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Abstract

An approximation for the branching ratio of the four-photon decay of parapositronium
(BR4y) was measured using a multi-gamma-ray spectrometer. For the first time in such
measurements, the spectrometer consisted of an array of eight identical LaBrs:Ce scintillator
detectors, each of which combines good energy resolutions (5% and 10% at 511 keV for the
signals from the eighth dynode and anode of the photomultiplier tube, respectively) with
an excellent timing resolution (~ 300 ps). These energy resolutions were minimised through
an optimal selection of the digital signal processing parameter settings. The detectors were
situated in a planar geometry, where the source-to-detector distance of the detector system
was selected such that the effect of peak pulse pile-up was minimised (to less than 3%), while
maximising the full-energy peak detection efficiency at 511 keV (to 3%). For this work,
locally-produced ?2Na radioactive sources were used as positron emitters, which enabled the
formation of positronium and subsequent gamma decays. Energy calibration measurements
were performed using a '%2Eu source, where the prominent energy peaks of (121.8, 244.7,
344.3, 778.9, 964.1, 1408.0) keV were used for calibration. For the BR4, measurement,
5x 10! events were accumulated over a measurement period of 60 days, which resulted in low
statistical uncertainties for the coincident counting between detector pairs (less than 1%).
Through simplifying assumptions that neglected the background corrections and efficiency
normalisations for each of the 2y and 4~ decays, a first order approximation of BR4, was
determined as the ratio between measured 4 events (Ns,) and measured 2 events (Na,),

such that BRy, ~ x‘;: = 4.8 (19) x 107, This measured value of BRy, differs from previous

measurements and accepted literature values by a factor of 3.
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1 Introduction

1.1 Background

Positrons (e*) are the positively-charged anti-particles of electrons (e7). Due to the prevalence
of electrons in matter, free positrons are often not observed to exist for prolonged periods of
time (since they quickly undergo annihilation). Following emission from a decay, a positron
travelling through a medium will undergo a series of collisions with bound electrons, causing
it to thermalise. Once sufficiently thermalised, the positron will undergo either one of two
processes: direct annihilation with an electron of opposing spin, or it will form an exotic atom
known as positronium (Ps). Ps is a quasi-stable system consisting of an electron and a positron.
After a finite period of time, the two particles annihilate to produce an even or odd number
of gamma-rays (depending on the relative spin states of each particle, as well as the governing
energy, momentum, and charge conservation laws).

Similar to that of hydrogen, the ground state of Ps has two varieties: parapositronium (p-Ps),
which is a singlet state with total spin S = 0, and orthopositronium (o-Ps), which is a triplet
state with total spin S = 1.

The Ps state can be considered non-relativistically as the product of an orbital wave function
and a spin vector given as,

\Ijn,l,m(r”‘gv Sz> (1'1)

The orbital wave function in equation (1.1) is the wave function of the hydrogen atom (with
the electron mass replaced by the reduced mass of the ete™ pair), where n, [, and m are the
usual principal (n € Z > 0), orbital (0 <! < n — 1) and magnetic (m < [) quantum numbers,
respectively. The spin vectors are linear combinations of products of those of the individual
particles, of which there are four possible:
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The first three expressions describe the possible spin states of o-Ps (triplet), while the last
expression describes the spin state of p-Ps (singlet). In the absence of external electric and
magnetic fields, it is reasonable to expect that p-Ps and o-Ps be produced in the ratio 1:3, re-

spectively. Indeed, this is observed for liquids [1]. Mogensen & Jacobsen [2] have also explored
some of the cases in which this ratio is not observed.

The selection rule that governs the ete™ annihilation [3, 4] is of particular importance in the
understanding of the decay modes of Ps. As a direct consequence from the selection rule and
the energy, momentum, and charge conservation laws, it can be shown that p-Ps must decay
into an even number of photons (two or more), while o-Ps must decay into an odd number
(three or more). This is shown succinctly by Harpen [5].

While p-Ps can decay into any even number of photons, the probability of higher order de-
cays rapidly decreases with the number of photons produced in the decay (the branching ratio
for decays producing four or more gamma-rays is on the order of 1075 or lower [6]). In the centre-
of-mass frame, p-Ps therefore decays preferentially into two back-to-back 511 keV gamma-rays.



For the case of 0-Ps, again the probability of higher order decays decreases with the num-
ber of photons produced. The leading order decay of 0-Ps is the 3y decay, with the other higher
modes of decay having branching ratios of less than 1076 [6].

As an illustration, Fig. 1.1 shows the decay schemes for both the leading order and next-
to-leading order annihilations of p-Ps and o-Ps.

Fig. 1.1: Decay schemes for the (a) leading order, and (b) next-to-leading order annihilations
of p-Ps and o-Ps, respectively. This image was adapted from Czarnecki & Karshenboim [6].

As a positron emitter, a ?2Na radioactive source provides a good way to study the decay modes
of Ps. From the decay scheme of ?2Na in Fig. 1.2, it is seen that the majority of radiation
produced from the decay of 22Na leads to 8T emission (90.3%). 3% emission is important in the
context of this investigation, as the emitted 8T particles interact with electrons in surrounding
material, which allow for the formation of Ps, and the subsequent decay into gamma-rays. This
is further discussed in Section 2.

1.2 Aim and objectives

The ultimate aim of this study is to demonstrate the measurement feasibility of the four-photon
branching ratio of p-Ps. This is accomplished using an array of eight identical 2 x 2” Lanthanum
Bromine (LaBrs:Ce) detectors (set-up in an ideal planar geometry as shown in Fig. 1.3) to study
the gamma radiation produced from 2?Na radioactive sources of various activities. Listed below
is a step-by-step breakdown of the main objectives which were imperative in achieving this aim.
These include:

1. Evaluation of the digital signal processing (DSP) parameter settings (specifically, the decay
constants and pulse shape parameters) which correspond to minimum energy resolutions.
The minimum energy resolutions for this work were found to be 5% and 10% at 511 keV
for the energy and timing signals, respectively.

2. Characterisation of the LaBrs:Ce detectors in terms of detection efficiency, dead time,
peak pulse pile-up, count rate capabilities and energy resolution of the photopeaks. Since
each of the eight detectors are identical, these analyses were performed on measurements



Fig. 1.2: Decay scheme for 22Na, which shows the emission of 3T particles (positrons) as the
main mode of decay. The production of these positrons is what allows Ps to be formed, and
subsequently decay into two (or more) gamma-rays. This image was adapted from Bé et al. [7]

acquired using a single detector (the findings of which were then assumed to apply for
each of the eight detectors).

3. Evaluation of the optimal source-to-detector distance which maximises detection efficiency,
while minimising the effect of peak pulse pile-up.

4. Assembly of a detector system using the eight LaBrs:Ce detectors situated in an ideal
planar geometry. The optimal source-to-detector distance obtained from step 3 informs
the distance between the source relative to the face of each detector.

5. Performance of energy calibrations using the energy peaks of a 1°2Eu radioactive source as
reference. The prominent energy peaks of (121.8, 244.7, 344.3, 778.9, 964.1, 1408.0) keV
were used for the calibration of each of the eight detectors.

6. Conduction of main measurement using several ?2Na sources of various activities. The
specific measurement information for each run of this work are detailed in Table 3.1.

7. Development of a sorting code which reduces the acquired list-mode data. This is ac-
complished by the establishment of energy and time filter conditions, which organise the
data into a binned distribution of detector multiplicities. This method of data reduction
is detailed in Section 3.6, while the binning process is described in Section 5.1.

8. Performance of the 4+ branching ratio calculation to obtain an order of magnitude esti-
mate. This estimate is compared to measurements obtained from similar previous exper-
iments performed by Adachi et al. in 1990 [8], von Busch et al. [9] and Adachi et al. [10]
in 1994, Yang et al. in 1996 [11], and Vetter & Freedman in 2002 [12].



Fig. 1.3: An array of eight identical 2 x 2” LaBrs:Ce detectors arranged in a planar geometry.
The ?2Na source was placed in the centre of the array, which ensured an equal exposure of
radiation distribution across the face of each detector.

1.3 Dissertation overview

The dissertation is structured as follows:

e Section 2 provides a review of the fundamental concepts and core theory behind this
work. It reviews Ps formation and its subsequent decay into gamma-rays, as well as
the mechanisms for gamma interactions with matter. The structure and response of an
inorganic scintillator when exposed to gamma-ray radiation is also reviewed, along with
key gamma-ray spectrometry concepts including energy resolution, detection efficiency,
dead time, peak pulse pile-up effects, peak-to-total and peak-to-Compton ratios. Also
discussed are the origins of the signals (energy and timing) that are generated from the
LaBr3:Ce detectors used in this work.

e Section 3 provides the specific details of the main measurement of this work, as well
as the detector assembly, electronic configuration, and data acquisition system. Also
discussed is the minimisation of energy resolutions of the energy, timing and charge-to-
digital converter (QDC) signals, which provides the optimal DSP parameter settings that
were used for the main measurement. Energy and timing calibrations are demonstrated,
along with a discussion on the energy and timing filter conditions that were used for data
reduction. The method used for background subtraction from energy spectra (using the
22Na and '%2Eu spectra as examples) is also discussed.

e Section 4 provides characterisation for a single LaBrs:Ce detector in terms of detection ef-
ficiencies, count rates, peak pulse pile-up effects, and dead time. The detection efficiencies
from both measurement and theoretical calculation are compared as functions of energy
and source-to-detector distance. In addition, the count rate capabilities and peak pulse
pile-up effects of the detector are determined as a function of source-to-detector distance,
and the effect of high count rates on the energy resolution of the 511 keV peak of ?’Na
is also investigated. In combination, these measurements provide a way of determining a
source-to-detector distance which minimises the effect of peak pile-up, while maximising
detector count rate and detection efficiency.

e Section 5 shows the analyses of the list-mode data obtained from the main experiment
of this work. Details of the generation of multiplicity plots from the acquired data are
discussed, including a step-by-step breakdown of the sorting code used to analyse and filter



the data. Also discussed are the uncertainty calculations (both statistical and systematic)
that were performed to obtain uncertainty estimations for the counts presented in the
multiplicity spectra. An estimation of the four-photon branching ratio of p-Ps is also
performed based on the equation from Vetter & Freedman [12]. This estimated value for
the branching ratio is compared to the accepted value, as well as previous measurements
from similar experiments [8-12].

Section 6 concludes with a summary of the key results and calculations performed. Also
provided are a few recommendations for improvement of this work’s measurement, as well
as considerations for possible future work.



2 Theory

This section reviews several theoretical concepts which are relevant to this dissertation. The
formation and subsequent decay modes of Ps are discussed. Since this work involves the mea-
surement of gamma-rays through gamma-ray spectroscopy, it would thus also prove useful to
revisit some of the more fundamental concepts involved with this type of measurement. It is
important to understand how gamma-rays interact with material, and how materials (in par-
ticular, scintillators) behave when exposed to gamma-ray radiation. Gamma-ray spectrometry
concepts such as energy resolution, detection efficiency, dead time, peak pulse pile-up effects,
peak-to-total and peak-to-Compton ratios are also reviewed.

2.1 Formation of positronium

When studying rare annihilation events, such as the subject of this work, positrons are typ-
ically produced through radioactive isotopes. Because of their relatively long half-lives, the
most commonly-used examples of such isotopes include 2?Na (used in a similar experiment by
von Busch et al. [9]) and %®Ge/%8Ga (used in similar experiments by Adachi et al. [8, 10], Yang
et al. [11], and Vetter & Freedman [12]). The development of variable-energy (typically 10 eV
to 100 keV) positron beams has provided an alternative method for producing positrons in
positron annihilation spectroscopy studies [13].

Following the production of positrons, there is a thermalization process which occurs as the
positrons travel through a medium. The positrons rapidly lose their kinetic energy through a
series of collisions with bound electrons of the medium until they each possess energies that are
a fraction of an eV [14]. This thermalization process is typically completed over a few picosec-
onds [15]. A thermalized positron will then either undergo direct annihilation with an electron
of opposing spin, or it will form Ps with a host electron in the medium. The probability of a
positron forming Ps is dependent on the medium through which it travels. Castellaz et al. [1]
showed that for positrons travelling through various liquids, the Ps yield can range from 38%
(water) to as high as 70% (organic solvents).

As mentioned previously, Ps comes in two varieties, namely p-Ps and o-Ps. In a vacuum,
the lifetime of p-Ps is 123 ps, while the lifetime of o-Ps is 142 ns [16]. The expected ratio of
forming p-Ps to o-Ps is 1:3, since p-Ps is a singlet state and o-Ps is a triplet state (see equation
(1.2)). However, as a result of the comparatively longer lifetime of o-Ps, it is often observed that
the positron of the o-Ps annihilates with an electron from the surrounding medium of opposing
spin before the o-Ps annihilation process is completed. This ”pick-off” process results in the
emission of two gamma-rays, and it may explain why the ratio 1:3 is not observed in some cases
[17]. These ”pick-off” effects were explored by Kobayashi et al. [16].

2.2 Decays of parapositronium

Using QED theory, Czarnecki [6] calculates the decay rate for the ground state of p-Ps in terms
of a series of a = €2 /471 ~ 1/137. The two-photon decay rate is given by,

o 2 1 2 303 ,1 1
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Czarnecki notes that the four-photon branching ratio is then given by,

I'(p-Ps — v7)

BR4’y,theo7“y = P(p—PS N 47)

= 0.277 (1) (9)2 = 1.4388 (21) x 1075, (2.1)
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with the final value obtained from Vetter [18]. This theoretical branching ratio (2.1) is quite
significant, as it will later be revisited and compared to the measurements of this work.

2.3 Gamma-ray interactions with matter

A gamma-ray is a form of short-wavelength, high-frequency electromagnetic radiation that is
emitted from the radioactive decay of atomic nuclei. These decays include alpha (a)) and beta
(BT and 87) particle emission, as well as electron capture.

Although there are several ways in which gamma-rays are known to interact with matter, pre-
dominantly there are three major interaction mechanisms which significantly influence radiation
measurement at relatively low energies, namely photoelectric absorption, Compton scattering
and pair production. Each of these processes result in either a complete or partial transfer of
the gamma-ray energy to an electron.

This section serves to expand on each of these fundamental processes, which will then pro-
vide the basis for understanding how gamma-rays are measured using detectors.

2.3.1 Photoelectric absorption

The photoelectric absorption process occurs when an incident gamma-ray interacts with an
atom possessing a bound orbital electron. During this interaction, the energy of the incident
photon is fully transferred to the atom, which changes its atomic energy levels, and results in
the electron being ejected from one of the atomic shells (typically the K shell [19]). This process
is schematically shown in Fig. 2.1.

Electron

Incident photon
NSNS

hY, N

Fig. 2.1: Sketch of the photoelectric absorption process. The incident gamma-ray possesses an
initial energy of hrg. After interaction between the photon and atom, the bound electron is
ejected from the orbital shell of the atom with an energy given by equation (2.2). This image
was adapted from Roldan [20].

The energy of the ejected electron is given by [19],
E, = huy — Ey, (2.2)

where hyyg is the energy of the incident gamma-ray and Ej, is the binding energy of the electron
to its orbital shell.

Photoelectric absorption is the main form of interaction for gamma-ray energies ranging from
1 keV to 0.5 MeV [19].



2.3.2 Compton scattering

The Compton scattering process occurs between an incident gamma-ray and an electron. This
electron is typically loosely-bound to the orbital shell of an atom. Fig. 2.2 shows a schematic
of this process, where an incident gamma-ray of energy hv scatters off the electron at an angle
0. The scattered photon loses energy in this interaction, while the recoil electron gains this lost

energy as kinetic energy.
) /_/-ijj
.: KE =hv - hv'

Fig. 2.2: Sketch of the Compton scattering process. An incident gamma-ray of energy hv
scatters off a loosely-bound electron at an angle of 6. The recoil electron scatters at an angle
of ¢, and has a kinetic energy given as hv — hy'. The scattered photon has an energy given by
equation (2.3). This image was adapted from Martin & Wen [21].

The energy of the scattered photon can be derived from simultaneous equations of the con-
servation of energy and momentum. Using the symbols defined in Fig. 2.2, the energy of the
scattered photon is given by [19, 21-23],

hv

hv' = i )
1+ (1 —cost)

(2.3)

where mqc? is the rest-mass energy of the electron. From equation (2.3), it is clear hv/ is de-
pendent on the scattered angle . When considering the limiting cases of # = 0 and 6 = 7, it
is seen that hi/ ranges from zero to hv. This indicates that the incident photon energy that
is transferred to the electron can range from very little to almost all of it (since it would be
impossible for the photon to impart all of its energy in a Compton scatter).

For incident gamma-ray energies ranging from 0.5 MeV to 10 MeV, Compton scattering becomes
the main mode of interaction [19]. This energy range is typical when dealing with radioisotope
sources, which makes Compton scattering of particular interest for this research.

2.3.3 Pair production

Although not particularly relevant for the context of this work, the pair production interaction
is included for completeness.

Pair production is a process in which a gamma-ray interacts with the nucleus of an atom,
which causes the photon to produce an electron-positron pair. This process is only energeti-
cally possible if the incident photon has an energy of at least 1.022 MeV (the rest-mass of an
electron-positron pair). The produced positron will eventually thermalise in the absorbing ma-
terial, and undergo annihilation with an electron. This subsequently produces two annihilation
photons as secondary byproducts. This process is shown in Fig. 2.3.



Fig. 2.3: Diagram of the pair production process. The incident photon (possessing an energy
of at least 1.022 MeV) interacts in the Coulomb field of the atomic nucleus, which produces an
electron-positron pair. The positron subsequently undergoes annihilation, which produces two
511 keV photons as secondary byproducts. This image was adapted from Martin & Wen [21].

If pair production occurs inside the detection material, then the kinetic energy of the ete™
pair will be measured, in addition to the secondary annihilation photons (provided they remain
inside the detection material). If pair production occurs outside of the detection material (in
the surrounding shielding, for example), then the kinetic energy of the ete™ pair will not be
recorded. However, either of the secondary annihilation photons may still be detected, provided
they travel through the detection material.

In the context of radiation detection, the presence of this interaction can be inferred by ob-
serving the energy spectrum. A single-escape peak corresponds to the detection of one of the
annihilation photons, while the other escapes the detection material undetected. In contrast, a
double-escape peak corresponds to when both annihilation photons escape the material unde-
tected.

It should be noted that despite this interaction being possible for an incident photon energy of
1.022 MeV, it only becomes significantly probable at energies greater than 10 MeV [19].

2.4 Detection principles of scintillators

Scintillators refer to materials that produce prompt light when exposed to ionising photons.
These photons transfer their kinetic energy to the scintillation material through the previously-
discussed mechanisms of photoelectric absorption, Compton scattering and pair production,
which causes electron excitation and ionisation. The subsequent de-excitation of these electrons
causes the production of light.

Broadly, there are two different types of scintillators, namely organic and inorganic. Organic
scintillators are typically used for the measurement of fast neutron and beta particles, while
inorganic scintillators for gamma-ray measurements. Based on the relevance and context to this
study, this section will focus on inorganic scintillators and its scintillation mechanism.

2.4.1 Energy band structure in inorganic crystal scintillators

The scintillation mechanism for crystal scintillators generally depends on the structure of the
crystal lattice itself. In the case of inorganic scintillators, there are two types of crystal struc-
tures, namely pure crystal, and activated crystal.



In a pure crystal lattice, electrons are confined to certain energy bands. Fig. 2.4 shows this
energy band structure defined by the upper (or conduction) band and lower (or valence) band.
The valence band represents those electrons which are essentially bound to the crystal lattice,
while the conduction band represents the electrons that possess the necessary energy to move
throughout the crystal lattice medium. The region in between the conduction and valence bands
is known as the energy band gap (or forbidden gap). This band gap is a region of the crystal
lattice in which there are no energy states for the electrons to occupy.

When ionising photons travel through the crystal lattice of the scintillation material, their
kinetic energy is transferred to the surrounding electrons through the mechanisms of photoelec-
tric absorption, Compton scattering and pair production. After a sufficient amount of energy
has been transferred, electrons in the valence band are able to elevate to the conduction band,
which creates electron-hole pairs. If the electrons return to the holes created in the valence
bands, this results in the emission of scintillation photons. As it turns out, this process is
rather inefficient, because the absorption and emission spectra for pure crystals are seen to
typically overlap, and so the emitted photons tend to be resonantly reabsorbed. As a result,
very few photons are released per decay, and the photons that are emitted often possess too
high an energy to be suitably detected.

Fig. 2.4: Energy band structure of an inorganic pure crystal scintillator. The band gap is
defined by the positioning of the conduction band (upper) and valence band (lower). In the
presence of ionising photons, electrons can elevate from the valence band to the conduction
band after energy absorption. The process of these excited electrons de-exciting back to the
valence band causes the release of a scintillation photon.

In order to improve the probability that scintillation photons possessing suitable energies are
emitted, small traces of impurities are typically added to inorganic scintillators. These impu-
rities are known as activators. These activators create energy states at certain locations in the
crystal that are within the band gap. Fig. 2.5 shows how the addition of activators modify the
energy band structure of the crystal lattice. In contrast to the pure crystal structure, there are
now special energy sites which are created in previously inaccessible regions (i.e. in the band
gap). Electrons in the conduction band are now able to thermalise through the various energy
states created by the activator, until it reaches a configuration which permits a transition to
the ground state. The electrons will then de-excite to the ground state with a high probability
of photon emission. It is also worth noting that these activator energy sites have the effect of
increasing the wavelength of photon emissions such that the energy lies within the band gap.
This results in lower energy photon emissions, and inhibits re-absorption.

2.4.2 Properties and structure of an inorganic cylindrical scintillator and the pho-
tomultiplier tube (PMT)

In practice, there are several favourable properties that are sought after in scintillators. While
most of these characteristics apply for general scintillators, they are particularly relevant for
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Fig. 2.5: Energy band structure of an inorganic activated crystalline scintillator. The activator
introduced into the crystal scintillator creates energy states in between the established band gap
of the pure crystal. Electrons may now excite and de-excite to these additional energy states.

the practical use of inorganic scintillators. Some of the most notable include [19]:

e the physical dimensions of the scintillator should be suitably large for practical measure-
ments, as well as cost-effective to produce

e the ionising radiation should be converted to light output with a high scintillation efficiency
e the light yield should be proportional to the radiation over a wide dynamic range

e the emission wavelength and light yield should be appropriately matched to the photo-
multiplier tube (PMT)

e the induced luminescence should have fast rise and decay times, which is important for
good timing resolution in time-of-flight measurements.

Derenzo et al. [24] provide a detailed discussion on some of these important characteristics for
an ideal scintillator.

Fig. 2.6 shows a typical schematic of an inorganic cylindrical scintillator detector. The scintilla-
tor is seen coupled to a PMT, which serves the purpose of converting the extremely weak light
output from scintillation pulses into corresponding electrical signals. Comprising the PMT,
there is a photosensitive layer called the photocathode (or simply, cathode), which is coupled to
an electron multiplier structure (the focusing electrode and dynodes). The cathode converts the
scintillation pulses into low-energy electrons. These electrons are typically too few to constitute
a practical electrical signal, which is why the electron multiplier structure serves as an efficient
collector of these electrons while acting as an amplifier which greatly increases their number.
This amplification process through the dynodes typically produces between 107 — 100 electrons,
which is sufficient to constitute an electrical signal. These electrons are collected at the anode
of the PMT.

2.5 Gamma-ray spectrometry

Gamma-ray spectrometry refers to the quantitative study of the energy spectra produced from
gamma radiation. This section provides a review of some of the key concepts and definitions
involving gamma-ray spectrometry, which will prove relevant for this study. These include
energy resolution, detection efficiency, dead time of the detector, peak pile-up effects, peak-to-
total area and peak-to-Compton ratios.

2.5.1 Energy resolution

The intrinsic energy resolution (R) is a quantity that is used to quantify a detector system’s
ability to distinguish photons of different energies for spectroscopy measurements. A formal
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Fig. 2.6: Schematic of the typical structure of a cylindrical scintillator detector. The incident
radiation interacts inside the scintillation material, which release low energy photons, which
subsequently are converted to photoelectrons. These photoelectrons undergo a process of elec-
tron multiplication through the PMT, which then forms a suitable electric signal. This image
was adapted from Wikimedia Commons [25], distributed under a CC BY-SA 3.0 license.

definition is shown with the aid of Fig. 2.7. It shows a typical mono-energetic photopeak
recorded with a detector, which is fitted with a Gaussian function. This photopeak is defined
by several quantities, including a photopeak amplitude .4 and a photopeak centroid E,. The
energy distribution of the photopeak is described by the full-width-at-half-maximum (FWHM),
which is defined as the width of the distribution at half of the photopeak amplitude (“;‘) This
definition assumes that the background on which the photopeak is superimposed is negligible
(or subtracted away). For a Gaussian peak, the FWHM can be related to the peak’s standard
deviation o as FWHM = 2.350 [19]. The energy resolution is then defined by,

_ 2.350

Ly

R (2.4)

It should be noted that R is a dimensionless quantity and is functional with energy, so it is
conventionally presented as a percentage at a specific energy. Also noteworthy is that lower
energy resolutions are typically what are desired when using detector systems. Lower energy
resolutions correspond to smaller energy distributions of the photopeak, and thus, better re-
solving power. Clearly then, an ideal energy resolution would be equivalent to zero i.e. the
FWHM will become infinitesimally small such that the response function in Fig. 2.7 becomes
equivalent to a Delta function. However, it is impossible for a detector to possess perfect energy
resolution for several reasons. These include possible drift of the operating characteristics of the
detector during measurement, random background noise from the detector and measurement
instrumentation itself, and statistical noise that is an inherent part of measuring radioactive
processes.

While the energy resolution cannot be identically zero, it certainly can be minimised to a
certain extent. This is done through optimisation of the DSP parameter settings, which can
have measurable effects on energy resolutions. This process is demonstrated in Section 3.3.

2.5.2 Detection efficiency

When detecting uncharged radiation (such as gamma-rays), it is often found that the detec-
tion efficiency of the detector is much less than 100%. This is due to the fact that uncharged
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Fig. 2.7: A typical mono-energetic photopeak of amplitude A is centred around energy E,. The
photopeak is modelled with a Gaussian fit. The distribution of the Gaussian peak is described
through the FWHM and o, which are both indicated.

radiation typically has a much lower cross section than that of charged radiation (such as «
and [ particles), which is because the uncharged radiation does not interact via the long range
Coulomb force. This results in uncharged radiation having a low probability of interaction in-
side of a detector.

Knoll [19] notes the four main types of efficiencies, namely absolute efficiency (Fqgps), intrin-
sic efficiency (Ejpn:), full-energy peak (FEP) efficiency (Ergp), and intrinsic FEP efficiency
(EFEPint). These are respectively defined by the relations,

Number of pulses recorded

E .= 2.5
b5 = Number of radiation quanta emitted by the source’ (25)
B Number of pulses recorded (2.6)
" = Number of radiation quanta incident on detector’ ’
> B Number of pulses recorded in single photopeak 2.7)
FEP = Number of radiation quanta emitted by the source at photopeak energy’ ’
and,
Number of pulses recorded in single photopeak
Erppint = — — . (2.8)
Number of radiation quanta incident on detector at photopeak energy
E.ps and Ejy are related to each other using the equation [19],
4
Eipy = Eabsﬁa (29)

where € is the solid angle defined between the detector and radioactive source.
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Intrinsic efficiencies tend to be of more practical use, because they depend primarily on factors
such as the detector material and composition, the incident radiation energy, and the physical
thickness of the detector. Although, Ogundare, Oniya & Balogun [26] have shown that there
is also a slight distance dependence, or more specifically, a dependence on the ratio %, where d
represents the source-to-detector distance and r represents the radius of the detector.

From practical gamma-ray spectroscopy measurements, equation (2.7) is calculated using [27],

_ Np
A xtx L(E,)

Ergp(Ey) (2.10)
where F, is the specific energy of the gamma-ray emitted from the radioactive source, N, is
the total number of counts in a photopeak due to gamma-rays of energy E,, A, is the current
activity of the radioactive source, t is the total time taken to perform the measurement and
I,(E,) is the gamma-ray intensity per decay at energy E.,.

Similarly to (2.9),
a7
Erepint = EFEPE- (2.11)
For the remainder of this work, Ergp (2.10) and Ergpin:t (2.11) are the only efficiencies that
will be considered (since they are the most commonly-used in literature).

2.5.3 Dead time of a detector system

The dead time of a detector system refers to the amount of time that the system is unable to
record measurements due to the processing of incoming measurements of (usually) high count
rates. Because of the random nature of the radioactive decay process, there is always some
probability that events will go undetected due to them having occurred too soon after preced-
ing events. These undetected events (or dead time losses) could potentially be significant, and
therefore would need to be corrected for when performing any sort of counting measurements
with particularly high count rates.

Typically when discussing dead time, there are two general models that are considered - namely
paralyzable and nonparalyzable dead time. For the nonparalyzable dead time model, a detected
event will cause the system to have a finite period of dead time (7). As a consequence, any
subsequent events which occur during that period 7 will be go undetected. Once the time 7
has elapsed, the system will then be able to detect the next incoming event (upon which would
commence another dead time period). This interaction can be modelled using the equation [19],

n=—2_ (2.12)
1—mr

where n represents the true interaction rate of the steady-state radioactive source being mea-
sured, and m represents the measured count rate. Both n and m are assumed to be averaged
over a sufficiently long period of time.

For the case of paralyzable dead time, each subsequent detection of an event within a dead
time period 7 extends the length of that period by 7. As a result, any event that occurs during
that extended period of dead time will also be lost. Theoretically, this model predicts that a
sufficiently high count rate could extend the dead time indefinitely. For a detector system with
paralyzable dead time to remain functional, there has to be a sufficient ‘cooling off’ period in
which there are no incoming events for a minimum period of 7. Paralyzable dead time can be
modelled using [19],

m=mnexp . (2.13)

14



It should be noted that in the case of low count rates (n << 1), equations (2.12) and (2.13)
become identical (as expected). This implies that lower count rates tend to minimise the dead
time of the detector system.

2.5.4 Peak-to-total (PTR) and peak-to-Compton (PTC) ratios

The peak-to-total ratio (PTR) is a quantity that relates the net counts of an energy photopeak
(Cp) to the total counts of the spectrum (Cy). It provides a useful measure of the relative amount
of detected gamma-rays which have undergone photoelectric absorption. The relationship is
given by [28, 29],

C

PTR = 2. 2.14

o 2.14)
Another useful quantity is the peak-to-Compton ratio (PCR). This is defined as the ratio be-
tween the height of the photopeak (H,) and the average height of the Compton continuum (H.).
This provides a comparison between the relative number of gamma-rays which have undergone
photoelectric absorption to the gamma-rays which have undergone Compton scattering. So, the

relationship is given by [29, 30],

H,
PCR = Fp (2.15)

[

Both PTR and PCR are both useful quantities which help evaluate the performance of a spec-
trometer.

2.6 LaBr;:Ce detector

The LaBrs:Ce detector is an example of a detector which uses an inorganic scintillator. These
detectors are typically associated with performing measurements with excellent energy resolu-
tions, fast emission and possessing high count rate capabilities [31-34]. The detectors used in
this work were manufactured by Saint-Gobain, and each consists of a 2 x 2”7 LaBrs:Ce scintil-
lation crystal lattice which is attached to a Hamamatsu R2083 PMT. This section will detail
the key differences between the types of signals recorded by this type of detector during the
measurement process.

2.6.1 Energy and timing signals

There are two signals which are generated by the detectors used in this work, namely the slow
energy and fast timing signals. The slow signal arises from the positive pulses generated at the
eighth dynode of the PMT [35, 36]. These dynode pulses are firstly pre-amplified, and then
subsequently amplified to produce the energy signals. The fast signal arises from the negative
pulses generated at the anode of the PMT [35, 36]. The anode pulses from two different detectors
are fed into the Constant Fraction Discriminator (CFD), which generates two negative output
pulses. These CFD pulses are sent to the time-to-amplitude converter (TAC), where one of the
CFD pulses is used as a start signal to TAC, while the other is used as the stop signal. The
TAC is then able to provide amplitude pulses whose height corresponds to the time difference
between the start and the stop signals. Both the TAC amplitude signals and post-amplification
energy signals are processed through the analogue-to-digital converter (ADC), which digitizes
the signals.

Fig. 2.8 shows a typical (a) slow, and (b) fast signal trace measured using a LaBrs:Ce de-
tector. There are a couple of key differences which can be identified. Firstly, it is seen that
the signals are processed with opposite polarities i.e. the slow and fast signal traces correspond
to a positive and negative amplitude, respectively. Another key feature is the rate at which
each signal trace dissipates. It is seen that when the slow signal is detected, the signal decays
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gradually over several microseconds. However, when the fast signal is detected, it decays at a
much higher rate compared to the slow signal.

By assuming an exponential signal decay given as ~ e~ /7 (where 7 is the decay constant),
it is shown in Section 3.3 that the slow signal corresponds to 7 ~ 30 us, while the fast signal
corresponds to 7 ~ 10 ns. This shows that the fast signal is better suited to perform timing mea-
surements, since it processes the measurement information at a higher rate than the slow signal.

2300
> — typical (slow) energy signal
2200 A

)

amplitude (arb
= N N
O o =
o o o
o o o
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1800 T T T T T T T T T
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—-1650

—1700

—1750
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1800 (b) typical (fast) timing signal |
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time (ns)

Fig. 2.8: Typical traces for (a) slow, and (b) fast signals. The slow signal is characterised by a
slow signal decay (7 ~ 30 us), while the fast signal by a quicker decay (7 ~ 10 ns).

Fig. 2.9 shows the typical energy spectra measured from both the slow and fast signals us-
ing a 9 uCi 22Na source. The source was placed at a distance of 6 cm coaxially from the face of
one of the 2x2” LaBrs:Ce detectors used for this investigation (see Section 3.1 for detector spec-
ifications), and operated with a high voltage of —1100 V. The prominent 511 keV and 1275 keV
peaks are evident in both spectra. Comparing the o values for the 511 keV peaks, it is seen
that the slow signal produces a better energy resolution with o = 10.3 (16) keV, while the fast
signal produces o = 22.6 (24) keV. This demonstrates that the slow signal is better suited to
perform energy measurements with a higher degree of precision, while the fast signal is better
suited to perform timing measurements.
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Fig. 2.9: Energy spectra measured from the slow (black), and fast (red) signals. A 9 uCi ?>Na
source was used for measurement, and the prominent 511 keV and 1275 keV energy peaks are
indicated. The 511 keV peak of the slow signal was determined to have better energy resolution
with o = 10.3 (16) keV, while the 511 keV peak of the fast signal has o = 22.6 (24) keV.

3 Experimental methods and set-up

This section details the set-up of the detector system in terms of geometry, electronics and data
acquisition settings that were used for these measurements. Summaries of the methods used in
this work for energy resolution minimisation, calibration (energy and timing), data reduction,
and background subtraction are also included.

All experimental measurements presented in this work were performed at the iThemba Lab-
oratory for Accelerator Based Sciences (LABS), Cape Town, South Africa. All experimental
equipment and facilities required to perform this investigation were provided by iThemba LABS,
and in addition, all ?>Na, sources used in these measurements were manufactured and provided
by iThemba LABS'.

Details of all relevant runs in the measurement series, measurement dates and activity strengths
of the ?2Na source used for each measurement are provided in Table 3.1.

iThemba LABS is the sole producer of 2?Na radioactive sources in the world!
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3.1 Detector assembly

Prior to performing the main measurements presented in this work, various detector system
geometries were considered to determine the ideal set-up for the detector assembly. A detailed
discussion is provided in Section 4.

Measurements of the gamma radiation emitted from ??Na radioactive sources of various activ-
ities were performed with the multi-gamma-ray spectrometer. The spectrometer (see Fig. 3.1)
consisted of an array of eight LaBrs:Ce (5%) detectors (labelled as D1-D8), which were arranged
in a planar geometry. These detectors were manufactured by Saint-Gobain, and each consists of
a 2 x 2”7 LaBrj3:Ce scintillation crystal lattice which is attached to a Hamamatsu R2083 PMT.
A ?2Na source was placed symmetrically at the centre of the detector array, such that it was
an equidistant 12 cm from the face of each detector. The source was placed on a plastic stand,
which ensured that it was situated in the same plane as the centre of each detector. Based on
the cylindrical geometry of each detector, and the equidistant source-to-detector distance, the
solid angle subtended between the source and each detector was determined to be 1.0838 (1)%
of 4 steradians. Due to the symmetry of the set-up and isotropic nature of the source, the
accumulative solid angle for the eight-detector system is 8.671 (3)% of 47 steradians.

2

Fig. 3.1: The detector system consists of eight LaBrs:Ce detectors (D1-D8), which are situated
in a planar geometry. The 2?Na source is placed on a plastic stand such that the source lies in the
same plane as the centre of each detector. The source is placed equidistantly in the centre of the
array of detectors with a source-to-detector distance of 12 cm. The associated electronics of the
detector system are also shown. (A = 22Na source on plastic stand, B = High voltage supply,
C = Pixie-16, D = Crate and NIM bin, E = CPU and F = PC display).

3.2 Electronics and data acquisition system

Fig. 3.2 shows a schematic of how each LaBrs:Ce detector was connected to the relevant elec-
tronics. As seen in Fig. 3.1, the electronics (including the high voltage (HV) supply, the XIA
Pixie-16 module and the CPU) were all housed in a crate and NIM bin. Each detector was
powered by an HV power supply, and each of the photomultiplier tube (PMT) anodes were in-
tegrated with a model 474 ORTEC pre-amplifier to provide the signals. Table 3.2 shows a list of
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the operating voltage and the voltage supply model used for each of the detectors (D1-D8). The
operating HV settings were selected in order to gain-match the energy spectra recorded from
each detector i.e. ensuring the various energy peaks from each energy spectra corresponded to
similar channel numbers. The data was then re-binned post-acquisition through energy calibra-
tion (see Section 3.4).

Pixie-16 - heral
LaBr;:Ce Anode Pre- multi-channel é) eriphera ¢ PC
detector Cathode , amplifier analyser n ter:onrziggte?P cn (MIDAS software)
] (MCA)
High voltage
(HV)

Fig. 3.2: Each LaBrj3:Ce detector is powered by an HV power supply. The signals from the
PMT’s eighth dynode (slow) and anode (fast) are processed through the pre-amplifier, and the
output signals are then digitised and processed through at 500 MHz using a 16-channel digital
Pixie signal processor. The digitised data is then transmitted to the PCI bridge, from which
the MIDAS software is able to access the data.

Table 3.2: Detectors D1-D6 were operated using a CAEN S.p.A. NHS 62 20n power supply,
while detectors D7 and D8 were operated using an ORTEC 456. The HV settings were selected
such that the energy spectra produced from each detector were ‘gain-matched’.

Detector | HV power supply model | Operating HV setting (V)
D1 CAEN S.p.A. NHS 62 20n —1100
D2 CAEN S.p.A. NHS 62 20n —1130
D3 CAEN S.p.A. NHS 62 20n —1100
D4 CAEN S.p.A. NHS 62 20n —1250
D5 CAEN S.p.A. NHS 62 20n —1150
D6 CAEN S.p.A. NHS 62 20n —1200
D7 ORTEC 456 —1100
D8 ORTEC 456 —1100

The generation and characteristics of the signals generated at the eighth dynode (slow signal)
and anode (fast signal) of the PMT were discussed in Section 2.6.1. These slow and fast signals
were transmitted to the XIA Pixie-16 module using RG58 cables and RG175/lemo connectors,
respectively. The XTA Pixie-16 module is a 16-channel digital signal processor which samples
the data at 500 MHz [37]. Each of the 16 channels of the Pixie-16 module can be operated
independently for data acquisition. Each channel is gated using a Channel Gate Input which
ranges from 0-15. Each of the slow signals of detectors D1-D8 respectively, were connected
to channels 0-7. Each of the fast signals of detectors D1-D8 respectively, were connected to
channels 8-15. Table 3.3 shows the DSP parameter settings for both the slow and fast signals,
and their respective channels. These settings for both the slow and fast signals produced from
each detector were selected such that the measured energy resolutions were minimised to ~ 5%
and ~ 10% at 511 keV, respectively.

The software used for the data acquisition was the Multi Instance Data Acquisition System
(or MIDAS) [38, 39]. MIDAS was able to access all of the recorded data from the hardware
electronics through a single Peripheral Component Interconnect (PCI) bridge (PXI-8360). The
data was recorded in list-mode and written to network storage for offline analyses. The mea-
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Table 3.3: DSP parameter settings for both the eighth dynode (slow) and anode (fast) signals.
The slow signals for each detector D1-D8 were connected to channels 0-7, respectively, of the
Pixie-16 module, while the fast signals were connected to channels 8-15, respectively.

Parameter/ Slow signal Fast signal
Action (Channel Gate Inputs 0-7) | (Channel Gate Inputs 8-15)
Trigger type Local Local
Good channel Enable Enable
Trigger polarity Positive Negative
Histogram energies Enable Disable
CFD trigger mode Enable Enable
Global trigger validation Disable Disable
Energy sums Enable Enable
Channel trigger validation Enable Enable
Input relay Enable Enable
Pileup rejection Disable Disable
Trigger threshold 1000 350
Fast rise time (us) 0.1 0.02
Fast flat top (us) 0.1 0.01
Energy rise time (us) 0.3 0.1
Energy flat top (us) 1.3 0.1
Peak sample (us) 1.52 0.12
Peak separation (us) 1.0 1.0
Decay constant (us) 36.39 0.01
CFD delay 0.01 0.01
CFD scale 1 1
CFD threshold 50 50

surement had an accumulative run time of 5.16 x 10° s, which is comparable to the run times
of similar experiments performed by Yang et al. (2.02 x 107 s [11]) and Vetter & Freedman
(9.45 (1) x 10° s [12]). There were approximately 4.85 x 10!! total events (~ 12.5 TB of data)
recorded at an average acquisition rate of 2.4 MB/s.

List-mode data structure

Recording measurements through the use of list-mode allows for data collection on an event-
by-event basis, recording energies, timestamps, pulse shape analysis values, and waveforms. A
detailed breakdown of the list-mode data structure is provided in the XTA Pixie-16 user’s man-
ual [37]. This has been summarised below with the aid of Fig. 3.3, which illustrates the data
structure of an event n recorded in list-mode.

As demonstrated in Fig. 3.3, the data of the output buffer is organized into three sections.
This includes one buffer header, an event header for each event, and a channel header which
is accompanied by possible waveform data for each active channel included in the event. All
of the header information is comprised of 32-bit data words, while the waveform data consists
of two samples of 16-bit trace data combined into one 32-bit word. The buffer header consists
of 6 words, which includes stored information on the number of words in the buffer, module
number, run type, and start time of the run. Following from the buffer header, each event
is then recorded in sequence of its detected arrival time. The event header is comprised of 3
words, which contain information about the hit pattern (i.e. which channels were read out for
each event) and the arrival time for each event. Following from this is the channel header,
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which organises and records the data from each channel for a particular event. It consists of 9
words, which contain information about the number of 32-bit words for that particular channel,
the fast trigger time, energy, and pulse shape analysis values. Each channel header would be
followed by any waveform data which was recorded for that particular channel. Each 32-bit
word in the waveform data consists of two samples of 16-bit trace data.

Buffer header Event header Channel header 1, 2, ..., m | (Possible) waveform 1, 2, ..., m
(6 32-bit words) for event n for event n for event n
(3 32-bit words) (9 32-bit words) (16-bit+16-bit words)

Fig. 3.3: List mode data structure for a recorded event n. In this illustration, it is assumed
that event n provided data to m channels, as indicated.

3.3 Minimisation of energy resolutions

Since this investigation concerns the measurement of a rare branching ratio of Ps, this suggests
that high count rates and good energy resolutions are required for suitable measurements to be
performed. This section presents the methods used in determining the optimised DSP parameter
settings that produced minimum energy resolutions for both the slow and fast signals. The
results of this section have been presented in Table 3.3. The parameters that are considered
include the decay constant, the pulse shape filtering and charge-to-digital converter (QDC)
settings.

3.3.1 Slow signal

The slow signal is characterised by a longer decay constant 7 ~ 30 us. Fig. 3.4 shows a typical
slow signal trace over 8000 ns that is detected using a 2?Na source. The trace is characterised
by an exponential decay, a constant offset that is greater than zero and a signal amplitude A
(each of which is indicated).

2300
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Fig. 3.4: A typical slow signal trace collected over 8000 ns. The trace is characterised by a
(slow) exponential decay, signal amplitude A, and a positive constant offset.

22



3.3.1.1 Decay constant 7

Over 95 000 traces were collected over the range 8000 ns. These traces have an exponential

decay ~ e~'/7, where 7 is the decay constant. Fitting an exponential to each of these traces, a
7 value can be obtained.

Fig. 3.5 shows the process of fitting the exponential Ae~%/7, where A and 7 are the fit pa-
rameters for the amplitude and decay constant, respectively. The first step of the process is
shown in Fig. 3.5 (a), where the signal trace is recorded from the detector. Fig. 3.5 (b) shows
the fit of a constant function to the base of the trace to determine the value of the constant
offset. This value is subtracted from the trace in Fig. 3.5 (a) to produce the trace in Fig. 3.5
(c). Fitting the exponential to the trace in Fig. 3.5 (c¢) produces values for A and 7.
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Fig. 3.5: Each step of the fitting process to determine the decay constant 7 for the slow signal.
(a) shows a typical slow trace, (b) shows the fit of a constant function to determine the value

of the constant offset and (c) shows the exponential fit to the trace after subtraction of the
constant offset.

The fitting process in Fig. 3.5 was done for each one of the recorded 95 000 traces, which
produced as many 7 values. Binning these 7 values into intervals of 10 ns, Fig. 3.6 is produced.
By taking note of the most frequently occurring 7 value for the slow signal (75), this provides
the 7 setting that will produce a minimum energy resolution. From Fig. 3.6, 75 is found to be,

Ts = 36.385 (29) ps. (3.1)
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T = 36.385 (29) us
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Fig. 3.6: The decay constant 7 binned into an interval of 10 ns using over 95 000 slow trace
signals. The most frequently occurring 7 value was found to be 36.385 (29) us, which corresponds
to a minimum energy resolution.

3.3.1.2 Energy filter rise time and flat top

Both the slow and fast signals that get detected from the LaBrs:Ce detectors undergo trape-
zoidal filtering. Therefore, the output signal that is produced after filtering is in the shape of a
trapezoid, with a characteristic energy filtering rise time (L) and flat top (G). These values are
typically set in the data acquisition software (MIDAS, in this case) before measurement begins.
Fig. 3.7 shows the slow signal before and after a trapezoidal filtering.

It turns out that the settings of L and G have a measurable effect on the energy resolution
of the gamma-ray peaks. It is therefore possible to determine the settings for L and G that
produce a minimum energy resolution. For this section, measurements will focus on the min-
imisation of the resolution of the 1332.5 keV peak of the %°Co energy spectra.

Fig. 3.8 shows the energy resolution of the 1332.5 keV photopeak of a 59Co source as a function
of L and G. It is seen that a minimal resolution of 2.917 (31)% is produced by setting the rise
time L = 0.3 ps and flat top G = 1.3 us.

3.3.2 Fast signal

The fast signal is characterised by a shorter decay constant 7 ~ 10 ns, which is about 1000
times smaller than the 7 value for the slow signal. Fig. 3.9 shows a typical fast signal trace that
is detected from a 2?Na source. Similar to the slow signal, the fast trace is also characterised
by an exponential decay, albeit much shorter. It also exhibits the parameters of a (negative)
constant offset and a signal amplitude A (each of which is indicated in Fig. 3.9).
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Fig. 3.7: The slow signal plotted with its filtered output from a trapezoidal filtering. The
energy filtering rise time (L) and flat top (G) are indicated. This image was adapted from the
XTA Pixie-16 user’s manual [37].
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Fig. 3.8: Energy filter rise time and flat top settings along with their corresponding energy

resolutions for the slow signal. The minimised energy resolution for the 1332.5 keV photopeak
of a %°Co source is found with a rise time of 0.3 us and flat top of 1.3 pus.
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Fig. 3.9: A typical fast signal trace which is characterised by a (fast) exponential decay, signal
amplitude 4, and a negative constant offset.

3.3.2.1 Decay constant 7

An important difference to note between the fast and the slow signals is that the fast signal is
negative in polarity. So before an exponential can be fitted to the trace as before, it must first
be inverted. The first step is shown in Fig. 3.10 (a), where the fast trace is recorded from the
detector. A constant function is then fitted to the constant portion of the trace (Fig. 3.10 (b)),
which determines a value for the constant offset. This value is subtracted from the trace, and
then the resulting signal is inverted to produce the trace seen in Fig. 3.10 (c¢). The exponential
is then fitted to the trace, which determined values for A and 7.

As with the slow signal, each of the obtained 7 values are binned as shown in Fig. 3.11. The
interval of these bins is set to 1 ns. The most frequently occurring 7 value for the fast signal

(77) is found to be,
7r = 10.5 (29) ns. (3.2)

3.3.2.2 Energy filter rise time and flat top

As mentioned in the previous section, both the slow and fast signals undergo trapezoidal filter-
ing, and therefore the energy filter rise time (L) and flat top (G) that produces minimum energy
resolutions can be determined. The measurements in this section focuses on the minimisation
of the resolution of the 511 keV peak of the ?2Na energy spectra.

Fig. 3.12 shows the energy resolution of the 511 keV peak as a function of L and G. It is
seen that a minimal resolution of 10.9 (11)% is produced when both L and G are set to 0.1 us.

3.3.3 Charge-to-digital converter (QDC)

The charge-to-digital converter (or QDC) is a method of integration that integrates the fast
signal over time to determine the total charge produced in the detector from incident radiation.
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Fig. 3.10: Each step of the fitting process to determine the decay constant 7 for the fast signal.
(a) shows a typical fast trace, (b) shows the fit of a constant function to determine the value
of the constant offset and (c) shows the exponential fit to the trace after subtraction of the
constant offset and then inversion of the signal.
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Fig. 3.11: The decay constant 7 binned into an interval of 1 ns using over 95 000 fast trace
signals. The most frequently occurring 7 value was found to be 10.5 (29) ns, which corresponds
to a minimum energy resolution.
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Fig. 3.12: Energy filter rise time and flat top settings along with their corresponding energy
resolutions for the fast signal. The minimised energy resolution of the 511 keV peak of a ?2Na
source is found with a rise time and flat top both set to 0.1 us.

In order for this integration to be performed, limits for the integration (or a gate) must be
provided. This is done by the user before the measurement is performed. Fig. 3.13 illustrates
the various gate lengths that were used to integrate the fast signal.

It turns out that the selection of the gate has an effect on the resolution measured for the
energy spectra of the ??Na source. This is shown in Table 3.4, where various gate length set-
tings were selected.

It is clear from Table 3.4 that longer gate lengths have an adverse effect on the energy res-
olution that is measured. This is due to the fact that longer gate lengths incorporate more
signal noise into the integration, which manifests itself by producing energy spectra with poorer
resolution. However, by making the gate lengths less than 100 ns, it is then found that the whole
signal amplitude is not incorporated into the integration, which results in information being lost.

The ideal gate length setting is then empirically determined to be 100 ns, which produces
a minimum energy resolution of 12.4 (13)%.

Table 3.4: Various gate length settings with their corresponding energy resolution measurements
of the 511 keV peak of ?2Na. Increasing gate lengths produce progressively worse resolutions.

Gate length (ns) | Energy resolution of 511 keV peak (%)
100 12.4 (13)
150 12.9 (18)
200 13.3 (18)
250 14.6 (21)
300 15.2 (33)

3.3.4 Energy spectra of ?Na using the optimised slow, fast and QDC signals

The last few sections (Section 3.3.1, Section 3.3.2 and Section 3.3.3) have demonstrated the
methods used to obtain minimum energy resolutions for the slow, fast and QDC signals, re-

28



150
typical inverted fast signal

100
_d 50
—
c
Q 0
© H H
B 100NS ife—»
g— =301 150ns
© :
_100] 200ns
250ns:
—150 300ns
800 9(I)O 10I00 11I00 12IOO 1300
time (ns)

Fig. 3.13: A typical fast signal trace with various integration intervals (or gates). The total
charge produced from a particular signal is determined by the integration of the pulse over the
gate. The length of the gates have a measurable effect on the resolutions in the energy spectra,
which is shown in Table 3.4.

spectively. Table 3.5 provides a summary of the key results obtained in those sections. These
‘optimised’ settings were used as input settings for the main measurement of this work (shown
in Table 3.3).

Table 3.5: The values for the DSP settings (namely, decay constants, pulse shape parameters
and gate length) that correspond to minimum energy resolutions for the slow, fast and QDC

signals.
Signal | Decay constant 7 (us) | Energy rise time (us) | Energy flat top (us) | Gate length (ns)
slow 36.39 0.3 1.3 —
fast 0.01 0.1 0.1 -
QDC - - - 100

In order to compare the respective minimised energy resolutions from each of these signals,
Fig. 3.14 shows the energy spectra measured from these slow, fast and QDC signals. Fig. 3.14
is resultant from the same measurement that produced Fig. 2.9 (see Section 2.6.1), with the
primary difference being the inclusion of the energy spectrum from the QDC signal. As be-
fore, the o values for the 511 keV peaks are shown, and it is seen that the energy resolution
of the slow signal (o = 10.3 (16) keV) is significantly superior to both those of the fast signal
(0 =22.6 (24) keV) and QDC signal (o = 21.3 (27) keV).

3.4 Enmergy calibration

Before conducting the measurements for this work, each of the eight LaBrs:Ce detectors (D1-D8)
were energy calibrated. Emnergy calibration is a process which involves measuring various ra-
dioactive sources with known gamma-ray emission energies, and correlating each of those energy
photopeaks to a particular channel in the spectrum. The energy peaks of »?Eu (121.8, 244.7,
344.3, 778.9, 964.1, 1408.0) keV were used to calibrate each energy spectrum. All analysis and

29



(slow) energy signal

50 4 - — 511 keV peak -0 =10.3 (16)
- LN (fast) timing signal
n 511 keV peak —»o0=22.6 (24)
8 40 4 QDC gated length = 100 ns
~ 511 keV peak —»o=21.3 (27)
©
[
o
O 30
Q
0
o
o 20 LN
9 <
t ~
>S5 o
o 10 —
O

0
} T T T T T T T |
0 200 400 600 800 1000 1200 1400 1600

Energy (keV)

Fig. 3.14: Energy spectra measured from the slow (black), fast (red) and QDC (green) sig-
nals which correspond to minimum energy resolutions. A ?2Na radioactive source with an
activity of 9 uCi was used, with the prominent 511 keV and 1275 keV energy peaks indicated.
The 511 keV peak of the slow signal was determined to have the best energy resolution with
o =10.3 (16) keV, while the 511 keV peak of the fast and QDC signals were found to be
o =22.6 (24) keV and ¢ = 21.3 (27) keV, respectively.

energy calibration of spectra in this section are produced from the fast signal. This is because
the final measurements of this work are performed using the fast signal (due to its favourable
timing characteristics as previously discussed). The slow signal, while providing better energy
information, is not of any particular interest when performing timing measurements, and its
calibration is therefore neglected.

Below is summarised each step of the energy calibration process that was performed for a
particular spectrum:

e Each of the energy photopeaks in the spectrum was fitted with a Gaussian function in
order to obtain a channel mean (centroid) for each peak. The fitting was done using
Python software (version Python 3.7.3), in particular, the Gaussian fit model available
in the LMFIT package [40]. This process is demonstrated in Fig. 3.15 using the 344 keV
photopeak of the 152Eu source as an example.

e The known gamma-ray emission energies of each peak was plotted against the correspond-
ing channel mean values (centroids) that were obtained from the Gaussian fittings.

e The function formed between the energy peaks and channel centroids is typically observed
to be linear or quadratic [23]. For this work, a quadratic function was fitted to the data to
obtain the energy calibration fit parameters. This fitting was done using ROOT software
(version ROOT 6.14/06) [41], with the process demonstrated in Fig. 3.16. A discussion on
why quadratic functions were used for these fittings is provided in the following section.

e These steps were repeated for each of detector D1-D8&, which produced fit parameters for
the energy calibration of each detector.
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To illustrate the importance of energy calibration, Fig. 3.17 shows the energy spectra of *?Eu
measured using detectors D1-D4 (a) before energy calibration, and (b) after energy calibration.
It is clear that energy calibration is effective in lining up each of the peaks to their respective
energy values (or ‘gain-matching’). This is particularly useful when comparing and analysing
the data from different detectors.

Fig. 3.15: Example of a Gaussian fit using Python software to determine the channel mean
(i.e. the centroid of the Gaussian). The energy peak is of the 344 keV gamma-ray emission
of 1"2Eu. The upper panel shows the parameter details of the resulting fit (with the centroid
highlighted). The lower panel shows the resulting Gaussian fit over the 344 keV peak.

The energy calibration fit parameters for the fast signal of each of the detectors (D1-D8) are
tabulated in Table 3.6. It is noted that the contribution from the quadratic terms of each fit is
of order ~ 1078, and that the uncertainties range from 50% to over 100%. It was found that
the inclusion of these quadratic terms in each fit resulted in a significant improvement in terms
of the fit quality. This is discussed in further detail in the following section. Also presented
in the table are the y? and confidence interval parameters, which provide an indication of the
quality of fit for each set of fit parameters. These confidence intervals were calculated using the
TMath::Prob function in ROOT [42].

The fit parameters presented in Table 3.6 are given for a general quadratic function,
E(z) = ax® + bz + c, (3.3)

where E and z represent the energy and channel centroids, respectively, and a, b and ¢ represent
the parameters of the fit.
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Fig. 3.16: Example of a quadratic function fit over the energy-centroid data using ROOT
software. The data is taken using detector D1, with the upper panel displaying the fit parameters
(p0, pl and p2) for the energy calibration, and the lower panel displaying the resulting quadratic
function fit to the data.

Table 3.6: Fit parameters for the energy calibration of the fast signal of each detector (D1-
D8). These parameters are given for a general quadratic function defined as equation (3.3).
Calibrations were performed using the known gamma-ray emission energies of a ?Eu source.
Also shown are the y? and confidence intervals, which demonstrates the quality of each of the
corresponding fits.

Fit parameters for energy calibration Quality of fit
Detector | a (x1077%) b (x1071) c x* | Confidence interval (%)

D1 9.2 £9.2 1.307 £ 0.011 -1.3+£24 | 0.39 94.27
D2 5.2 £ 8.3 1.267 £ 0.010 -52+23 | 041 93.72
D3 21.1 £ 9.8 1.321 + 0.011 1.7+ 24 0.27 96.65
D4 7.0 £ 4.3 | 1.0080 £+ 0.0064 | -0.2 £ 1.8 | 0.041 99.78
D5 12.0 £ 8.9 1.289 + 0.011 -1.3 £ 2.3 |0.015 99.95
D6 12.9 + 5.8 | 1.1135 + 0.0079 0.4+ 2.0 0.16 98.44
D7 11.7 £ 6.6 | 1.1608 + 0.0086 | 0.8 £2.1 | 0.053 99.68
D8 15 £ 10 1.358 + 0.012 | -0.02 £ 2.4 | 0.12 98.99

Fitting with linear and quadratic functions

As mentioned previously, the function formed between the energy peaks and channel centroids
is usually linear or quadratic. So, a linear or quadratic function can then be fitted to the data to
obtain the fit parameters for energy calibration. As an example, Fig. 3.18 shows the energy cal-
ibration for detector D1 using polynomials of the first (linear) and second degree (quadratic) for
the fitting process. Also shown are the residuals for each fit. The residual standard deviations
of the linear and quadratic fits were found to be 1.04 keV and 0.53 keV, respectively. These
values suggest that the quadratic fit provides the better energy calibration, since the calibrated
energy values are closer to their known energy values.
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(a) shows the spectra before energy calibration, while (b) shows them after energy calibration.
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Fig. 3.18: (a) shows the energy calibration curve of detector D1 using the photopeaks of ?Eu
(121.8, 244.7, 344.3, 778.9, 964.1, 1408.0) keV for calibration (which are indicated). The data
has been fitted using both linear (blue) and quadratic (red) functions. (b) shows the fit residuals
of the linear and quadratic fits plotted against the energies of the calibration photopeaks. The
residual standard deviations of the linear and quadratic fits were found to be 1.04 keV and
0.53 keV, respectively.
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To further illustrate the point, Table 3.7 compares the quality fit parameters (including x?,
degrees of freedom and confidence intervals) of the linear and quadratic fits for each detector
(D1-D8). The poor confidence intervals shown for the linear fit (particularly for detectors D3,
D4, D6, and D7) suggest that a linear fit is unsuitable for the energy calibrations required for
this work. In contrast, the quadratic fit clearly provides a significant improvement to in terms
of the confidence intervals of the fit parameters (an improvement of up to 70%). For these
reasons, quadratic fits were used to perform energy calibrations.

Table 3.7: The quality fit parameters of x?, degrees of freedom and confidence intervals of
each detector (D1-D8) are shown for linear and quadratic fits to the data. The linear fit has 4
degrees of freedom, since the fit considers 6 calibration energy photopeaks with 2 fit parameters
(6-2=4), while the quadratic fit has 3 degrees of freedom using the similar reasoning.

Detector | Type of fit | Degrees of freedom | x° | Confidence interval (%)
DI Linear 4 1.4 84.49
Quadratic 3 0.39 94.27
D2 Linear 4 0.82 93.59
Quadratic 3 0.41 93.72
D3 Linear 4 4.9 29.51
Quadratic 3 0.27 96.65
D4 Linear 4 2.8 59.41
Quadratic 3 0.041 99.78
D5 Linear 4 1.8 76.70
Quadratic 3 0.015 99.95
D6 Linear 4 5.1 27.85
Quadratic 3 0.16 98.44
D7 Linear 4 3.3 51.51
Quadratic 3 0.053 99.68
D8 Linear 4 2.2 69.53
Quadratic 3 0.12 98.99

3.5 Time difference spectra and timing calibration

As previously discussed, the measured data was recorded in list-mode (i.e. each measured
gamma-ray event was assigned a corresponding time-stamp). This timing information was used
to produce time difference spectra. These spectra are generated by determining the time dif-
ferences between the gamma-ray events in any pair of LaBrs:Ce detectors. For instance, if an
event is recorded in detector D1 at a time of 3 ns, while another event is recorded in detector
D2 at 5 ns, the time difference between these two events will be recorded as 2 ns. This becomes
particularly useful for determining whether gamma-ray events have been detected in coincidence.

The spectra were calibrated by adding or subtracting (as necessary) from each time differ-
ence peak centroid such that each centroid would align to some constant offset. Fig. 3.19 shows
the time difference spectra for each detector pair that is situated at 180° relative to each other,
both before and after calibration. For this case, the constant offset of the peak centroids was
chosen to be 0 ns.

3.6 Data reduction

Due to the large amount of data acquired during the measurement process, a filtering method
was a necessary implementation. The object of the data reduction is to identify the events
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Fig. 3.19: Time differences between detectors D1 and D5 (blue), D2 and D6 (green), D3 and
D4 (red), D7 and D8 (orange). Each of these pair of detectors are situated at 180° relative to
each other. These time differences are shown (a) before, and (b) after calibration.
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corresponding to both two- and four-photon decays, and separate each from the background
events (i.e. the rest of the data). The sorting code for the data defines the energy (E.) and time
(T.) windows that were used to filter between various detected interactions. These windows
act as logical filters which allow for the data to be categorised with specific energy and timing
requirements defined by their respective windows. Specifically, the two filtering conditions that
all potential Ps annihilation events must pass include:

e the sum energy of the detected photons in the event must sum to 1022 keV (so that events
correspond to the real mass of the annihilating e™e™ pair). The sum energy window FE..
is set such that | Y | E; — 1022 keV| < E; = 80 keV.

e the detected photons must be detected in coincidence within a time window 7, = 2 ns i.e.
the arrival times of each photon must occur within 2 ns.

Given that the full-width-at-half-maximum of the energy and time distributions vary for each
detector in the detector array, the width values for F. and T, were selected such that the num-
ber of accepted 4 events are maximised, while minimising background events from accidental
interactions. These widths correspond to approximately 7o of their respective peaks with a
confidence level limit greater than 99%.

Fig. 3.20 illustrates the defined range of E. and T, relative to their typical peaks. It is seen
that the entirety of each respective peak has been encapsulated within their respective window,
while also ensuring that most unwanted background events were neglected over the ranges.

3.7 Background subtraction of energy spectra

For any measurement conducted with a radioactive source, the resulting energy spectra will
show the accumulative radiation from both the source and the inherent background. In order
to ensure that the measured spectra is solely due to the radiation of the source, there are
several different methods of background subtraction which can be implemented. This section
details and demonstrates the method of background subtraction implemented for this work
using the energy spectra produced from ??Na and '%2Eu samples. Some of the key features of
each spectrum are also discussed.

3.7.1 Energy spectrum of ?Na

Fig. 3.21 shows the calibrated energy spectrum of 2Na before and after a background subtrac-
tion. The background subtraction involves a channel-by-channel subtraction of the counts per
second produced by the background from the counts per second produced by the source. This
method of background subtraction is only valid under the assumptions that both the radiation
from the source and background radiation remain constant over their respective measurement
periods. Practical considerations such as voltage drift is assumed to be negligible over these
relatively short measurement periods. The prominent peaks of 511 keV and 1275 keV are in-
dicated, and they are due to the various decays detailed in Fig. 1.2. The well-known 1460
keV peak is due to the background radiation of the 4°K decay. It is seen that the background
subtraction effectively eliminates this peak from the spectrum.

3.7.2 Energy spectrum of '"?Eu

Fig. 3.22 shows the calibrated energy spectrum of ?Eu before and after background subtrac-
tion. The same method of background subtraction was used as previously discussed. There are
several peaks that are indicated due to the gamma emissions of 1°2Eu. Interestingly there are
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Fig. 3.20: (a) shows the energy window defined over the range 471-551 keV, while (b) shows
the time window defined over 2 ns. A typical 511 keV peak (black) and time difference peak
(red) are shown to be fully encapsulated by the chosen ranges. The time difference spectrum
was calibrated such that its peak centroid was centred at 0 ns.
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Fig. 3.21: Energy spectrum of 22Na before (black) and after (green) background subtraction.
The background radiation (red) is also shown. The 511 keV and 1275 keV peaks result from the
decays of 22Na, whereas the 1460 keV peak is due to the decay of °K present in the background.

also a few cases of peak convolution. This kind of convolution occurs when the energy resolution
of the detector is insufficient to distinguish between gamma-ray peaks of similar energies. It is
seen that there are two convoluted peaks centred at 411 and 444 keV. Another convolution is
not as obvious, because it seemingly appears as a single photopeak. However, the gamma emis-
sions at energies 1086 and 1112 keV are in fact separate photopeaks. Another convolution can
be seen between the 1408 and 1460 keV peaks. As mentioned, the 1460 keV peak is a result of
the background decay of “°K, and as such, the background subtraction effectively de-convolutes
the two peaks.

Appendix A provides a tabulated list of the gamma-ray emission energies (E,) from #’Na
and 1°?Eu along with their corresponding intensities (I,) [7, 43]. Only energies with I, > 0.1%
are considered, since energies with lower intensities are virtually imperceptible in the energy
spectra shown.
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Fig. 3.22: Energy spectrum of 1°?Eu before (black) and after (green) background subtraction,
with the background (red) also indicated. All peaks indicated result from the gamma emissions
of 152Eu, with the only exception of the 1460 keV peak, which is due to the decay of “°K present
in the background.

4 Considerations for detector geometry

There were a number of factors that were considered when choosing the geometry of the detector
system shown in Fig. 3.1. These considerations include the detection efficiency of the set-up,
the activity of the 22Na source (while ensuring high count rates), and the total dead time and
pulse pile-up effects of the detector system. Most of these factors are correlated to each other
in some way. For example, increasing the activity of the source at a fixed distance will have
the effect of increasing both the dead time and peak pulse pile-up effects in the system. Each
of these factors are considered to determine the optimal detector system set-up that maximises
the detector system count rate and detection efficiency while minimising peak pulse pile-up and
dead time effects.

4.1 Experimental set-up and geometry for measurements

Fig. 4.1 shows the experimental set-up that was used to conduct the efficiency, count rate, dead
time, and peak pulse pile-up measurements shown in the following sections. A single 2 x 2”
LaBrs:Ce detector was used to measure the gamma radiation from a radioactive source (either
22Na or 1%2Eu, depending on the measurement). The detector had an operating HV of —1100 V,
and was operated in singles mode (with channel trigger validation disabled for both the slow
and fast signals). The rest of the associated electronics, DSP settings, and data acquisition for
these measurements were the same as previously described in Section 3.2.

Fig. 4.2 shows the situation for a radioactive point source S located a distance d along the
axis of a cylindrical detector of radius r. For this situation, the solid angle €2 is given as [19],

Q=2 (1—\/%?). (4.1)
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Fig. 4.1: A radioactive source is placed a measured distance away from a 2 x 2”
LaBrs:Ce detector. The associated electronics and DSP settings are the same as be-
fore (see Section 3.2). (A = LaBrs:Ce detector, B = High voltage supply, C = Pixie-16,
D = Radioactive source on plastic stand).

There is an evident similarity between the set-up in Fig. 4.1 and the situation in Fig. 4.2. By
making the simplifying assumption of a point source in Fig. 4.1, €) is then given by equation
(4.1). This approximation for 2 was used in the calculations performed in the following sections.

Fig. 4.2: A radioactive source S is located a distance d along the axis of a cylindrical detector
of radius r. The solid angle © for this situation is given by equation (4.1).

4.2 Detection efficiency

The theory and relevant definitions for detection efficiency were covered in Section 2.5.2. This
section will look to use those definitions to perform efficiency calculations for a particular
detector geometry (described in Section 4.1). The relationships of the detection efficiency
as functions of energy and source-to-detector distance are explored through both theoretical
calculations and practical experiment.

4.2.1 Detection efficiency calculated from theoretical detector properties and ge-
ometry

Theoretical calculations are often a useful method of determining what results should be ex-
pected from a particular experiment. In this case, theoretical predictions of Ergp and Ergpint
for specific energies are determined using calculations that involve the properties and geometry
of the detector set-up in Fig. 4.1. The energies that were chosen for the calculations in this
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section correspond to the gamma-ray emission energies of ?Eu.

Following Saint-Gobain Crystal’s document for efficiency calculations [44], Erpgp is the product
of three factors, namely G, I and M, such that,

EFEPZGXIXM, (42)

where G represents the fraction of all space subtended by the detector, I represents the fraction
of the photons transmitted by the intervening materials that reach the detector surface, and M
represents the fraction of the photons absorbed by the detector.

G is the factor which concerns the geometry of the source-to-detector system. It is calculated
using,
G nr?
- 4AnR?’

where 712 is the area of the detector face, and 47 R? is the area of sphere with a radius equal
to the source-to-detector distance.

(4.3)

I concerns the losses due to absorption by material in the path of the photon. It is calcu-
lated using,

I = H e_;uipidi’ (4.4)

(2

where pu; represents the attenuation coefficient of absorption material ¢ at a particular energy,
p; represents its density, and d; represents the distance travelled by the photons through the
material ¢. In the particular case of the detector set-up in Fig. 4.1, the notable absorption
materials between the source and scintillating material include the air and the Al housing of
the scintillator. So equation (4.4) then becomes,

I = exp (—pairPairdair) €xp (—pLa1pA1d A1) (4.5)

Lastly, M is the factor which determines how many of the transmitted photons are absorbed
into the material, and it is calculated by subtracting the fraction of photons that pass through
the detector from 1,

M =1 — e Hspsds, (4.6)

where s is the attenuation coefficient of the scintillating material at a particular energy, ps
represents its density, and d; is the distance travelled by the photons through the scintillating
material.

Using the XCOM photon cross sections database [45, 46] developed by the National Insti-
tute of Standards and Technology (NIST), the attenuation coefficients for air, Al and LaBrs:Ce
were obtained for specific gamma-ray emission energies of ?Eu, and are listed in Table 4.1.
It shows two sets of attenuation coefficient values, namely one which assumes coherent (or
Rayleigh) scattering, and the other which assumes incoherent (or Coulomb) scattering.

In order to determine which set of attenuation coefficients is the most applicable to use for
these calculations, it is useful to observe the residuals between the Erpgp calculated from both
of these coherent and incoherent scattering values. These residuals are shown in Fig. 4.3. It is
seen that these residuals agree with unity over the observed energy range, which implies that
there is no discernible difference between using either of these sets of coefficients in the calcu-
lations. With this being the case, the attenuation coefficients for incoherent scattering were
selected for the resulting Frgp calculations. It is worth noting that the attenuation coefficients
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Table 4.1: Attenuation coefficients for air, Al and LaBrs:Ce for various energies are shown
both with coherent and incoherent scattering effects. The energies chosen correspond to the
gamma-ray emission energies of '2Eu. These values were obtained from the XCOM photon
cross sections database [45, 46].

ftair (c?g™ ") par (cm?g™T) pis (cm?g™T)
Energy ( keV) | Coherent | Incoherent | Coherent | Incoherent | Coherent | Incoherent
121.8 1.447x107 1 | 1.411x107T | 1.522x10~ 1 | 1.430x10~T | 9.702x10~T | 9.056x10~!
244.7 1.150x1071 | 1.141x1071 | 1.129%x107! | 1.106x10~* | 2.212x10~" | 2.032x10~!
344.3 1.013x1071 | 1.009%x107! | 9.863x1072 | 9.742x1072 | 1.361x107! | 1.267x107!
778.9 7.165x1072 | 7.156x1072 | 6.927x1072 | 6.903x10"2 | 6.806x102 | 6.614x10~2
867.4 6.809%1072 | 6.801x1072 | 6.584x1072 | 6.565%x10"2 | 6.360x1072 | 6.205x10~2
964.1 6.472x1072 | 6.466x1072 | 6.257x1072 | 6.241x1072 | 5.961x1072 | 5.836x1072
1408.0 5.349%x1072 | 5.346x1072 | 5.172x1072 | 5.165%10~2 | 4.810x10~2 | 4.750x10~2

for coherent scattering could have been used instead, but the resulting calculations would es-
sentially lead to the same results.

The dimensions used for the LaBrs:Ce detector were the same as the model used by Mouhti et
al. [47] (shown in Fig. 4.4).

The Erpgp curves shown in Fig. 4.5 (a) were calculated using the theoretical model of equation
(4.2), the detector dimensions shown in Fig. 4.4, and the attenuation coefficients for incoherent
scattering in Table 4.1. Three source-to-detector distances are considered, namely 15 cm, 30 cm
and 45 cm. As expected, the closer the source is placed to the detector, the larger the Erpp
over the energy spectrum. This is due to €2 being larger at closer distances, which means more
of the radiation emitted by the source will interact with the surface of the detector, leading to
higher count rates being recorded. It is also seen that at higher energies, the Frgp decreases.
This is because at higher energies there is a lower probability that all of the energy from incident
radiation will be deposited in the detector.

Fig. 4.5 (b) shows the Ergpint energy curves which were obtained by applying equation (2.11)
to the Eppp curves in Fig. 4.5 (a). It is seen that each of the curves at the various distances
are in agreement with each other, which suggests that Ergpin: has much less of a geometric
dependence than Erpp (as was previously noted in Section 2.5.2).

4.2.2 Detection efficiency obtained from measurement of a "?Eu radioactive source

Using the experimental set-up in Section 4.1 (with a '°?Eu radioactive source of activity
4.5 (4) pCi), measurements were performed to determine the total number of counts recorded
under the energy peaks of 12Eu. These counts were corrected for background radiation through
the method described in Section 3.7. Using these measurements, along with equations (2.10)
and (2.11), the efficiency curves presented in Fig. 4.6 (a) and (b), respectively, were produced.

Fig. 4.6 (a) shows the Ergp energy curves using the »?Eu source placed at three separate dis-
tances away from the detector, namely, 15 cm, 30 cm and 45 cm. Similarly to the theoretically-
obtained Epgp curves in Fig. 4.5 (a), it is seen that the measured Eprpp increases as the
source-to-detector distance decreases, and there is also a decrease in Frpgp for higher radiation
energies.

Fig. 4.6 (b) shows the Epgpin: energy curves obtained by applying equation (2.11) on the
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Fig. 4.3: Residual between the full-energy peak efficiencies calculated using attenuation coef-
ficients that assume incoherent and coherent scattering over the energy range 121—1408 keV.

The attenuation coefficients are provided in Table 4.1. These residuals are in agreement with
unity over the observed energy range.

Fig. 4.4: Inner structure of the 2 x 2” LaBrs:Ce detector considered in the calculations of the
full-energy peak efficiencies using the theoretical model (4.2). The dimensions of the detector
are indicated in mm. This image was adapted from Mouhti et al. [47]
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Fig. 4.5: (a) Full-energy peak efficiency, and (b) intrinsic full-energy peak efficiency, obtained
from calculations using the theoretical model (4.2) for a theoretical '52Eu source that is placed
15 cm (black), 30 cm (red) and 45 cm (green) from a 2 x 2” LaBrs:Ce detector.
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Fig. 4.6: (a) Full-energy peak efficiency and (b) intrinsic full-energy peak efficiency curves,

using a %2Eu radioactive source that is placed 15 cm (black), 30 cm (red) and 45 cm (green)
from a 2 x 2” LaBrs:Ce detector.
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Epgp curves in Fig. 4.6 (a). It is seen that each of the curves at the various distances are
in approximate agreement with each other (which is consistent with what is shown for the
theoretically-obtained Ergpin: curves in Fig. 4.5 (b)).

The mathematical model that is used to fit the experimental data in Fig. 4.6 (a) is the commonly-
used [48] double exponential,

Ergp(E,) = Aexp(—BE,) + Cexp(—DE,), (4.7)

with parameters A, B, C and D (and their associated uncertainties) determined by the fit.
These fit parameter values for Fig. 4.6 (a) have been tabulated in Table 4.2.

Table 4.2: Fit parameters A, B, C' and D along with their associated uncertainty values for
the double exponential in equation (4.7). The fit is performed for the Ergpn: energy curves
in Fig. 4.6 (a).

Distance (cm) A u(A) B u(B) C u(C) D u(D)
15 7.45%x1073  7.12x107* [ 2.18x10™% 3.33x107% | 2.13x10~* 2.32x107* | 8.56x10~* 6.90x10~%
30 1.80x1073 1.63x107% | 1.69x1073 2.46x10~% | 4.73x10~7 4.46x107% | 3.96x10~3 6.46x10~3
45 8.22x10™% 7.74x107° | 1.60x1073 2.90x10~* | 3.86x10"7 3.64x1076 | 3.64x1073 6.42x1073

4.2.3 Comparison between theoretical and experimental detection efficiencies

Since it is clear from observation that there is a notable difference between the theoretically-
and experimentally-obtained Ergp energy curves, it is informative to consider the residual be-
tween these curves. These residuals are defined as the quotient between the Epgp values in
Fig. 4.5 (a) and Fig. 4.6 (a), respectively. The resulting residual curves are shown in Fig. 4.7.
The ideal scenario in this case would be for the residuals to be identically unity over the range of
energy values (121—1408 keV), as this would mean that the theoretical calculations performed
in Section 4.2.1 are consistent with the calculations from measurement in Section 4.2.2. How-
ever, it is seen that for lower energies, the residuals are around 80%. These residuals gradually
decrease over the increasing energy range to around 25% at 1408 keV. This suggests that the
theoretical model in equation (4.2) becomes increasingly worse for increasing energy values.

Possible explanations for this observation of the residual behaviour come from the assump-
tions that are made in these calculations. Firstly it is assumed that the probability for photons
scattering out of the detector (out-scattering) is the same throughout the material. Ordinarily
this would not be a bad assumption, however, when considering the fact that the photons are
emitted from an isotropic point source, this means that the incident photons will have various
orientations and impact positions at their respective points of first interaction in the scintillator.
This model would then suggest that an incident photon on the outer limits of the {2-cone would
have the same probability of out-scattering as an incident photon in the centre of the Q-cone.
This is clearly not true, and is therefore a limitation in the model. This effect would also be
energy dependent, since higher energy photons are likely to experience more scattering effects.

Another consideration which has not been accounted for is that higher energy photons tend
to transverse more material than lower energy photons before any interaction within the scin-
tillator. This could potentially have a significant effect on the measurement, and it should be
noted that this is also energy dependent.

The calculations also do not allow for multiple photon emissions per decay (which is not consis-

tent with the case of 12Eu). These multiple photon emissions could lead to measurable increases
or decreases (depending on the solid angle) in the Epgp due to coincidence summing effects [49].
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Lastly, Berger et al. [46] note several factors that are not considered for the XCOM database
(which have bearing on the calculated absorption coefficients shown in Table 4.1). These include:

e Molecular and solid-state effects are not accounted for, which may modify the cross sec-
tions used in the database by up to 5% (especially in the vicinity of absorption edges).

e Relatively small cross sections (such as Delbriick scattering, two-photon Compton scat-
tering or photo-meson production) are not included.

e Energy absorption coefficients that represent the conversion of photon energy to kinetic
energy of secondary Compton-, photo-, and pair-electrons are not calculated.

e The nuclear photoeffect is not accounted for, which may contribute a few additional
percent to the total attenuation coefficient in the giant-dipole resonance region from 5 MeV
to 30 MeV (five times greater than the energy ranges considered in this work).
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Fig. 4.7: Residuals between theoretically- and experimentally-obtained Ergp over the energy
range 121—1408 keV. The residual is defined as the quotient between the Erpp values in

Fig. 4.5 (a) and Fig. 4.6 (a), respectively, and is considered for source-to-detector distances of
15 cm (black), 30 cm (red) and 45 cm (green).

4.2.4 Detection efficiency obtained from measurement of a >’ Na radioactive source

Using the experimental set-up in Section 4.1 (with a ?Na radioactive source of activity 9 (1) uCi),
measurements were performed to determine the total number of (background-corrected) counts
recorded under the energy peaks of ?2Na (namely, the energy peaks at 511 keV and 1275 keV).
Using these measurements with equations (2.10) and (2.11), the efficiency curves shown in
Fig. 4.8 (a) and (b), respectively, were produced. These measurements of the Erpp and Ergp,int

values are shown as functions of source-to-detector distance for the fixed energy peak values of
511 keV and 1275 keV.

From Fig. 4.8 (a), it is seen that Epgp is dependent on both energy and source-to-detector
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distance (which was previously inferred from Fig. 4.6 (a)). Fig. 4.8 (b) shows that Ergp i is
dependent on the incident radiation energy, but remains relatively constant as a function of
source-to-detector distance. Again, this is consistent with what was observed in Fig. 4.6 (b).

Q (sr)
0.1934 0.0501 0.0224 0.01263 0.00809

i - p—
511 keV
1275 keV

0.0 -r T T T T T T T T
10 15 20 25 30 35 40 45 50

Distance (cm)

Fig. 4.8: (a) Full-energy peak efficiency and (b) intrinsic full-energy peak efficiency curves,
using a 22Na source at energies 511 keV (red) and 1275 keV (blue). The curves are shown as
functions of source-to-detector distance (lower axis), and © (upper axis).

4.2.5 Comparison between detection efficiencies from experimental fit and exper-
imental measurement

To confirm that all of the measurements and calculations performed in the preceding sections are
self-consistent, a comparison is made between Erpp values obtained using different methods. In
Section 4.2.2, the Frpgp energy curves in Fig. 4.6 (a) were obtained from the measurement of a
152F 4 source, and were considered for source-to-detector distances of 15 cm, 30 cm, and 45 cm.
In contrast, in Section 4.2.4, the Erpgp distance curves in Fig. 4.8 (a) were obtained from
the measurement of a 2?Na source, and were considered at energies of 511 keV and 1275 keV.
Thus between them, these Ergpp curves have six points in common, each of which are listed
and compared in Table 4.3. The ‘Fitted’ Ergp values are obtained from Fig. 4.6 (a), and
calculated using the fit parameters in Table 4.2 and double exponential fit in equation (4.7)
with £, = 511 keV and E, = 1275 keV. The ‘Measured’ Ergp values were obtained directly
from the measurements shown in Fig. 4.8 (a). From Table 4.3, it is seen that each of the
corresponding ‘Fitted’ and ‘Measured’ values for Ergp are in agreement (as expected).

4.3 Count rate of a single 2 x 2” LaBr;:Ce detector

It is important for this experiment that the count rate in the detector system is maximised.
The four-photon branching ratio is small (~ 107°), and so a high count rate will allow for the
total measurement period to be minimised (which is always ideal).

The count rate of a detector system is linearly related to both the activity of the radioac-

tive source and the solid angle €2 of the source-to-detector system. In order to empirically relate
these quantities, various count rate measurements (using the experimental set-up described in
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Table 4.3: ‘Fitted’ and ‘Measured’ Epgp values for the 511 keV and 1275 keV energy peaks of
22Na for source-to-detector distances of 15 cm, 30 cm and 45 cm. The ‘Fitted’ Epgp values
were calculated using the fit parameters in Table 4.2 and double exponential fit in equation (4.7)
with £, = 511 keV and E, = 1275 keV. The ‘Measured’” Ergp values were obtained directly

from the measurements in Fig. 4.8 (a).
E, = 511 keV

E, = 1275 keV

Distance (cm)

Fitted Erpp

Measured Epgp

Fitted Erpp

Measured Epgp

15
30
45

2.78 (61)x1073
7.6 (12)x10~*
3.65 (68)x1074

2.51 (38) x1073
7.2 (11)x10~*
3.32 (50)x 1074

1.10 (91)x1073
2.8 (92)x10~*
1.5 (50)x 1074

1.13 (17)x1073
3.32 (50)x 1074
1.52 (23)x10~*

Section 4.1) were performed with ?2Na sources of several activities at various Q values. De-
scriptions of the 22Na sources’ activities used in these measurements have been tabulated in
Table 4.4. The table shows eight sources, with sources 1, 3, 5 and 8 using a single radioactive
sample, and sources 2, 4, 6 and 7 using two samples.
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The count rates shown in this section are referred to as singles count rates (since they were
measured with a single detector). In order to determine the singles count rate of a detector, it is
beneficial to observe the detected number of counts as a function of time. Fig. 4.9 (a) shows this
for source 2 placed at a source-to-detector distance of 14.1 cm. The most obvious observation
to note is that the count rate is clearly not at a steady constant due to the presence of artefacts
A, B, C and D. These artefacts are due to the dead time in the detector system, which causes a
few seconds of detection to effectively be lost. These dead time effects are discussed in further
detail in Section 4.5. It is interesting to note in Fig. 4.9 (b) is that if the count rate were
naively calculated by simply dividing the total number of counts by the total measurement
time, this would result in a ‘total average’ = 9694 (32) cps, which is evidently less than the
observed steady-state count rate. This issue was tackled by only considering the time average
over regions with no observed dead time. In the case of Fig. 4.9 (b), the range 800—1300 s was
considered to produce a ‘ranged average’ = 9839.5 (43) cps. This is a significant improvement
over the previous value, particularly to the uncertainty.

All subsequent count rate averages shown in this report were calculated by similar means.

10000 A
n
1=
5 5000 +
o
O
0 4
A B C D (a)
0 200 400 600 800 1000 1200
10000
n 9750
i}
[
35 9500
o source 2 - 15.8 uCi placed 14.1cm from detector
O 9250 total average = 9694.2 + 32.2 cps
9000 ranged average = 9839.5 + 4.3 cps (b)
800 900 1000 1100 1200 1300
time (s)

Fig. 4.9: (a) shows the number of counts detected in a single 2 x 2” LaBrs:Ce detector as a
function of time using source 2 placed at a source-to-detector distance of 14.1 cm. Artefacts A,
B, C and D are identified regions of dead time which have the effect of significantly lowering
the total average count rate.

(b) shows the time range 800—1300 s, which demonstrates a steady count rate (with no regions of
observable dead time). A ranged average count rate over this region shows a clear improvement
for determining the actual count rate of the detector system (through exclusion of the dead
time regions).

It is useful to note that a 2?Na source with a larger activity placed at a smaller solid angle
Q should be equivalent (in terms of average singles count rate) to a weaker activity source
placed at a larger 2. With this is mind, it becomes beneficial to define an ‘effective activity’,

Ao = A x Q, (4.8)
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where A denotes the activity of the 2>Na source. Fig. 4.10 shows Aeg as a function of average
singles count rate for the (a) slow, (b) fast and (¢) QDC signals. At first glance, this relationship
appears to be linear, however, since the count rate is linear in both A and 2, this implies that
their product Aeg = A x Q is (in general) quadratic in nature. For this reason, a quadratic
function was fitted to the data,

Aeg(z) = az? + bz, (4.9)

where a and b represent the parameters to be determined by the fit, while x represents the
average singles count rate. For each signal, the determined fit parameters are tabulated in
Table 4.5, and plotted in Fig. 4.10.

Table 4.5: Parameters a and b determined from the quadratic fit in equation (4.9) for the slow,
fast, and QDC signals from a 2 x 2” LaBrs:Ce detector. These fit parameters are used to plot
the quadratic functions seen in Fig. 4.10.

Fit parameters Slow signal Fast signal QDC signal
a 7.27 (57)x10710 [ 8.03 (44)x10~ 19 1.809 (47)x1077
b 1.451 (13)x10~* | 1.37846 (82)x10~* | 1.40556 (76)x10~*

With this quadratic model in place, this means that an effective activity can be related to
any given average singles count rate for each of the slow, fast and QDC signals. The question
that now remains is how the average singles count rate should be selected for the detector
system. There is an inherent limitation on the maximum count rate that can be detected due
to the measurement capabilities of the LaBrs:Ce detector i.e. the singles count rate saturates
at ~ 65000 cps. There is, however, additional factors which are important to consider. One
such factor is the effect that the count rate has on the resolution of the peaks in the energy
spectrum. For simplicity, only the energy resolution of the 511 keV peak of ?2Na is considered
for this analysis. Fig. 4.11 shows this resolution as a function of average singles count rate
for the (a) slow, (b) fast, and (c¢) QDC signals. For the slow signal, it is seen that the energy
resolution exponentially increases with average count rate to as high as 27%. In contrast, the
resolution for the fast and QDC signals remain fairly constant for an increasing average count
rate. Fig. 4.11 (a) is extremely useful in that it quantifies the trade-off required of energy
resolution to produce high count rates for the slow signal. An exponential was chosen as a fit
to the data based on the observed relationship between count rate and energy resolution. The
exponential fit in Fig. 4.11 (a),

Rp(z) = ae®® + &, (4.10)

has fit parameters a = 0.1112 (15), 3 = 7.665 (26) x 107 and x = 4.4563 (22), where Ry is the
energy resolution of the 511 keV peak (which is a function of the average singles count rate x).

With some manipulation, equation (4.10) allows for a selected energy resolution to be mapped
to an average count rate. For this work, an upper limit of 10% is selected for the energy reso-
lution of the 511 keV peak for the slow signal (i.e. the energy resolution is not to exceed 10%).
Using equation (4.10), this means that the average singles count rate should not exceed,

Crmax = 5.100 (25) x 10% cps. (4.11)

It is worth noting that Cp.x is less than the observed saturation count rate of the detector
(~ 65000 cps), while preserving a reasonable energy resolution of 10% at 511 keV for the slow
signal.

Substituting Cpax into equation (4.9) (and using the fit parameter values provided in Table 4.5),

52



|
10t (a) slow signal

10° quadratic fit

source 1 » 9.2 uCi
source 2 = 15.8 uCi
source 3 - 39.7 uCi

10-1 source 4 —» 58.5 uCi
source 5 —» 76 uCi
source 6 = 97 uCi
source 7 - 138 uCi
source 8 - 143 uCi

Aerf (UCI. sI)

1072 q
10t (b) fast signal

10°

Aerf (UCI. sr)

107t

1072 4§
100 (c) QDC signal

10°

Aer (UCI. sr)

1072

10° 10* 10°
Average singles count rate (cps)

Fig. 4.10: Effective activity Aeg (4.8) plotted as a function of average singles count rate for the
(a) slow, (b) fast, and (c) QDC signals. Sources of eight different activities placed at various 2
values were used to generate the data points (with their details tabulated in Table 4.4). The
quadratic function in equation (4.9) is fitted to the data with the fit parameters being tabulated
in Table 4.5.
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Fig. 4.11: The energy resolution of the 511 keV peak of 2’Na as a function of average singles
count rate for the (a) slow, (b) fast, and (¢) QDC signals. Sources 1, 2, 7 and 8 were placed at
various {2 and used to generate the data points (with the details of their respective activities
tabulated in Table 4.4). The exponential function (4.10) is fitted to the slow signal data with
determined fit parameters a = 0.1112 (15), 8 = 7.665 (26) x 107° and k = 4.4563 (22). An
upper limit of 10% was selected for the energy resolution of the 511 keV peak for the slow
signal, which corresponds to an average count rate of Cpax = 5.100 (25) x 10* cps.
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the effective activities for each of the slow, fast and QDC signals are shown in Table 4.6. These
values will prove useful further into the work.

Table 4.6: Effective activities for slow, fast and QDC signals calculated using equation (4.9).
These values correspond to an average singles count rate of 5.100 (25) x 10* cps.

Signal type Slow Fast QDC
Aegr (uCiwsr) | 9.29 (17) | 9.12 (13) | 11.87 (15)

4.4 Peak pulse pile-up effects

As the count rate of a detector system increases (either through increasing the activity of the
source, or by increasing €2 between the source and detector), the average time difference between
the detection of two consecutive energy pulses decreases. This can consequently result in the
measured pulses interfering with each other through a superposition of the signals, which could
lead to the reduction of both energy resolution and photopeak efficiency. This section serves to
quantify the degree to which this effect influences the measurements of 511 keV photons.

Peak pulse pile-up is a term that refers to an artificially created energy peak that is resul-
tant from the superposition of pulses from gamma-ray emissions. It occurs when two pulses
are detected within a sufficiently small time window such that they are treated as a single
pulse by the acquisition system. Fig. 4.12 shows an example of the peak pile-up effect for the
pulses of 511 keV and 1275 keV for the slow, and fast signals of a ?2Na source. As shown,
the superposition of the pulses for the slow signal results in an amplitude that is equal to
the sum of their individual amplitudes. This effect results in the acquisition system register-
ing the combined superposition as a single pulse, which then is recorded as a count of energy
511 keV + 1275 keV = 1786 keV. This is how the 1786 keV peak is artificially created (since
there is no physical reason for its existence). In contrast to the slow signal, it is seen that the
pulses of the fast signal do not undergo any sort of superposition, because the decay constant
7 of the fast signal is approximately 1000 times smaller than that of the slow signal (as demon-
strated in Section 3.3). The quicker decay of the detected pulses leads to the peak pulse pile-up
effect being less of an occurrence for the fast signal.

Fig. 4.13 shows energy spectra measured with the experimental set-up described in Section 4.1,
and using a 9 uCi 22Na source with a source-to-detector distance of 6 cm. The usual gamma-ray
emissions indicated, as well as a prominent 1786 keV pile-up peak for both the slow and fast
signals. It should be noted that despite the quick decay of the fast signal pulses, there is still
significant pile-up which is observed.

The peak pile-up should ideally be minimised, since these are artificial counts which do not
represent a physical decay. In order to observe the degree to which the peak pile-up affects the
energy measurements, a peak pile-up ratio is defined as,

_ Total counts in 1786 keV peak

= : 4.12
Total counts in 511 keV peak ( )

Fig. 4.14 shows P plotted as a function of €2 on the lower axis, and source-to-detector distance
on the upper axis. These measurements were performed using the 2?Na sources listed in Ta-
ble 4.4, and the experimental set-up described in Section 4.1. It is seen that the effect of the
peak pile-up increases with both the activity of the measured 2>Na source and the Q at which it
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Fig. 4.12: Example of the peak pile-up effect for pulses for the (a) slow, and (b) fast signals
measured using a ??Na source. The pulses are separated by 2000 ns. For the slow signal, the
superposition of these pulses are recorded as a single pulse by the acquisition system, which then
records that signal as a count in the artificial 1786 keV peak (the sum of 511 keV and 1275 keV).
For the fast signal, the 2000 ns time separation is sufficiently large such that the pulses do not
interfere with each other, which results in two separate energy measurements being recorded.
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Fig. 4.13: Energy spectra of a 9 uCi 22Na source placed 6 cm from a 2 x 2” LaBrs:Ce detector
for both the slow and fast signals. The usual gamma-ray peaks of 511 keV and 1275 keV are
indicated, as well as the 1460 keV peak from the decay of “°K in the background. Also indicated
is the artificially-created 1786 keV peak produced from the pile-up of the 511 keV and 1275 keV
signals. The 1786 keV pile-up peak is prominent in both the slow and fast signals.
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is placed from the face of the detector. It is seen that P remains less than 3% over the observed
range 2 = 0.00—0.14 sr for each of the curves shown. This implies that less that 3% of 511
keV peak counts are ‘lost’ due to the peak pile-up effect. And so, this evidently shows that
for this particular investigation, the peak pile-up effect is not a major factor that affects the
measurement of 511 keV gamma-rays.

Despite the peak pile-up being on the order of a few percent, it is still important that this
factor has been quantified, as this allows for the ‘missing counts’ in the 511 keV peak from the
final measurements to be accounted for.

Distance (cm)
31.8 22.4 18.2 15.8 14.1 12.8 11.8

3% baseline of P

10°
—
X
~
SN
107! source 1 - 9.2 uCi
source 2 - 15.8 uCi
source 3 - 39.7 uCi
source 4 - 58.5 uCi
source 5 - 76 uCi
source 6 = 97 uCi
source 7 - 138 uCi
source 8 - 143 uCi
1072
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Q (sr)

Fig. 4.14: The ratios between the counts in the 1786 keV and 511 keV peaks (denoted as P) are
shown as a function of Q (and source-to-detector distance) for various ?2Na source activities.
Sources of eight different activities were used to generate the data points (with their details
tabulated in Table 4.4). P is seen to increase with both 2 and source activity, but evidently
remains less than 3% over the observed range 2 = 0.00—0.14 sr.

4.5 Dead time

The dead time of a detector system refers to the amount of time that the system is unable to
record measurements due to the processing of incoming measurements of (usually) high count
rates. It was noted in Fig. 4.9 that there were several artefacts that were present in the count
rate spectrum due to dead time effects. These sections of dead time are likely caused by delays
in the processing of the measurement data.

Typically when discussing dead time, there are two general models that are considered - namely
paralyzable and nonparalyzable (both of which were discussed in Section 2.5.3). However, it
does not appear that these artefacts in Fig. 4.9 are modelled by either of these, since it is clear
from observation that they are not a consequence of high count rates (since they also appear in
spectra where the count rates are relatively low).

In either case of high or low count rates, it’s seen that these sections of dead time accumu-
late to a maximum of several seconds over a measurement time of several minutes. This means
that the percentage of counts that are lost due to these dead time effects (or ‘dead time losses’)
are, at most, less than 1%.
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4.6 Considerations of Erpp and P to determine an ideal detector geometry

In the previous sections, considerations were made of the full-energy peak efficiency Frpp
(Fig. 4.8 (a)) and the ratio P between the counts in the 1786 and 511 keV peaks (Fig. 4.14)
as a function of source-to-detector distance for various source activities. However, it was men-
tioned in Section 4.4 that the maximum 511 keV ‘count losses’ due to the peak pile-up effect
are small (less than 3%), and so it does not necessarily matter how P varies with any particu-
lar activity. It can thus be argued that maximising EFrpp becomes the most important factor
to consider when selecting a source-to-detector distance for the geometry of the detector system.

To ensure a maximised Ergp, the 22Na source should be placed as close to the face of the
detector as possible. However, there is a practical consideration which prevents the source from
being placed any closer than 12 cm from the detector. When considering the experimental
set-up with each of the eight detectors in place (as in Fig. 4.15), it becomes clear that due to
the construction of the detector braces that holds each detector in place, the closest that the
detectors are able to be situated symmetrically around the ?2Na source is at a source-to-detector
distance of 12 cm, which was the geometry used for the main measurements of this work (see
Section 3.1).

Fig. 4.15: Eight 2 x 2” LaBr3:Ce detectors situated symmetrically around a 2?Na source. Each
detector is placed at the closest possible distance of 12 cm from the source. The detector
braces (indicated in the figure) prevent the detectors from physically being placed any closer
symmetrically around the source.

4.7 Selection of the activity of the ?2Na source for a given detector geometry

In Section 4.3, the ‘effective activity’ A.g was defined in equation (4.8), as well as tabulated
in Table 4.6 for the slow, fast and QDC signals. These values in Table 4.6 corresponded to
the singles count rate that produced a 10% energy resolution at 511 keV for the slow signal.
Using these Agg values, along with the source-to-detector distance of 12 cm, the source activity
A = Aeg/Q was determined. Table 4.7 shows Aeg with corresponding A for each of the slow,
fast and QDC signals. This table provides the activities of the ??Na sources that correspond to
an average singles count rate of Ciyax = 5.100 (25) x 10% cps for each of the slow, fast and QDC
signals.
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It should be noted that the activities in Table 4.7 were not used in the main measurements
for this work (see Table 3.1) due to source availability.

Table 4.7: Effective activities (denoted Aeg) and the corresponding activities (denoted .A) for
slow, fast and QDC signals. A is calculated from Aqg/Q2, where ©Q = 0.1362 (49) sr (which
corresponds to a source-to-detector distance of 12 cm). These values correspond to an average
singles count rate of Cpyax = 5.100 (25) x 10* cps.

Signal | Aeg (uCisr) | A= Aeg/Q (uCi)
Slow 9.29 (17) 68.2 (28)
Fast | 9.12 (13) 67.0 (26)
QDC | 11.87 (15) 87.2 (33)

4.8 Summary

So to summarise the previous sections, when a source of activity A (shown in Table 4.7) is
placed at a source-to-detector distance of 12 cm (or £ = 0.1362 (49) sr), the average singles
count rate will be 5.100 (25) x 10* cps, and the energy resolution of the slow signal will be
10% at 511 keV. The dead time losses will be less than 1% of all the detected counts, while the
number of 511 keV counts lost due to the peak pulse pile-up effect will account for less than
3% of all detected 511 keV gamma-rays. From the measurements in Fig. 4.8 (a), it was seen
that (for the case of a single detector) with a source-to-detector distance of 12 cm at 511 keV,
Erpgp = 0.37 (6)%. And so, extending this Eppp value to the eight detector system (such as
the one described in Section 3.1 for the main measurements of this work), the total full-energy
peak detection efficiency at 511 keV is given by,

EFEP,tot =8 x0.37 (6)% =29 (4)%. (4.13)

The assumption is that each detector of the eight detector system has identical detection ef-
ficiency, and so Ergptot can be obtained by multiplying the Frpp of a single detector at a
particular energy by a factor of 8.
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5 Data processing, analyses and results

Presented in this section is the analysis of the list-mode data obtained from the main experiment
of this work (described in Section 3.1 and Section 3.2). The data obtained from these measure-
ments was analysed using a sorting code that was developed in the C programming language
by myself and Dr. Pete Jones®. This sorting code filtered the data using the energy (E.) and
time (7;) windows that were discussed in Section 3.6. From this data reduction process, two
types of gated multiplicity spectra were produced. The spectra produced using the T, window
are referred to as T.-gated, while the spectra produced using both the T, and E. windows are
referred to as T,.-FE.-gated.

ROOT software (version ROOT 6.14/06) [41] was used to perform the majority of the analyses
presented in this section, while Python (version Python 3.7.3) was used for the generation and
plotting of the various spectra.

5.1 Generating multiplicity spectra

In order to effectively relate gamma-ray events measured at a specific energy within a specific
time window for several pairs of detectors (as required for this investigation), multiplicity spectra
were produced. These spectra account for events measured using several different combinations
of detectors, and effectively assist with filtering out the event interactions relevant to this study.

5.1.1 Outline of sorting code used to produce multiplicity spectra

Using the E. and T, windows established in Section 3.6, multiplicity spectra were generated for
several different combinations of pairs of LaBrs:Ce detectors. The sorting code runs through
each pair of LaBrs:Ce detectors to determine whether the recorded events in each meet the
timing and/or energy requirements defined by E. and T.. A typical run through the sorting
code to generate the multiplicity spectra is summarised below:

e The time difference between events in detectors j and k > j+1 is calculated and calibrated
such that the time difference peak is centred at some constant offset ¢ > 0 (which is later
set to 0 ns).

e If the time difference lies within the pre-defined time window T, a counter (denoted m)
is incremented by 1. As the sorting code runs through each pair of detectors, m; will
therefore be incremented by the number of detector pairs which have gamma-ray events
measured in coincidence.

e The events in each detector j and k are then checked for whether they correspond to the
annihilation photon energy. If they lie within the energy window defined by FE., then a
separate counter (denoted my) is incremented by 1. mg will be incremented by the number
of detector pairs which have events measured both in coincidence and at the same energy
as the annihilation photon.

e After the sorting code has run through each pair of detectors, the values of m; and mo are
binned separately, which generates two different multiplicity plots. The plot that bins m;
values (T,-gated plot) shows the multiplicity for coincident gamma-ray events, while the
plot that bins mqy (7T,-E.-gated plot) shows the multiplicity for coincident events measured
at the energy of the annihilation photon.

e This algorithm is repeated until all of the recorded data is processed.

2Senior scientist at iThemba LABS, and co-supervisor of this Masters dissertation
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As an illustrative example of the above process, let’s assume = and ¥y are natural numbers such
that x > y. For a typical single run through the sorting code, if events recorded in x different
pairs of detectors are deemed to be in coincidence, this would imply that my = z. If only y of
these coincident detector pairs are resultant from annihilation events, this implies that mo = y.
As such, a count will be binned into bin number x for the T,.-gated plot, while a count will be
binned into bin number y for the T,.-E_.-gated plot.

5.1.2 Multiplicity spectra

Fig. 5.1 shows both multiplicity plots (T.-gated and T.-FE.-gated) that were generated through
the sorting code. The number of different detector pairs (or multiplicity) is denoted as M along
the x-axis. As discussed in Section 3.6, the energy and time windows for these plots were set to
ranges of E. = 80 keV and T, = 2 ns, respectively. T,.-gated and T.-E.-gated plots have been
produced for each of the measurement series R01-R05 (see Table 3.1). It is noted that the
counts of the T,-FE.-gated plots are roughly a few orders of magnitude less than those of the
corresponding T.-gated plots. This observation is expected, since there are less data reduction
restrictions placed on the generation of the T.-gated spectra.

In order to avoid repetitive analysis on the spectra produced from each of the five measurement
series, it is beneficial to combine the data in Fig. 5.1 through a summing process. This summing
process was performed such that the counts in each of the respective five spectra in Fig. 5.1 (a)
and (b) were summed on a bin-by-bin basis. These summed contributions are shown in Fig. 5.2.

It should be noted that the sorting code was written in such a way that these measured events
were sorted into detector pair multiplicities. As such, the nature of this sorting allows for the
use of the binomial formula,

n n! n!
<k5 = 2) - El(n — k)! - 2(n —2)! (5.1)

where k = 2 because the code sorts the events into multiplicities of detector pairs. Equation
(5.1) provides a relation between the number of detectors that detected an event to the bin
number (or multiplicity M) in which the event was placed. Hence, the case of n = 2 would
correspond to the number of counts recorded between any two detectors, and is calculated as,

@) — 1 (5.2)

This shows that a pair of detectors has a multiplicity of M = 1, and so all 27 events will be
recorded in bin number 1 of the T,-FE.-gated plot. Excluding accidental background interac-
tions, the majority of these 2y events (~ 60% for most materials [1]) are resultant from direct
annihilation, while the rest arise from the 2y decay of Ps. For ease of reference, the counts
corresponding to M = 1 in the T.-F.-gated plot are denoted as No,.

For the case of four detectors, n = 4, and so equation (5.1) becomes,

(;‘) — 6. (5.3)

So the case of four detectors has a multiplicity of M = 6, and hence, all possible 4 events
(the majority of which are from the 4v decay of Ps) will be recorded in bin number 6 of the
T.-E.-gated plot. For ease of reference, the counts corresponding to M = 6 in the T.-F.-gated
plot are denoted as Ny,. The counts corresponding to other M values are resultant from other
detector multiplicities that are not of interest to this work.

61



10 4 (a) T-gated
_}g 10° -
c
)
> RO1
q(];) 107 A RO2
o RO3
_
8 RO4

10° A RO5
£
>
=2

103 -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1011 4 (b) T.-E.-gated
on 10°-
]
c
S w0
D 107 A
Y—
()
- 54
] 10
Q
£
S5 10°
=2

101 4

Fig. 5.1: The multiplicity (M) is shown for both (a) Tc-gated, and (b) T,.-E.-gated spectra
produced from the measurement series R0O1-R05 (see Table 3.1). The time window was set to a
range 1, = 2 ns, while the energy window was set to F. = 80 keV.
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Fig. 5.2: M is shown for the summed contributions of both the T.-gated (black), and T,-F,-
gated (red) spectra. These summed contributions are resultant from the summing on a bin-by-
bin basis of the T.-gated and T.-E.-gated spectra obtained from each of the five measurement
series RO1-R05.

Table 5.1 highlights the key results obtained from the T,.-F.-gated plot of Fig. 5.2, specifi-
cally No, and Ny, which are used for the 4 branching ratio calculation in Section 5.3. The
uncertainties presented are resultant from the uncertainties introduced by the selection of win-
dow values for E, and T, (systematic). These uncertainty calculations are shown in the following
section.

Table 5.1: The values for No, (corresponding to the counts in M = 1) and Ny, (corresponding
to the counts in M = 6) from the T,-E.-gated plot of Fig. 5.2 are highlighted as key results.
N || M Number of counts
No | 1 3.02 (21) x10'"
Ny, || 6 1.45 (55) x10°

5.2 Uncertainty analysis of counts in the multiplicity spectra

There are two types of uncertainties identified when considering the uncertainty of the counts of
the multiplicity spectra in Fig. 5.2. These include the uncertainty from the coincident counting
of event multiplicities (statistical), and the selection of window filter values for E. and T,
(systematic). For this analysis, the statistical uncertainty is neglected, since it was found
that the systematic uncertainty was significantly larger (by several orders of magnitude). It
should also be mentioned that the relatively long measurement period of this work (highlighted
in Section 5.3.2) reduces the statistical noise of the measurement, and hence, the systematic
uncertainty is the main contribution to the uncertainty of the counts in Fig. 5.2.
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5.2.1 Using several different range values for E. and T, (systematic uncertainty)

The effects of using several different range values for F. and T, in the sorting code are inves-
tigated in this section. The T.-F.-gated spectra that are resultant from these variations are
discussed and compared. For practical purposes, only the effects on the T,-FE.-gated spectra of
measurement series RO1 are considered, since R01 corresponds to the shortest experimental run
with the least amount of measurement data to process (see Table 3.1).

For the data reduction of this work, the energy and time windows were set to E. = 80 keV
and T, = 2 ns, respectively. For this reason, the counts corresponding to these filter conditions
are used as reference values.

The findings from this uncertainty analysis are extended to the data obtained from the whole
measurement series (R01-R05).

5.2.1.1 Varying F. with fixed T. = 2 ns

Table 5.2 lists the various FE, ranges that were considered with a fixed T, = 2 ns. It should be
noted that these ranges are all centred around the 511 keV photon annihilation energy peak.
Fig. 5.3 (a) provides an illustration of these E. ranges over a typical 511 keV peak that was
measured in these experiments.

Table 5.2: The various FE. range values that were used in the sorting code (with a fixed
T. = 2 ns). Also shown are the start and end range values for E., which is visually represented
in Fig. 5.3 (a).

Start range of E. (keV) | End range of E. (keV) || E. (keV)
491 531 40
471 551 80
451 571 120
421 601 180

Fig. 5.3 (b) shows the T.-E.-gated spectra of RO1 filtered using the various E. range values. It
is seen that varying FE. has significant effects on how the measured data is distributed in the
binning process. In particular, this study is interested in the counts recorded in bin M =1 (i.e.
N,) and bin M = 6 (i.e. Nyy). Table 5.3 provides a comparison of N, and Ny, for each E,.
range value. The reference counts (corresponding to E. = 80 keV and T, = 2 ns) are noted as,

Nowy rep = 2.6319 x 10, (5.4)

and,
Ny rer = 381. (5.5)

Table 5.3: The values for Ny, and Ny, resulting from Fig. 5.3 (b) are shown in relation to their
corresponding F,. range value. The time window has been fixed to T, = 2 ns.
Number of counts

M| N | E.=40keV | E. =80 keV | E. =120 keV | E. = 180 keV
1 | Nay | 29381 x10Y | 2.6319 x10” | 2.5941 x10° | 2.5831 x10”
6 | Ny 191 381 432 466
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Fig. 5.3: (a) shows the various E. range values used in the sorting code (40 keV, 80 keV,
120 keV and 180 keV) over a typical 511 keV photon annihilation peak. (b) shows the T,.-E,-
gated spectra of RO1 that corresponds to each of the selected E, range values with fixed T, = 2

ns.
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In order to quantify the variation between the counts observed in Table 5.3, a ‘standard devia-
tion’ of the reference values is defined as,

_ \/ 5 (Vo = Nanyrey)?
Ony = 3 5

(5.6)

where the summation is performed over the three non-reference counts. Equation (5.6) pro-
vides a suitable method to estimate the uncertainty contribution from varying the F. filters.
Performing the calculation using the values in Table 5.3, it is found that,

ooy 1, = 1.8038 x 108, 5.7
77 (&

and,
(74,nyc = 124. (58)

5.2.1.2 Varying T, with fixed E, = 80 keV

Table 5.4 lists the various T, ranges that were considered with a fixed E. = 80 keV. These T,
ranges are centred around an arbitrary constant offset ¢ > 0. Fig. 5.4 (a) provides an illustra-
tion of these T, ranges over a typical time difference peak. In this case, the constant offset was
calibrated such that ¢ = 0.

Table 5.4: The various T, range values that were used in the sorting code (with a fixed
E. =80 keV). Also shown are the start and end range values for T, (centred around an arbitrary
constant offset ¢t > 0), which is visually represented in Fig. 5.4 (a).

Start range of 7. (ns) | End range of T, (ns) | 7. (ns)
t—0.5 t+0.5 1
t—1 t+1 2
t—2 t+2 4
t—3 t+3 6

Fig. 5.4 (b) shows the T.-E.-gated spectra of RO1 filtered using the various 7. range values.
As in the case of varying FE., it is seen that varying T, also has significant effects on how the
measured data is binned. Table 5.5 provides a comparison of No, and Ny, for each T. range
value.

Table 5.5: The values for Ny, and Ny resulting from Fig. 5.4 (b) are shown in relation to their
corresponding T, range value. The energy window has been fixed to E. = 80 keV.

Number of counts
M| N T.=1ns T. =2 ns T. =4 ns T. =6 ns
1 | Noy | 2.6724 x10Y | 2.6319 x107 | 2.6311 x10% | 2.6309 x10°
6 | Nuy 360 381 277 316

Similar to the previous section, equation (5.6) can be used to estimate the uncertainty con-
tribution from varying the T, filter. Performing the calculation using the values in Table 5.5, it

is found that,

and,

o9y 1, = 2.3406 x 107,

O4~y, 1, = T2.
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Fig. 5.4: (a) shows the various T; range values used in the sorting code (1 ns, 2 ns, 4 ns and
6 ns) over a typical time difference peak centred at 0 ns. (b) shows the T.-E.-gated spectra of
RO1 that corresponds to each of the selected T, range values with fixed E. = 80 keV.
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5.2.2 Combination of uncertainties and extension to larger measurement

Table 5.6 provides a summary of the uncertainty estimations obtained from the previous section
(namely, equations (5.7), (5.8), (5.9), and (5.10)). These uncertainties are combined as the sum
of the squares using,

— 2 2
Ony,total = \/ On~y E, + Oy, T, (511)

Equation (5.11) combines the uncertainty contributions from the selection of the E. filter
(Onv,E,) and Tt filter (0y,4,7,.) to produce a total uncertainty (op totar) for the reference counts
Ny reg. Performing the calculations with the values in Table 5.6, it is found that,

Oy total = 1.819 x 10, (5.12)

and,
O4ry,total = 143. (513)

Table 5.6: Summary of the uncertainty estimations of Na, and Ny, for varying filter conditions.

Filter that | Uncertainty estimate

was varied Noy Nyy
E, 1.8038 x10° 124
T. 2.3406 x107 72

Factoring in the above uncertainties, Noy rer (5.4) and Nyy s (5.5) become,
Nowy rep = 2.63 (18) x 10, (5.14)

and,
Niyrep = 3.8 (14) x 102, (5.15)

In the assumption that this uncertainty analysis remains valid for the entire measurement
series® (RO1-RO05), it is expected that the uncertainties of the counts for R01 is proportional to
the uncertainties of the counts for the entire measurement series. Equations (5.14) and (5.15)
show that there is a 7% and 38% uncertainty for Ny re and Nyy ref, respectively. Hence, the
uncertainties for No, and Ny, also correspond to 7% and 38%, as was shown in Table 5.1.

3The only significant change between measurement run R0O1 and the rest of the measurement series (R02-R05)
was the use of a stronger source (see Table 3.1). While this change had the effect of increasing the count rate of
the detector system, there is no reason to believe it would have an effect on the data reduction process performed
post-acquisition.
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5.3 Calculations and discussion

This subsection presents the main outcome from this study - the calculation of the four-photon
branching ratio of p-Ps (denoted as BR4y). From similar experiments, there have been five
previous measurements of BRy, [8-12], and these are compared to measurement and experiment
of this work.

5.3.1 Branching ratio of four-photon decay of parapositronium

In their paper, Vetter & Freedman [12] determined BRy4, using,

(Nay — Bay)eay

BRy, =
o Noyeay

(5.16)

where N, represents the number of nvy events observed, By, is the expected number of 4~
background events, and €, is the detection efficiency of the detector array for ny annihilations.
(5.16) is derived from the ratio between the number of detected 4 events with the number of
detected 27 events (both normalised with their respective detection efficiencies). Lastly, the
correction term By, accounts for the accidental detections of 4 background events.

In Table 5.1, the values for Na, and N4, were highlighted as key results from the T¢.-E.-gated
plot of Fig. 5.2. In order to complete the calculation of (5.16), what remains now is to obtain
estimate values for By, €2, and e4,. Looking back at previous measurements of BR4,, Adachi
et al. [8, 10], von Busch et al. [9], Yang et al. [11], and Vetter & Freedman [12] evaluated these
quantities (or similar) by performing Monte Carlo detector simulations for their respective ex-
periments. Such simulations are beyond the scope of the current work, and is suggested as
follow up. However, there is presently enough information to provide a suitable estimate of
BRy4, using this work’s measured values for No, and Ny,. At its most fundamental level, (5.16)
is essentially the ratio between the number of detected 4+ events with the number of detected
2+ events. Neglecting the secondary considerations of 4y background subtraction and efficiency
normalisations, a suitable ‘first order’ approximation for BR4, can be obtained as,

N,
BRyy ~ N—“’Y =48 (19) x 1077 (5.17)

2y
While this result is not a true measurement of BRy,, it does seem to be a fairly promising
estimation. The accepted value for BR4, was shown in Section 2.2 to be given by [6, 18],

BRuy theory = 1.4388 (21) x 1077, (5.18)

which is a factor of 3 from the estimate in equation (5.17).

5.3.2 Comparison with measurements of previous experiments

With the estimate of equation (5.17) obtained, it is beneficial to compare the experiment and
estimate result of this work to those of previous measurements from similar experiments. Ta-
ble 5.7 provides a list of all previous measurements of BRy, with their corresponding authors
and publication dates. Also shown are the measurement periods and total events recorded from
each of the respective experimental campaigns, which are contrasted against those of this work.
It should be noted that information for some of these experiments were not provided in their
publication, and these have been indicated with a dash. It is seen that this work’s measurement
period compares well with those of the previous measurements, as it was significantly longer
than the measurement periods of von Busch et al. and Vetter & Freedman, but shorter than
Adachi et al. and Yang et al. It is also seen that the number of events recorded for this work
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Table 5.7: Previous measurements of the 4y branching ratio of p-Ps are shown in terms of
the authors who published the result, the publication year, measurement period, total events
recorded and their respective measurements of BRy,. Also shown and compared is the result
and measurement details of this work.

Author Year of Measurement period | Total events BRy4,

publication (hours) recorded (x1079)
Adachi et al. [8] 1990 — 1.2 x 1012 e™ 1.30 (35)
von Busch et al. [9] 1994 480 4.9 x 100 1.50 (11)
Adachi et al. [10] 1994 4400 3.8 x 1012 et | 1.48 (18)
Yang et al. [11] 1996 5611 — 1.19 (26)
Vetter & Freedman [12] 2002 263 1.18 x 1010 1.14 (39)

| Measurement of this dissertation | 1433 | 5x10"" [ ~048(19) |

was greater than those recorded by both von Busch et al. and Vetter & Freedman, but less than
the number of positrons measured in both measurements by Adachi et al.

To further aid in the comparisons, Fig. 5.5 illustrates the timeline of the performed measure-
ments of BRyy, along with the ‘first order’ estimate of this work given by equation (5.17). It
is seen that each of the previous measurements are in agreement with the accepted QED value
given by equation (5.18). It is unsurprising that the estimated result from this work is not
in agreement with the QED value (or any of the previous measurements), since several sim-
plifying assumptions were made in its calculation. Undoubtedly, the accuracy of this result
would increase with the inclusion of the neglected factors (ezy, €4y and Byy) in the calculation
of equation (5.16).
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I .
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a |
1.2 4 d
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0.6 - i
'first order’
approx.

0.4 4

0.2 T T T T T
1990 1995 2000 2005 2010 2015 2020

Year

Fig. 5.5: Comparison of previous measurements of the 4y branching ratio of p-Ps with the ap-
proximate first order result of this work. These measurements are shown by the year of publica-
tion. (a = Adachi et al. [8], b = von Busch et al. [9], c = Adachi et al. [10], d = Yang et al. [11],
and e = Vetter & Freedman [12]).
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6 Summary and further work

The aim of this study was to demonstrate the measurement feasibility of the four-photon branch-
ing ratio of p-Ps (denoted BRy,) using the experimental set-up described in Section 3. A com-
plete calculation of BR4y was not performed, since key factors from equation (5.16) (specifically
By, €24 and e4y) were not evaluated. However, key results for No, and Ny, (see Table 5.1)
were obtained through the generation of multiplicity spectra that allowed for the separation of
the data into a binned distribution (the process of which was outlined in Section 5.1.1). The
ratio between the values of N4, and No, allowed for an order of magnitude to be estimated for
BR4y given by,
BRy, ~ 5 (2) x 1077,

This estimation was compared to the accepted QED value, as well as previous measurements
from similar experiments, and was found to differ by a factor of 3.

There are several possible avenues for further work and/or improvement on this study. The
most obvious limitation of this work is the lack of a final measurement result for BRy,. An
improvement, therefore, would be to evaluate the factors By,, €24 and €4, using Monte Carlo
simulations for this work’s experimental set-up. Factoring in these additional results using equa-
tion (5.16) will allow for a complete calculation to be performed, and will provide a conclusive
measurement of BRy, (comparable to the literature values quoted).

A possible extension to this work includes an investigation of the other branching ratios of
Ps using Fig. 5.2. While the analyses of this study only consider Ny and Nyy from the T¢-E,-
gated plot, the counts corresponding to other multiplicities could be used in separate analyses.
For example, all possible 3y events (including those resulting from the 3~ decay of o-Ps) are
recorded in bin M = 3 of the T.-FE_.-gated plot, which presents an opportunity for further anal-
yses to determine the 3y branching ratio.

A further improvement would be to use a detector system structure which does not inherently
limit the source-to-detector distance. In Section 4.6, it was argued that the most important
factor to consider when choosing the detector geometry was maximising the full-energy peak
efficiency (Ergp) of the detector system. In order to maximise Eppp, this meant choosing
a minimum source-to-detector distance such that each of the eight LaBrs:Ce detectors in the
detector system was placed symmetrically from the radioactive source. However, it was shown
in Fig. 4.15 that there was an inherent physical limitation on this distance, since the detector
braces (which holds each detector in place) only allowed for a minimum source-to-detector dis-
tance of 12 cm.

Finally, it is recommended that further investigation is performed on the selection of the energy
(E.) and time (7,) windows that are set in the sorting code of the data. The uncertainty anal-
yses presented in Section 5.2.1 show that the values of these windows have significant effects on
the values obtained for Na, and Ny, which will clearly have an impact on the calculated value
for BRy4,. This work used fixed window values of E. = 80 keV and T, = 2 ns. However, the
values for these windows were chosen fairly arbitrarily by inspection, and there is undoubtedly
scope for a more sophisticated selection of these values to be performed.
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A Appendix

Table A.1: Gamma-ray emission energies from ?2Na and "?Eu radioactive sources with their
respective intensities. These intensities show the number of photons produced at energy £, per
100 disintegrations. Only energies with I, > 0.1% have been tabulated.

Source E, ( keV) L, (%)
2Na [7] 511 180.7 (2)
1274.537 (7) | 99.94 (13)
121.7817 (3) | 28.41 (13)
244.6974 (8) 7.55 (4)
295.9387 (17) | 0.442 (3)
329.425 (21) | 0.129 (6)
344.2785 (12) | 26.59 (12)
367.7891 (20) | 0.862 (5)
411.1165 (12) | 2.238 (10)
416.048 (8) | 0.1090 (17)
443.965 (3) 2.80 (2)
488.6792 (20) | 0.4139 (24)
503.474 (5) | 0.1533 (18)
563.990 (7) | 0.457 (13)
566.442 (5) 0.131 (4)
586.265 (3) 0.462 (4)
656.489 (5) | 0.1437 (18)
674.675 (3) 0.170 (4)
678.623 (5) 0.470 (4)
688.670 (5) 0.841 (6)
719.349 (4) | 0.268 (13)
764.900 (9) 0.190 (4)
152K u [43] | 778.9045 (24) | 12.97 (6)
810.451 (5) 0.317 (3)
841.574 (5) 0.163 (2)
867.380 (3) | 4.243 (23)
919.337 (4) 0.429 (5)
926.317 (15) | 0.273 (4)
963.390 (12) | 0.1341 (20)
964.079 (18) | 14.50 (6)
1005.272 (17) | 0.665 (23)
1084 (1) 0.244 (8)
1085.837 (10) | 10.13 (10)
1089.737 (5) 1.73 (1)
1109.174 (12) | 0.186 (4)
1112.076 (3) | 13.41 (6)
1212.948 (11) | 1.416 (9)
1249.938 (13) | 0.186 (3)
1292.778 (19) | 0.104 (3)
1299.142 (8) | 1.633 (9)
1408.013 (3) | 20.85 (8)
1457.643 (11) | 0.498 (4)
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