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ABSTRACT

A fast-slow time sorting system, with day to day
resolution of 300 picoseconds, has been constructed to measure
positron lifetimes and intensities in Ammonia, Cyclohexane,
Methane and Butane. For each substance lifetimes and
intensities have been studied over a range of temperatures
including in each case a liquid-solid phase change and in the
case of Cyclohexane a solid=solid phase change as well,

The data were analyzed using a multi-exponential
computer program and the parameters1j2,'ﬁl, I, and I3
extracted for each substance at the various temperatures,

The experimental'ﬁz's obtained for Ammonia and Methane
over the entire temperature range studied (including the phase
transitions) agree very well with the theoretical values
calculated from the Free Volume Model,

The experimental Io’'s obtained show the mechanism of
positronium formation proposed by Brandt and Spirn to be
incorrect and an alternate mechanism is postulated which explains
the experimental Ip's.

A study of the solid-solid phase transition in Cyclo-
hexane yielded a large discontinuity 1n1§2 at the transition
temperature and points up the value of the positron probe in

exploring phase transitions of this type.
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Tirst rredicted by

Dirac in 1930, His prediction arcse from the relativistic
wave equation for electron energy:

B = +ymg2eh + p2c2
where E 1s the total energy of the electron, m, its rest
mass, © its momentum and c¢ the speed of light., Since this
equaticon had Dboth negative and positive energy solutions
with the negative solution corresvonding to the case of an
electron with & charge of +e, Dirac postulated the existence
of positrong or "holes." The particles thus predicted were
First detected in 1932 by Anderson in cloud chamber photographs

of

!

ogsmi

Q

Ray showers., Anderson discovered the varticles
o

wnich he named "positrons" when he applied a magnetic field



N

1e-2 Characteristics of Positron Annihilation

The positron is an elementary particle which along with
electrons, muons and neutrinos belongs to the class known as

Leptons. Since the positron is the antiparticle of the

<t

electron the two particles can thus annihilate as a pair to
form gamma rays,

The spin of the rositreon like that of the electron is

[

Wk

equal to 3 and as with other particles of integer spin
positrons obey Fermi-Direc statistics,
When positrons and electrons collide annihilation can

take

ko]

lace with the emission of one, two or three photons.
However in the case of annihilation with the emission of only
one photon a third body must be present to absorb the recoil
momentum and thus conserve the momentum of the system.

To understand two and three photon annihilation we
consider a positron-electron pair in an S state, This is
sufricient since in higher orbital angular momentum states the
positron and electron wave functions do not overlap sufficiently
for appreciable annihilation to occur. The positron-electron
pair can exist in one of two substates, the singlet state 180
with spin zeroc and the triplet state 381 with spin one., Now
according to Yang (1950) the svpearance of two photons upon
annihilation is only possible for annihilation from the singlet
state. It is known that the relative intrinsic parity for a

varticle~antiparticle pair is negative and thus for the



3
positron-electron pair Py = (-1). Then the charge conjugation
for the system is

Po = PyPg = (~1)(-1)5%1 = (.1)®

where Pg 1s the spin parity of the system. Therefore the
charge conjugation is positive for the singlet state (S=0) and
negative for the triplet state (S=1)., Now since the charge
conjugation of a photon is negative, for a system of n photons
Po = (-1)®. Thus if charge conjugation is invariant in
electromagnetic interactions, annihilation from the singlet
state (15,) must be accompanied by two photons while
annihilation from the triplet state (331) must be accompanied
by an odd number of quanta (in this case 3 quanta).

This feature of positron-electron annihilation has led
to a search for charge non-conservation through the study of
three photon decay of the singlet state (1So)(A. P, Mills and
S. Berko 1967).

A final feature of the annihilation process is the
probability of occurence of each of the possible decay modes,
Ore and Powell (1949) have shown that the ratio of the three
photon to two photon cross section is 1/372 and Goldanskii (1968)
has shown that the one photon rate will be more than two orders

of magnitude less than the three photon rate.

1.3 Discovery and Properties of Positronium

The possible existence of a bound positron-electron
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In the formetion of positronium,high energy positrons
are degraded in energy by various processes such 25 ionizing
and excitation collisions until they reach an energy at which
within the so-called re Gar" first proposed by A. Ore in
1940, The "Ore Gap" which is controlled by the parameters of
the media under investigation and the way in which Ore's theory

predicts formation probabilities will be discussed in Chapter V.

o]

1.% Experimental Methods of Studying Fogsitron Annihilation

There are three experimental metheds by which informstion
on vositron decay may be gained. The first of these is through

the measurement of the triplet annihilation rate by the use of

& triple coincident circuit. Since theory predicts that the

be 1/372 whenever a rate larger than this is found we have proof
of positronium formation, Unfortunately this method cannot

distinguish between the case where positronium is not formed

o

nd the case where the triplet positronium is quenched by

rarious mechanlisms such that it decays by two photo

3

annihilation. Therefore a2t the present time this method is

used only infreguently.

3
oy
0]
OJ
’S

1d method of studying positron annihilation is
through the measurement of the mean lifetimes of the
annihilating positrons. In this type of experiment a nuclear

¥ ray is used as a start signal and the subsequent annihilation



positronium in gases. Two
tyves of information are found in experiments of this
Tirst the decay rates for the wvarious processes by which

positrons can annihilate and second the percentage of positron

decaying by each of the different modes., Since

H
"y
5
w
<
}..J'
o
&
0

work on condensed media the long lifetime cobserved has been

attributed to triplet positronium this method then allows one

e

to measure di
Thus by use of the lifetime method orne is able to study the

effect changes in a given system have on both decay rates and

n

®

the relative abundance of positrons decaying by the different
decay modes,

The third method of measurement is by the technique of
angular correlation of the two photon annihilation radiation,

es with the

ot
!,_.J
W]

<t

When a pogitron-electron vair at rest annihi
mission of two vhotons an energy of 2 mc? is released. Since
momentum must be conserved these two photons each having a
momentum mc must be emitted at 180 degrees to one another in
the centre of mass system, Now if the annihilating pair has
some momentum a2t the time of annihilation, then the photon pai
will be emitted at an angle differing from 180 degrees by an
amount of the order v/c, where v is the velocity of the centre

of mass of the annihilating pair. Thus by measuring the

rectly the amount of positronium formed in a system.



ot

vairs, In recent years the analysis of the raw angular
correlation data into momentum distributions has been done
mainly by electronic computer (S, Y. Chuang 1968).

Figure 1-1 illustrates & typical parallel slit ansular

correlation apparatus,

1.5 Factors Influencing the Annihilation of Positronium

Since the initial discovery of positronium considerable

work has been carried out in studying the various factors whi

effect the lifetime of vpositronium., Thus positronium lifetinmes

have been studied as a function of;

Temperature: R, E, Bell and B, L. Grasham 1953, H. S, Landes,

S, Berko and A, J. Zuchelli 195&, W. Brandt, S, Berko, and

Magnetic Fields: L, A, Page and M. Heinberg 1956, G. Isci et
1962, G. Fabri et al, 1964

Chemical wuenching Te A, Pond 1952, S, Berko, A. J. Zuchelli
1956, Do A, L. Paul 1958, J. Lee and G, J. Celitens 1965,

De 7o s Ao I, Cooper and B. CG. Hogg 1945,
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of triplet positronium isg that of » ic quenching, In

G
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rom the action of an
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+

this case the quenching occurs not only

[0
b4
ot
@
B
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Pt
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1d but also from the fields of paramegnetic
admixtures in the sample., Ore (1949) has shown however that
even for a gas as paramagnetic as oxygen the s 1
magnetic interaction would take of the order of 10-5 seconds,
which is two orders of magnitude less than the case for
spontaneous three photon decay. Therefore it would seem
unlikely that this process is of any conseguence in the
gquenching of trivlet positronium,

Th

[©)
bty

inal type of guenching may be considered under the

S
ju)

=3

heading of chemical quenching. Under this heading would be
included the chemical reactions of addition, substitution,
oxidation and the possibility of the formation of positronium
compounds.

In this work studies are conducted to ascertain the
effect on positron lifetimes and intensities due to variation
in temperature and change of phase for various substances,
From information of this type some of the theories and models
currently proposed to explain positron decay processes can be
tested, Also from studies of this type information is gained

as to the usefulness of positrons as probes in studying various

materials,
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Introduction

The measurement of time intervals between varicus
nuclear or aztomic events has been a study important to physics
for many years. Originally studies of this type were conducted
using simple coincidence elements which gave an output when
- two input pulses arrived at the ccincidence element within a
given resolving time., Many circulits were designed to achieve
this end and almost all worked satisfactorily. The next
development in this field was the addition of pulse amplitude
selection to each of the two input sides to allow identification
of the events under study. This was originally done by placing
pulse height analyzers prior to the coincidence element in the
circuit. This method however had the defect that the slow
response of the pulse height analyzers severely limited the
resolution obtainable by the coincidence circuit. This problem
was cvercome through the use ¢f the fast-slow principle first
described by Bell and Petch in 1949, In their method the fast
coincidence was obtained for pulses unselected as to amplitude

while the pulse height analysis was performed on pulses

uncselected as to time, Then through the use of a slow coincidence

circuvit pulses which satisfied both criteria were identified.

The fast coincidence circuit discussed thusfar only

h
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gives information as to whether two events fall within a given
time range, rather than giving the time distribution of the
events., To achieve time distributions, experiments were
originally performed by the placing of known delays between
the two sides and counting for a given period of time at each
different delay. This method was rather tedious but did achieve
the desired effect of producing a time distribution of the
events under consideration., Finally Time to Amplitude Converter
(TeAsCo) circuits were introduced for use in the nsec region
(Fraser and Milton 1953) which allowed time differences to be
converted to voltage pulses which could then be displayed on
multichannel analyzers., With the advent of this type of circuit
we are at the level of present day time sorting systems.
Although various other modifications have become standard and
resolution obtainable has steadily improved the fast-slow
system employing a T.A.C. has become standard for time

measurements in the nsec region.

2.2 General Description of the System

A block diagram of the time sorting system used in this
work is shown in Fig. é-l. The system is conceptually the same
as the fast-slow system described by Bell et al, (1952).

Most of the actual circultry was designed and built at the
University of Manitoba. The system consists of three separate

parts; the Fast side, the Slow side and the calibration section,

Each of these various parts of the circuit will be described
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