fitted with all data available at each energy in
the four spin configurations. To allow for a variation
in target polarization from run to run, it was written

as

+ +

P =C" x 10"5 X [NMR enhanced signal (6.6)

where C is a constant. Although ct and ¢~ are the same
quantity the target spin up data was fit 'separately from
the target spin down data as a systematic check and later
recombined. Written in this way the constant taken to-

~gether with the scaling factor is just

5 Penermal (6.7)
- JNMR thermal signal

C x 10

C was a free parameter of the fit and therefore was

determined from the scattering data. This measurenient of



Table 6.3

Values of the Polarization Parameter at 26°

Energy
520.3
501.0
459.8
423.7
330.1
209.0

P (26°)
0.3992 + .0077
0.3970 = .0067
0.3670 + .0064
0.3535 + .0064
0.3314 +:.0036
0.2670 + .0078

Lab

59
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target polarization thus was completely independent of
Péﬁefmai and £ﬁé &ﬁR thérmai sigﬁéi; These were the two
quantities that contributed the greatest uncertainty to the
NMR measurement. The nuclear scattering measurement required
only that the NMR enhanced signal be proportional to the
nuclear polarization. It was free of the normalization
uncertainties associated with the NMR method of measurement.
Hence the nuclear scattering data was used to deter=-
mine the constant C:'which is”thexconstantwoffproportiéhality
relating the target polarization to the NMR signal when

the target polarization is enhanced by the microwave

radiation.

6.4 Error Analysis

The monitor accepted events scattered into a finite
angular range. The spin correlation parameters are sensitive
to angle. The forward arm of the monitor subtended an
angular range of 19.7° at the target. The spin parameters
are not linear over this angular range. For that reason
cuts were made in the off line analysis to limit the angular
acceptance to * 3° of a value chosen to optimize detection
of the recoil particle in elastic two body events. This
optimum angle varied slightly with energy due to relativis-

tic effects. .

For input into eqg. 6.4, the average value of the

scattering angle for all events accepted was determined at
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each energy. This was done by inserting counters into the
computing routine to average separately the scattering and
recoil angle. 1In the centre of mass reference frame the
opening angle must be 180°. Hence measurement of the recoil
angle gives a second measure of the scattering angle. The
two values thus obtained were averaged to form the quantity
8. The dispersion of the two values about 6 is their
difference over Y2 and the uncertainty in 6 is one-half of
the difference in the measured values.

The composite quantity A, defined by

cos (y+12°)

A = CLL sin(w)cos(12°)‘— CSS cos(¢y)sin(1l2°) - CSL

appearing in eq. 6.4 was evaluated at the angle 6 for each
experimental energy and treated as a constant in the fitting
program. Denoted hereafter by A, this quantity and the
uncertainty in it was computed by rerunning the phase shift
program,l2 each time using a different set of the existing
world data as input. To ensure that the error on A was not
underestimated, the error was evaluated from the maximum
change in A plus the statistical variations.

There was élso a small contribution to the uncertainty
in A due to the uncertainty in 9. _This error, denoted SA(g),
is just the dispersion of A about A(®) for the two measure-
ments of 6 and was added in quadrature with the errors from
the phase'shift analysis to obtain an.overall uncertainty

in A given by 6A.
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The fitting procedure determined a value of c*
and C along with their statistical errors at each energy

except 497 meV. At this energy only one run of data was

available with target spin "up" and hence only C  was

determined. The weighted mean of C+ and C° was formed

at each energy using the expression

(C./8C2) —
= L ex L I'Ti i ‘ 1
C*oc = T/ \/-f—(l/__sci) (6.8)

The result was six values of C with its error 8C, where
6C includes statistical errors on C%:and the total error
on A. Finally the weighted mean of these six values was
calculated to obtain the overall normalization constant C

and its error.
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Chapter VIE

RESULTS AND CONCLUSION

7.1  Results

The results of the nuclear scattering measurement
are presented in this section. The final Values of A, 6
and 8A(6) are given in Table 7.1. A is the quantity that
was defined in Section 6.4 and obtained from phase-shift
analysis. @ is the average scattering angle for all events
accepted in the monitor as described in 6.4 and S8A(8) is
the variation in A due to the uncertainty in 6. This error
is much smaller than the errors>on A arising from the phase-

shift analysis.

The values of C' and C~ obtained by fitting the"
elastic scattering data are tabulated in Table 7.2 with
their statistical errors. Also tabulated are EyféélA) and
§C, where C is the weighted mean of ct ana c”, §C(a) is
the relative error in C due to the uncertainty in A and §C
is the total error on C. The total error on C was obtained

by adding §C(A) and the statistical error on C in quadrature.
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Table 7.1

Final Values of A, § and 5A(§)

" Energy A S8 (c.m.) SA(6)

516.5 0.2857 + .0361 74.43 £.30 .0022
497.1 0.2822 + .0366 72.42 .41 .0110
455.8 0.2636 + .0330 71.74 * .45 .1600
419.5 0.3255+ .0343 71.92 +.58 .0100
325.6 0.5303 + .0325 ©72.07 £.56 .0098
202.7 0.85.0* .0400 70.56 +.56 .0068

The final value of C was obtained by taking the
weighted mean of the six determinations of C &na its error

§C appearing in Table 7.2. The result is
C = 0.9920 = .0336

For comparison, the value of C calculated from the
NMR measurement using equation 6.7 was 1.035 but with an
uncertainty of the order of 6%.

Values of the NMR enhanced signal polarization
integrals for each run are given in Table 7.3. The error
quoted is the standard deviation of all measurements made
during the run. As mentioned previously the polarization
integral was written onto tape following each event. The
small deviation indicates the stability of the target

polarization and the stability of the NMR enhanced signal.



Energy

516.5
497.1
455.8
419.5
325.4
202.7

0.9118

1.0283
1.1212
0.8611
0.9443

+

I+ I+

I+

.0579

.0624

.0580

.0319
.0236

Table 7.2

"Final Values of C

£
0.7970 * .0645
0.9715 + .0306
1.0736 + .0845
1.0870 + .0497
1.0925 = .0267
1.0414 + .0243

0.8606
0.9715
1.0443
1.1015
0.9972
0.9914

I+ =+ i+ 1+

I+

.0431
.0306

.0502

.0377

.0205
.0169

§C(A)

0.1092
0.1271
0.1322
0.1177
0.0622
0.0466

5T
0.1174
0.1308
0.1414
0.1236
0.0655
0.0496

S9



Table 7.3

NMR Polarization Integrals and Absolute
Target Polarization

66

NMR Polarization - _.-Absolute Target .

Run # R »Integr-alg-;- "t 7 Polarization

500 MeV Target Polarization Negative

1 64737.1 + 26.7 .6422 £ ,0217
2 64825.4 + 28.0 .6431 =+ ,0218
3 64829.5 + 21.8 .6431 £ .0218
4 64757.6 + 22.2 .6424 + . .0218
5 64685.5 + 17.8 -6417 * .0218
6 64975.8 + 20.8 .6446 +. .0218
7 65036.2 * 31.8 .6452 = .0219
8 65237.8 + 32.9 .6472 £ ,0219
9 65021.8 + 30.9 .6450 £ .0219
10 ' 64937.1 + 37.8 .6442 =+ ,0218
11 65786.8 + 50.8 .6526 =+ ,0221
12 65696.5 * 56.9 .6517 £ .0220
13 65717.4 = 44.2 .6519 + .0221
14 65846.9 * 46.0 .6532 = .0221
15 65678.3 * 60.7 .6515 = .,0221
16 65733.7 + 57.7 .6521 + ,0221
17 65706.2 =+ 34.6 .6518 + .0221
18 65738.4 £ 32.3 .6521 £ .0221
19 65657.9 + 45.8 .6513 =+ ,0221
20 65672.8 * 54.7 .6515 =+ .0221
21 65741.8 = 40.0 .6522 £ ,0221
22 65693.1 + 19.1 .6517 + .,0221
500 MeV Target Polarization Positive
23 63530.9 £ 16.8 .6302 + .0214
210 MeV Target Polarization Positive
24 64504.1 + 31.8 .6399 +  ,0217
25 64504.8 + 21.5 .6399 * .0217
26 64624.8 = 24.8 .6411 £ .0217
210 MeV Target Polarization Negative
27 64940.2 £ 26.4 .6448 4+ .0218
28 65001.3 £+ 31.5 .6448 4+ .0218



- Table: 7.3 = Continued

" 330 MeV Target Polarization N

ive

ega

29 64849.2 * 33,0 .6433 + .0218
30 64881.2 * 58.2 .6436 + .0218
31 64804.9 * 55.3 .6429 + .0218
32 64873.1 * 45.5 .6435 + ,0218
33 64796.3 + 58.7 .6428 + .0218
34 64873.7 + 58.3 .6435 + ,0218
35 64772.6 * 33.9 .6425 + .0218
36 64821.4 + 57.3 .6430 + .0218

+ 39.7 .6415 + ,0217

37 64665.3

330 MeV Target Polarization Positive

38 62233.7
39 63702.5
40 63830.1
41 63970.6

REE T R Y

46.0
46.6
46.1
31.6

.6174
.6321
.6332
.6346

I+ 4+ H I+

.0209
.0214
.0215

.0215

520 MeV Target Polarization Positive

42 63583.6
43 63457.4
44 63401.8
45 63365.8

+ 1+ i+

29.6

32.9

29.0
37.1

.6307
.6295
.6289
.6286

I+

.0214
.0213
.0213
.0213

520 MeV Target Polarization Negative

46 59312.2
47 60173.9
48 60265.0

I+ I+ i+

36.8
24.0
32.2

.5885
.5969
.5978

I+ 1+ I+

.0199
.0202
.0203

460 MeV Target Polarization Negative

49 59942.4
=0 59781.9
51 59587.2

I+ 1+ 1+

28.1
41.2
25.9

.5946
.5930
.5911

=+ 14+ [+

.0202
.0201
.0200

460 MeV Target Polarization Positive

52 60961.2
53 62355, 2
54 62376.7
55 61450.1
56 61419.1"
57 61385.2

+ 1+ =+ 1+ I+

76.2
27.4
37.9
30.5
37.5

25.1

.6047
.6186
.6188
.6096
.6093
.6089

I+ 4+ I+ 4+

.0205
.0210
.0210
.0206
.0206

.0206



" Table 7.3 =~ 'C'o'n't’_i'nu'ed

58
59
60

61
62
63

61374.7 + 34.9 .6088 + .0206
61306.5 + 50.0 .6082 + .0206
61167.8 + 32.4 .6068 = .0206

- 425 MeV Target Polarization Negative

54965.0

+ 57.1 .5452 + ,0184
56643.1 + 38.4 .5619 + .0190
56928.2 £ 33.5 .5647 * ,0194
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The final target polarizations calculated using the value
of C determined from the nuclear scattering measurement

are also tabulated in 7.3.

7.2 Conclusion

'The absolute polarization of a dynamically polarized
proton target has been measured to an accuracy of # 2% by
observing the asymmetry in a proton beam scattered from the
target. The analysis made use of existing information on the
spin dependence of.the nucleon nucleon interaction to account
for the asymmetry that was observed. The measurement is
in excellent agreement with an independent NMR determination
of the target polarizatioh, however the uncertainty has been
substantially reduced. The largest contribution to the
error in this measurement came from the phase shift analysis
used to determine the asymmetry A. Improvement in the
world nucleon nucleon data would lead to more accurate
phase shift analyses and further reduce the uncertainty

in this measurement.
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APPENDIX A

Derivation of Equation 6.1

PyrEq

E_,P
I T "
m.
P
PyrEy
2 _ 2 2
P2 = Pl + PI 2P1PI cos (9)
EI + mp + El + E2
Therefore
2 _ 2 2 _
E2 = EI + mp + 2EImp 2EIE1 2mpEl
2 _ 2 2 2 _ 2 2
but E2 = P2 + mp ’ EI = PI + mp
2 2 2 .2 2. 2 2 2Em_ .- 2E_E. - 2m_E
Py + mp = P + My + my + Py + My + 7T Ip I1 p1l
2 2 2 2
P2 PI - Pl = 2mp + 2EImp 2EIEl - 2mpEl
' 2 2 2
replace P} = P, + P] - 2P;P, cos(8)
2 2 2 2 : i 2. : )
T Py +:P] + Pr - ZPIPICQS(QIVZmp '+2EImp 'ZEIE1~2mpEl
= P.P_cost = m2 + E - - -
1 T p Imp EImp EIEl mpEl
2
E E_-+m =
1 ( T ) mp + EImp + P P, cos(9)

71
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_mpz_+_EIgp'$ P P; cos(0)

now square both sides and substitute for Ei

2 2
Pl + mp =
4,22 22 2 2
mp +"F1%p + PlPI cos“(8) + 2m.;E:Im.lo + 2mpPlPI cos(e) + zEfmpPlPIchs(e)
—
(EI +mp)

(P2 + M2)(E2 + 2 + 2E ) =
1 P I mp Imp -

4 2.2 2.2 2 3 2
mp + EImp + PlPI cos~(6) + 2m,pEI + 2mp PlPI cos(9) + ZEImpPlPI cos (8)

multiplying out the L.H.S. and cancelling terms gives

Pl(§§?+ m; + 2EImp—P§ cosz(e))+ (—ZPIms cos(e) - 2EImp PI‘cos(e)) =0 .



