
Enhancing PEPT: high fidelity
analysis techniques with augmented

detection systems

Robert van der Merwe

Supervisors: Dr T. Leadbeater and Associate Professor S. Peterson

A thesis submitted in fulfilment of the requirements for the degree of Master of Science
in the

MeASURe Unit
Department of Physics
University of Cape Town

23 December 2023

Univ
ers

ity
 of

 C
ap

e T
ow

n



The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



i

Abstract

Enhancing PEPT: high fidelity analysis techniques with augmented
detection systems

by Robert van der Merwe
supervised by Dr T. Leadbeater and Associate Professor S. Peterson

for the degree of Master of Science
Faculty of Science, Department of Physics

Positron emission particle tracking (PEPT) is a non-invasive, tracer-based technique
used in the study of dynamic systems, such as particulate and fluid flows. Relying
on positron imaging principles, typical PEPT systems operate with millimetre preci-
sion at tracking speeds of up to 10 m/s, with applications in fields from engineering
to medicine. Performance is constrained by the efficiency of conventional fixed geom-
etry detector systems and achievable activity of tracer particles, creating challenges
when addressing phenomena on the micro-scale. Previous work with a pair of pixe-
lated cadmium zinc telluride (CZT) room temperature semiconductors (9680 pixels of
1.8 x 1.8 x 0.5 mm3) exhibited potential in micro-scale PEPT, but achievable location
rates and field of view (FOV) were limiting. To address these issues, a modular bismuth
germanate oxide (BGO) scintillator array, consisting of 1024 detector elements (512 pixels
of 6.75 x 6.25 x 30 mm3 and 512 pixels of 4.1 x 4.0 x 30 mm3), has been developed and
characterised for use in a hybrid system, combining semiconductor and scintillator de-
vices. Optimal detection system geometry was determined through numerical modelling
of system sensitivity, with the BGO array covering a FOV of 120×174×102 mm3 and the
high-resolution semiconductor FOV of 62 × 42 × 20 mm3 placed centrally. This design
maximises absolute efficiency through the scintillators and spatial resolution through
the semiconductors. A coincidence timing resolution of 5.37 ± 0.17 ns and an energy
resolution of 30.51 ± 0.48% at 511 keV was measured for the BGO devices, enabling
optimisation of coincidence gates and energy level discriminators respectively. Using a
novel 3D positioning stage and a 20.11± 0.26 kBq Na-22 calibration source, measure-
ments of system sensitivity, spatial resolution and accuracy were performed. Sensitivity
profiles were found in agreement with simulation, with a maximal central sensitivity
of 34.8± 0.6 cps/kBq. Sub-millimetre system accuracy was achieved in all axes except
between the BGO detector faces, in which an expected warping effect was identified.
Sub-millimetre spatial resolution, σ, was achieved for a maximum location rate per unit
activity, L′, of 0.45 Hz/kBq, with an identified σ = 1.5

√
L′ trade-off to be optimised for

specific use cases. The results of this work demonstrate the applicability of PEPT to the
study of micro-scale phenomena and outline the path towards hybrid implementation.
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Chapter 1

Introduction and background

1.1 Introduction

Positron emission particle tracking (PEPT) is a non-invasive tracking technique typically
used to study the dynamic properties of millimetre-scale flow systems. With a recent de-
sire to study micro-scale phenomena, this thesis builds upon the work of a previous Uni-
versity of Cape Town (UCT) MSc student who developed a cadmium zinc telluride (CZT)
semiconductor system towards micro-scale PEPT applications, namely proton beam line
tracking in proton radiotherapy [1].

With this CZT system, significant improvements to PEPT spatial resolution were
achieved in comparison to conventional systems, offering minimal location uncertainties
of approximately 100 micron. However, the achievable absolute efficiency, and therefore
location rate, was poor in comparison to conventional scintillator systems, limiting the
system’s applicability to slow-moving (mm/s) phenomena and post-treatment imaging.

This thesis builds upon the achievements of the semiconductor system but aims to
account for its limitations through the design and development of a modular bismuth
germanate oxide (BGO) scintillator system, offering significantly increased absolute ef-
ficiency. Through the simulation, construction and characterisation of the scintillator
system in this thesis, and the future integration of both semiconductor and scintillator
systems into a hybrid camera, this research serves as a step towards a broadened scope of
micro-scale PEPT applications, such as the potential study of novel microfluidic systems.

Thesis outline

Chapter 1 outlines the background of positron emission imaging, describing the history
of PEPT instrumentation as well as current approaches in tracking algorithms and tracer
production. A crucial discussion on PEPT spatial resolution is given, significantly im-
pacting the design decisions of later chapters to enable micro-scale precision.

Chapter 2 follows to provide an in-depth technical description of the relevant PEPT
detector systems. A brief description of the semiconductor devices is given with reference
to previous work, followed by a full description of the radiation detection, data acquisition
and data processing methodology used by the BGO scintillator devices developed here.
In addition, characterisation of the calibration tracer particle is performed, enabling
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precise sensitivity measurements in later chapters, and a description of the modified 3D
positioning stage used for tracer positioning is given.

Chapters 3 to 5 handle the design and characterisation of the modular camera. In
Chapter 3, the components of the system are characterised in terms of their energy
and timing resolution, determining optimal energy level discriminators and coincidence
windows respectively. These values are optimised to enable low-noise detection, ensuring
sufficient system spatial resolution for micro-scale applications without sacrificing on
location rates.

Chapter 4 makes use of a Monte Carlo simulation of the system sensitivity profile for
system geometry design. Here, a uniform sensitivity profile maximising absolute efficiency
is desired to improve upon achievable location rates, and several geometry possibilities
are discussed and compared. Following selection of the optimal system geometry, the
system construction process is detailed, realising an experimental version of the designed
modular positron camera in the laboratory.

System characterisation in terms of optimal tracking parameters, sensitivity, spatial
resolution and accuracy is performed in Chapter 5 throughout the field of view (FOV) of
the system. These results are discussed and evaluated, considering the intended develop-
ment towards a hybrid semiconductor/scintillator system.

Finally, Chapter 6 presents the conclusions of this thesis, highlighting the primary
outcomes of this work, and proposes future work to enable the complete development of
the micro-scale hybrid PEPT system.

1.1.1 PEPT: History and background

Positron emission particle tracking is a powerful imaging technique based on medical
positron emission tomography (PET), whereby radiolabelled positron emitting tracer
particles can be non-invasively tracked within a system of interest. PEPT is typically
applied to the study of industrial processes, particularly in particulate and fluid flow phe-
nomena, with mining and minerals applications, among many others [2–8]. By measuring
the instantaneous position (with associated uncertainty) of the tracer particle over time
as it flows within a system, a Lagrangian description of the related flow can be obtained.
Through computation and analysis of system velocity and acceleration fields, as well as
occupancy and residence times, an Eulerian description of the system can be determined,
as described and performed in [9].

The world’s first PEPT system at the University of Birmingham, UK, consisted of
a pair of position-sensitive multi-wire proportional chambers (MWPCs), placed opposite
one another to perform coincidence measurements. Initially designed by the Rutherford
Appleton Laboratory to improve spatial resolution and reduce instrumentation cost in
PET, the camera’s poor detection efficiency made it unsuitable for medical applications,
leading to its development towards flow mapping for industrial applications at the Univer-
sity of Birmingham [10]. With this system, initial development of the PEPT technique
was performed, achieving millimetre precision with location rates, or the frequency at
which the position of the tracer could be determined, on the order of hertz in 1993 [11].
This system operated for approximately 15 years, until it was replaced in 1999 by the
ADAC Forte, shown in Figure 1.1, consisting of two NaI(Tl) crystals attached to arrays of
photomultiplier tubes on separate, opposing heads. With improved detection efficiency,
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Figure 1.1: The ADAC Forte gamma camera housed at Birmingham, UK (left) and the
Siemens HR++ PET scanner housed at iThemba LABS, Cape Town (right).

timing resolution and energy resolution, sub-millimetre precision was achieved at a signif-
icantly increased 250 hertz location rate [12], enabling numerous studies on flow-related
topics to the present day [13, 14].

A significant advancement in PEPT instrumentation was achieved with the use of
pixellated BGO block detector systems, following the acquisition of the CTI Inc. ECAT931
PET camera at the University of Birmingham in 2002 [15]. This system offered 128 detec-
tor blocks, each segmented into 8x4 detector elements which were coupled to an array of
photomultiplier tubes. Subsequently, the Siemens/CTI ECAT951 system was acquired,
with 8x8 segmentation reducing the pixel size of the system and improving upon achiev-
able spatial resolution. Due to the self-contained nature of these detector blocks, modular
systems designed for specific applications became possible, requiring custom data acqui-
sition systems. With one such modular system 1-4 kHz location rates were achieved with
half-millimeter precision for stationary particles, reducing to 2.5 mm precision for average
particle speeds of 1 m.s-1 [2].

In 2009, PEPT Cape Town was established by the UCT Department of Physics at a
purpose-built laboratory on the iThemba LABS site in Cape Town, South Africa, with the
donation of a Siemens EXACT HR++ PET camera which was modified for PEPT usage.
The HR++ was designed for high sensitivity and resolution, and through its development,
tracer particles are tracked with millimetre precision at kilohertz location rates, reducing
as the tracer particle speed increases from 1 m.s-1 to the maximum achieved speed of
15 m.s-1 [16].

Despite the demonstrable success of PEPT in the measurement of flow in physical
and engineering systems, with every advancement in instrumentation improving upon
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the achievable precision and tracking speed, a recent desire to address flow phenomena
on the micro-scale has led to the necessity of advanced instrumentation and technique
development to address the limitations of existing systems.

At the micro-scale, tracer activities are necessarily limited given the difficulty in fab-
rication (see Section 1.2.2). In addition, existing PET/PEPT detection systems are typ-
ically constructed with fixed geometries, limiting the achievable geometric, and therefore
absolute, efficiency. These factors limit the achievable sensitivity of the system, which
consequently limits the achievable location rate (see Section 1.3).

Since PEPT is typically used to examine dynamic systems, the location rate is crucial
in the quality of analysis that can be performed, as the trajectory of the tracer particle
is interpolated between measured locations. If the time between measured locations is
large relative to the motion of the tracer, small-scale elements of the motion cannot be
inferred, reducing the information extracted from the system. As a result, uncertainty
bounds on the tracer trajectory increase, propagating and growing through higher-order
measurands of the system such as the velocity and acceleration, and hence to force and
energy.

Due to these limitations of existing systems, this MSc develops enhanced instrumen-
tation to perform micro-scale low activity PEPT, with location rates enabling the study
of micro-scale flows moving at greater speeds (cm/s) than previously achieved (mm/s) at
this scale [1].

1.1.2 Enhanced systems

As a first step towards realising micro-scale capabilities in PEPT, previous work [1] in-
vestigated the use of room-temperature semiconductor CZT detectors for PEPT applica-
tions. UCT acquired two PolarisJ CZT units, produced by H3D Inc., for prompt gamma
imaging research which were adapted for use in PEPT as shown in Figure 1.2. With this
system, micro-scale location uncertainties were achieved with a selection of tracer parti-
cles with varying sizes and activity. However, the semiconductor intrinsic efficiency and
timing resolution were limited in comparison to the scintillator crystals typically used in
PEPT, resulting in maximum location rates on the order of tens of hertz with optimal
activity tracer particles. In addition, the small form factor of the Polaris units coupled
with their poor intrinsic efficiency required the units to be placed close to one another to
maximise their geometric efficiency. As a result, the addressable FOV of the system was
small, limiting possible applications to those that would actually fit within the system
footprint in practice.

In this work, the semiconductor limitations are addressed through the development
and characterisation of a proof-of-concept modular BGO scintillator array, making use
of existing hardware and data acquisition systems as shown in Figure 1.2. The primary
purpose of the scintillator system is its integration into a hybrid camera alongside the
Polaris system, leveraging the improved intrinsic efficiency and timing resolution of the
scintillator crystals to improve upon the overall achievable location rates and increase the
system FOV.

In comparison to existing PET systems, especially high resolution preclinical systems,
the primary benefit of developing the scintillator array is to enable a high degree of
modularity, ensuring the geometric efficiency and achievable FOV of the system can
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Figure 1.2: The Polaris system performing PEPT measurements at iThemba LABS with
a Ga-68 tracer placed on the tip of a hypodermic needle [17] (left) and the UCT modular
BGO array (right).

be optimised for any desired applications. As no particular application was designed
towards in this work, a reasonable proof-of-concept system geometry is used to inform
upon the achievable results with such a system, whilst also developing the construction
and characterisation pipeline for future alternative geometries.

Initial applications of the hybrid system include identified micro-scale applications
such as proton beam line tracking, however the versatility of the modular system enables
applications in broader research. An illustrative example of the system versatility is its
potential application with the recently acquired Siemens Biograph 16 HiRez PET/CT
scanner, currently undergoing commissioning at UCT [18]. Combining X-ray tomogra-
phy with PET/PEPT imaging, this system enables novel opportunities for simultaneous
structural and functional imaging at PEPT Cape Town. However, the spatially distinct
FOVs of the CT and PET components present challenges in the coregistration of each
detection modality. To address this, a modular PET/PEPT array facilitates optimal
system positioning allowing the CT and PET FOVs to overlap in space, enabling true
simultaneity of measurement.

1.1.3 Micro-scale applications

The desire to improve upon PEPT systems and techniques, particularly towards the
micro-scale, is driven by potential applications. Typical use cases of PEPT are of signifi-
cant industrial importance, such as the measurement and characterisation of multiphase,
particle-laden and particulate material flows [2] with applications as diverse as energy
and water sciences [4, 7, 19], metallurgy [20], mining [6] and pharmaceuticals [8], among
many others [21]. Therefore, improvements made to PEPT systems and techniques will
enhance physical measurement capabilities, naturally increasing the complexity of sys-
tems that can be investigated as well as the quality of analysis that can be performed,
with positive impact on the mentioned fields.

Beyond the typical use cases of PEPT, an alternative, relatively unexplored appli-
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cation space is the biomedical sector, where PET already plays a significant role in the
domain of diagnostic imaging. With recent advances in tracer production, instrumenta-
tion and algorithms, PEPT has become increasingly feasible for micro-scale biomedical
applications, making use of previously unmeasured dynamic system information to enable
the study of complex micro-scale biological and fluid systems. Possible use cases include
the tracking of individual cells in cell-based therapies [22], the study of blood flow [23],
and dose verification in proton radiotherapy [24]. In particular, the application of dose
verification was the initial driving force behind the development of PEPT with semicon-
ductor systems at PEPT Cape Town. Through PEPT, with simulation demonstrating
viability [1], the positron emitting radioisotopes produced along the beam line may be
tracked in situ, informing on the position of the beam line during treatment for dose
verification methods.

Besides the specific biomedical applications of PEPT, direct improvements to the
PEPT technique and associated systems will have implications in the biomedical space,
as problems solved in PEPT have use cases in medical PET/CT, such as patient/organ
motion tracking [25], non-uniform FOV corrections, reduction of image artefacts from
physical structures, etc. Through the development of PEPT towards the micro-scale
with modular, hybrid devices, the expected improvements in measurement capability
and developments in analysis techniques will feed back into these spaces.

1.2 Positron emission imaging

Fundamentally, all positron emission imaging techniques rely on the placement of positron
emitting tracers within a system of interest. Following emission and after rapidly thermal-
ising, these positrons annihilate with free electrons in surrounding matter to produce two
approximately back-to-back 511 keV annihilation photons. If these photons are detected
in coincidence, i.e. within a short time window of one another, by a position-sensitive
detection system, a line-of-response (LOR) can be drawn in three dimensions connecting
the two detection points, and as a result of the back-to-back nature of annihilation this
LOR ideally defines the line along which the annihilation occurred.

In medical PET, tracers typically take the form of a distributed fluid containing bio-
logically relevant molecules labelled with an appropriate radioisotope. Over an extended
time, a large collection of LORs can be measured and tomographic techniques can be
applied, following any necessary corrections, to accurately reconstruct an image of the
tracer distribution and concentration. The concentration of the tracer is commonly rep-
resented by standardised uptake values (SUVs), which express the ratio of measured
activity within a region of interest to the known injected activity, after appropriate cor-
rections for scatter and decay. Typically, these values range in the order of hundreds of
megabecquerel [26]. When applied to biological systems, PET images visualise metabolic
and physiological processes and can be used in imaging tumours, bone formation, blood
flow, etc.

In standard PET measurements, images are acquired over minutes [27], making use
of many LORs to produce a single image. Advancements in dynamic PET techniques
have reduced image acquisition times by employing gating approaches and enabled the
extraction of short timescale dynamic information from data averaged over a longer dura-
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tion [28]. Despite these improvements, these techniques still face challenges in extracting
dynamic information from rapidly moving, especially turbulent, systems. Therefore, tech-
niques producing information on shorter timescales are required such that the dynamic
properties of a system may be investigated.

In contrast to PET imaging, PEPT makes use of a single solid tracer particle which
is tracked over time, requiring few LORs to determine its position at 10 - 250 kHz rates
in typical systems. Tracer positions are determined in PEPT through the use of several
possible algorithms, but primarily through the use of an iterative minimisation approach
described below, in which a single position with uncertainty is typically computed with
fewer than 250 LORs, and hence at sub-millisecond intervals for sufficiently large coinci-
dence rates. For example, the achievable coincidence rates of the HR++ system (4 MHz)
enable kilohertz location rates in PEPT reconstruction.

Through the use of tracer particles that are representative of the bulk material within
a system, PEPT becomes a Lagrangian technique in which system behaviour over long
timescales can be inferred from average tracer motion, while dynamic properties of the
system can be determined from tracer motion on short timescales.

1.2.1 PEPT algorithms

In an ideal world, it could be assumed that all annihilation events would originate at the
position of a point-like tracer particle, with corresponding annihilation photons emitted
back-to-back generating straight-line LORs. In this case, all LORs would intersect at
the position of the tracer, and the intersection could be used to track the tracer position
exactly throughout the system.

However, several physical limitations introduce complexity into position reconstruc-
tion. The size of the tracer particle and the positron range following decay impact the
position of annihilation in relation to the centre of the tracer. Annihilation acollinearity
and the spatial resolution of the detector can also spatially offset the measured LOR such
that it does not exactly intersect the annihilation position. More limiting however is the
detection of false coincidences, discussed below, generating LORs that are not represen-
tative of the tracer position, significantly skewing measured positions. Additionally, a
loss of events caused by attenuation or, at high detection rates, singles deadtime leads to
a loss of true coincidences.

To handle these additional complexities in tracer position reconstruction, algorithmic
methods are used to reduce the uncertainty of measured positions through the exclusion
of corrupt events in reconstruction. The earliest and most widely used PEPT algorithm
is the Birmingham method, described below, but many others exist, including those with
extensions to multiple tracer tracking, each with their own strengths and weaknesses [21].

Event types

Alongside physical limitations in the detection of LORs, the existence of false coincidence
events, which can be separated into different event categories, adds additional complexity
to the calculation of measured positions.

Before considering false coincidences, a true coincidence event is defined by a pair
of photons detected in time coincidence which correspond to a single annihilation event
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originating from the tracer particle. When used in reconstruction, true coincidences
generate true LORs related to the position of the tracer, at rates proportional to the
activity of the tracer particle and the absolute efficiency of the detector system.

False coincidences are coincidence events which do not represent the trajectory of the
tracer particle in reconstruction. These can be either scattered coincidences, in which
one or both of the coincident photons scatter before detection, or random coincidences.
Random coincidences occur when one or both of the detected photons do not originate
from the same annihilation event within the tracer, or from the tracer at all in the case
of a background detection. The random coincidence rate therefore increases with tracer
activity and system absolute efficiency more rapidly than the true coincidence rate, as
random coincidences can originate from multiple annihilation events. However, since
random coincidences are expected to be distributed approximately uniformly in time, the
use of a short coincidence window significantly reduces random coincidences in favour of
true coincidences. These event types are demonstrated in Figure 1.3.

Figure 1.3: A tracer particle, shown as an orange circle, placed in an arbitrary block
detector system showing true (a), random (b) and scattered coincidence (c) events. An-
nihilation photons arising from the tracer are shown as green lines and detector blocks are
coloured green where these photons are correctly detected. Where a random or scattered
photon is detected the associated block is coloured red, with a dotted red line showing
the measured corrupt LOR.

When coincidence events are reconstructed into LORs, true and corrupt LORs are
generated in a ratio determined by physical system parameters, with the coincidence rate
therefore consisting of the sum of both true and false coincidence rates. PEPT algorithms
are used at this stage to select only the true LORs for reconstruction, utilising the fact that
random coincidences are approximately uniformly distributed in space to determine the
tracer’s location in a form of clustering approaches, providing an accurate representation
of the trajectory of the tracer.

The Birmingham method

The Birmingham method, developed in 1993 at the University of Birmingham [11], is an
iterative minimisation algorithm designed to optimally select only true LORs for posi-
tion reconstruction. As mentioned, several alternative algorithms have become available
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since 2012 [21], beginning with the development of the line-density method, however the
Birmingham method remains the primary algorithm in use today.

Considering a measurement of an arbitrary number of time-consecutive LORs, a sam-
ple set S of N LORs (N(S) = N) are selected and the minimum distance point mS is
calculated. mS is defined as the point in 3D space which minimises the sum D of per-
pendicular distances δi from each LOR, i, to a point (x, y, z), and can be described by
DS(x, y, z) =

∑
S δi(x, y, z), with mS given as the solution to ∇D(x, y, z) = 0.

After calculating mS as above, the mean deviation d of each LOR in S is calculated
as d(S) = D(mS)

N(S)
and LORs with δi(mS) > kd(S) are discarded to form a subset S1 of

N(S1) LORs. The parameter k determines how many events are discarded per iteration,
with optimal values lying between 1 and 1.5 [11] and a typical operating value of 1.2 at
PEPT Cape Town.

A more accurate minimum distance point mS1 and smaller mean deviation d(S1) are
then calculated on S1. To avoid discarding LORs which may now be closer to the im-
proved mS1 , S is used such that any LOR in S with δi(mS1) > kd(S1) is discarded to
form S2. This process is repeated until a fraction f of events remain to form a subset Sf ,
i.e. N(Sf ) = fN(S). As the remaining events, fN(S), are presumed to be exclusively
true coincidence events, the fraction f serves as an estimate of the expected proportion
of true coincidences, with an optimal value fopt determined by physical characteristics of
both the detector systems in use and the experimental media itself [29]. With a single de-
tector system, fopt varies between experimental setups with the amount of scattering and
absorbing material present in the system FOV [30], as a respective increase in scattered
coincidences and loss of true coincidences naturally reduces fopt. Without scattering or
absorbing material present in the FOV, i.e. a bare source at a given activity, the value
of fopt is determined by the detector system’s ability to measure true coincidences and
discriminate against false coincidences. This is primarily determined by the system ab-
solute efficiency, timing resolution and energy resolution. Improved absolute efficiency
implies that true and random coincidence rates are increased, with true coincidence rates
typically growing faster than random coincidence rates. Improved timing resolution im-
plies that shorter coincidence windows may be used, minimising the detection of random
coincidences. Improved energy resolution implies that narrower energy windows may be
used, reducing the detection of scattered and random coincidences.

To ensure convergence, if no LORs are removed between iterations the LOR with
the greatest δi is removed. If too many LORs are removed between iterations, i.e. if
N(Sn) < fN(S), LORs with the closest δi are added to Sn until convergence is satisfied.

Therefore, following iteration and convergence, a subset Sf is selected such that
N(Sf ) = fN(S) and the mean distance point mSf

is defined as the position of the
tracer with location uncertainty d(Sf ). Since each LOR is measured at separate times ti,
the location is allocated a timestamp corresponding to the mean of ti in Sf .

For clarity, the above iterative process is demonstrated for a simple selection of LORs
in an arbitrary system in Figure 1.4.

Parameter optimisation

Since several adjustable parameters exist within the Birmingham method with a direct
impact on the location uncertainty and rate of measured PEPT locations, an important
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Figure 1.4: A simple example of the Birmingham method for 15 initial LORs and an f
value of 0.33, reprinted from [31]. The initial sample of 15 LORs is shown in (a), with
an intermediate step in (b) and the final subset of five LORs in (c). At each step, the
minimum distance point is shown as a cross.

first step in experimental analysis is parameter optimisation. Typically the k parameter
is treated as fixed as only the rate of convergence is affected, leaving the initial number
of LORs used per location N and the fraction of true LORs used f variable.

The value of fopt varies significantly between detector systems and experimental se-
tups, ranging from 10% to 30% for earlier systems [11, 30], to 70% for newer systems at
PEPT Cape Town [32], to between 90% and 95% for small semiconductor systems [1].
The observed increases of fopt are the result of consistent improvements to detector tech-
nology. From the initial MWPC system to the modern BGO scintillator devices, detection
efficiency, energy and timing resolutions have improved, allowing improved discrimination
against false coincidences as described above. In the case of semiconductor devices, sys-
tem efficiency and timing resolution are poor in comparison to the scintillators, but order
of magnitude improvements to the energy resolution significantly reduce the detection
of scattered and background events in favour of true annihilation events. In addition,
systems are typically small-scale, so minimal attenuation and scattering is observed, and
low-activity tracer particles are used, further reducing random coincidences.

In a typical optimisation process, a stationary tracer particle of experimentally rep-
resentative activity is placed in the centre of a representative system and coincidence
measurements are made, generating a large set of LORs. The Birmingham method is
then applied to subsets of LORs with varying initial sizes of N and values of f , generat-
ing tracer positions over time. Since the tracer is stationary, the standard deviation σx,y,z

in each coordinate is determined, and the 3D standard deviation σ =
√
σ2
x + σ2

y + σ2
z is

calculated and plotted against values of f , with separate curves plotted for different N
values. These curves are typically U-shaped, with an expected proportionality to 1√

Nf

and a minimum fopt value for each curve with different N . This minimum is expected,
as f > fopt implies that corrupt LORs are used in calculation, and f < fopt implies a
reduction in statistics.

As N is increased, these U-shaped curves are shifted downwards, i.e. the achievable
uncertainty for each value of f is reduced. This isn’t unexpected as the measured fraction
of corrupt LORs is unchanged and the inclusion of more LORs per location will naturally
provide a more precise representation of the position of a stationary particle. However,
for low event rate systems, larger values of N may use LORs measured with large time
differences in the reconstruction of a single position, leading to low location rates and
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poor accuracy in the case of moving particles.
These trade-offs need to be accounted for with every PEPT system and experimen-

tal setup, and optimisation can be performed towards experimental requirements. For
example, in micro-scale tracking, the goal of parameter optimisation is to achieve the
lowest possible location uncertainty, while maintaining adequate location rates such that
slow-moving systems can be accurately analysed. In other cases, such as fast-moving
systems, location uncertainty may be partially sacrificed for superior location rates, such
that system dynamics may be more accurately studied.

1.2.2 Tracer particles

Alongside the detector systems and algorithms that enable positron emission imaging,
tracer particles play a crucial role in the capabilities of PEPT systems.

Radionuclide properties

As required for coincidence imaging, any tracer particle must consist of a proton-rich
radionuclide which emits positrons as it decays. Since only the photons following positron
annihilation are used for imaging purposes, a purely positron emitting radionuclide is
desirable to reduce the detection of photons not arising from annihilation contributing
to corrupt LORs and singles deadtime. For example, Na-22, a typical calibration source,
produces both positrons and 1275 keV photons as it decays, whereas F-18 produces only
positrons [33].

Short-lived isotopes are desirable as throughout an experimental process, or shortly
thereafter, the tracer will decay to acceptable background levels, simplifying the safety
requirements for radioisotope retrieval and disposal following any experimental work. In
addition, a short half-life implies that higher activity may be loaded onto the tracer
in comparison to an isotope with a longer half-life, maximising the event rates which in
turn improves both the accuracy and precision of tracking. However, the half-life must be
long enough to allow for suitable measurement time, which may vary with experimental
requirements.

Several radionuclides satisfying these conditions exist, and only those currently in use
or development at PEPT Cape Town are discussed further.

Typical radionuclide selection

In PET imaging, the radioisotope F-18 is typically used, being a pure positron emitter
with a half-life of 109 minutes, suitable for experimental and clinical purposes. In a
medical context, F-18 is substituted onto fluorodeoxyglucose (FDG) molecules to be used
as glucose analogues. Typically, F-18 is produced at iThemba LABs for medical FDG
production using O-18(p,n)F-18 reactions with an 11 MeV proton beam, however, this
requires both beam time and enriched O-18 targets.

PEPT Cape Town typically makes use of Ga-68 tracer particles in experimental
work, also being a pure positron emitting radioisotope with a half-life of approximately
68 minutes. Ga-68 is produced through the use of Ge-68/Ga-68 generators, removing the
need for dedicated beam time in the production of each tracer. These generators are made
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by iThemba LABs, with Ge-68 produced through natGa(p,xn)Ge-68 reactions on natural
gallium using a 66 MeV proton beam from the Separated Sector Cyclotron (SSC), which
is then loaded onto SnO2 columns. Ge-68, with a half-life of approximately 271 days,
decays slowly to Ga-68 which can be eluted as required for tracer radiochemical produc-
tion.

While the use of Ga-68 tracers offers convenience from the use of iThemba LABs
produced generators, the greater positron yield and lower positron range of F-18 has
been demonstrated to yield improvements in both the spatial resolution and sensitivity
of PET measurements [34], and as such work into the use of F-18 for PEPT is ongoing [35].

Tracer activation and labelling

Alongside the choice of radionuclide, the manner in which the tracer particle is radiola-
belled is an important consideration. In PEPT measurements the tracer particle must
be representative of the constituents of a system in both its physical (size, density, etc.)
and chemical (hydrophobicity, solubility, etc.) properties, such that it can be inserted
into the bulk media without disrupting the system and non-invasive measurements can
be made. To produce the tracer, direct or indirect activation methods may be used. A
selection of tracers produced at PEPT Cape Town is shown in Figure 1.5.

Figure 1.5: Tracers of various sizes, produced at PEPT Cape Town [35] using various
techniques. From left to right, these are a moulded and density-modified tracer, a mineral-
coated tracer, a glass bead with an ion-exchange inset and SiO2 glass beads. Image scales
are shown separately for the first three tracer particles and the glass beads.

Direct activation of a tracer involves extracting an original particle of a system and
irradiating it to produce a suitable positron emitting radioisotope within the particle.
This is typically achieved using proton beams on O-18 enriched targets, or He-3 beams
on natural oxygen bearing targets to produce F-18 [21], but the use of high energy alpha
particle beams has been investigated for use at PEPT Cape Town [35].

Direct activation is a particularly useful technique as tracer representation of the bulk
system is ensured, and activity of > 100 MBq with a millimetre-sized tracer particle has
been achieved [36]. However, for micro-scale applications, the size of the tracer impacts
the scale at which tracking can be used to study systems. For a tracer of 1 mm size,
phenomena at the micro-scale will be obscured. Therefore, indirect activation methods
are typically used to produce micro-scale tracer particles.
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Two primary options for indirect activation exist, being ion exchange and surface
labelling. In ion exchange radiolabelling, atoms of a suitable material are replaced with
those of a radionuclide of choice, typically within an ion exchange resin. With this
method, tracers have been produced with sizes ranging from 50 µm to 1.2 mm, with
maximal activities ranging from 600 kBq for the 50 µm tracer [37] to > 37 MBq for the
larger tracers. However, these resins may not be representative of bulk properties, being
naturally hydrophilic, and surface labelling, in which a tracer is coated with the suitable
radionuclide, has been shown to offer improvements in tracer representation. At PEPT
Cape Town surface labelling has been used to produce tracers of approximately 22 MBq
within size ranges of 0.1 to 1 mm [35], whereas at King’s College London 1 µm particles
have been coated with Ga-68 for PEPT use [21].

1.3 PEPT spatial resolution

For any PEPT system, the spatial resolution, or positional uncertainty with which a
tracer particle can be located, plays a crucial role in the achievable quality of trajectory
analysis. If the positional uncertainty is too large, with bounds that may vary depending
on experimental requirements, it may be difficult or impossible to extract parameters
from the system, such as the tracer velocity or acceleration, or even simply the trajectory
of the tracer, to the precision required for meaningful analysis.

For micro-scale systems, this location uncertainty is critical, as the spatial scale of
the phenomena being measured in micro-scale experiments is exceeded by the typically
achievable location uncertainty of existing PEPT setups. Therefore, an understanding of
the spatial resolution of a PEPT system is required to make improvements enabling the
study of micro-scale phenomena with the required precision.

The spatial resolution of a PEPT system is described through the 3D location uncer-
tainty u(P̄ ) as:

u(P̄ ) =
w√
fN

=
w√
T
,

where w is the spatial resolution of the positron camera and N is the initial set
of measured LORs used to produce the location. When this initial set N is reduced
to only true LORs through the use of the fraction f , the true coincidence rate T is
produced [2]. To improve upon the PEPT spatial resolution, clearly w must decrease
or T must increase, and changes to both the choice of tracer and detector system can
provide these improvements.

To reduce w, the effects of tracer choice on the corresponding PET spatial resolution
can be considered, being positron range and annihilation photon acollinearity. Positron
range and acollinearity effects are typically tied directly to the choice of radionuclide,
determined by the positron endpoint energy. These effects can be reduced for a given
nuclide [38, 39], although this is impractical for PEPT experiments, and the use of alter-
native tracer particles was considered to be out of scope for this work. On the detector
side, reducing the pixel size can reduce w, up until the point at which the range and
acollinearity tracer effects dominate positional uncertainties. At this point, the funda-
mental limit for PET spatial resolution is reached, and as such detector systems with
smaller pixel sizes than this limit are not manufactured.
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Enhancing T requires improving the true coincidence rate, which can be achieved
by increasing the activity of the tracer particle. In the case of a small tracer particle,
especially at the micro-scale, the amount of radioactive material that can be loaded is
limited, which places an upper bound on achievable activity. For a larger tracer particle,
greater activities are possible. However, the true coincidence rate scales linearly with
activity, whereas the random coincidence rate scales as the square of activity [40], reducing
the signal-to-noise ratio with increasing activity. In addition, an upper limit on event rates
may be imposed by deadtime effects, further limiting useful tracer activity. Therefore,
investigation into the optimal tracer activity is required to place limits on the achievable
spatial resolution improvements through tracer optimisation, and is described for future
investigation in Section 6.2.2.

Alternatively, an increase in the absolute efficiency of a detector system can lead to
improvements in T . The absolute efficiency is determined in part by the detector materials
used (intrinsic efficiency), but also by its associated geometry (geometric efficiency). An
increase in the intrinsic efficiency of a detector system involves the use of alternative
detector materials, typically involving the development or purchase of an entirely new
detection system. An increase in the geometric efficiency involves an increase in the
solid angle subtended by the detectors, typically achieved by placing more detectors
surrounding a system of interest, or by placing them closer to the centre of the FOV of
the system.

Previous instrumentation developments [1] have focused on the minimisation of w,
making use of semiconductor devices, namely the Polaris system, to achieve significant
reductions of the achievable PEPT location uncertainty. The Polaris system offers a small
pixel size, and therefore an extremely low w in comparison to conventional PET/PEPT
systems. However, the efficiency of this system is consequently poor, limiting the achiev-
able coincidence rate in comparison to conventional systems, negatively impacting both
the system spatial resolution through T as well as the achievable location rates. A system
that can achieve an improvement in the PEPT location uncertainty while maintaining a
useful location rate is desirable, although challenging to accomplish with a single existing
detector system. This work focuses on the use of a secondary scintillator system designed
to make improvements on the true coincidence rate, which, when combined in a hybrid
camera with the semiconductor system, will lead to an overall improvement in the PEPT
spatial resolution while maintaining desirable location rates.
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Chapter 2

Equipment

2.1 Semiconductor detectors

Within a semiconducting detection material, ionising radiation produces electron-hole
pairs, which are separated by an applied voltage and collected at an anode and cathode.
The total charge produced by the interaction is proportional to the energy of the incident
radiation, and through the system electronics the produced voltage pulses are translated
into events with characteristics such as energy, time and position.

One of the primary benefits of using a semiconductor detector is that many more
information carriers, being electron-hole pairs in semiconductors as opposed to photons
in scintillators, are produced for a given interaction, reducing the effects of statistical
fluctuations in their production, improving upon the energy resolution [41]. An improved
energy resolution enables the use of a narrow energy window in event discrimination,
reducing the contribution of scattered coincidences in favour of true coincidences. Ad-
ditionally, semiconductor detectors typically have compact overall and pixel sizes, which
contributes favourably to the spatial resolution of a detector system.

However, semiconductor systems generally have lower intrinsic efficiency, overall size,
and timing resolution compared to scintillators. These result in a reduced detection rate
and an increased random coincidence rate as a result of a necessarily larger coincidence
window. The negative impact of these factors on PEPT spatial resolution is discussed in
Section 1.3, introducing a trade-off that influences design decisions.

2.1.1 Polaris system

UCT owns the PolarisJ system manufactured by H3D Inc., shown in Figure 2.1 as a pair
of pixelated room-temperature CZT semiconductor detectors. Each module contains two
20×20×10 mm3 CZT crystals, making use of a pixelated anode array and depth of inter-
action information to segment each crystal into 11×11×20 pixels of 1.8× 1.8× 0.5 mm3,
giving a total of 9680 individual detector elements. These modules are placed approxi-
mately 60 mm apart in typical operations, providing a FOV of 60× 42× 20 mm3.

Detected singles events are stored in list mode format. This format includes infor-
mation such as the number of interactions recorded within a 10 ns window of the first
event, the module in which the interaction occurred, the energy deposited in keV, the
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3D pixel coordinates in millimetres, and the timestamp in 10s of nanoseconds. The num-
ber of interactions is typically used for scattered detections, where multiple interactions
of a single incoming photon are recorded and summed to produce a single event. This
stored information is then used in coincidence processing, where a 15 keV energy win-
dow around 511 keV, and a 600 ns coincidence window are typically applied for event
discrimination [1], with the remaining events determining LOR endpoints through the
measured pixel coordinates.

Figure 2.1: The internals of the PolarisJ module, showing the two CZT crystals as the
green squares on the right, with dimensions given in mm.

Previous work with this system demonstrated its applicability to PEPT, achieving
sub-millimetre tracking of low-activity tracer particles. An approximately 20 kBq sta-
tionary Na-22 calibration source was tracked to a location uncertainty of approximately
0.5 mm with a location rate of 0.27 Hz, whereas a stationary 1.1 MBq Ga-68 source
was tracked to a location uncertainty of approximately 0.8 mm with a location rate of
11 Hz [1].

The achievable location uncertainties are promising for a micro-scale PEPT system,
however the location rates are limiting. To study a moving tracer particle, its motion
would need to be sufficiently slow and smooth such that dynamic information of the
particle trajectory was not lost between consecutively determined locations. To extend
the capabilities of this system to particles moving at speeds above the threshold for
informative study, a system offering improved absolute efficiency and timing resolution
is required, leading to the necessity of using scintillator systems.

2.2 Scintillator detectors

At UCT, parts are available for research purposes from scintillator-based PET scanners
manufactured by Siemens; the decommissioned ECAT 951 scanner and spare components
from the EXACT HR++ scanner currently used by PEPT Cape Town. The detector el-
ements of these systems are comprised of scintillating BGO crystals. When struck by
high-energy photons, ionising electrons are produced through either photoelectric ab-
sorption or Compton scattering, leading to the excitation of atoms within the crystal.



Chapter 2. Equipment 17

Following deexcitation photons are emitted (approximately 4200 at 511 keV), resulting
in a light output that is generally proportional to the energy deposited by the initial
photon. The emitted light exhibits a short decay time, enabling the production of fast
signal pulses.

The recent development of a data acquisition system designed to interface with these
detector elements positions them as optimal choices for the development of a scintillator
array. However, detector elements from a lutetium oxyorthosilicate (LSO) detector system
are currently being characterised and may be found to offer improved performance in
future work [18].

The functional description of each part of the detection chain is outlined in the fol-
lowing sections.

2.2.1 Detector blocks

Both the 951 and HR+ detector systems make use of detector blocks, shown in Figure 2.2.
At the front of each block is a scintillating BGO crystal which is segmented into 8 x 8
individual pixels. Four photomultiplier tubes (PMTs) are attached to the crystal of
each block, converting the light signal produced through scintillation into a measurable
electrical pulse through the use of a 1500 V bias voltage applied across the tube. The
pulses from each PMT can then be used to determine in which pixel the photon interacted,
as described in the following section, with the response of each crystal element being well-
defined in terms of the pulses produced in each PMT. The sum of the pulses from all
PMTs measures the total energy deposited in the block.

Figure 2.2: Detector blocks from the EXACT HR+ (left) and ECAT 951 (right) without
their protective casing. In each block, four photomultiplier tubes and the 8 x 8 segmented
BGO crystal can be seen, with dimensions given in mm.

The 951 detector block offers an intrinsic detection efficiency of approximately 55%
at 511 keV [42], with the HR+ detector block offering a slightly improved 60% [18]. In
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comparison, the Polaris system offers only 5-15% intrinsic efficiency [43], demonstrating
the significant improvement in efficiency possible through the use of a BGO system.

Both the 951 and HR+ blocks have the same pixel count, but the 951 block is larger
(pixel dimensions of 6.25 × 6.75 × 30 mm3) than the HR+ block (pixel dimensions of
4.1 × 4.0 × 30 mm3), implying a trade-off between the achievable spatial resolution and
absolute efficiency by virtue of their pixel densities and overall sizes.

2.2.2 Module controllers

The module controller consists of the electronics required to process the signals from each
detector block into digital events. A simplified schematic of the 951 detector module,
along with a picture of a module controller, is shown in Figure 2.3.

Figure 2.3: Simplified schematic of a 951 module [44] (left) and a top-down picture of
the module controller (right).

Each module is connected via a serial connection to a master clock, producing syn-
chronisation pulses at 32.5 MHz and strobe pulses at 1/8th of the clock frequency, ap-
proximately 4 MHz.

The 951 module controllers are capable of connecting to four detector blocks, and
therefore 16 PMTs, providing each PMT with high voltage and retrieving signals from
the same connection. The signal from each PMT is retrieved and passed through an
analogue signal processor, first passing through variable gain amplifiers with gains that
can be adjusted through a calibration procedure, followed by further amplification and
smoothing.

Three different subsets of the amplified signals from each PMT are then summed into
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three separate signals producing total, axial and transaxial energy signals:

Total energy = PMT 0 + PMT 1 + PMT 2 + PMT 3

Axial energy = PMT 0 + PMT 1

Transaxial energy = PMT 0 + PMT 2

The total energy signal is sent to a constant fraction discriminator (CFD) which makes
use of a precision time gate enabling energy integration and event time tagging at 2 ns
precision.

Each energy signal is then digitised, and the transaxial and axial signals are passed
through the position energy processor, containing a lookup table which takes both signals
and determines the crystal position in which the event originated as two 3-bit values. The
total energy signal is tested against variable energy discriminators, determining whether
the event had valid energy for an annihilation event. Finally, event time is digitised into
a 6-bit data word, producing the time in units of 4 ns since the last strobe pulse was
received, thus giving a local time signal between modules.

The above signal processing steps are illustrated in Figure 2.4.

Figure 2.4: The detection and signal processing chain of a module controller, used in
the computation of total energy deposition, interaction crystal coordinates and time of
arrival for each singles event. Inputs of PMT gain, energy level discriminators (gate) and
master clock synchronisation pulses are shown.

In addition to clock pulses, the serial connection serves to allow communication with
each module, either through the sending of commands or receiving of data. This con-
nection is useful in both calibration and troubleshooting with direct, fast access to each
element of the detection system. For troubleshooting, the count rate of a block or set of
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blocks can be accessed in the case of count rate issues, and full block histograms, detailing
the number of events measured in each pixel of each block, can be used in the case of
suspected PMT issues.

For calibration, the gain of each PMT can be individually adjusted, as well as energy
discriminators and CFD values among others. To simplify this process, the 951 controller
stores an automated calibration routine which may be used as a first step in block cali-
bration. Firstly, each of the four PMT gains of a single block are iteratively adjusted to
approach a uniform output from each crystal. Subsequently, position profiles are mea-
sured, identifying 64 peaks corresponding to each crystal within the block, so that row
and column boundaries separating each crystal can be determined. Finally, individual
crystal energy responses are investigated, allowing for the identification of the 511 keV
peak enabling the controller to set optimal analogue-to-digital converter (ADC) energy
discriminator values for each crystal.

Following the automated calibration procedure, a histogram of the block is used to
determine its uniformity. By calculating the standard deviation of the counts in each
pixel of a block, and comparing it to the uncertainty of the mean counts, the quality of
the calibration can be determined. In the case of calibrations for this system, a standard
deviation lower than the Poisson uncertainty of the mean indicated a sufficiently uniform
response from the block, i.e. the block was successfully calibrated. If this condition was
not met, a manual approach was taken to address noticeable issues in the histogram,
such as manual gain adjustments or electronic adjustments, or the block was completely
replaced.

The full PEPT data acquisition and control scheme as described above is illustrated in
Figure 2.5, highlighting each component of the system, its role in PEPT measurement and
the communication between components. The event data capture process is described in
the following section.

2.2.3 Data acquisition

During acquisition, event data, containing digitised information about the time and crys-
tal in which an event occurred, is streamed from each controller to a PC and acquired
using an ADLINK PCI-7300A digital I/O card. These data take the form of two 8-bit
data words, with one containing positional information and the other containing timing
and additional event information.

To enable simultaneous acquisition, two bits from each controller are acquired in
parallel at the clock frequency (32.5 MHz). These bits are separately reconstructed into
8-bit words for each module, with the end of each word given by a strobe pulse (1/8th of
the clock frequency, approximately 4 MHz). This data acquisition mechanism accounts for
acquisition deadtime effects, as all controllers simultaneously transmit data, as opposed
to waiting for each controller to transmit a full word. In software, information identifying
the module in which the event occurred, and the number of strobe pulses since the last
event, are appended to these words to produce individual 32-bit words for each event,
which are then stored for processing.

The data format of the stored events is shown in Figure 2.6. Bits 0-7 contain the
8-bit word of positional information, whereas bits 8-15 contain the 8-bit word of timing
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Figure 2.5: The PEPT data acquisition and control scheme. Detector modules as illus-
trated in Figure 2.4 are shown, outputting event data to the acquisition system, with
timing signals input from the gantry controller. The gantry controller consists of the
master clock and uses a serial connection to communicate with and control the detector
modules. The data acquisition system is used to control the system and capture event
data and is described in Section 2.2.3.

and additional event information, both read from the controller. The remaining bits are
appended by the PC in acquisition as described above.
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Figure 2.6: Data format of the stored 32-bit word representing a singles event. Each event
is reconstructed from simultaneous, parallel acquisition from each module. Several bits
used in timing events are currently unused in the storage of event data, but are available
to increase the module and block capacity of the system.

The ‘Tag’ bit is used to distinguish between a detection event and a timing event. The
timing events are written at the end of each data buffer, recording first a tagged marker,
followed by the time since the start of acquisition in seconds and then the number of
microseconds since the last second, both determined by the acquisition PC. The ‘Hit’ bit
indicates whether an event was detected. If this bit and the ‘Tag’ bit are not set, the
data word is discarded and no event is stored.

The ‘Strobes’ bits count the number of strobe pulses that have occurred since the last
recorded event, resetting to zero following a detection event. The ‘Time’ bits give the
time in units of 4 ns since the last strobe pulse at which the event was detected.

To determine in which crystal the event occurred, the ‘Module’ bits are used to identify
the controller, the ‘Block’ bits to identify the block within the controller, and the ‘Xcrys’
and ‘Ycrys’ bits to identify the x and y coordinates of the crystal within the block in
which an event occurred. The coordinates are represented as 3-bit values with a maximum
value of 8, since the blocks have eight crystals along each dimension, but due to a legacy
hardware issue the ‘Ycrys’ bits have been reorganised such that the most significant bit
is placed instead in bit 5, requiring slight additional processing when extracting these
values.

2.2.4 Data processing

After passing through the data acquisition of the previous section, individual events are
stored on a PC in list mode with the format described in Figure 2.6. From this data,
any analysis can be performed in software, such as generating heatmaps of the crystals
in 3D space and conventional sinograms as used in PET imaging, which is a benefit of
storing data in this way. However, the primary use case of this system is to perform
PEPT tracking and this section will explain how the data is processed to enable this.

Firstly, custom C code is used in which several data structures and algorithms enable
the identification of coincident events. Module controllers are defined as a structure in
C, storing their position and orientation in the lab reference frame as sets of vectors.
Additional parameters such as the number of blocks connected to each controller are
stored, as well as a Boolean array defining which other modules a given module is in
coincidence with. These arrays are required, as coincident modules are not taken into
account in the list mode storage of singles event data, requiring software input when
a system geometry is defined to determine which modules are in coincidence. This is
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unconventional, as coincidence processing is typically performed in hardware, storing only
coincidence events on disk. Here, all singles events are stored, with coincidence processing
performed in software, enabling greater flexibility in processing. Detector blocks are
also defined as a structure, with each block stored within its respective module and its
position and orientation stored in the reference frame of the parent module. Additional
block characteristics such as the number of crystals in each dimension, dimensions of the
crystals and the block efficiency are also stored. The above structures are graphically
represented in Figure 2.7.

Figure 2.7: The contents of the block detector (left) and detector module (right) struc-
tures used in custom C code for coincidence processing. Each detector module, B, consists
of several detector blocks, b, limited to four with the 951 controller system.

The module structures are then collected and stored within an overall camera struc-
ture, represented in Figure 2.8, and this defines the overall camera geometry and its
components which are used to determine the position and timing of events.

Events are processed individually in the order of time of arrival and the PEPT algo-
rithm makes use of a first in first out buffer, i.e. only the latest event from each module
is considered in coincidence processing.

Since the strobe pulse is received approximately every 256 ns, which is much larger
than a typical coincidence window for a BGO PEPT system, events arriving from different
strobes are not considered in coincidence processing. This does discard potentially valid
events from consecutive strobes, but with a narrow coincidence window the fraction of
events discarded in this way is expected to be small. Since the events are time ordered, a
non-zero strobe value in an event discards all previous events from processing, ensuring
that events from different strobes cannot be in coincidence, requiring only the testing of
the event time.

If an event arrives within the same strobe as another event, the pair of events are
tested against both the predefined coincidence window, as well as the coincidence Boolean
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Figure 2.8: The contents of the modular camera structure used to contain the entire
geometry of the detection system for coincidence processing. The nested block-module
structure is demonstrated.

array from their corresponding modules to determine whether they were detected as valid
coincidence events. If events are detected in two coincident modules within a strobe pulse,
and the timing conditions are satisfied, a coincident event has occurred and an LOR is
created as the vector joining the two event positions in 3D space using the geometry
definition of the module and block structures. This LOR is then passed to the PEPT
algorithm and the tracer position is found as described in Section 1.2.1.

2.3 Calibration sources

To perform calibration of the detector blocks, as well as analyses not requiring high
tracer activity, calibration sources were used. At UCT, a Spectrum Techniques calibra-
tion kit [45] is available for such purposes, consisting of a selection of gamma-emitting
radioisotopes. Each source from this kit features an active diameter of approximately
3 mm and a height of less than 1 mm positioned centrally within a larger plastic disc.

The positron emitter Na-22 from this kit was used to perform detector block cali-
bration and resolution characterisation, as well as sensitivity profile measurements. In
addition, the Cs-137 and Co-60 sources were used in the energy calibration of the BGO
detector blocks and the Polaris system. Each source was manufactured with an initial
activity of 1 µCi, reported to a precision of 20%, in October 2020 with an assumed time
precision of 1 month. In the case of Cs-137 and Co-60, knowledge of the source activity
was not required in analysis, however, to perform sensitivity measurements the activity
of the Na-22 source needed to be measured to higher precision.

Na-22 has a half-life of approximately 2.6 years. Using nuclear decay data the activity
of the source at time of use (July 2023) can be estimated to be A = 17.8± 3.6 kBq. To
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confirm this expectation and improve upon the uncertainty limits, the activity of the
source was measured using coincidence techniques.

Detector response

The expected singles rate rs in a given detector, sensitive to one emission energy range
only, is given by the product of emission (Aγ) and detection (ϵabs) probabilities as:

rs = Aγϵabs,

with source activity A, emission branching ratio γ and detector absolute efficiency ϵabs.
To perform coincidence measurement two detectors are used, arbitrarily selecting de-

tector 1 to detect the Na-22 1275 keV photon only and detector 2 the 511 keV annihilation
photon only. Assuming the Compton scattered detections of the 1275 keV photon in de-
tector 2 to be negligible, the coincidence rate rc can be determined as the product of the
detection probabilities, ϵ1ϵ2, with the probability of each emission, as well as the prob-
ability that the emissions are coincident. In the case of Na-22, these probabilities are
independent, and the probability that the emissions are coincident is given by γc = γ1γ2.
Therefore, the coincidence rate can be written as:

rc = Aγ1ϵ1γ2ϵ2γc = Aγ2
1ϵ1γ

2
2ϵ2

Rearranging the above to remove the unknown efficiency terms, the activity of the
source can therefore be determined through measurement of the true coincidence rate rc
and the background corrected singles rates of each emission r1,2 as:

A =
r1r2
rc

(γ1γ2),

with branching ratios of γ1 = 0.9994 and γ2 = 0.8996 for the Na-22 1275 keV and 511 keV
emissions respectively [33].

Measurement

The above activity formula consists only of true singles and coincidence rate terms. How-
ever, in measurement with a real detector system, background events and random coin-
cidences contribute to the detected rates. As these events arise from unrelated sources,
or different annihilation events within the same source, they should not be included in
activity calculations and must be corrected for. Deadtime effects were assumed to be
negligible as the source activity was low and were therefore not accounted for.

In the singles rates, each detector is sensitive to background events from natural
radioisotopic sources, cosmic rays, as well as emissions from surrounding laboratories,
which may fall into the same energy ranges as the emissions under study. Therefore,
these background event rates need to be measured to determine the true singles rates in
each detector.

Assuming M measured singles events over time TM with the source present, and B
measured background events over time TB, the corrected singles rate rs can be expressed
as:

rs =
M

TM

− B

TB

,
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with uncertainty propagating as:

u(rs) =

√
M

T 2
M

+
B

T 2
B

,

assuming the fractional uncertainty of measurement time to be negligible, as well as
assuming that all counting measurements follow a Poisson

√
N uncertainty.

Since a coincidence gate is used to determine the coincidence rate, random coinci-
dences need to be accounted for. This is achieved through the use of a delayed coincidence
measurement, in which one arm of the coincidence circuit is delayed in time such that any
coincidences measured are guaranteed to be random. Therefore, for measured P prompt
and D delayed coincidences over time Tc, the true coincidence rate can be expressed as:

rc =
P −D

Tc

= rP − rD,

with uncertainty propagating as:

u(rc) =
1

Tc

√
P +D,

again assuming a Poisson
√
N uncertainty.

To perform these measurements, two NaI detectors were placed at a 90◦ angle to
one another, with a Na-22 source placed equidistant to each. At 180◦, the detection of a
511 keV photon in one detector geometrically necessitates the second annihilation photon
striking the opposing detector, with negligible acollinearity considerations. Consequently,
the second 511 keV photon has a probability of depositing some or all of its energy con-
currently with the detection of the 1275 keV photon, possibly summing to produce an
event with energy above the accepted upper level. This results in a reduced, inaccurate
coincidence rate measurement, leading to inaccuracies in the activity calculation. There-
fore, a 90◦ configuration was used to ensure that both annihilation photons could not
simultaneously strike both detectors, enabling accurate measurements of the coincidence
rate.

Each detector was connected to NIM pre-amplifier and amplifier systems, as seen in
Figure 2.9. The amplified signals from each detector were sent to single channel analysers
gated separately on the 1275 keV and 511 keV annihilation emissions from Na-22, using
window sizes such that the entire photopeak was encompassed. Singles events from each
detector were separately counted and simultaneously sent to two coincidence units to
measure the prompt and delayed coincidence rates. To measure the delayed coincidences,
a gate and delay generator was used to add a large delay to the signal from one of the
detectors before being sent to the second coincidence unit, ensuring that while all prompt
coincidences were measured in the first unit, only random coincidences would be measured
in the second.

From this setup, singles events from each detector were counted, along with the
prompt and delayed coincidences. These values were measured for both the background
and the Na-22 source several times. From these measurements, and the activity for-
mula determined above, a weighted mean activity of the Na-22 calibration source was
determined to be 20.11± 0.26 kBq on 24 July 2023, agreeing with the estimated value of
17.8± 3.6 kBq whilst improving the measurement precision from 20% to 1.3%.
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Figure 2.9: The two NaI detectors (right) and electronics (left) used to measure the
activity of the Na-22 calibration source. The detectors were positioned at 180◦ for the
clarity of this image; in measurement one detector was rotated by 90◦ as discussed.

2.4 Anet A8

For characterization purposes, precise and reproducible positioning of tracer particles
within the system FOV was essential. To achieve this, a 2D motion stage was used to
both hold and move the calibration sources used in characterisation through a selection of
precise positions with the use of custom-written code. This motion stage was developed
through the modification of a 3D printer, chosen to be the Anet A8 as it required minimal
modification after use in previous work [1]. The Anet spatial resolution is quoted at
±200 µm, determining the precision of tracer particle positioning in characterisation.
The effect of the Anet spatial resolution is discussed further in Section 5.1.

Since motion along the printer’s y-axis is achieved through the motion of the print
bed, ordinarily shifting the location where the printing occurs as opposed to the position
of the head itself, motion in this direction was not useful for tracer positioning as, unlike
in previous work, the 16 detector blocks could not be placed on the bed. Therefore, the
print bed was removed from the printer and the Anet was placed face down on a custom-
built stand, shown in Figure 2.10, used to raise it above the detector units, addressing
only horizontal planes. The source holder, consisting of threaded rods attached to a 3D
printed base, was therefore adjustable in terms of its height, allowing for the mapping of
different planes.

To control the printer, Python code was written to produce G-code scripts that moved
the print head in well-defined motions. These scripts were then uploaded to the printer
directly through the Octoprint network interface via a USB connection.
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Figure 2.10: The Anet A8 placed face down on a custom-built wooden stand. The source
holder (threaded rods with red discs attached) is positioned so that the tracer may be
moved in horizontal planes throughout the central FOV.
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Chapter 3

Component characterisation

3.1 Pulse height analysis

To optimise the system for low-noise detection before considering its geometry, several
parameters can be adjusted. One of these system parameters is the energy window,
which selects photons meeting energy criteria based on the energy the photon deposits
when interacting with a detector block. In the case of PEPT experiments, the 511 keV
photon arising from positron annihilation is required, and by discarding detections that
are unlikely to have arisen from annihilation the fraction of corrupt LORs can be reduced.

The energy window is defined by upper and lower level discriminators (ULD and LLD),
which are set on each module controller in the system. A detection with energy lying
between the discriminators is considered valid and is recorded as a singles event. To set
these discriminators to optimal values, which maximise the annihilation photons detected
while minimising scattered or random detections, an understanding of the system energy
resolution is required.

Pulse height analysis enabling energy resolution measurement is described and per-
formed below, making use of a single 951 detector block connected to an amplification and
digitisation system. While direct optimisation of energy level discriminators is achiev-
able through module controller calibration functions, functionality is limited in terms of
user control and precision. Through external pulse height analysis, improved counting
statistics and post-processing enable significantly higher precision measurement of system
energy resolution.

A similar pulse height analysis methodology was replicated using a single HR+ de-
tector block in related work [18]. In the case of the Polaris system, where the energy
of individual events is directly measured and stored, pulse height spectra were produced
through conventional acquisition in previous work [1]. The primary findings from both
systems are also detailed below.

Gain matching

The four PMTs of a single 951 detector block were connected to individual NIM pre-
amplifiers and amplifiers and the analogue signals were summed and digitised such that
a multi-channel analyser (MCA) could produce pulse height spectra.
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However, the PMTs do not provide uniform outputs due to manufacturing and com-
ponent tolerances, and the resulting pulse height spectra can vary drastically, as evident
in Figure 3.2 (left). Therefore, a process of gain-matching was performed to align the
photopeaks from each PMT in pulse height by adjusting each tube gain on the amplifier
system. This detection and control chain is illustrated in Figure 3.1.

Figure 3.1: Block diagram illustrating the detection system used for pulse height analysis.
The signal processing of the block detector output is shown, with analogue signals passing
through pre-amplification, amplification and summing stages before digitisation by the
MCA and analysis on the PC. Gain inputs to the amplifier system were used for gain
matching purposes.

To perform gain-matching, a reference tube was arbitrarily selected, labelled ‘Tube 1’,
and the gains of each other tube were adjusted to produce similar pulse height spectra,
using a Na-22 calibration source placed approximately 6 cm away from the block face. To
ensure accuracy in identifying the position of the 511 keV peak such that gain adjustments
could be made, data was acquired until approximately ten thousand counts were detected
in the prominent photopeak of each tube.

Due to a low count rate, caused by necessarily using only a single PMT and a low
activity calibration source, perfect alignment of each tube’s response was challenging,
often requiring up to an hour of measurement to accurately identify the location of the
511 keV photopeak. Coupling this with voltage drift effects that were experienced, in
which the position of photopeak could vary over time without adjustment, gain matching
was only performed to within reasonable tolerance.

Looking at the summed spectra before and after matching the gains in Figure 3.2
(right), a notable qualitative improvement can be seen. Only two photopeaks and Comp-
ton scattering contributions are expected from the Na-22 source, however before gain
matching several labelled artefacts are visible, caused by the pulse height misalignment
between PMTs. Following gain matching, a smooth spectrum matching expectation is
achieved, exhibiting two clear photopeaks, Compton edges and continua with none of the
previously noted artefacts.
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Figure 3.2: Pulse height spectra from individual PMTs (left) and summed from all
PMTs (right) before and after the gain-matching process, using a 951 detector block and
a Na-22 calibration source. Unexpected artefacts caused by pulse height misalignment
between PMTs are labelled with arrows.

Energy calibration

The summed spectra were then used to perform an energy calibration of the detector
system, translating measured pulse heights (channel numbers) to their corresponding
energies. To perform the calibration, a Gaussian function was fitted to each of the
identified photopeaks from the three calibration sources, being Na-22 (511 and 1275 keV),
Cs-137 (662 keV) and Co-60 (1173 and 1332 keV) [33]. From the calculated centroid
channel values, a weighted linear fit could be performed using expected energy values to
provide the calibration in Figure 3.3.

Due to the poor energy resolution of the BGO detector block, the two separate photo-
peaks of Co-60 could not be independently resolved, and instead formed a single combined
peak. Some time was spent with enhanced curve fitting procedures, but it was found to
be too challenging to extract distinct parameters without introducing restrictions that
may have biased results. Therefore, a single Gaussian function was fitted to the com-
bined peak, producing a single centroid value. However, as the detector response varies
depending on the initial photon energy, this centroid cannot be assumed to correspond
to the average energy of both peaks.

To account for this, a theoretical description of the Co-60 spectrum, describing the
combined peak as the sum of two Gaussian functions, was used to place uncertainty
bounds on the possible energy values the combined centroid could represent, taking into
account the detector efficiency and energy resolution for each peak. A wide range of
estimates were used for both the efficiency and resolution parameters, and a range of
these parameters were identified in which the two independent photopeaks could not be
qualitatively distinguished. This range was used to set the uncertainty bounds on the
energy of the combined peak, and this centroid value was then able to be used in the
four-point energy calibration.



Chapter 3. Component characterisation 32

Figure 3.3: An energy calibration performed using fitted centroids and expected energy
values, with straight line fits and their corresponding calibration equations displayed.
Each fit has a coefficient of determination R2 > 0.999.

Using either the three-point calibration, excluding the Co-60 contribution, or the four-
point calibration provided results that differed by less than a single channel at 511 keV,
and therefore the four-point calibration was used in the following analysis, taking the
difference into account as part of the uncertainty budget.

3.1.1 Energy resolution

Following gain matching and energy calibration of the detector block, the energy spectrum
of Na-22 was measured and plotted in Figure 3.4, Cs-137 in Figure 3.5 and Co-60 in
Figure 3.6. In each spectrum, Gaussian curves were fitted to the photopeaks as inset
plots, such that the centroid energy and standard deviation could be determined.

From the Gaussian function fitted to the annihilation photopeak of Na-22, the energy
resolution, defined as R = FWHM

centroid energy
[41], was determined to be 30.51%± 0.48% at

511 keV. Repeating the process at 662 keV and 1275 keV, the energy resolution was
found to be 31.23%± 0.44% and 28.9%± 2.2% respectively.
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Figure 3.4: Calibrated energy spectrum of the Na-22 calibration source as measured by
a 951 detector block. The optimal LLD and ULD are shown as dashed vertical lines, with
values displayed in the legend. Inset plots: Gaussian curves fitted to the 511 keV (top)
and 1275 keV (bottom) photopeaks, with fitting parameters displayed in the legend.

3.1.2 Energy discriminators

Using the computed energy resolution at 511 keV, the optimal LLD and ULD were se-
lected such that 99% of the annihilation photopeak was encompassed within the energy
window. This was achieved using discriminator values of µ ± Nσ, with fitted centroid
energy µ and standard deviation σ, selecting N to be approximately 2.58 which pro-
vides 99% coverage. The optimal LLD and ULD values were therefore calculated to be
338.9± 3.3 keV and 678.4± 3.3 keV respectively, shown in Figure 3.4.

The theoretical value of the Compton edge, given as [41]:

ECompton = E

(
1− 1

1 + 2E
mec2

)
,

can be calculated at E = 511 keV to be approximately 340 keV, overlapping with the
selected LLD. Therefore, this choice of LLD excludes the majority of single Compton
scattered 511 keV photons. Many of these photons may have scattered for the first
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Figure 3.5: Calibrated energy spectrum of the Cs-137 calibration source as measured by
a 951 detector block. Inset plot: A Gaussian curve fitted to the 662 keV photopeak,
with fitting parameters displayed in the legend.

time within the detector, producing singles events that would lead to true coincidences,
but this conservative choice aims to exclude higher energy photon scatter, either from
associated gamma emissions or unassociated external sources, to reduce corrupt LORs
produced from these detections.

The selected ULD is slightly larger than the value used in typical PEPT systems,
being in the range of 650 keV [46], but is instead symmetric about the centroid and
includes only a small fraction of additional events. These events should not contribute
significantly to corrupt LORs, especially with the use of a pure positron emitter with no
associated gamma emission, such as F-18.

3.1.3 Key HR+ and Polaris results

With an identical methodology to the above, calibrated energy spectra were produced
with the HR+ detector block in related work [18]. By fitting a Gaussian curve to the
511 keV photopeak, the energy resolution was measured to be approximately 33%. Vary-
ing by less than 2% of the resolution measured for the 951 block above, the use of different
energy level discriminators for each block type within the scintillator system was not con-
sidered, as operation complexity would increase substantially.

In the case of the Polaris system, energy discrimination is performed in software and
all detected events are stored with the associated energy of interaction. Therefore, energy
spectra were easily produced through conventional data acquisition, and an energy reso-
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Figure 3.6: Calibrated energy spectrum of the Co-60 calibration source as measured by
a 951 detector block. Inset plot: A Gaussian curve fitted to the estimated combined
1243 keV photopeak, with fitting parameters displayed in the legend.

lution of 1.15%±0.04% was measured at 511 keV [1]. The calibrated 511 keV photopeak
is shown in Figure 3.7 for both the HR+ block and the Polaris system, demonstrating
the significant difference in energy resolution.

3.2 Coincidence window

In addition to the energy window, a system parameter that can be adjusted to optimise
for low-noise detection is the coincidence window. Any detected photon with an accepted
energy value is considered a singles event, and any two singles events are regarded as
coincident if they occur within the same period 2τ , defined as the coincidence window.
These coincident events define LORs, and as the random coincidence rate scales linearly
with τ careful selection of the coincidence window can reduce the detected fraction of
corrupt LORs, reducing noise in the system and therefore improving its spatial resolution.

In the following analysis, the complete modular system, as described in Section 4.2,
was required for coincidence measurement, involving both HR+ and 951 detector blocks.
A similar analysis for the Polaris system was performed in previous work [1] and key
results are detailed below.
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Figure 3.7: The annihilation photopeak of the Na-22 calibration source as measured by
the Polaris system and the HR+ detector block, reproduced from [17]. Both spectra have
been normalised to the area under each peak and the HR+ spectrum has been scaled
down by a factor of ten for clarity in comparison.

3.2.1 Coincidence timing resolution

To gain an understanding of the timing characteristics of the system, singles events were
recorded for a Na-22 calibration source placed in the centre of the modular camera FOV.

The coincidence window was increased to 256 ns, much larger than typical, and the
frequency of absolute time differences of all possible coincidence events was measured
and plotted in Figure 3.8. In addition, the PEPT algorithm was applied with varying
f parameters and the frequency of time differences for events used in the reconstruction
was plotted on the same axes. From the figure, it is clear that in all cases fewer than
1% of coincidences have an absolute time difference greater than 12 ns, and a significant
majority of coincidence events occur with a difference of 4 ns or less. Since a selected value
of τ corresponds to a cutoff point in absolute time difference, the optimal coincidence
window 2τ is expected to lie between 0 ns and 24 ns.

To further investigate the optimal coincidence window, coincidence delay curves were
used to gain an understanding of the coincidence timing resolution [41]. A variable time
delay was added to the events detected on one side of the system, and coincidence events
were counted and plotted in Figure 3.9 for various coincidence windows 2τ . Note that the
timestamp resolution of detected coincidence events is 4 ns, implying that only integer
multiples of 8 ns may be used as the coincidence window 2τ .

A typical curve generated by this procedure is Gaussian in shape when τ is lower than
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Figure 3.8: The measured coincidence rate as a function of the absolute time difference
between measured events, plotted for all coincidences as well as the events used following
application of the PEPT algorithm for different f parameters. Gaussian curves are fit to
estimate tail behaviour, and an upper limit containing 99% of all coincidence events is
plotted as a dashed line at approximately 11.5 ns.

the coincidence timing resolution of the system, defined here as the standard deviation
of the largest Gaussian-shaped coincidence delay curve, reaching a maximum coincidence
rate when no delay is added. As τ is increased to the coincidence timing resolution of
the system, the coincidence window 2τ covers most true coincidences. With necessarily
discrete coincidence windows of 8 ns intervals, the closest window is 2τ = 8 ns, being
the largest coincidence window maintaining a purely Gaussian-shaped coincidence delay
curve in Figure 3.9. Increasing 2τ beyond this point leads to the detection of most true
coincidences at multiple delay values, creating a plateau in the coincidence delay curve.

In conventional PEPT measurement this plateau may be desirable, allowing some
tolerance for timing drifts in the system such that true coincidences are not lost, im-
proving location rates. However, as demonstrated above in Figure 3.8, an increase of
the coincidence window beyond 2τ = 24 ns is unlikely to include useful events, instead
increasing the random coincidence rate and therefore noise. The choice of coincidence
window is therefore informed by a trade-off between the achievable location rate and
spatial resolution, which may be application-dependent.
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Figure 3.9: Coincidence delay curves of various coincidence windows plotted using a Na-22
source placed within the modular system. The maximal Gaussian case 2τ = 8 ns has a
Gaussian fit overlaid, with standard deviation 5.37±0.17 ns, along with the mean random
rate plotted as a horizontal line and the window width displayed as vertical dashed lines.

For example, the study of slow-moving tracer particles may not be noticeably af-
fected by a reduction in location rate, and would therefore benefit from a smaller coin-
cidence window, whereas at greater velocities the location rate becomes more important
in meaningful study, requiring a larger coincidence window. Since the modular system is
designed in general, an intermediate case is desired, choosing a coincidence window such
that neither the location rate nor spatial resolution is unnecessarily sacrificed, with the
understanding that either can be optimised with coincidence window adjustments.

3.2.2 Window impact on PEPT performance

To find this intermediate coincidence window, both the achievable spatial resolution and
location rates following PEPT analysis were investigated.

The windows 2τ = 8 ns, corresponding to the largest coincidence window maintain-
ing a Gaussian-shaped coincidence delay curve as seen in Figure 3.9, 2τ = 16 ns and
2τ = 24 ns, corresponding to at least 99% coverage of all true coincidences as seen in
Figure 3.8, were used in the PEPT analysis of the previous measurement, and their
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relative performance in terms of spatial resolution and location rate was compared in
Figure 3.10.

Figure 3.10: The 3D standard deviation (left) and location rate (right) plotted as a
function of the PEPT algorithm f parameter for N = 215. Both plots are normalised
to the 2τ = 16 ns case. Mean values for the 8 and 24 ns cases are plotted as dashed
horizontal lines.

Increasing 2τ from 8 ns to 16 ns approximately doubled the location rate regardless
of other PEPT algorithm parameters. Increasing 2τ to 24 ns then provided only an
additional 10% improvement in location rate. Increasing 2τ beyond 24 ns led to negligible
location rate improvements.

The spatial resolution of the system, defined here as the three-dimensional standard
deviation, was in contrast highly dependent on selected PEPT algorithm parameters,
and in general was not predictable for arbitrary measurements. Therefore, for the sake of
comparison, the means of each window were compared. Decreasing 2τ from 24 ns to 16 ns
produced an approximately 4% improvement in spatial resolution, with similar results
following a further decrease to 8 ns. Increasing 2τ beyond 24 ns led to the increased
inclusion of random events, reducing spatial resolution further.

In an attempt to consider these results simultaneously, a trial figure of merit was used,
being the standard deviation divided by the location rate, once again normalised to the
16 ns case and plotted in Figure 3.11. As the aim was to minimise standard deviation



Chapter 3. Component characterisation 40

while maximising location rate, lower values were desired.

Figure 3.11: The 3D standard deviation divided by the location rate, plotted as a function
of the PEPT algorithm f parameter for N = 215. Both plots are normalised to the
2τ = 16 ns case. Mean values for the 8 and 24 ns cases are plotted as dashed horizontal
lines.

From this metric, it can be seen that the 2τ = 8 ns case offers poor results, caused
by the significant reduction in location rate when compared to the slight improvement
in spatial resolution. The 2τ = 16 ns and 2τ = 24 ns cases are more comparable, with
the 24 ns case offering a 5% improvement on average, as the slight reduction in standard
deviation is outweighed by the moderate improvement to location rate.

However, in contrast to the Polaris system, the location rates of the modular camera
are not expected to be limiting. Therefore, the achievable spatial resolution was favoured
more heavily in the selection of the optimal coincidence window than the figure of merit,
such that the 5% improved spatial resolution of the 2τ = 16 ns case outweighed the 10%
improved location rate of the 2τ = 24 ns case.

Therefore, the optimal coincidence window was selected to be 2τ = 16 ns, as the
trade-off between spatial resolution and location rate is sufficiently managed in general
cases. For applications requiring improved spatial resolution a window of 8 ns may be
used, and for applications requiring improved location rates a window of 24 ns may be
used.
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3.2.3 Key Polaris results

To optimise the coincidence window for the Polaris system, a similar process was followed
in previous work [1]. A variable time delay was added to the measured events of one Po-
laris module in coincidence event processing, and a coincidence delay curve was generated
as shown in Figure 3.12. In this work, a single coincidence window of 2τ = 300 ns of was
used, producing a plateaued curve as the chosen value of τ was greater than the system
coincidence timing resolution. Regardless, a Gaussian curve was fitted to estimate the
coincidence timing resolution. To determine this resolution precisely, the analysis must
repeated in future work with additional coincidence windows such that the maximal
Gaussian case may be found, as in Figure 3.9.

Figure 3.12: The coincidence delay curve measured by the Polaris system with a co-
incidence window of 300 ns, reproduced from [17]. A Gaussian curve has been fitted,
estimating system coincidence timing resolution with fitting parameters displayed in the
figure legend. Shaded in red is the initially selected optimal coincidence window of 600 ns,
or approximately 5σ.

However, precise knowledge of the coincidence timing resolution was not utilised in
the selection of optimal coincidence windows for the Polaris system. To improve upon
the limiting location rate, a large coincidence window of approximately 600 ns was used
initially, aiming to detect a majority of true coincidence events by covering the majority
of the coincidence delay curve. Since the random coincidence rate was expected to be
minimal, due to low efficiency and hence overall low singles rates, this choice did not
significantly affect the achievable spatial resolution of the system.

In further investigation, the use of a much larger coincidence window was found to
offer similar PEPT location uncertainties with improved location rates. Through deeper
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analysis, two additional peaks in the coincidence delay curves were identified at delays of
approximately ±1500 ns. It was proposed that these coincidence events were true coinci-
dences with inaccurate timestamps caused by buffering effects in processing electronics.
Therefore, a final coincidence window of 5 µs was found to be optimal for the Polaris
system.

3.3 Summary and discussion

In this chapter, detection parameters, being energy level discriminators and coincidence
windows, were measured and optimised for low noise detection, aiming to exclude a
majority of corrupt LORs in detection before PEPT tracking. These parameters were
measured here for the 951 detector block and modular camera system, with key results
for the HR+ detector block and Polaris system given from related [18] and previous [1]
work.

The energy resolution of the 951 detector block was measured to be 30.51%± 0.48%
at 511 keV, with the HR+ block having a similar resolution of approximately 33%. Aim-
ing to encompass approximately 99% of the annihilation photopeak, while conservatively
opting to exclude the detection of Compton scattered events to maximise spatial resolu-
tion, lower and upper energy level discriminators of 338.9± 3.3 keV and 678.4± 3.3 keV
respectively were selected for the BGO detector blocks. With the Polaris system, the
energy resolution was determined to be 1.15%± 0.04% at 511 keV, but the use of no
energy discrimination was determined to be optimal in maximising the limiting location
rate of the system with no corresponding reduction in spatial resolution.

Secondly, optimal coincidence windows 2τ were determined for the modular camera.
Through the measurement of the coincidence delay curve, the coincidence timing resolu-
tion, taken to be the standard deviation of the maximal Gaussian curve, was determined
to be 5.37 ± 0.17 ns. Through comparison of PEPT performance using several differ-
ent coincidence windows the optimal window 2τ = 16 ns was selected. As discussed,
this window is fairly large, leading to the increased detection of random coincidences.
However, the corresponding gain in achievable location rate was determined to offer the
optimal trade-off between spatial resolution and location rate in general applications. As
tracer activity is increased or improved spatial resolution is required, the minimal window
2τ = 8 ns may be used instead. With a similar analysis of the Polaris system, a wide
coincidence window of 5 µs was found to be optimal, capturing all genuine coincidences.
This extremely long coincidence window may have a negative impact in future work,
when both the Polaris system and the modular camera may share a coincidence gate,
and will require additional investigation.

In future work, the precise characterisation of system energy and timing resolution as
performed here may enable detector-level corrections to measured responses. Each detec-
tor module, block, or even individual crystal element may be referenced against its own
energy and timing calibrations, with systematic offsets in measured responses corrected
post-acquisition, improving upon the accuracy, and therefore quality, of measured events.

In conclusion, optimal detection parameters have been measured and selected for low
noise detection above, enabling enhanced spatial resolution towards micro-scale precision.
Building upon this, design and development of the optimal modular camera geometry is



Chapter 3. Component characterisation 43

performed in Chapter 5, leveraging the achieved low noise detection for optimal absolute
efficiency, enhancing both spatial resolution and location rates.
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Chapter 4

Modular camera

Following the component characterisation of the previous chapter, this chapter covers
the design, development and construction of the modular BGO scintillator array, or
modular camera. The camera geometry is optimised in terms of its sensitivity and spatial
resolution towards future use with the Polaris system in a hybrid camera.

4.1 Proof of concept and compatibility

One of the main ideas in the development of the modular BGO camera was to incorporate
detector elements from both the 951 and HR+ scanners. Due to their differing pixel and
overall sizes, a trade-off exists between the achievable absolute efficiency and spatial
resolution, which can be optimised in the placement and quantity of detectors used for
micro-scale tracking.

The data acquisition system available for use with the modular camera was capable
of interfacing with both the module controllers of the HR+ and 951 systems, where each
HR+ controller connects to twelve detector blocks and each 951 controller connects to only
four. However, as a small, compact system was desired to maximise geometric efficiency
and reduce the scale of measurement in comparison to conventional PEPT systems, the
use of few detector blocks (less than 20) was expected in the design of this modular
camera. As each controller can only read an event from a single detector block per cycle,
the use of HR+ controllers would lead to the loss of events within the same cycle from
the other eleven connected blocks. In comparison, the use of 951 controllers would lead
to the loss of events from only three other blocks within the same cycle. Therefore, it
was desirable to make use of only 951 controllers in this system, connecting to both 951
and HR+ blocks.

However, it was necessary to test the compatibility of the HR+ blocks with the 951
controllers. Since the blocks have similar construction, consisting of four PMTs with
separate data cables, it was plausible that the HR+ blocks could be connected to the 951
electronics and used without any adjustment. However, possible incompatibilities led to
the requirement of testing the combination for certainty.

One factor that may have led to the HR+ blocks not being compatible with the 951
controllers was the high voltage supply to the 951 blocks running through each PMT
connection directly, as opposed to the HR+ block where it is supplied through one such
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PMT connector and then distributed within the block. Another issue to consider was
possible gain limitations and impedance matching. Since the HR+ blocks are newer and
typically have improved manufacturing, the output signal from each HR+ block is greater
than that of the 951 block, and a lower gain is required to produce a processable signal.
If the appropriate gain is too low, using both 951 and HR+ blocks on the same controller
may be impossible, impacting camera design decisions as the HR+ blocks would require
the bias voltage to be lowered such that the controller gain could lie within an accessible
range.

To test these possible issues, a trial setup of four 951 blocks and four HR+ blocks
connected to two separate 951 controllers was used, shown in Figure 4.1. Using a cal-
ibration Na-22 source, it was evident that each PMT was providing reasonable output
when looking at the histograms returned from the serial connection, indicating that the
first possible issue of high voltage supply would not be an issue.

Figure 4.1: Trial setup of four 951 blocks (left) and four HR+ blocks (right) used to test
compatibility with 951 module controllers. A calibration Na-22 source is placed centrally.

By calibrating each detector block, optimal PMT gains for the HR+ blocks were found
using the same bias voltage as for the 951 detector blocks, indicating that the second issue
of using both HR+ and 951 blocks connected to the same controller would also not be
an issue.

With these issues tested, a PEPT measurement with the calibration source placed
centrally was made. As this was just a proof of concept experiment, placement of both
the detector modules and source was approximate, calibration of the detector blocks was
not performed to the highest possible quality, and mostly default PEPT algorithm values
were used. Despite this, promising results were demonstrated, and a subset of measured
LORs are plotted in Figure 4.2 demonstrating convergence.

When optimising the PEPT algorithm for maximal event rate, ten lines per location
and an fopt of 90% were used, giving a 4 mm average location uncertainty with seven
computed locations per second. When optimising for minimal location uncertainty, 150
lines per location and an fopt of 50% produced < 0.5 mm location uncertainty with one
computed location every two seconds.

However, these results are not unsurprising, as the reduced size of the setup leads
to an improvement in geometric efficiency, as well as an overall reduction in the scale of
corresponding PEPT measurements. In addition, the source used was low activity with
minimal scattering material within the system FOV, leading to mostly true coincidences
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Figure 4.2: Top-down view of LORs measured by the trial setup of Figure 4.1. LOR
colour indicates the absolute time difference between each side of the coincidence event,
unused here.

being detected, minimising the contribution of corrupt LORs to the location uncertainty.
Regardless, these results demonstrate the applicability of a modular setup to micro-scale
PEPT measurements, and lead the way towards the full development of the modular
camera.

4.2 Modular camera geometry

The most important decision to be made in the construction of the modular scintillator
camera was that of the geometry of the system, i.e. how many of each type of detector to
use and where to place them. Since the data acquisition system enables fully modular de-
tector setups and geometry adjustments only require the repositioning of detector blocks
and slight code adjustments, many options were available for the system geometry.

A difficulty in the design of the camera was the fact that a direct application of the
system was not yet under consideration. For a specific application, the geometry of the
system could be optimised directly for application requirements and system limitations
could be used to simplify some aspects of the design process.

For example, an experiment needing to measure a very slow-moving tracer particle in
a small FOV may benefit from using only HR+ blocks tightly packed and placed close
together to leverage the increased spatial resolution, whereas a faster-moving tracer par-
ticle in a larger FOV may require blocks placed further apart, where the greater absolute
efficiency of the 951 blocks would be useful. In addition, specific physical constraints
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of the experiment could significantly influence the placement of detector modules, such
as limited space surrounding a region of interest. Some examples of these cases are
demonstrated in Figure 4.3.

Figure 4.3: Three possible modular array geometries for application-specific constraints,
with each detector crystal displayed as a separate point coloured corresponding to block
type. In geometry A, a large FOV (approximately 2000 cm3) is available with 951 blocks,
whereas a much smaller FOV (approximately 108 cm3) is available in geometry B with
HR+ blocks. The absolute efficiency and spatial resolution of geometry B is significantly
greater than in geometry A. Geometry C could be used in physically limited systems,
for example where there is little space on one side of the system such that only a few of
the smaller HR+ blocks could fit, coupled with a larger array of 951 blocks to increase
the FOV and absolute efficiency. In this geometry, individual block event readout is
especially important to enable adequate coincidence rates.

As restrictions such as these were not considered in the design of this camera, a generic
proof of concept design was opted for, demonstrating the system’s potential capabilities as
much as possible, with the understanding that specific applications could require changes.

The data acquisition system chosen for this work connects to a maximum of four
951 controllers, so a setup of four modules was selected, each connected to four detector
blocks. A mixed setup of eight HR+ blocks and eight 951 blocks was chosen so that
optimisation of the spatial resolution/absolute efficiency trade-off could be leveraged,
but also to demonstrate that mixed systems were viable and that applications could
make use of differing combinations of blocks as mentioned above. As for the placement
of the detector blocks, a symmetric setup of two identical tightly packed units placed
opposing one another was opted for to reduce complexity and encourage uniformity of
the sensitivity profile.

Within these constraints, options remained, and to compare possibilities a simulation
code was used.

4.2.1 Simulation

Once the design parameters of the camera were established, a simulation of the modular
scintillator array sensitivity profile was used to further optimise the placement of the de-
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tector blocks, aiming for a centrally uniform sensitivity profile to avoid deadtime limiting
hotspots and to allow uniformity of PEPT measurements over the volume.

The simulation code draws lines between each crystal element of an arbitrary system
geometry, generating a heatmap of the system FOV indicating the number of lines passing
through each point, which correlates to the sensitivity. Coincident modules are defined to
prevent lines from being drawn between crystals either within the same detector module
or between adjacent modules, as these lines correspond to a tracer particle placed outside
of the operating FOV of the system.

As opposed to typical sensitivity profile simulations, this code does not simulate the
decay of a tracer particle, nor does it simulate detection processes within each crystal.
Therefore, more complex features of the sensitivity profile need to be accounted for.
A Gaussian blurring effect was applied to the endpoints of each line, accounting for
the volume effects of the crystals. The line endpoint was sampled from a Gaussian
distribution, using the centre of the crystal as the mean of the distribution and the
dimensions of the pixel as the 3D standard deviation, with the result constrained to
lie within the crystal. Since each detector type has a different detection efficiency, the
line intensity is scaled to account for coincidence detection probabilities. This scaling is
achieved by multiplying the intensity of each line with the intrinsic efficiencies of both
detector types at each line endpoint.

Finally, each detector block type has differing pixel densities. Since lines are drawn
between each pixel, a greater pixel density implies a greater number of lines drawn from
the corresponding block. Since these lines generate a heatmap, the more lines drawn
the greater the simulated sensitivity. However, simply increasing the pixel density of
a detector should not directly improve its efficiency, and with this simulation a small
detector with a large pixel density will appear to have much greater efficiency than a larger
detector with a small pixel density, regardless of the true efficiency of the detector. By
dividing the intensity of each line by the sum of the corresponding pixel area-densities, this
effect is accounted for. This is a simple fix, working in the case of same-type coincidences,
however, this over-simplifies the case of coincidences between different detector types.
Since the pixel area-densities of the HR+ and 951 blocks are similar and coincidences
between the Polaris system and the BGO system were not considered at this stage, as a
physical timing system enabling cross-system coincidence was not yet developed, possible
solutions to this issue were not explored.

Specific simulated geometries

From the design limitations previously decided on, systems consisting of two units (four
modules) with four HR+ and four 951 detector blocks on each side were considered.

Units consisting of alternating HR+ and 951 blocks were unlikely to offer satisfactory
uniformity of the sensitivity profile in the centre of the FOV, since reflection symmetry
would be broken, and would likely complicate the characteristics of the profile. To main-
tain two axes of reflection symmetry with the aim of improving the uniformity of the
sensitivity profile, two blocks of one block type would be placed centrally in each module,
surrounded by the other block type. Therefore, the other module in the unit could be
placed on top of or alongside the first to create a central 2x2 square of a single block
type.
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This restriction led to several options for the placement of the surrounding detectors.
If the blocks were not tightly packed, i.e. spaces were left between blocks, the FOV of the
system may be increased. However, sensitivity profile uniformity and simplicity would
suffer due to areas of higher and lower sensitivity formed by the spaces, as opposed
to simpler sensitivity gradients expected from tightly packed geometries. Opting for
simplicity in the sensitivity profile, only tightly packed geometries were considered to
maintain horizontal reflection symmetry.

Finally, these restrictions left only two options in the design of the system; one option
with 951 blocks placed centrally with tightly packed HR+ blocks placed surrounding
them, or the opposite. Both options were simulated with predicted geometries, shown
in Figure 4.4, and it was found that in the case of the central 951 blocks the high
sensitivity central region was smaller, and the overall profile was less uniform, than that
of the central HR+ blocks case. In addition, the spatial resolution offered by the HR+
is greater than that of the 951 blocks by virtue of their pixel densities, and placing them
centrally leverages this benefit.

Figure 4.4: The possible modular scintillator camera geometry with the simulated sen-
sitivity profile for a central 2x2 square of HR blocks (a) and 951 blocks (b). Along the
top row, the geometries are shown as individual pixels demonstrating the location of each
crystal centre. Along the bottom row, the sensitivity profile is simulated for a plan view
of the corresponding geometry, integrated along the depth axis (z). A colour bar is shown
illustrating the colour gradient of increasing sensitivity.
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Optimal geometry simulation

The final optimised geometry is shown in Figure 4.5, with a high spatial resolution region
of 42×62×20 mm3 corresponding to that of the eventual inclusion of the Polaris system
shown within the larger modular camera FOV of approximately 120 × 174 × 102 mm3.
Each BGO detector crystal is shown as a separate coloured pixel. At this stage, more
care was taken in the calculation and measurement of the crystal positions, accounting
for both light guide spacing between crystals as well as overall detector block angles on
account of their trapezoidal shielding.

Figure 4.5: The geometry of the hybrid camera, showing each segmented BGO detector
crystal as a separate pixel with colour corresponding to the detector block type. The
shaded high-resolution region as expected from the Polaris system in the future hybrid
camera is shown in the center.

The simulated sensitivity profile of the scintillator elements for the optimal geometry
is shown as a plan view heat map in Figure 4.6. Since this simulation does not deal with
absolute values of the sensitivity, relative sensitivities are displayed instead.

Qualitatively from the heat map, many of the expected characteristics of the profile
are visible. The centre offers high sensitivity, as expected, overlapping with the high
sensitivity region expected from Polaris in the future hybrid camera. In a larger region
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Figure 4.6: A plan view of the simulated sensitivity profile of the optimised modular
scintillator camera, with the sensitivity integrated along the depth of the image. The
colour scale is placed in the top left, demonstrating increasing sensitivity. Along the x
and y axes, the sensitivity profile is integrated along the opposite axis and plotted at
varying depths, with the mean profile shown in bold. In the bottom right, the mean
sensitivity along both the x and y axes is shown as a function of depth.

surrounding the centre, a roughly uniform moderately sensitive region can be seen, en-
abling experiments to operate outside of the small high-sensitivity region of interest at
the cost of sensitivity.

To confirm these qualitative observations, the sensitivity profile is integrated along
each axis and displayed at varying depths, or z coordinates. Along the y axis (right)
the highly sensitivity centre can be seen, as well as a notable drop in sensitivity at the
depth extremities. This sharp change visible in the profiles along both the x and y axes
is caused by the sampling depth crossing the boundary of the central HR+ block FOV,
outside of which no coincidences between HR+ blocks are possible. Within the FOV of
the central HR+ blocks the sensitivity increases significantly, as expected.

The main feature of the geometry is visible in the mean sensitivity along the x axis,
where it appears to be constant. Of course, this has contributions from all depths but
still demonstrates that a large, fairly uniform central FOV has been achieved along the
x axis.
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4.2.2 Construction

Following the decision on the final system geometry, several additional supporting pieces
needed to be produced or acquired to ready the system for use.

The primary supports needed were those used to align the detector blocks into the
correct geometry. The 951 and HR+ blocks are trapezoidal prisms with differing dimen-
sions, and precise detector placement is required, especially for micro-scale tracking. To
position the blocks such that their faces were aligned with one another as defined by
the geometry, a 3D printed frame was used to support the base of each unit, as seen in
Figure 4.7. These frames were then positioned with graphing paper approximately 12 cm
apart, aligning the front of the frames with the lines of the paper to ensure positioning
uncertainty of < 0.5 mm.

Figure 4.7: Two perspectives of the constructed scintillator array, showing each detection
unit as well as the support structures and clamps.

For module controller support, large plates of Plexiglas were used, with dimensions
arbitrarily larger than the controller. The lower controllers were placed directly onto the
experimental surface, typically a table, and lead bricks were used to raise a Plexiglas
plate above the lower controller such that additional controllers could be placed above
without damaging their electronics.

From the geometry definition the placement of each detector block was set, but not the
order in which they were connected to the controllers. To make this decision, the block
cable lengths were considered, as the 951 blocks have very short cables limiting connection
options. Therefore, modules of two 951 blocks connected to the outer channels on each
controller and two HR+ blocks connected to the inner channels were used as this caused
the least strain on the cables, mimicking the placement of the blocks themselves.

Finally, clamps were used to account for slight deformities in each block, as well as
to secure each block in place, since the block cables tended to pull the detector blocks
apart. To distribute the clamping force along the blocks, ensuring improved alignment
and reducing the force on the fairly malleable block casing, small wooden blocks were
placed on the sides of each unit.
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Following the full construction of the system, the module controllers were connected
to power supplies, using a split rail 5.0 V, -5.2 V and reference ground supply for the elec-
tronics, as well as a 1500 V high voltage supply for the PMTs. Every block and controller
was reset to default parameters, and the upper and lower level energy discriminators were
set as determined in Section 3.1.

Following this, a full calibration of each detector block was performed in terms of
crystal uniformity, aiming to produce uniform block histograms. A Na-22 calibration
source was placed approximately 6 cm from the centre of each block, and the built-in
calibration process was run as described in Section 2.2.2, using 30-second histograms for
the calibration. With sixteen BGO detector blocks each having four PMTs, 64 individual
PMT gains were adjusted through this calibration.

Following an initial execution of the calibration process on each detector block, cal-
ibration success was evaluated through the acquisition of 10-second histograms of each
block. In each case, the standard deviation of the number of events recorded in each
crystal was compared to the uncertainty of the mean value and a block was considered
successfully calibrated if the standard deviation was lower than the uncertainty. All
HR+ detector blocks were considered successfully calibrated after a single execution of
the built-in calibration process, typically offering a standard deviation of approximately
half the uncertainty of the mean value, requiring no further adjustment. In comparison,
of the eight 951 detector blocks only half were considered successfully calibrated after a
single execution, with the difference in calibration performance likely resulting from the
inconsistent, poorer construction quality of the older 951 blocks and PMTs in comparison
to the newer HR+ blocks.

As a first additional calibration step, the built-in process was repeated on the unsuc-
cessful blocks, with improvements expected as the gain adjustment procedure is iterative
and subject to the choice of initial values. Following this repeat, two of the remaining
four blocks were considered successfully calibrated. Finally, to address the remaining un-
calibrated blocks, manual adjustments to the PMT gains were made through the study of
their histograms following a 30-second acquisition. For regions in which lower or higher
count rates were clearly visible, the corresponding PMT gain was adjusted accordingly.
Through this process noticeable improvements were made to both blocks, however neither
was considered fully successful.

With one block, a standard deviation within 10% of the mean uncertainty was achiev-
able and was considered sufficient for this work. However, with the second block, a
standard deviation 50% greater than the mean uncertainty was achieved. Additionally,
through built-in and manual calibration, the optimal PMT gains were found to be the
maximum possible value achievable through the module controller. This indicated poten-
tial hardware issues, and as such the block casing was removed and the block internals
were repaired. With this repair, a slight improvement in calibration was achieved, but
significant non-uniformity was still visible. Unfortunately, the calibration of these blocks
could not be improved further and no additional 951 blocks were available for use with
this system. As a first step in future work with the modular camera, these blocks should
be repaired further or replaced.
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Chapter 5

System characterisation results

5.1 System setup

Following construction as described in the previous section, the Anet A8 was placed above
the setup as a positioning stage, enabling measurements in the system FOV through the
use of the source holder, in which a Na-22 source with activity 20.11 ± 0.26 kBq, as of
24 July 2023, was placed. The final setup is shown in Figure 5.1.

Figure 5.1: The Anet A8 placed on a custom wooden frame above the scintillator array,
viewed as side-on (left) and top-down (right). Clearly visible is the wooden support
structure holding the Anet, the 3D printed frames (red and yellow hexagonal honeycomb
structures), the clamps used and the Na-22 calibration source (yellow disc).

Positioning uncertainty

The Anet is used to precisely position the source to reduce tracer positioning uncertainty
and improve upon measurement consistency. However, there are still several sources of
positioning uncertainty to consider.
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The Anet itself has a quoted ±200 µm print head positioning resolution. However,
the print head positioning resolution is dominated by the positioning and alignment
uncertainty of the Anet as a whole with respect to the detector array. The positioning and
alignment of the Anet relied on graph paper attached to the experimental surface, used
for verification by positioning the source at various test positions before measurement. By
confirming the accuracy of these positions by eye, any necessary adjustments can be made
to the position of the Anet. However, this introduces additional uncertainty, partially
due to graph paper inconsistencies, as it was not perfectly flat across its entire surface,
and partially due to parallax error in confirming the positions. Finally, the position of
the source within the calibration disk is assumed to be central in the horizontal plane,
with an active radius of approximately 3 mm [45]. In the vertical direction, the source
height is less than 1 mm, with the 3 mm thickness of the calibration disk introducing
uncertainty as the vertical position of the source within the disk cannot be easily verified.

A separate positioning uncertainty factor, this time on the reconstructed positions
from measurement as opposed to the expected positions from the Anet, arises due to the
positioning and alignment of the detector blocks with respect to each other. Through the
use of graph paper, 3D printed frames and clamps, much of the positioning and alignment
uncertainty, estimated to be within a single detector crystal length for each corresponding
block, has been reduced, however many of the effects from above apply in the same manner
for the detector array. The uncertainty of measured positions arising from the detector
array positioning is not analysed here, but several methods for reducing and accounting
for the positioning and alignment uncertainty are mentioned in Section 6.2.4.

The above factors contribute to a positioning uncertainty roughly estimated to be on
the order of 2 mm in each coordinate, primarily resulting from the Anet alignment with
the external axes and the internal dimensions of the calibration source. This uncertainty
is large in comparison to the desired micro-scale precision. However, in this work the
majority of characterisation, such as system sensitivity and spatial resolution, is not
performed relative to an absolute coordinate system, implying that the effects of this
positioning uncertainty are minimal. The measurement of absolute system accuracy and
the development of a warping correction map as discussed in Section 6.2.3 may require
improved positioning uncertainty to achieve sub-millimetre absolute accuracy.

5.2 f-optimisation

Using the system set up as above, an f -optimisation procedure was performed as de-
scribed in Section 1.2.1, initially for the centre of the system FOV, representing the
high-resolution region, with subsequent investigation into the height dependence of the
optimal f -parameter.

5.2.1 High resolution FOV

The calibration source was positioned centrally and acquisition was run first for one hour
and then three times for five minutes each for statistical analysis. The data produced
from acquisition was then run through the PEPT algorithm for varying values of f and
N , outputting PEPT results such as the standard deviation of position and location rate
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for each combination. The mean and standard deviation of each relevant PEPT result
were then determined from the combination of all measurements and plotted as error
bars below. In many cases, the results did not vary notably between measurements and
the error bars are indistinguishable from points with the scale used.

Figure 5.2: Mean 3-dimensional standard deviation of measured positions for a stationary
central tracer particle as a function of the PEPT algorithm parameter f , for varying LORs
per location N . Interpolating lines have been plotted for each N value from f = 20% for
clarity.

In Figure 5.2, the mean 3-dimensional standard deviation of position is plotted for
a selection of f and N values. The purpose of this plot is to identify the f parameter
values giving the lowest mean standard deviation of the position in reconstruction such
that this parameter can be used in further analysis for optimal accuracy. It can be seen
that a value of f between 80% and 90% provides the minimum standard deviation for all
choices of N . As such, an optimal f value of 85% was selected. To verify the validity of
this choice, the average position determined through tracking was compared for choices
of f between 80% and 90% and N between 15 and 2000, and in every case the resulting
position agreed with both the expected position and all other reconstructed positions,
varying by < 20 µm in each coordinate between different parameter choices.

With the selection of f = 85%, an optimal value of N must still be determined for a
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given system. Clearly, when increasing N the standard deviation of position is decreasing.
However, an increase in N at fixed activity implies a decrease in location rate, as a larger
fraction of LORs are required to produce a single location. Figure 5.3 demonstrates the
relationships between the standard deviation and the location rate.

Figure 5.3: Mean 3-dimensional standard deviation (top) and location rate (bottom)
plotted against the numbers of LORs used per location N . Fitted curves of expected
1√
N

(top) and 1
N

(bottom) dependencies have been overlaid.

As described in Section 1.3, the PEPT location uncertainty has a 1√
N

dependence,
whereas the location rate depends simply on the number of LORs required to produce
a single location. For example, requiring 2N LORs to produce a location results in a
halved location rate, implying the location rate has a 1

N
dependence. These functional

dependencies have been fit to the measured data in Figure 5.3, providing a valuable way
of selecting an ideal N value depending on experimental requirements. For example, an
experiment with a fast-moving, large tracer particle may require a high location rate and
sacrificing spatial resolution may be acceptable, whereas a slow-moving system at very
small scales may optimise for spatial resolution at the cost of location rate.

To make this trade-off between spatial resolution and location rate clearer, the factor
of N can be eliminated by equating their proportionalities and rearranging, determining
a σ ∝

√
L relationship between standard deviation and location rate for the specific
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geometry of the modular camera. In Figure 5.4 this relationship is generalised to the
location rate per unit activity, L′, demonstrating a maximum of 0.45 Hz/kBq for sub-
millimetre standard deviation. For given experimental requirements, this curve can be
referenced to identify the optimal trade-off between spatial resolution and location rate,
and from that decision an optimal value of N can be found.

Figure 5.4: Mean 3-dimensional standard deviation, σ, plotted against location rate per
unit activity, L′, with fitted

√
L′ dependency. From the fitted curve, it can be seen that

a sub-millimetre standard deviation is achievable at a maximum of 0.45 Hz/kBq. Each
data point is labelled with the N value used to produce the result.

Coordinate dependence

In the above analysis, the 3D standard deviation of measured positions was used to
estimate the precision of the system as a function of the tracking parameters. In this
case, the standard deviation of each coordinate was summed in quadrature to produce
a 3D equivalent. However, an understanding of the system precision in each coordinate
may demonstrate the primary contributions to the total system precision, enabling further
refinement of the camera design.

To investigate the tracking precision in each coordinate, the above f -optimisation
procedure was repeated, using the standard deviation of each measured coordinate sepa-
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rately as opposed to the combined 3D standard deviation. Once again, curves of standard
deviation are plotted as a function of the tracking parameter f for a selection of N values,
shown in Figure 5.5.

Figure 5.5: Standard deviations of each coordinate for a stationary central tracer particle,
plotted as a function of the PEPT algorithm parameter f for varying LORs per location
N . Interpolating lines have been plotted for each N value from f = 20% for clarity. Each
coordinate axis is defined by the geometry shown in Figure 4.5.

Between each coordinate, approximately the same relative dependence on tracking
parameters is seen, achieving optimal values of f between 75% to 90% as expected from
the 3-dimensional analysis above. The primary difference between each coordinate is
therefore the magnitude of the standard deviation for a given set of tracking parameters,
in which the y and z coordinates are similar but the x coordinate is markedly larger.

To compare the standard deviation magnitudes of each coordinate more clearly, the
N = 500 case is plotted in Figure 5.6, with each coordinate curve plotted on the same
axis. The noted magnitude differences are visible here, with the standard deviation of
the x coordinate approximately twice that of the y and z coordinates for most choices of
f . For all choices of N with f values between 60% and 90%, representing the region in
which the standard deviation is approximately uniform, the standard deviation in the x
coordinate was determined to be approximately 90% greater than that of the y coordinate
on average. In comparison, the standard deviation in the y coordinate was determined
to be approximately 15% greater than that of the z coordinate on average.

Therefore, this discrepancy indicates that tracking is achievable to higher precision
in the y and z coordinates than the x coordinate, which is defined as the axis between
the detector faces. For parallel plate PEPT systems and other related geometries, such
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Figure 5.6: The standard deviation of each coordinate for a stationary central tracer
particle, plotted as a function of the PEPT algorithm parameter f for 500 LORs per
location, N = 500. Interpolating lines have been plotted for each N value from f = 20%
for clarity. The coordinate axes are defined by the geometry shown in Figure 4.5.

as the modular camera, this discrepancy is expected as a result of angular sampling
considerations. For any measured true coincidence, a right-angled triangle can be defined
with sides α, β and opening angle θ, as shown in Figure 5.7. Through a collection of
such LORs, the measured x coordinate is therefore found as the value of α, determined
by the values of β and θ which can be calculated through knowledge of the spacing
and dimensions of the detectors. The corresponding uncertainty of the x coordinate can
therefore be calculated, identifying a term dependent on tan−1(θ) which grows to infinity
as the detector spacing is increased, or the opening angle θ is decreased. In the y and z
coordinates the inverse tangent term does not appear, instead replaced by a tangent term
which grows to infinity as the detector separation is reduced. Therefore, low precision
in the coordinate between the detector faces is expected as the detector separation is
typically large in comparison to β.

In the design of experimental applications, this precision discrepancy may be han-
dled through the optimisation of application orientation, such that optimal precision is
achieved in the relevant positions and coordinates. Alternatively, to improve upon the
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Figure 5.7: The right-angled triangle defined by a measured LOR (green) between two
arbitrary detector blocks (grey). The distances α, defined as the distance along the
centre line between the detector and the tracer, and β, defined as the distance between
the detection crystal and the centre line, are shown as well as the corresponding opening
angle θ. The figure is plotted in two dimensions for simplicity but can similarly be
extended to three dimensions.

precision discrepancy, detector spacing may be optimised, or additional detector units
may be used in future systems. Additional units should be placed perpendicular to those
of Figure 4.5, such that optimal precision may be achieved in each coordinate through
each opposing pair. This possible solution further motivates the use of the Polaris system
in a hybrid camera, as an optimised geometry enables Polaris to be placed perpendicular
to the current modular camera, ensuring an optimal central spatial resolution in each
coordinate.

5.2.2 Height dependence

The above analysis is typical of larger, continuous geometries as in existing PEPT sys-
tems. However, with small modular geometries, especially those with FOV discontinuities
caused by irregular detector block positioning, the optimal f value is expected to vary
significantly as regions of considerably higher and lower sensitivity are explored by the
tracer. In addition, with such few detector blocks, slight defects in detector response
contribute more noticeably, especially in regions of low sensitivity.

To investigate the height dependence within the system FOV of the optimal f param-
eter, the calibration source was placed centrally in horizontal planes of varying height,
between z = −4 cm and z = 4 cm in steps of 2 cm. The same f optimisation was per-
formed as above with 30-minute measurements, generating Figure 5.8. For the z = −2 cm
and z = 2 cm planes, it can be seen that the optimal f parameter does not vary signifi-
cantly with the z = 0 cm case, remaining approximately around 80% to 85%.

However, notable variation occurs where the tracer particle leaves the FOV of the
HR+ detector blocks, resulting in a reduction of the number of coincident pairs of crystals
detecting true coincidences, markedly reducing the system sensitivity. With z = 4 cm
the optimal f value reduces to between 45% and 55%, and with z = −4 cm the optimal f
value reduces to between 60% and 70%, implying an increased random to true coincidence
ratio in these regions.

This result implies that the choice of f needs to take into account the experimental
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Figure 5.8: Mean 3-dimensional standard deviation of measured positions for a stationary
tracer particle at various heights as a function of the PEPT algorithm parameter f , for
varying LORs per location N . Interpolating lines have been plotted for each N value for
clarity. In the z = ±4 cm cases, the PEPT algorithm could not converge on locations for
large f , likely a result of an increase in random coincidences from the HR+ blocks.

FOV. For an application remaining within the HR+ FOV, an f parameter of approxi-
mately 85% may be used, achieving the optimal spatial resolution at all heights. If the
required FOV is larger, including regions that are not within the HR+ FOV, the f pa-
rameter drops to approximately 55%, producing a consistent response throughout the
system FOV, but at a lower precision for the high-sensitivity regions. One way around
this issue may be the use of alternative tracking algorithms or dynamic, spatial-dependent
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f parameter calculation, discussed in Section 6.2.5.

5.3 Characterisation profiles

5.3.1 Experimental procedure and analysis

With the system set up as previously described, three-dimensional profiles of various
characterisation parameters such as sensitivity and spatial resolution were required. To
achieve this, the Anet positioning stage was used to position the source throughout the
system FOV at predefined positions.

A 5× 7 grid, equally spaced in the ranges x = (−32, 32) mm and y = (−70, 70) mm,
was used in horizontal planes, with 300 seconds of stationary data acquisition at each
point. The bounds of the measured planes in the x direction (between each unit) were
limited by the extent of the source holder, whereas the bounds in the y direction were
limited by the Anet mechanism positioning in relation to each detector unit’s clamps.
Similarly to the f -optimisation procedure above, five separate, equally spaced horizontal
planes were used in the range z = (−40, 40) mm, with only three planes within the FOV
of the HR+ blocks. Despite the FOV limitations, the primary region of interest for the
system was addressed and may be extrapolated to the edges of the system FOV.

In each plane, the full grid of 35 positions was measured in a single acquisition to
reduce additional positioning uncertainties arising from the movement of any system el-
ements between runs. The measurement of each plane was repeated 3 times to provide
information on the systematic uncertainties involved. In all analyses the uncertainties
arising from Poisson counting, for measurements of rates such as singles or sensitivity, or
spatial resolution, for measurements of system accuracy or precision, dominated the un-
certainties arising from repeat measurements. Despite this, uncertainties from all sources
were propagated through analysis. These repeat measurements were performed with-
out the movement of the system, however, in the adjustment from one plane to another
Anet movement was required and system recalibration was performed in terms of the
positioning and alignment of the Anet.

Once acquisition at every position had been performed, singles, prompt coincidence
and random coincidence rates were extracted at each position. In addition, the PEPT
tracking algorithm was applied to each dataset, from which location rates, measured
average position and standard deviations were extracted for each position. Throughout
the full FOV, values of f = 55% and N = 500 were used in tracking as determined by the
f -optimisation above to produce comparable results throughout the entire system. For
a more precise investigation of the HR+ FOV, values of f = 85% and N = 1000 were
used in additional analysis, leveraging the improved spatial resolution of the region while
maintaining useful location rates.

Since the effects of the tracking algorithm parameters f,N have been discussed and
demonstrated in Section 5.2 for the central position, the results obtained through tracking
were normalised such that the positional dependence could be investigated independently,
noting that the absolute values may vary depending on parameter choices.
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Profile plotting

From the measurements as described above, figures of a similar format to those of the
simulation (see Figure 4.6) were generated. These figures feature a two-dimensional plan
view contour plot, illustrating values of a specific characterisation parameter, such as
sensitivity, averaged along the depth of the system. Detector block faces, highlighted in
blue (951 blocks) and green (HR+ blocks), are overlaid on the contour plot for clarity.

Along the x and y axes of the contour plot, corresponding profiles for each horizontal
plane of measurement are plotted, with each point averaged along the opposite axis. For
example, the top profile presents the x dependence of the characterisation parameter
for each horizontal plane, averaged along the y-axis at each point. The mean profile,
averaged across all horizontal planes, is depicted as an interpolated solid black line in
each profile.

Where normalisation has been performed, such as for the standard deviation, each
measured value is divided by that of the central position (x⃗ = (0, 0, 0) mm) before av-
eraging or plotting. As the central position typically represents optimal performance,
such as maximal sensitivity or minimal standard deviation of measured positions, the
corresponding averaged profiles are unlikely to have a value of 1 at any point, as the
contributions of several positions are included in the averaging process.

5.3.2 Singles rate

While single detections are not typically used for tracking in PEPT, an understanding
of the singles event rate can provide a general understanding of the prompt and random
coincidence rate, being functions of the single event rates in each coincident detector pair,
as well as being useful in verifying the operation of each detector block.

The singles rate at any position in the system FOV is the summed contribution of
singles events from all detector blocks, corrected for background detections with corre-
sponding uncertainty propagation. To measure the background singles rate, data was
acquired for one hour with no source present, with the summed rate from all detector
blocks determined to be 166.93± 0.22 Hz, much lower than the singles rate measured
with a source present of approximately 3 kHz.

For each block, the singles rate depends on the source distance from the block as well
as the block calibration, varying between block types and between blocks of the same
type due to manufacturing tolerances and lifetime wear.

As a summed total, the singles rate also depends on the effective geometric efficiency
of the detector system in relation to the position of the tracer particle. Considering the
response of a single unit, or one side, of the modular camera, the geometric efficiency is
expected to be the largest close to the centre of the unit face, decreasing as a function of
the radial distance to this point. In Figure 5.9 this expectation is met, with the contribu-
tion of both sides of the system leading to a fairly consistent singles rate throughout the
measured FOV, decreasing by a maximum of 20% within the HR+ FOV and a maximum
of 40% towards the outer edges of the full measured FOV.

Of note however is the difference between the −40 and 40 mm planes, visible in the
negative y direction of the corresponding profiles. This is likely caused by the contribution
of the poorly calibrated 951 block on this side, which was noticed in the original setup
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Figure 5.9: The singles event detection rate in Hz as a function of position in mm, plotted
as described in Section 5.3.1.

and calibration of the system. Throughout further characterisation, the contribution
of this block will be studied, possibly requiring replacement if results are shown to be
insufficient.

5.3.3 Sensitivity profile

System sensitivity is of significant importance to the performance of a PEPT system.
Typically given as a ratio of the true coincidence detection rate and the corresponding
source activity, in a PEPT context the sensitivity determines the frequency of LOR mea-
surements for a given source strength. Since tracking is performed with these LORs,
a larger sensitivity implies an improvement in tracking capabilities for a given source
strength, and as such a good understanding of the sensitivity profile of a system is re-
quired, both for system calibration and experimental planning or analysis purposes.

Since the sensitivity of a system involves only true coincidences, the coincidence rate
was corrected for random coincidences, accounting for events in which one or both of
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the detected photons either did not originate from the same annihilation event within
the tracer, or did not originate from the tracer at all as in background events. Random
coincidence count rates were determined using a variable timing shift on one side of the
detector system, such that any detected coincidences were random detections. In all
cases, the random coincidence rate was less than 1 Hz, which was expected due to the
low activity of the tracer and the optimised short coincidence window.

To compute the sensitivity the tracer activity was required, which was determined for
the calibration Na-22 source with uncertainty in Section 2.3 to be 20.11± 0.26 kBq as of
24 July 2023. For each following measurement, the measurement date was recorded and
the expected activity of the tracer was determined with propagated uncertainty.

From the above, the system sensitivity at a given position was determined as a func-
tion of the total number of prompt (P ) and random (R) coincidences, as well as the
tracer activity at measurement time (At) and the duration of measurement (t), to be
S = P−R

tAt
. In the central position (x⃗ = (0, 0, 0) mm) the measured maximum sensitivity

was determined to be 34.8± 0.6 cps/kBq. Profiles of the system sensitivity S are plotted
in Figure 5.10 as described in Section 5.3.1, and can be compared to the simulated results
of Figure 4.6.

Qualitatively, the sensitivity contour plot approximately matches that of simulation
and expectation within the limited measurement FOV, peaking towards the centre posi-
tion with a slow decrease of sensitivity while within the HR+ FOV, dropping off consid-
erably as the source leaves this higher resolution region.

A fairly uniform x dependence of the sensitivity can be seen in all planes besides the
central plane, producing an approximately uniform x dependence of the mean sensitivity
as expected from the simulation. In the central plane, a pronounced peak of the sensitivity
is visible about x = 0 mm, also expected from the simulation.

Within the HR+ FOV, peaking of the sensitivity about y = 0 mm is visible and
expected, with the sensitivity dropping off considerably as the tracer moves out of this
region whether in the horizontal or vertical direction.

Unexpectedly, varying the source height in the positive z direction leads to a greater
decrease in sensitivity than in the negative z direction, as can be seen in each of the
corresponding profiles. In addition, the sensitivity decrease in the negative y direction is
greater for these planes, as seen in the contour plot and the corresponding y-axis profiles.
If the system were truly symmetric in detector response, these profiles for ±z would
overlap.

At this stage, since tracking is not yet being performed, errors in system geometry and
detector block placement are unlikely to cause these differences, with minimal detector
block positioning uncertainty in the vertical direction. Instead, these differences are likely
a result of the previously mentioned block calibration issues, causing a maximum reduc-
tion in sensitivity of the planes at positive heights of approximately 15% in comparison
to the planes at negative heights.

Location rate

To identify the effects of the sensitivity profile on the tracking capabilities of the system,
the PEPT tracking algorithm was applied at each measured position. The location rate
of the system, or how frequently the tracking algorithm can produce a measured location
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Figure 5.10: The system sensitivity, given as counts per second per kBq of source activity,
as a function of position in mm, plotted as described in Section 5.3.1.

for a given set of LORs, was determined and normalised to the value at the central
position. Since the location rate depends upon the true coincidence rate, the structure
of the location rate profiles, plotted in Figure 5.11, are expected to be approximately
identical to that of the sensitivity profile. In comparison to the sensitivity profile in
Figure 5.10, the expected similarities are visible, with both plots containing much of the
same structure.

However, a slight difference is visible between the sensitivity and location rate pro-
files at the top and bottom of the system FOV (z = ±40 mm), outside the FOV of
the HR+ detector blocks. Specifically, the location rate is slightly lower than expected
about y = 0 mm for x values closest to the detector faces, causing a slight drop in the
corresponding profiles. In these positions, true coincidences are only measured between
a few 951 detector crystals at high incident angles. As such, an increased fraction of
random coincidences is expected, as the singles rates in the nearest HR+ detector blocks
are expected to remain high while contributing no true coincidences. Therefore, the op-
timal value of f in these positions may be lower than the value used, with infrequent



Chapter 5. System characterisation results 68

Figure 5.11: The normalised location rate as a function of position, plotted as described
in Section 5.3.1. Normalisation was performed in relation to the location rate in the
central position (x⃗ = (0, 0, 0) mm).

position convergence difficulties causing a slight reduction in location rate. In addition,
at large angles, incident photons may penetrate into adjacent detector crystals as photon
attenuation is optimal for rays perpendicular to the detector faces. This phenomenon ef-
fectively broadens the point spread function of the block, reducing the spatial resolution
at high detection angles, and possibly also causing infrequent convergence issues in these
low spatial resolution positions.

Summary and discussion

The sensitivity profile of the modular camera has been measured and analysed above. A
maximum central sensitivity of 34.8 ± 0.6 cps/kBq has been achieved, several orders of
magnitude greater than the Polaris system which achieved < 1 cps/kBq. In addition, the
structure of the sensitivity profile approximately matched that of the simulation, remain-
ing sufficiently uniform such that potential deadtime limiting hotspots were avoided.
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Considering the full system FOV, a mean sensitivity of approximately 10 cps/kBq
was achieved. As described in Section 1.2.2, a micro-scale tracer particle of 50 µm diam-
eter may achieve a maximum activity of approximately 600 kBq through ion exchange
methods. Assuming no deadtime effects and therefore a linear response, a mean true
coincidence rate of approximately 6 kHz may be achieved with this tracer, with a max-
imum central rate of approximately 21 kHz. For a precise measurement of the optimal
tracer particle activity, analysis of the system deadtime parameters must be performed
as described in Section 6.2.2.

Following analysis of the sensitivity profile, the location rate profile was determined
through the application of the PEPT algorithm. Since the location rate strongly depends
on the corresponding true coincidence rate, these profiles were nearly identical in struc-
ture, with slight differences attributed to infrequent position convergence issues caused
by notable reductions in spatial resolution.

With the calibration tracer particle of 20.11 ± 0.26 kBq, a maximum sub-millimetre
location rate of 11.1 Hz was achieved in the central position, as seen in Figure 5.4. To es-
timate achievable location rates a linear response is again assumed, achieving a maximum
central location rate per unit activity of 0.55 Hz/kBq. Therefore, with the above 600 kBq
micro-scale tracer particle, a central sub-millimetre location rate of approximately 330 Hz
may be achievable. However, a linear assumption may not accurately describe the ac-
tivity dependence of the location rate, with increased random coincidences affecting the
achievable spatial resolution and location rates. Through analysis of the system deadtime
parameters, an accurate measurement of the maximum location rate may be performed
in future.

5.3.4 Spatial resolution

To address phenomena on the micro-scale, a PEPT system must be able to locate the
tracer particle with micro-scale precision. To quantify the spatial resolution of the sys-
tem, the standard deviation of measured tracer positions is used, determining the three-
dimensional spread in measured locations for a given position.

As discussed in Section 1.3, the spatial resolution is a function of the true coincidence
rate and the underlying spatial resolution of the detector blocks. Therefore, regions of
higher sensitivity, which can be determined through Figure 5.10, are expected to have im-
proved spatial resolution or lower standard deviation in repeated position measurements.
However, the extremities of the measured FOV are expected to have less predictable
behaviour with varying contributions of different detector blocks, each with different un-
derlying spatial resolutions as a result of their differing pixel densities, calibration and
angles relative to the source position.

Looking first at the full measured FOV, tracking parameters of f = 55%, N = 500
were used to produce consistent results throughout the system. With these parameters,
a minimal standard deviation of 0.467± 0.005 mm was found in the central position, to
which each other position was normalised. In this section, the structure of the horizontal
planes outside the HR+ FOV will be discussed, as those within the higher resolution
FOV will be focused on in the following subsection, making use of improved tracking
parameters.

For the z = ±40 mm planes, a significant increase in standard deviation can be seen
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Figure 5.12: The normalised 3D standard deviation as a function of position, plotted
as described in Section 5.3.1. Normalisation was performed in relation to the standard
deviation of the central position (x⃗ = (0, 0, 0) mm).

in Figure 5.12 in comparison to those planes within the HR+ FOV. This is expected,
as much fewer detector elements contribute to position reconstruction in these planes,
with only a few crystal rows of four 951 detector blocks contributing. As such, these
planes are more sensitive to small variations in detector block calibration and positioning
uncertainties. Therefore, it is not particularly illustrative to analyse finer details in the
structure of these planes, and instead general trends and extreme behaviours will be
noted.

For instance, a minimal standard deviation is achieved about y = 0 mm in each
plane, approximately matching those planes within the HR+ FOV. This indicates that
the system would maintain approximately uniform precision for a tall experimental region
of interest. However, as y is increased from zero the standard deviation of these planes
increases notably and unpredictably, indicating that a tall experimental region would
need to be narrow in the y direction.

Once again, in the negative y direction a large increase of the standard deviation is
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visible within the positive plane, offering significantly reduced precision, likely as a result
of the previously discussed detector block issues. However, this can now be seen to a lesser
extent in the opposite direction, with the positive plane offering improved precision over
the negative plane. Similarly, in the negative x direction, the standard deviation of the
negative z plane reaches a maximum above that of the positive plane at the approximate
position of the other poorly calibrated 951 block, as discussed previously.

Towards the extremities of the FOV, the standard deviation peaks at approximately
four times the central value, indicating that the upper limit on system precision can now
be determined following f -optimisation in the central position.

High resolution region

For clarity, the planes within the HR+ FOV are focused on in Figure 5.13 to demonstrate
the capabilities of the system within this higher resolution region, using the tracking
parameters f = 85%, N = 1000 as earlier determined. With these parameters, a minimal
standard deviation of 0.279± 0.002 mm was found in the central position, to which each
other position was normalised.

Figure 5.13: The normalised 3D standard deviation as a function of position, plotted as
described in Section 5.3.1 for the high resolution HR+ FOV. Normalisation was performed
in relation to the standard deviation of the central position (x⃗ = (0, 0, 0) mm).

In the contour plot, a large region of relatively uniform minimal standard deviation
is visible in the centre, covering much of the HR+ FOV, as desired for a micro-scale sys-
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tem. The uniformity is confirmed in both horizontal coordinates, with an approximately
uniform mean standard deviation achieved at twice the central value in both coordinates.

As expected, the central plane produces the minimum standard deviation across most
of its plane. A worsening of the standard deviation is expected as the z coordinate is
varied, however, the z = 20 mm plane performs approximately 25% worse than the neg-
ative z plane. Once again, this performance difference begins in the negative y direction,
towards the previously noted poor quality block.

Summary and discussion

System spatial resolution was analysed above, using the standard deviation to inform on
the system precision in reproducing measured locations. As the modular camera has been
designed for use in a hybrid camera, aiming to combine its high efficiency and large FOV
with the high spatial resolution of the Polaris system, the primary goal was to achieve a
uniform, sub-millimetre spatial resolution in the central HR+ FOV of the camera. Within
the central FOV, a minimum standard deviation of 0.279 ± 0.002 mm was achieved for
the selected tracking parameters. Variations in the standard deviation as a function of
position were minimal, varying by a factor of 2 on average, achieving notable uniformity.
These results indicate that locations measured through the modular camera may be used
to supplement those of the Polaris system precisely within the central FOV as desired.

As a secondary goal, a larger detection FOV than that of the Polaris system was de-
sired. Experimental regions of interest requiring micro-scale precision were still intended
to remain within the Polaris and HR+ FOVs, but the larger, lower resolution extremities
of the modular camera FOV were desired to enable the study of larger systems on the
small scale. Beyond the central HR+ FOV of the modular camera, there is a substantial
increase in the standard deviation. However, even at the edges of the modular camera
FOV, the maximum standard deviation is only four times the central value. With care-
ful selection of tracking parameters, it is feasible to maintain a sub-millimetre standard
deviation, although reducing the precision to 1-2 mm is more likely to produce useful
location rates. The results in this region indicate that the modular camera may be used
to increase the achievable FOV of the hybrid camera beyond the limiting FOV of the
Polaris system, enabling the study of larger experimental systems at the moderate cost
of spatial resolution, while maintaining the high spatial resolution central region.

5.3.5 System accuracy

While system precision is of utmost importance to micro-scale analysis, system accu-
racy plays a crucial role in the quality of tracking that can be performed. Incorrectly
reconstructed positions will lead to large uncertainties, or even errors, in all following
trajectory analyses, increasing in complexity as derivatives are taken to produce higher
order measurands. However, with a well-understood and sufficiently precise system, posi-
tional correction maps may be produced, ranging from simple linear shifts and rotations
of coordinate axes to more complex procedures such as dewarping.

To determine these corrections, knowledge of the system accuracy is required. To
quantify the accuracy, three-dimensional position residuals were determined throughout
the system FOV.
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At each point on the 5× 7× 5 grid within the modular camera FOV, an expected
position, given by the positioning of the Anet with corresponding spatial resolution, and
a measured position, determined through PEPT tracking with a corresponding uncer-
tainty, is known. These positions are shown as a two-dimensional projection overlaid on
the contour plot of Figure 5.14 as black and red points for the expected and measured
positions respectively. To reduce the inaccuracy contribution of the Anet’s placement rel-
ative to the modular camera, the coordinate systems of both the Anet and the modular
camera were redefined such that the central expected and measured positions were both
the overlapping zero position, x⃗ = (0, 0, 0) mm.

At each position within the grid, the magnitude of the expected distance to the origin
position was calculated, with both positions given by the Anet coordinate system. Simi-
larly, the magnitude of the measured distance to the origin position was calculated, with
both positions measured through PEPT using the modular camera coordinate system.
By subtracting the expected distance from the measured distance, the position residual
was determined, with positive values indicating that the measured position was further
away from the origin than expected and negative values indicating the opposite.

These position residuals are plotted in Figure 5.14 for the full system FOV. This
section will again focus on the structure of the horizontal planes outside the HR+ FOV,
with a discussion on the higher resolution FOV in the following subsection.

In these planes, large residuals are visible in the negative x direction. From the
previously mentioned issues arising in the top and bottom left of the contour plots,
visible in the plotted positions, this loss of accuracy is expected.

Towards y = 0 an inward biasing of the positions is visible in both the contour
plots and the corresponding profiles, implying that the tracer is typically measured to be
closer to the centre of the system than it truly is. As the y coordinate is varied away
from zero, this inward biasing changes to an outwards biasing. This is a common artefact
of small PEPT systems, requiring correction through a dewarping method, discussed in
Section 6.2.3. In particular, these effects are amplified for the planes outside of the HR+
FOV, requiring correction to be viable for use in experiment.

High resolution region

Looking now at the higher resolution region within the HR+ FOV in Figure 5.15, it
can be seen that with improved tracking parameters the system accuracy is significantly
improved in comparison to Figure 5.14, with a mean positional residual in the x direction
of less than 0.5 mm.

In the y direction, the same inward warping effect can be easily seen in both the
contour plot and the corresponding y-axis profiles. These profiles are fairly consistent
between horizontal planes, indicating an artefact of the system to be corrected (see
Section 6.2.3) as opposed to an issue in system construction.

One peculiarity, seen in the negative x direction, is the difference between the ±20 mm
horizontal planes and the central plane. As on the opposing positive x side, it would be
expected that these residuals decrease as they move away from zero, but the opposite is
seen. In this case, a plausible explanation is the rotation of the Anet coordinate axes
in the positioning of the tracer particle. While the initial placement accuracy of the
Anet is accounted for by adjusting the zero position, rotation of the printer coordinate
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Figure 5.14: The 3D positional residuals plotted as a function of position as described
in Section 5.3.1. Each residual is determined through comparison of each expected and
measured location with the central position. The expected (black) and measured (red)
positions of the central plane are shown as error bars on the contour plot.

system with respect to the camera coordinate system has not been taken into account.
The possible rotation angles are small, but positioning uncertainties are large enough to
cause such a difference. To produce more accurate correction maps, this possible rotation
would need to be accounted for, either through analysis of predefined motions within the
system or perhaps with a more robust, fixed positioning system.

Relative accuracy

While an understanding of system accuracy as defined above is useful in characterisation,
knowledge of absolute positioning relative to a physical coordinate system is typically
difficult to achieve in PEPT measurement, especially when considering the uncertainties
involved in the positioning of both the detector system and the tracer particle as discussed
above in Section 5.1. Instead, the use of relative positioning is conventional, tracking
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Figure 5.15: The 3D positional residuals plotted as a function of position as described
in Section 5.3.1 for the high resolution HR+ FOV. Each residual is determined through
comparison of each expected and measured location with the central position. The ex-
pected (black) and measured (red) positions of the central plane are shown as error bars
on the contour plot.

changes in position to high precision. As such, relative accuracy may be used to quantify
system performance in relative positioning.

Three-dimensional position residuals were calculated between each measurement posi-
tion and its neighbouring positions, as opposed to a central origin, with the mean residual
defined as the relative accuracy. Within the high-resolution HR+ FOV, a mean relative
accuracy of 0.8 ± 0.1 mm was achieved, dropping to 2.5 ± 0.2 mm towards the extrem-
ities of the system FOV. In addition, the relative accuracy profiles were approximately
uniform and continuous in each horizontal plane of measurement.

To estimate the total uncertainty of each measured position, contributions from both
the system precision and accuracy are required. However, system precision, given as
the standard error on each measured position, is suppressed by the relative accuracy
contribution, implying that the total uncertainty may be approximated by the relative
accuracy.

These results indicate that tracking can be performed reliably within quoted uncer-
tainties in each localised region of the FOV, and there are no large discontinuities between
each region.
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5.3.6 Comments on characterisation behaviour

The first notable feature of the modular scintillator system characterised above is the
large value of fopt at an optimal central value of 85%, implying that a significant major-
ity of measured LORs are used in position reconstruction. An improvement in comparison
to the HR+ system 70% is achieved due to an increased geometric efficiency, a lack of
scattering material minimising scattered coincidences and a low activity tracer particle
producing minimal random coincidences. If higher activity tracer particles are used in
experiment to study systems with increased scattering or attenuating material, it is ex-
pected that the optimal f value will decrease, and as such this f -optimisation procedure
must be repeated in situ for a given experimental system.

When considering the contribution of each coordinate to the spatial resolution, the
same optimal value of f was found in each axis. However, the magnitude of the corre-
sponding spatial resolution varied, with the axis between the detector faces found to have
the lowest precision by a factor of > 90% in comparison to each other coordinate. This
discrepancy was expected for the modular camera geometry, and further motivated the
inclusion and proposed positioning of the Polaris system in a hybrid camera to ensure
optimal spatial resolution within the central FOV.

Due to the non-uniformity of the system FOV, the value of fopt also depends on
tracer height, rapidly dropping to approximately 55% as the tracer particle leaves the
high-resolution HR+ block FOV. This drop is not unexpected, as fewer detector ele-
ments contribute to coincidence measurement outside of this FOV, but it indicates the
need for careful treatment of the experimental FOV. For small systems that can remain
within the high-resolution region, the optimal value of 85% may be used. For larger exper-
imental systems the lower 55% value should be used, compromising on achievable spatial
resolution, or a different tracking algorithm should be used as discussed in Section 6.2.5.
In addition, a lower fopt value will likely be required to study systems with increased
scattering or attenuating material, as mentioned above.

Another feature noted in characterisation was the greatly improved central sensitivity
in comparison to the Polaris system. With a fairly uniform profile structure, approxi-
mately matching that of simulation as desired, a central sensitivity of 34.8± 0.6 cps/kBq
was achieved, many times greater than the < 1 cps/kBq sensitivity of the Polaris system.
As a result, an order of magnitude improvement to the location rate was achieved with a
similarly active calibration source without a large reduction in spatial resolution. Being
a function of tracking parameters, the central spatial resolution was determined to follow
a σ = 1.5

√
L′ relationship for generalised location rate per unit activity, L′, producing

a maximum rate of approximately 0.45 Hz/kBq for sub-millimetre location uncertainty.
With the used 20.11± 0.26 kBq tracer the maximum location rate was approximately
11 Hz, but with, for example, the 50 µm 600 kBq tracer described in Section 1.2.2 the
maximum location rate could reach approximately 270 Hz.

When assessing the spatial resolution and accuracy of the system, the desired unifor-
mity was successfully achieved in the high-resolution central region. However, moving
outside of this region in any coordinate direction resulted in a noticeable decline in system
performance, as expected from the considerations of fopt mentioned above. Therefore,
careful selection of the experimental region of interest is required in the application of the
system, preferably remaining within the high-resolution region to avoid notable variations
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in system performance. For larger systems requiring the full modular camera FOV, the
performance variations must be managed precisely to ensure precise measurement. For
instance, correction maps may be produced making use of the system’s high precision to
address positional inaccuracy. In particular, an inward biasing effect was noted between
the detector units, in which measured positions were closer to the origin than expected
by a factor of approximately twice the positional uncertainty. This biasing was expected
and is discussed in Section 6.2.3, proposing corrections to enable accurate measurement.

Finally, a noted difference in system performance between the planes measured at
positive and negative heights must be corrected in regions in which the performance drop
is notable. Alternatively, the underlying issue, suggested to be caused by the poorly
calibrated 951 detector blocks, must be solved.

Considering the full characterisation performed here, the developed modular scintilla-
tor system demonstrated significantly improved sensitivity, and therefore location rates,
in comparison to the Polaris system, without sacrificing achievable spatial resolution and
system accuracy. While similarly minimal location uncertainties were not feasible with
the scintillator system, these results indicate the feasibility of a hybrid camera combining
and leveraging the minimal precision offered by the Polaris system with the demonstrated
location rates of the modular scintillator system.
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Chapter 6

Conclusions and further work

6.1 Modular camera development

A desire to study phenomena at micro-scale precision led to the development of ad-
vanced PEPT instrumentation. Previous work with the UCT Polaris system, a room-
temperature semiconductor CZT system, demonstrated the applicability of PEPT on the
micro-scale, however, the achievable location rates and system FOV were limited. As
such, a modular BGO scintillator array offering a larger FOV with improved absolute
efficiency was proposed, designed, constructed and characterised here to supplement the
Polaris system.

Design and simulation

At UCT, a selection of BGO scintillator detector blocks, taken from Siemens HR+ and
ECAT 951 PET systems, were available for use in a modular scintillator system. A novel
data acquisition system was previously developed, interfacing with the 951 electronics to
enable modular PEPT systems. However, the supply of 951 detector blocks was limited,
with a surplus of HR+ blocks available for use. Therefore, to make use of all available
resources, a combined HR+/951 BGO system was investigated. As a possible benefit to
this combined system, the differences in spatial resolution and absolute efficiency between
the HR+ and 951 blocks offered a trade-off that could be optimised, potentially producing
improved results.

The compatibility of the HR+ blocks was tested with the 951 electronics. Few diffi-
culties were expected as the block connections and outputs were very similar to the 951
blocks, differing only in the supply of high voltage. A trial system of four HR+ and
four 951 detector blocks was used for testing and sub-millimeter location uncertainty was
achieved, indicating viability.

As no specific application was being designed, a general proof-of-concept geometry
was desired for the scintillator array. To identify an optimal geometry, a Monte Carlo
simulation of the system sensitivity profile was used, with the goal of achieving a uni-
form central sensitivity to avoid deadtime limiting hotspots and to allow uniformity of
PEPT measurements throughout the system FOV. Several options were considered and
simulated, and a final symmetric system of two units of four HR+ and four 951 detector
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blocks was decided on, offering a system FOV of approximately 120× 174× 102 mm3

with the HR+ blocks placed centrally.

Construction

Each of the four photomultiplier tubes of each of the 16 detector blocks was separately
calibrated for position uniformity, ensuring a uniform response across the block to an
approximately uniform radiation field. This was achieved by placing a low activity Na-22
source approximately 6 cm from each block face, followed by the use of the built-in
calibration routine which adjusted each PMT gain accordingly to achieve similar count
rates in each detector crystal. Certain blocks were more easily calibrated than others, with
some requiring significant manual gain adjustments to achieve reasonable results and two
951 blocks remaining unsuccessful. Calibration was also performed in terms of individual
crystal energy and timing responses, again making use of the built-in calibration routine.

To ensure each detector block was aligned correctly, two 3D-printed bases were pro-
duced, one for each unit, taking the HR+ and 951 dimensions into account. Each unit
was then placed into the correct configuration and clamped, ensuring minimal movement
of each block, reducing the positioning uncertainty.

To enable later characterisation of the system, a 3D printer, the Anet A8, was modified
to replace the typical printing element with a custom 3D printed source holder, designed
to hold the available calibration sources and move them within horizontal planes. To
support the Anet a wooden base was constructed, lifting the system above the scintillator
array.

Characterisation

With the system fully constructed, characterisation was performed of each element in-
volved in detection, including the sources used, the detector blocks and the system itself.

For accurate measurements of system sensitivity, a well-known Na-22 source activity
was required. At UCT, a set of calibration sources were available, having initial activities
of approximately 1 µCi in October 2020. Through theoretical calculation, the activity of
the Na-22 source was estimated to be 17.8 ± 3.6 kBq on 24 July 2023. Through singles
and coincidence measurements, and subsequent analysis, the activity was measured to be
20.11± 0.26 kBq, agreeing with the calculated value at the necessary higher precision.

Since PEPT relies on the 511 keV emissions from positron annihilation, an under-
standing of the detector energy resolution was required to select optimal lower and upper
level energy discriminators, filtering out detections arising from background radiation,
scatters, or secondary gamma emissions. Using a selection of calibration sources, stan-
dard gamma spectroscopy techniques were performed with a 951 detector block to deter-
mine the energy resolution to be 30.51±0.48% at 511 keV. Similar analysis with the HR+
detector blocks produced results in agreement. From this, optimal lower and upper level
discriminators were determined to be 338.9± 3.3 keV and 678.4± 3.3 keV respectively.

In addition to the energy window, an understanding of the system coincidence timing
resolution was required to accurately identify events that were detected from the same
positron annihilation. Through the measurements of the time differences between detec-
tion events, with and without a variable time delay added to one side of the detection
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system, possible optimal coincidence windows of 2τ = 8, 16 and 24 ns were identified,
containing the majority of true coincidence events. For comparison, these coincidence
windows were used in the PEPT reconstruction of a stationary tracer, with the 16 ns
coincidence window found to offer a greatly improved location rate with only a slight
reduction in spatial resolution. For all further analysis, this coincidence window was used
in tracking.

In the Birmingham method, used for tracking in PEPT, parameters of f and N
needed to be optimised for the system such that the minimal 3-dimensional standard
deviation of each measured position could be achieved. Through the measurement of a
stationary Na-22 tracer in the centre of the system FOV, these parameters were varied
and within the high-resolution central HR+ FOV of the system the optimal f value was
found to be approximately 85% for most values of N . As the tracer was moved outside
of the HR+ FOV, into the lower spatial resolution regions of the system, the optimal
f value dropped to approximately 55%. The contribution of each coordinate to the
3-dimensional standard deviation was investigated, identifying tracking precision to be
the lowest for the axis between the detector faces, as expected from similar parallel plate
PEPT system geometries. This further motivated the proposed perpendicular positioning
of the Polaris system in the hybrid camera, ensuring optimal spatial resolution within the
central FOV. The relationship between N , the 3-dimensional standard deviation and the
location rate was investigated, demonstrating both the standard deviation and location
rate to decrease with increasing N . The relationship between the standard deviation and
the generalised location rate per unit activity, L′, in the central position was calculated
as σ = 1.5

√
L′, identifying a trade-off that can be optimised in future applications. For

exclusive characterisation within the HR+ FOV, an N value of 1000 was used, while for
analysis of the full system FOV an N value of 500 was used to maintain sufficient location
rates.

To perform further characterisation of the system, the Anet was used to position
the Na-22 calibration source in an equally spaced 5 × 7 × 5 grid, covering a FOV of
64 × 140 × 80 mm3 with the measurement FOV limited by the extent of the source
holder. Acquisition was performed at each position for five minutes, with three repeat
measurements at each position performed non-consecutively. These measurements were
analysed in terms of the measured singles rate, sensitivity, spatial precision and accuracy
throughout the system FOV.

To determine the singles rate, every event in each detector element was summed
at each position, with the measured source-less background rate of 166.93 ± 0.22 Hz
subtracted from the total. As expected, the maximal singles rate was achieved in each
unit at the centre of its face, decreasing as the source moved radially outwards. The
contribution of the opposing unit summed to produce a fairly uniform profile throughout
the measurement FOV, decreasing by a maximum of 40% towards the outer edges.

The sensitivity of the system was determined by dividing the true coincidence rate
by the measured source activity. To determine the true coincidence rate, the random
coincidence rate, being less than 1 Hz, was subtracted from the measured prompt coinci-
dence rate. Through this calculation, the maximum sensitivity of the central position was
determined to be 34.8± 0.6 cps/kBq, with the measured sensitivity profile qualitatively
agreeing with that of the simulation. As expected, the central planes offered significantly
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higher sensitivity in comparison to the planes outside of the HR+ FOV, with an approx-
imately uniform mean sensitivity along one horizontal coordinate and a peaked mean
sensitivity along the other.

In the case of the characterisation relying on the PEPT algorithm, analysis was sep-
arated into the higher resolution central region and the lower resolution region towards
the edges of the measured FOV.

In the high-resolution region, the spatial resolution of the central position, as given by
the 3D standard deviation of measured positions for a stationary source, was determined
to be 0.279±0.002 mm for the selected values of f and N . The corresponding profiles were
approximately uniform throughout the region, maintaining a mean value of approximately
twice that of the central position. The system absolute accuracy, given by the magnitude
of the 3D difference between the expected and measured positions in relation to the central
position, maintained an approximately uniform sub-millimetre profile in one horizontal
coordinate. However, the other coordinate, defined between the detector units, indicated
a warping effect to be discussed in Section 6.2.3. In all cases, the high precision of the
system implies that a correction map can be calculated in future work to correct for
system inaccuracy.

In the lower resolution regions, primarily determined by those planes outside of the
HR+ FOV, notable drops in system spatial resolution and accuracy were visible, with
often unpredictable structure. This drop in performance was expected due to the contri-
bution of much fewer detector elements in these regions, but implied that most experi-
mental regions of interest should remain within the central FOV for best results, aligning
well with the desire to include the Polaris system in a hybrid system.

In all of the above characterisations, poor results were noticed in regions close to
the unsuccessfully calibrated 951 detector blocks. It was proposed that the calibration
issues were the cause of the poor performance, but further analysis of the effects of block
alignment and calibration is required to confirm this.

6.2 Future work

6.2.1 Hybrid system

Following the characterisation of the scintillator array in this work and the character-
isation of the Polaris system in previous work, an immediate next step would be the
combination of the two in a hybrid system. As proposed here, placing the Polaris sys-
tem centrally within the scintillator array would overlap the high-resolution FOV of the
Polaris system with the surrounding large, lower-resolution FOV of the BGO system.
Conveniently, both systems could fit within the PEPT Cape Town ADAC Vertex cam-
era, adding an additional larger, lower-resolution FOV following the development of the
initial hybrid camera.

In the hybrid camera, the coordinate dependence of the system spatial resolution
and the noted warping effects may be partially accounted for through the perpendicular
alignment of the Polaris system, as shown in Figure 4.5. In addition, this configuration
aims to limit scattering within the system, as forward angle scattering is favoured at
511 keV [47]. However, the inclusion of the Polaris system will nevertheless lead to
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the increased detection of scattered coincidences, requiring a reduced value of f in the
Birmingham method when using the scintillator array.

With each measurement, the tracked positions may be independently analysed, with
results such as velocity and acceleration from each system compared and combined. Al-
ternatively, the tracked positions may be combined before analysis, producing a trajec-
tory with infrequent high-precision locations, as measured by Polaris, interpolated with
lower-precision, more frequent locations from the scintillator array.

To enable this analysis, some measures may be put in place to ensure the timing of
each measurement is closely aligned, such as beginning acquisition with the same code on
the same computer. However, a degree of post-processing will be required to accurately
align the timing of the two systems, introducing additional uncertainty in trajectory
analysis. In addition, characterisation and co-registration of the measurement axes of
each system will be required, such that measured trajectories and corresponding results
may be accurately compared as functions of position.

To develop the combined system towards true hybrid operation, a novel timing circuit
will be required to link events such that coincidence measurements can be made between
the semiconductor and scintillator elements. Despite not adding additional detector el-
ements, an increased number of possible coincident pairs will improve the sensitivity
of the system, likely leading to improved performance. However, with a perpendicular
alignment of the Polaris system, coincident pairs between semiconductor and scintillator
elements are unlikely to offer improvements as the primary addressed FOV lies between
the Polaris units. In this case, a parallel alignment of the Polaris units may improve
sensitivity and performance within the central FOV at the cost of increased scatter.

6.2.2 Deadtime characterisation

In all previous analyses and characterisation of the scintillator system, a low activity
Na-22 calibration source was used, with activity of 20.11 ± 0.26 kBq. However, as de-
scribed in earlier chapters, the spatial resolution of a PEPT system relies in part on the
true coincidence rate achievable with the system. While modifications to tracer charac-
teristics and activity were not investigated here, one initial step in future work would
be to characterise the scintillator array in terms of its deadtime parameters, such that
an optimal activity tracer particle may be used in future analysis for optimal system
performance.

To perform deadtime characterisation, a high-activity, short-lived tracer particle should
be placed in the system and be allowed to decay over several half-lives. Through data
acquisition over this time, prompt singles and coincidence events may be measured, and
from these the true and random coincidence contributions may be determined. Through
the plotting and fitting of these curves as functions of source activity, deadtime parame-
ters and an optimal source activity for coincidence detection may be determined.

Investigations into the deadtime behaviour of the Polaris system were performed in
previous work [1]. The Polaris modules exhibited primarily non-paralysable deadtime be-
haviour, with a measured deadtime parameter of 24.177±0.096 µs. The system reached a
maximum true coincidence rate of 600 Hz with an optimal source activity of 0.8 - 1.5 MBq,
having a corresponding singles event rate of approximately 15-20 kHz per module. At
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a maximum, the singles event rate per module was deadtime limited at approximately
25 kHz.

In comparison, each module of the BGO scintillator array is limited by a maximum
singles rate of approximately 1.5 - 2 MHz with an estimated deadtime of 0.5 - 1 µs per
event. Therefore, the optimal activity tracer particle for the BGO system is expected
to be much greater than that of the Polaris system, although the increasing random
coincidence contribution to the system spatial resolution would require investigation.

For the Polaris system, an increase in tracer activity above the calculated optimal
value led to decreased performance, with an increase in random but not true coincidences.
However, the performance gain of the scintillator system may offset this, implying a trade-
off between the two systems. This would need to be investigated further, through analysis
of the spatial resolution of each system, and the combined hybrid results, as a function
of source activity and position within the system FOV.

6.2.3 Warping corrections

With measurement of the system spatial resolution and accuracy throughout its FOV,
correction maps may be produced to account for reconstruction inaccuracy at each posi-
tion. Correcting for every position throughout the system FOV may be a difficult process
requiring precise positioning apparatus, with a complex uncertainty budget. However,
due to the limited number of detector crystals in the scintillator array, limiting possible
coincident pairs, the FOV will be undersampled in various regions leading to seemingly
random variations in system accuracy. In combination with the spatial warping noted in
Section 5.3.5, these effects necessitate the use of a precise correction map.

As a first step towards improving the system accuracy, the noted warping effects may
be partially or fully corrected. Due to the depth of interaction effects involved with
gamma-ray detection, a biasing towards the centre of the system FOV is expected in
PEPT reconstruction [48]. With the scintillator array, this effect was most prominent
close to the centre of the detector faces, with an inward biasing of up to approximately
twice the system positional uncertainty measured for the positions furthest from the
centre of the FOV.

In typical PEPT ring systems, their radial geometries may be leveraged to simplify
the correction process, as the warping effects depend primarily on the radial position of
the tracer particle. In these cases, simple cubic functions of the radial position of the
tracer particle have been used to successfully correct for the inward biasing [49].

In the case of smaller, non-uniform geometries, as in this work, more complex correc-
tion maps may be required, for example, fitting to the six coordinates describing the 3D
radial distance of the tracer particle from the centre of each detector unit face. However,
in the high-resolution FOV of this system, it appears that the warping effect primarily
depends on the x coordinate of the tracer, describing the distance between each detector
unit face, and a simple polynomial fit applied to this coordinate may be sufficient for
most applications. The data measured in this work, in particular the measurements of
Section 5.3.5, may be used to build a correction map prior to use of the system.
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6.2.4 Positioning uncertainty

In the construction of the system, many sources of positioning and alignment uncertainty
contributed to the overall spatial resolution and accuracy of the system. However, many
of these sources can be easily addressed, and future work should take steps to reduce
these sources of uncertainty before experimental applications.

In the case of the detector blocks, these could be screwed directly into a solid frame,
as in the UCT modular system, instead of relying on clamping and 3D-printed frames
for support. At present, limited movement of each block relative to the unit itself, and
more significant movement of each unit relative to the opposite, is possible, indicating
potentially large sources of uncertainty in position measurements. A fixed unit would
markedly reduce these uncertainties and lead to reproducible system construction. In
addition, some detector block casings had noticeable deformities, slightly affecting their
alignment when stacked. Smoothing of these casings would improve block placement.

The Anet positioning stage also contributed positioning uncertainty to each measure-
ment in the location of the tracer particle. The Anet was positioned loosely on top of a
wooden frame, which itself was placed on a table, and was highly susceptible to move-
ment. To account for this, calibration was performed before each run in terms of the
positioning and alignment of its axes in relation to the scintillator array, but alignment
uncertainty was large. By fixing the Anet to its frame, and its frame to the experimen-
tal surface, many of the calibration requirements would be eliminated, improving the
positioning accuracy of the system.

Finally, much of the positioning of the detector units and the Anet was achieved
using graphing paper attached to the experimental surface. While sufficient for these
purposes, the paper was not perfectly flat and parallax error played a significant role
in the calibration of the Anet. By attaching the system to a solid surface designed for
accurate positioning, such as an optical bench, much of this uncertainty could be reduced.

As all of the above factors contributed to the quoted uncertainty budget, any im-
provements made in future work will increase system precision. For deeper analysis, the
effects of relative detector block positioning can be studied, investigating the relationship
between the offset of a block from its expected position and system precision and accu-
racy. Analysis of this type has been performed with modular systems previously [50], and
it may demonstrate the extent to which detector block positioning affects the achievable
performance of the system, as well as confirm whether the system description is accurate.

6.2.5 Improved tracking and filtering

Due to the non-uniformity of the system geometry and its relatively low number of detec-
tor elements in comparison to typical PEPT systems, the achievable performance varied
significantly throughout the measurement FOV. In addition, large variations in system
sensitivity throughout its FOV led to the optimal tracking parameters and achievable
location rates varying considerably as functions of position. A possible remedy for these
issues may be the use of alternative PEPT algorithms [21]. Each algorithm offers ad-
vantages and disadvantages in comparison to the Birmingham method used here, but
certain algorithms may be better equipped to handle system non-uniformity, and may
also improve on system precision with low coincidence rates.
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Of particular interest within UCT is the machine learning (PEPT-ML) tracking algo-
rithm. Recent investigation into its capabilities has demonstrated improved performance
over the Birmingham method in particular circumstances, such as in the tracking of tur-
bulent flow paths [51]. Another potential alternative algorithm is the spatiotemporal
B-spline reconstruction (SBSR) method, designed for tracking low-activity tracer par-
ticles with few LORs through the minimisation of an objective function. Having been
used for the tracking of single cells in vivo [52], this method may lend itself well to the
potential applications of micro-scale PEPT.

Beyond alternative tracking algorithms, enhanced filtering and data processing meth-
ods may be employed to improve upon the analysis of measured trajectories. One such
method, previously applied to the Polaris system in initial testing, is the Savitzky-Golay
filter [53], making use of interpolation and local polynomial least squares fitting to si-
multaneously compute higher order measurands, such as velocity and acceleration, and
improve upon the PEPT uncertainty budget, enabling higher precision measurement.
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Abstract. Positron Emission Particle Tracking (PEPT) measures the trajectory of a freely
moving radioactive tracer particle, and enables the non-invasive study of dynamic systems
from engineering to medicine. PEPT performance is limited by the activity achievable in
radiolabelling a suitable tracer particle, and the fixed geometry of conventional detector systems.
In investigating phenomena on micro-scales, recent development of advanced instrumentation
has been required to offset these limitations. A modular bismuth germanate oxide (BGO)
scintillator array, with detection modules derived from CTI/Siemens PET scanners, has been
constructed and coupled to a recently developed data acquisition system. This array consists of
1024 detector elements (512 pixels of 6.75 x 6.25 x 30 mm and 512 pixels of 4.1 x 4.0 x 30 mm)
giving a field of view of 150 mm x 196 mm x 101 mm. Energy and timing resolutions of this
system were determined and sensitivity profiles were modelled numerically, informing on optimal
system parameters to enable future characterisation of the detector efficiency, spatial resolution
and deadtime parameters. These initial results indicate the applicability of modular BGO
scintillator arrays in addressing small scale flow phenomena, and lead the direction of future
work in combining the BGO system with a pair of high resolution pixelated semiconductor
detectors for the first time.

1. Introduction
The Positron Emission Particle Tracking (PEPT) technique can be used to non-invasively
study dynamic systems, with applications in fields from engineering to medicine [1, 2, 3]. By
radiolabeling a suitable tracer particle, tracking can be performed to high spatial and temporal
resolution over an extended time, from which the trajectory of the tracer can be determined with
an associated uncertainty. Recently, a need to examine more challenging systems on the micro-
scale has arisen with PEPT applications in the study of micro-scale flows, such as the flows in
biological systems and microfluidic devices, as well as potential applications in beam line tracking
in proton radiotherapy [4]. However, PEPT performance of existing systems is limited by the
absolute efficiencies of fixed geometries, compounded by low activity in radiolabeling suitable
small tracer particles, leading to the requirement of advanced instrumentation development.
Previous work with semiconductor detectors has demonstrated the feasibility of applying PEPT
to micro-scale systems [4], but the achievable field-of-view (FOV) and location rates were
limiting, promoting the benefits of development towards a hybrid detection system accounting for
these limitations. In this paper, the development and characterization of a modular scintillator
array designed to support a semiconductor detection system is performed, serving as a first step
towards the development of hybrid detection systems optimised for micro-scale particle tracking.
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2. The PEPT technique and spatial resolution
The PEPT technique makes use of proton rich radioisotopes to label a suitable tracer particle
for the system of interest. Emitted positrons annihilate with free electrons to produce two
approximately back-to-back 511 keV photons due to momentum conservation [5]. When these
photons are detected in coincidence, a 3-dimensional line-of-response (LOR) is defined along
which the annihilation event occurred. Through the measurement of many such LORs, the
position of the tracer can be determined with an associated uncertainty.

However, not all recorded LORs arise from true coincidence events. Random coincidences
can occur when a photon originating from another unassociated source is detected within the
coincidence window forming one or both parts of a coincident pair. Similarly, scattered LORs
occur when one or both coincident photons scattered in surrounding materials before being
detected. To account for these issues, an iterative least-squares minimisation algorithm [1] is
used to remove corrupt LORs, finding the most likely location of the tracer at a given time.

The spatial resolution of a PEPT system operating as described can be estimated with
u(P̄ ) = w√

T
where u(P̄ ) is the 3-dimensional location uncertainty on a measured PEPT location

P̄ , w is the spatial resolution of the positron camera, and T is the true coincidence rate [6]. For
micro-scale tracking, PEPT location uncertainty must be reduced, achieved by either reducing
w or increasing T . Considering significant changes to tracer choice and production to be beyond
the scope of this work, reducing w can be achieved by reducing the pixel size of the detection
system, and improving its energy resolution. Increasing T can be achieved by increasing the
data rate, by increasing either the activity of the tracer or by increasing the absolute efficiency
of the detection system. Absolute efficiency is determined by the intrinsic efficiencies of the
detector materials and the geometric efficiency of the whole system, assuming no deadtime.

Typical PEPT systems have fixed geometries and detector materials implying fixed
efficiencies, energy resolution, and pixel sizes. Significant improvements to the spatial resolution
of a PEPT system are achieved with the development of a new detection system optimising
these properties for micro-scale measurement, with an emphasis on reduced pixel size and
increased energy resolution. Typically however, energy resolution and pixel size improvement
is accompanied with reduction in absolute efficiency. A modular detection system allowing
adjustment of its geometry and therefore absolute efficiency is ideal, and the use of multiple
detection systems with different materials and properties as a hybrid camera allows for the
highest degree of optimisation.

3. Detector technologies
Noting the significant dependence of the PEPT spatial resolution on pixel size and energy
resolution, semiconductor detectors typically offer the best performance. Previous work [4] has
investigated the feasibility of the University of Cape Town (UCT) Polaris system [7], consisting
of a pair of pixelated room-temperature cadmium zinc telluride (CZT) semiconductor crystals
shown in figure 1, with promising results demonstrating sub-millimeter tracking of low activity
tracer particles [4]. However, the absolute efficiency and timing resolution of the semiconductor
system are both relatively low, negatively impacting the achievable coincidence rates, and hence
location frequency. The achievable FOV dimensions of the system were limited by the small
detector scale, preventing its use in applications requiring micron precision where system scales
are on the order of centimeters. To improve on the FOV scale and location rates, it is natural to
turn to larger scintillator detectors, offering improved absolute efficiencies and timing resolutions.

UCT has detector components from a Siemens ECAT 951 and EXACT HR++ PET scanners
retired from clinical use, both comprised of detector blocks of bismuth germanate oxide (BGO)
segmented into 8x8 scintillator crystals, shown in figure 1. The detector blocks from the HR++
camera are smaller than those from the 951, having pixel dimensions of 4.1 x 4.0 x 30 mm3

and 6.75 x 6.25 x 30 mm3 respectively, where the difference implies a trade-off between spatial
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Figure 1. (Left) Detector blocks from the EXACT HR++ (left) and ECAT 951 (right) without
protective casing. In each, four photomultiplier tubes and their 8x8 segmented crystals can be
seen. (Right) The internals of the PolarisJ module, showing the two CZT crystals as the green
squares on the right. All dimensions are given in mm.

resolution and absolute efficiency by virtue of their relative pixel densities and overall sizes.
Both of these detector types offer at minimum an intrinsic detection efficiency of 55% at

511 keV, whereas the Polaris system, with its much smaller pixels of 1.8 x 1.8 x 0.5 mm3, offers
only 15% detection efficiency. Through the development of a modular hybrid system, the trade-
offs between all three detector types can be optimised for micro-scale tracking, achieving micro-
scale location precision mostly through the use of the semiconductor system while maintaining
useful location rates and larger volume FOV through the scintillators.

4. Detector characterisation
4.1. Energy resolution
Important elements of the PEPT detection system are the lower and upper level discriminators
(LLD and ULD respectively), determining the allowed range of measured energy values
describing a valid annihilation photon. Setting these limits accurately reduces noise by removing
scattered events that are corrupt LORs. The energy resolution of the corresponding detector
block is determined by measuring the width of the appropriate 511 keV photopeak. The energy
resolution of a 951 detector block was determined in this paper, and similar calculations have
been performed for both the HR++ blocks [8] and the Polaris system [4].

The four photomultiplier tubes (PMTs) from each detector block were connected to individual
NIM pre-amplifiers and amplifiers, with the signal from each summed and digitised, using a
multi-channel analyzer to produce pulse height spectra. However, since the detector PMTs do
not provide uniform outputs due to manufacturing and component tolerances, a process of gain-
matching was performed with photopeaks from each PMT aligned in pulse height by adjusting
the gains of the separate amplifiers producing a single photopeak in the summed output.

Using three calibration sources, Na-22 (511 and 1275 keV), Cs-137 (662 keV) and Co-60 (1173
and 1332 keV)[9], an energy calibration was performed by Gaussian fitting to the appropriate
photopeaks and relating them to their expected energies. Due to the poor energy resolution of
the BGO crystals, the two independent photopeaks of the Co-60 source could not be separately
identified as their Gaussian peaks overlapped. To account for this in the calibration, a single
Gaussian was fit to the combined peak using a weighted mean centroid.

The fitting parameters of the 511 keV peak of Na-22 were determined from figure 2 and the
energy resolution was calculated to be 30.51± 0.48% at 511 keV. Repeating the process for the
1275 keV photopeak, an energy resolution of 28.9±2.2% was found. Using the computed energy
resolution, the optimal lower and upper level discriminators were selected to be the centroid
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Figure 2. Calibrated energy spectra of the three sources as measured by a 951 detector block.
The Na-22 spectrum is shown in bold, with Gaussian peaks fitted to each photopeak. Optimal
lower and upper level discriminators are shown as dashed vertical lines.

energy µ ± Nσ, where N was chosen to include 99% of the photopeak, giving 338.9 ± 3.3 keV
and 678.4 ± 3.3 keV respectively. The LLD agrees with the expected energy of the Compton
edge, indicating that this choice of N excludes the Compton scattered photons from the 511 keV
peak, reducing the fraction of corrupt LORs.

4.2. Temporal resolution
The temporal resolution describes the precision at which the system can measure the time of
arrival for a single detection event. Two single events are regarded as simultaneous, or coincident,
if they both occur within a coincidence window of time period 2τ , where τ is limited by the time
resolution in resolving an event. When τ is greater than the time resolution of the system, all
true coincidences will be recorded, and the number of recorded random coincidences increases
linearly with τ . Knowledge of the time resolution allows for the careful selection of 2τ which
maximises the true coincidence rate while limiting the random coincidence rate, minimising the
inclusion of corrupt LORs from random events.

Singles events were recorded for a positron source central to a pair of detector modules
operating in coincidence, and a time delay was added to the events in one module. By varying
this delay and determining the number of events that were within the same coincidence window,
a Gaussian curve representing the system’s coincidence timing resolution was plotted. As the
delay is increased from zero, fewer true coincidences are detected and beyond a point all measured
coincidences are random coincidences. As the size of the coincidence window is increased beyond
the system’s intrinsic timing resolution, the Gaussian curves reach a maximum and plateau as
all true coincidences are fully covered by the chosen window. Increasing the coincidence window
beyond that point leads to the inclusion of a higher fraction of corrupt LORs.

In figure 3, these curves are shown for varying coincidence windows, with the flat top visible
at large values of 2τ . Fitting a Gaussian function to each of the curves with coincidence windows
of 8 and 24 ns, being the curves with typical Gaussian shapes, the standard deviation of each
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Figure 3. The coincidence rate
as a function of time delay added
to one of the coincident modules.
Each curve represents a different
coincidence window, 2τ .

was determined to be 4.24± 0.03 ns and 5.78± 0.03 ns respectively. The difference arises from
the use of different coincidence windows. In the 2τ = 24 ns case, τ is greater than the time
resolution of the system and the window width is included in the peak, whereas in the 8 ns case
τ is less than the system’s time resolution, being approximately 4.24 ns.

The temporal resolution of PEPT locations can be estimated using the uncertainty estimator.
Assuming w = 5 mm for the BGO system, at a 1 MHz acquisition rate a location period of
2.5 ms can be estimated, achieving u(P̄ ) = 100 µm. This location period implies systems under
investigation must be slow moving, which is unsurprising as this system has not been optimised
for high rate applications, which may be investigated in future work.

4.3. Geometry definition
The hybrid camera geometry needs to be carefully optimised to leverage the benefits of each
detector type if it is to be used for micro-scale PEPT. A BGO system consisting of two modules
of four 951-series detector blocks and two modules of HR++ detector blocks was developed.

Clearly, the central region of the detector system is the most significant in measurements
of micro-scale phenomena and the Polaris system must be placed there. The placement of the
BGO modules is more flexible, and their individual characteristics must be considered. To
do this, a Monte Carlo simulation of the sensitivity profile of the system was used for further
optimisation, where the Monte Carlo aspects handled the volume effects of the crystals and their
intrinsic efficiencies. A uniform sensitivity profile is desired in the central region of interest to
avoid dead time limiting hot spots and to allow uniformity of PEPT measurements over the
volume, but absolute uniformity is difficult to achieve due to the number of detector types.

In figure 4, the geometry of the hybrid camera system is shown, consisting of 1024 BGO
pixels and 9680 CZT pixels, giving a high resolution region of interest between the Polaris
modules of (62× 42× 20) mm3 shown as a shaded red region, and a larger FOV between the
BGO modules of (150× 196× 101) mm3. This geometry was selected as the HR++ blocks
placed between the 951 blocks allow for the improved spatial resolution of the HR++ blocks
to contribute significantly to the central region of interest, while also maintaining improved
absolute efficiencies and an increased FOV as offered by the 951 blocks.

The uniformity of the sensitivity profile was validated using the simulation in figure 4, where
sensitivity profiles as functions of their corresponding coordinates are shown at different depths
along the Z axis in grey, with the mean sensitivity over all depths shown in bold. The uniformity
of the central region can be seen in these profiles, although notable variation in uniformity can be
seen at varying depths. Several other possible geometries were also tested, with none achieving
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Figure 4. (Left) The geometry of the hybrid camera, showing each segmented detector element
as a separate pixel with the central shaded high resolution region. (Right) The simulated
sensitivity profile in the XY plane integrated along the Z axis, with corresponding profiles along
the Y (side) and X (bottom) axis shown at varying depths. All profiles are drawn to scale.

similar central uniformity as in the chosen geometry. Using known deadtime limits of the
BGO modules and their estimated efficiencies, a practical activity range of tracer particles was
determined for the system, from 50 kBq to deadtime limiting 15 MBq particles.

5. Conclusions and future work
A modular BGO scintillator array was constructed to enable the application of PEPT to systems
on the small scale, at micron precision. A numerical model of the sensitivity profile of the
system was used to optimise the chosen geometry for uniformity within its field of view. Energy
and timing resolutions were determined, allowing for the optimisation of system parameters
for low noise detection. Precise characterisation of the detection efficiency, spatial resolution
and deadtime parameters of the system in the future will lead into the development of a
hybrid detector system combining the modular BGO array with a pair of high resolution
pixelated semiconductor detectors, enabling the application of PEPT in the study of micro-
scale phenomena for the first time.
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Abstract. The University of Cape Town Physics Department recently acquired a Siemens
Biograph 16 HiRez combined PET/CT scanner manufactured in 2005. Unlike older scanner
models utilized by the department in Positron Emission Particle Tracking (PEPT), the Biograph
scanner uses modern lutetium oxyorthosilicate (LSO) scintillators with a rapid response time,
pixelated into a finer spatial grid. The new scintillating material promises an increased light
output and faster decay time resulting in improved spatial resolution and reduced dead time
compared to the conventional bismuth germanium oxide (BGO) crystals. Advanced front end
data acquisition and processing compliment the new detector physics enabling high (energy,
timing, & spatial) resolution measurements with low distortion. The LSO crystal dimensions
are 4 x 4 x 20 mm3 arranged in blocks of 13 x 13 optically coupled to 4 photomultiplier tubes.
Groups of 12 blocks are serviced by a detector controller responsible for analogue front end data
acquisition and digitisation. The full scanner contains 12 controllers totalling 24336 crystals
arranged in rings of 39 axially and 624 transaxially. Detector blocks and controllers have been
extracted from the original device and reconfigured with a customised data acquisition system.
Characteristics such as detector efficiency, temporal resolution, energy resolution, and spatial
resolution have been investigated and are compared to performance of previous models for
further use in PEPT and positron imaging applications.

1. Introduction
Positron Emission Particle Tracking (PEPT) is a nuclear radiation imaging-based technique to
measure the dynamics of physical processes [1]. The University of Cape Town Physics Depart-
ment has a dedicated facility for PEPT at iThemba Labs which currently employs a Siemens
HR++ PET camera. The department recently acquired a Siemens Biograph 16 HiRez combined
PET/CT scanner manufactured in 2005. Unlike older scanner models, such as the HR++, the
Biograph uses modern lutetium oxyorthosilicate (LSO) scintillators with a rapid response time,
pixelated into a finer spatial grid. This new scanner will ultimately replace the HR++ at
iThemba Labs but must first be characterised and studied to understand its performance from
a physics perspective. Once this is achieved the scanner can be modified for further PEPT re-
search, such modifications include developing a means of acquiring list-mode data, implementing
higher resolution timestamping, and encoding other data streams such as telemetry from pumps
and mass flow controllers [2].

The Siemens 2005 Biograph 16 HiRez is a combined Positron Emitting Tomograph (PET) and
X-ray Computed Tomography (CT) scanner which uses advanced gamma ray detection technol-
ogy to image not only the structure of a system (CT), but also its function (such as metabolic
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activity in a medical scenario - PET). The PEPT facility at iThemba labs has historically used
positron imaging implemented on modified ex-clinical PET systems to study and characterise
functional processes, granular systems, and multiphase flow. By replacing the HR++ scanner
at the lab with the newer Biograph, future PEPT research will have access to more advanced
PET technology with higher spatial, temporal and energy resolutions and the ability to correlate
structure (CT) and function (PET/PEPT) for the first time [3].

To characterise the scanner, detector blocks and controllers were extracted from the original
device and reconfigured with a customised data acquisition system. Characteristics such as
detector efficiency, temporal, energy, and spatial resolution were investigated and compared to
performance of existing detector systems used in PEPT and positron imaging applications.

2. Functional Description
The key physical process that PET technology relies on is the electron-positron annihilation.
Positrons are emitted by the breakdown of a proton rich radionuclide taking the form of a sub-
stance administered to the patient for conventional PET scans, or the tracer particles used in
PEPT. Positrons collide with an electron and annihilate near the site of the decay, with the
positron range between emission and annihilation contributing a fundamental limit to the spa-
tial resolution in imaging. The annihilation results in two gamma rays, conserving energy and
momentum with emission in opposite directions in the reference frame of the electron-positron
system. The angle with which the photons are observed in the laboratory frame has slight
variability (± 0.5°) known as noncollinearity, contributing further spatial resolution limits. The
emitted gamma rays are measured by the rings of detectors surrounding the system, enabling
the time of arrival (ns), energy (keV), and position (mm) of incidence to be determined and
stored as raw data from which an image or PEPT analysis can be reconstructed [4].

Each individual detector block within the scanner utilizes a scintillating material which, when
ionized by incoming radiation, produces a high energy electron via the photoelectric effect.
Energy deposition by this electron excites the atoms in the material to luminescence. A seg-
mented array of these crystals is connected to 4 photomultiplier tubes which output an electronic
pulse proportional to the absorbed scintillation light intensity (and hence energy). The crys-
tal elements are optically separated by a reflecting material, the depth of which is empirically
determined to share the scintillation light linearly between the four photomultiplier tubes [5].
Comparison of the relative scintillation light intensities enables the exact crystal element illu-
minated to be determined. A flood histogram illustrating the crystal array of the new LSO
detector can be seen in figure (1a) below. The composite signal from the block detector is
passed through a single channel analyser (SCA) to determine energy qualified events valid in
the range 425 - 650 keV as set by the upper and lower level discriminators. A fast branch of the
composite signal is passed to a constant fraction discriminator (CFD) to determine the time of
arrival for the event at ns resolution. Singles event data are transmitted to a central coincidence
processing unit, where a timing gate system is used on energy qualified events to determine
pairs of events assumed to be from the same annihilation. Events from different detectors are
regarded as simultaneous (in coincidence) if they both occur within a fixed time window 2τ ,
with the rate of random coincidences scaling linearly with the gate duration τ [3]. Simultaneous
events are known as coincidence pairs and allow the reconstruction of a line of response drawn
between the two detectors. Many pairs allow an image map to be created by localising the
position of annihilation corresponding to the activity in the organ of the patient, or the location
of the tracer particle allowing for particle tracking.
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3. Experimental Method
A single module consisting of twelve detectors and the associated readout electronics was ex-
tracted from the scanner and reconfigured in the lab. The detectors require a split rail power
supply providing reference ground (0 V), positive 5.0 V, and negative 5.2 V. Once functional, a
means of communicating with the module was developed. The electronics board utilises three
communication ports. One is for communications between the detector and the main controller
board, carrying a master synchronisation clock (62.5 MHz), a strobe used to parse data words
(8.00 MHz), and RS232 standard serial communications enabling calibration and event statistics
readout. The other two ports carry singles event data from the module in emitter coupled logic
(ECL) over twisted pair conductors. Each event is digitised and transmitted as a parallel set of
six 8-bit words with each bit presented at the master clock frequency, and end of word parsed
by the strobe. A dedicated translating circuit was built to convert from ECL to transistor tran-
sitor logic (TTL) and event words were captured using a custom data acquisition system [6].
Each of the six 8-bit words contains the data representation of a single event in the module,
including the time of arrival (ns) relative to the master clock, the energy of the event (keV),
and position of the event (block in module; row in block; column in block). The energy cali-
bration and position correction table are determined from the data as presented in figure 1 below.

The front-end electronic processing system was used to query the LSO block detectors for event
information. These data included pulse height spectra which was subsequently calibrated in
terms of photon energy, position calculations per event used to calculate the absolute crystal
positions, and CFD timing encoding time of arrival of energy qualified events. In order for
comparison, Nuclear Instrumentation Modules (NIM) were used to obtain singles data for the
BGO block detector; signals from each PMT were read-out with individual NIM pre-amplifiers
and amplifiers and then summed and digitised. The summed signals were digitised using a
multichannel analyser and the pulse height spectrum generated for multiple radioactive sources
including 22Na (511 keV), 137Cs (662 keV) and 60Co (1173 and 1332 keV).

4. Results
Characteristics of the LSO crystals used in the Biograph are compared directly against those of
the BGO crystals used in the HR++ in order to gauge the similarities and differences expected in
their behaviour. Table 1 shows that the LSO detectors have a factor of three higher light output
and are expected to yield a correspondingly higher energy resolution of order 1.75 (

√
3). The

scintillation light decay time is a factor of six improved on BGO with similar factor improvement
expected in time resolution and dead-time factors. Despite the higher material density, LSO is
expected to have lower intrinsic photopeak efficiency due to the lower effective atomic number
and higher proportion of Compton events relative to photoelectric absorption.

Table 1. Crystal properties for both BGO and LSO [7] [4].

Material property BGO LSO

Density (g/cc) 7.13 7.40
Effective atomic number 75 66
Decay time (ns) 300 ∼47
Linear attenuation at 511 keV (cm−1) 0.96 0.88
Ratio between photoelectric and Compton at 511 keV 0.78 0.52
Light output (photons/511 keV) 4200 ∼13000
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Results using the on-board analysis capability were retrieved from the Biograph detector
controllers and are illustrated in figure 1. The figure contains a flood histogram (a, left) produced
by uniformly illuminating the entire face of a detector block, in which each of the 13×13 crystals
are clearly distinguishable. The histogram illustrates the selectivity in identifying the excited
crystal element, from which a correction table can be built. Figure (1b) contains the calibrated
pulse height spectrum for the summed PMT signals from an LSO detector block, illustrating
the annihilation photopeak at 511 keV and the upper and lower discriminators applied at 425
keV and 650 keV respectively.

(a) Flood histogram of the 13x13 crystal
array in the an LSO detector block.

(b) Calibrated pulse height spectrum of a 22Na source
from the summed PMT signals of an LSO detector block.

Figure 1. Results obtained from the on-board analysis of the Biograph system.

Numerical results from analysis of LSO (Biograph) and BGO (HR++) detector blocks are
documented in Table 2 below:

Table 2. Results obtained from systematic study of LSO and BGO detector blocks, numerical
data from Table 1 where appropriate.

Property (at 511keV) BGO LSO

Measured energy resolution (%) 33 17
Calculated energy resolution (%) 30 17
Manufacturer energy resolution (%) 30 16
Calculated intrinsic peak efficiency (%) 41 32
Calculated total interaction efficiency (%) 94 93
Measured intrinsic photopeak efficiency (%) 60 -

The measured 511 keV annihilation photopeaks were characterised by numerically fitting a
Gaussian function and parameterising in terms of area, centroid, and standard deviation σ.
The energy resolution function was determined as R = ∆E/E and measured as the photopeak
FWHM / centroid where the Full Width at Half Maxmium (FWHM) is 2.35 σ. The resolution
is reported as a percentage of the full energy at 511 keV.

Photopeak resolutions for BGO and LSO were measured to be 33% and 17% respectively,
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in agreement with the expectation calculated using the Poissonian uncertainty relation and
a photomultiplier tube quantum efficiency of 25%. The measured and calculated values are in
agreement with the manufacturer specifications for these detector materials, which is somewhat
suprirising given the additional complexity of the segmented block detector design.

The measured intrinsic photopeak efficiency for the BGO detector was determined through
comparing annihilation photopeak areas over a range of source-detector separation distances
allowing normalisation by the projected solid angle. The intrinsic photopeak efficiency was
measured to be slightly higher than expected, however these data may include some contri-
bution from Compton scattering over the energy window chosen to define the peak as well as
down-scattering from an associated high energy photon. The intrinsic peak efficiencies are in
broad agreement within the range expected numerically.

The efficiency of the detector is influenced by the scintillating material density and linear at-
tenuation coefficient, and a high ratio between the photoelectric and Compton interactions.
Photoelectric interactions are favoured as they result in the total absorption of the incoming
photon energy, while Compton interactions may only absorb a fraction of the energy and the
resultant scattered photon might lead to further interactions in the adjacent detectors, making
it difficult to locate the primary interaction. The photoelectric microscopic cross-section scales
with the effective atomic number to the power of four, while the Compton scattering cross-
section being only linearly proportional to it; a material with a higher effective atomic number
therefore yields an improved ratio and higher efficiency. The total macroscopic cross-section
scales linearly with material density, thus higher density materials are preferred [7].

The integration of the composite light signal is a direct measure of the energy deposited by
the annihilation photons, and is dominated by Poisson statistics in the scintillation light inten-
sity. Higher light output scintillators therefore improve the energy resolution of the detector, as
evidenced by the improved energy resolution of the LSO scintillator compared to the lower light
output BGO devices.

A smaller decay time allows for higher precision in measuring the time of arrival of the incoming
radiation, and reduced front end detector deadtime implying overall higher event rates. Ad-
vantageously, the faster decay time of the LSO scintillator allows a reduced coincidence window
(2τ = 4ns) compared to the BGO system (2τ = 12 ns) thereby reducing the relative fraction
of random coincidences in the recorded data stream. High speed timing potentially enables
measurement of the time-of-flight for the photon pairs.

5. Conclusion
Properties of the recently acquired Siemens Biograph 16 HiRez combined PET/CT scanner
were determined through a systematic investigation of the characteristics possessed by the LSO
crystals utilised within the scanner detectors. These properties include the detector energy,
spatial, and timing resolution, and efficiency. The results were compared directly against
characteristics of BGO crystals used by models preceding the Biograph, such as the HR++
and demonstrated an improved energy resolution in the LSO crystals at 17% compared to 30%
in BGO, with a decreased intrinsic photopeak efficiency at 32% compared to 41% in BGO. These
results agree with theoretical expectations deduced from physical properties of the crystals as
described in Table 1 and 2. Numerical results of the measured characteristics, together with
estimated values for other properties such as intrinsic resolution and efficiency are in broad
agreement.
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Abstract. Positron Emission Particle Tracking (PEPT) techniques allow the tracking of a
radioactive tracer particle moving within a system of flow, enabling non-invasive study of
dynamic systems. On the micro-scale, PEPT performance is limited by the achievable activity in
radiolabelling a suitable tracer particle, and the fixed geometry of conventional detector systems.
To enable application of PEPT towards these scales advanced instrumentation is required, and
a hybrid detection system has been developed combining scintillator and semiconductor devices.
A bismuth germanate oxide (BGO) scintillator array consisting of 1024 detector elements
derived from CTI/Siemens PET scanners (512 pixels of 6.75 x 6.25 x 30 mm3 and 512 pixels of
4.1 x 4.0 x 30 mm3) forms a field of view of 150 x 196 x 101 mm3. A pair of pixelated cadmium
zinc telluride room temperature semiconductors (9680 pixels of 1.8 x 1.8 x 0.5 mm3) form a
high spatial resolution region of 62 x 42 x 20 mm3 placed within the larger field of view. The
design choice maximizes absolute efficiency by merit of the scintillators and enhances spatial
resolution through the semiconductors. Energy and timing resolutions of the BGO elements
were determined, and sensitivity profiles of the system modelled numerically, enabling the
characterization of the system absolute efficiency and spatial resolution. The results suggest the
applicability of PEPT in the study of microscale flows for the first time, including investigating
flows in capillaries and micro-fluidic devices.

1. Introduction
Positron emission tomography (PET) imaging is a powerful non-invasive technique in which fluid
tracer distributions can be imaged over time in biological systems, with use cases in medicine to
characterise disease, alongside research into the systems and techniques used [1]. Based on PET,
positron emission particle tracking (PEPT) [2] was developed to study dynamic systems, with
applications in the fields of engineering to medicine [2, 3, 4]. By labeling a single tracer particle
with a positron emitting radionuclide, tracking can be performed within a system to high spatial
and temporal resolution, from which the tracer trajectory can be accurately reconstructed with
an associated uncertainty. A desire to study micro-scale phenomena in PEPT, e.g. flows, has
lead to the development of advanced instrumentation to account for performance limitations
of existing systems. The fixed geometries of existing PEPT detection systems limit absolute
efficiencies, and micro-scale tracer particles are necessarily limited in their activities given the
difficulty in fabrication. As a result, the conventionally achievable location rates are inadequate
to study dynamic (fast moving, cm/s) particles. Previous work [5] with semiconductor detectors
has demonstrated the applicability of PEPT on the micro-scale, however the achievable location
rates and field-of-view (FOV) were limited. In this work, a modular scintillator array offering
improved absolute efficiencies has been constructed to supplement the semiconductor array.
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Characterisation of the system has been performed, extending previous work [6] and leading
towards the development of a hybrid PEPT system for the study of micro-scale phenomena.

2. The Positron Emission Particle Tracking (PEPT) technique
PEPT relies on positron annihilation, where positron emission from a tracer particle is followed
by annihilation, producing two approximately back-to-back 511 keV photons. When these
photons are detected in time coincidence, a line-of-response (LOR) can be defined, ideally
describing the 3D line along which the annihilation occurred. However, not all LORs arise
from true coincidence events, and corrupt LORs are reconstructed where one or both photons
were detected originating from an unassociated decay, or after scattering. An iterative least-
squares minimisation algorithm [2] isolates true coincidences and determines the instantaneous
position of the tracer particle over time with an associated uncertainty, using many LORs per
location. The spatial resolution of a PEPT system can be described by u(P̄ ) = w/

√
T where

u(P̄ ) is the 3D location uncertainty on a measured PEPT location P̄ , w is the spatial resolution
of the positron camera, and T is the true coincidence rate [7]. To improve upon the spatial
resolution as required for micro-scale PEPT, a detector pixel size reduction or energy resolution
improvement can reduce w, whereas an increase in system absolute efficiency or tracer activity
can increase T , noting activity is limited in practice. Existing PEPT systems make use of
scintillator devices, leveraging their favourable efficiency and time resolution to perform high-
speed tracking, with spatial resolution suitable for typical applications. Semiconductor detectors
offer smaller pixel sizes and improved energy resolution, although have relatively poor detection
efficiency and time resolution. The Polaris system [8] at UCT, consisting of pixelated cadmium
zinc telluride (CZT) semiconductor crystals, has been investigated for PEPT, achieving sub-
millimetre tracking of a low activity tracer particle [5]. However, event rates and the FOV were
limited, leading to the development of a hybrid system combining semiconductor and scintillator
devices. Characterisation of a modular scintillator array optimised to support Polaris is reported
here, where high quality characterisation allows for dynamic position and timing corrections per
crystal, yielding high precision tracking.

3. Detector Geometry
A modular scintillator array has been constructed from detector blocks of segmented 8 x 8
bismuth germanate oxide (BGO) scintillator crystals from Siemens ECAT 951 and EXACT HR+
PET scanners. Both block types have the same pixel count and similar intrinsic efficiency, with
differing dimensions. The HR+ detector block has smaller pixels (4.0 x 4.1 x 30 mm3) than the
951 detector block (6.25 x 6.75 x 30 mm3), leading to improved spatial resolution, whereas the
overall size increase of the 951 detector block improves its geometric efficiency. A hybrid system
combining these blocks can therefore optimise their relative advantages for micro-scale tracking.
A high spatial resolution central region is achieved by placing the HR+ blocks and the Polaris
system centrally, while the achievable system FOV and absolute efficiency is improved by placing
the 951 blocks surrounding the central region. One module of the BGO array is shown in figure
1, with the HR+ blocks placed in a central square surrounded by 951 blocks. The full hybrid
geometry consists of two such modules opposing to provide a FOV of 150 x 196 x 101 mm3,
with the Polaris system placed perpendicularly between the two to provide a central high spatial
resolution region of 62 x 42 x 20 mm3. A numerical model of the sensitivity profile of the system
was used to determine the optimal geometry for the BGO elements of the system, aiming for a
centrally uniform sensitivity profile to avoid deadtime limiting hotspots and to allow uniformity
of PEPT measurements over the volume. Several detector configurations were tested, and an
optimal geometry consisting of four HR+ and four 951 detector blocks per module was found,
having the best central uniformity with results shown in figure 1.

A set of 3D printed frames were produced to align the BGO detector modules. A significant
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Figure 1. (Left) The geometry of a single optimal BGO detector module placed on its 3D
printed frame, with HR+ (left) and 951 (right) detector blocks shown without their protective
casing alongside. Dimensions are given in mm. (Right) A plan view of the simulated sensitivity
profile integrated along the vertical axis. Corresponding profiles are shown alongside at varying
depths, with the uniform mean highlighted in bold. Profiles are drawn to scale.

contribution to the location uncertainty budget is the precision in the relative placement of
the individual detector elements, and these frames allow for precise and reproducible block
placement. The spatial resolution of the 3D printer, being approximately 0.4 mm and 0.15 mm
in the horizontal and vertical directions, is taken into account in LOR reconstruction.

4. Energy and temporal resolutions
To achieve micro-scale spatial resolution, low-noise detection is required. Two parameters
ensuring limited noise are the energy and timing coincidence windows, and by optimising these
windows the fraction of corrupt LORs can be reduced. The energy window, defined by the lower
and upper level discriminators (LLD and ULD), dictates whether a detected photon is discarded
based on deposited energy, selecting photons which are likely to have arisen from annihilation.
To accurately set the discriminators to minimise the detection of scattered or random photons,
an understanding of the detector energy resolution is required. For a single 951 detector
block, anodes from the four photomultiplier tubes were connected to preamplifier and amplifier
systems, with signals summed and then digitised to produce a pulse height spectrum. An energy
calibration was performed using standard gamma photon-emitting calibration sources, and a
Gaussian function was fitted to the annihilation photopeak from Na-22. The energy resolution
was determined to be 30.51± 0.48% at 511 keV. Choosing the energy window such that 99% of
the annihilation photopeak was encompassed, the LLD was set as 338.9± 3.3 keV and the ULD
as 678.4± 3.3 keV. This choice of discriminators excludes most scattered photons, reducing
corrupt LORs, with the LLD approximately aligning with the expected 340 keV Compton edge.

When two photons with appropriate energies are detected (i.e. singles events) within a time
period of 2τ , with τ limited by the system time resolution, they are considered coincident. The
random coincidence rate scales linearly with τ , thus optimisation of this window is required, using
the time resolution of the system to select τ to maximise the true coincidence rate while limiting
corrupt LORs. To determine the time resolution of the 951 blocks, singles events were recorded
in two coincident modules, and a systematic time delay was added to one of the modules. As the
delay is varied from zero to ±256 ns, the number of true coincidences decrease until only random
coincidences remain, generating a Gaussian curve when τ is lower than the time resolution of
the system. As τ increases, the Gaussian curves plateau as all true coincidences lie within the
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Figure 2. (Left) Calibrated energy spectra of three sources measured by a 951 detector block,
with Gaussian curves fitted to the photopeaks. Optimal LLD and ULDs are shown as dashed
vertical lines. (Right) The coincidence rate as a function of time delay added to a coincident
module, plotted for various coincidence windows 2τ with the 24 ns case fitted in colour. Dashed
vertical lines indicate window boundaries and the randoms contribution is shaded green.

window and the proportion of random coincidences increases linearly, as seen in figure 2 (right).
Fitting a Gaussian function to the 2τ = 8 ns curve, a time resolution, given by the standard
deviation of the distribution, of 4.24±0.03 ns was determined. The energy and time resolutions
of the HR+ series detector block were determined to agree with the values calculated for the
951 series block [9], implying these parameters are fixed by materials rather than geometry.

5. Conclusions and future work
Advances have been made in the development of a hybrid PEPT camera system, combining
scintillator and semiconductor devices, for application to small-scale systems with micron-scale
tracking precision. Construction of a modular BGO array has begun, using a numerically
modelled sensitivity profile and 3D printed frames to enable the precise placement of detector
modules. Energy and timing resolutions of the scintillator elements have been determined,
allowing for the optimisation of system parameters for low-noise detection. Characterisation
of the hybrid camera spatial resolution and detection efficiency have been made and deadtime
parameters will follow, allowing for the study of micro-scale phenomena using PEPT.
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Abstract. Short lived positron emitting species are used to produce flow-following tracer

particles to study flow dynamics in a technique known as positron emission particle tracking 

(PEPT). The photon pairs produced by positron annihilation are detected in time coincidence by 

arrays of high-speed position sensitive detectors. Reconstruction of consecutive annihilations are 

used to determine the near-instantaneous position of the tracer particle. Hence, the resulting bulk 

flow dynamics are derived, including residence times, velocities, accelerations, and related 

kinematic properties. The Department of Physics at the University of Cape Town uses PEPT to 

study dynamic physical processes, turbulent, and multiphase flows. Studies aim to address global 

challenge topics including problems in water scarce environments, reducing industrial wastes, 

and enhancing developments towards sustainable economies through improved process 

efficiencies and design led approaches. The PEPT Cape Town enterprise is discussed, including 

the development of flow metrology systems and complementary nuclear measurement 

techniques. Research encompasses four key themes: radioisotope tracer production, 

instrumentation & detector development, data acquisition & processing, and flow metrology. 

1. Nuclear measurement applications
The practical applications of nuclear research and resultant spin off technologies have had high impact 

for the benefit of human society. To this end the radioisotope tracer method has become an indispensable 

tool in practically every field of the physical sciences. The use of nuclear techniques applied to diagnosis 
and treatment in medical healthcare is illustrative [1]. Diagnostic imaging, combining advantages of 

distinctly different nuclear technologies, has revolutionised personalised healthcare. Of note, 

transmission imaging using X-ray CT has enabled internal structures of the body to be non-invasively 
visualised, being sensitive to density and material (Z) variations. Emission imaging (SPECT and PET) 

has equal relevance, with an injected substance subject to variations within the chemical and molecular 

environment informing on metabolic processes and function. Modern diagnostic tomography systems 

combining PET and X-ray CT allow function and structure to be simultaneously visualised and 

quantified at unprecedented precision. The use of similar techniques for the study of physical systems 

and those of industrial interest has been explored by a limited number of research groups [2,3] with 

potential impact appealing to global challenge issues including minimising energy and resource use, 

enhancing recycling, and enabling a knowledge led approach to industrial design.  The University of 

Cape Town Department of Physics (UCT) has been active in using nuclear techniques to investigate 
fundamental, real-world, and industrially relevant flows in a wide variety of applications.  
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2. Emission imaging
The individual particles or fluid elements, in granular, fluid, and mixed-phase flows, cannot be 

individually distinguished. Radioisotope tracer techniques offer the best approach to differentiating 
particles from the bulk, which enables a particle-level study of their dynamic behaviour. The 

measurement process begins with a source(s) of suitable radioisotope (section 3), necessarily short-lived 

with correspondingly high specific activity. These must be easy to produce, have suitable emissions for 
detection (with positron emitters being the focus here), and be quickly and easily chemically synthesised 

within the short timeframe of their half-lives. The radioisotope must be attached to, or otherwise form, 

the material of interest for the study, being the equivalent of a radioisotope vector molecule in the 

medical sciences. Representation is critical, for the process to be non-invasive the material properties of 

the tracer must match those of the bulk. In studying liquids, a neutrally buoyant particle of small scale 

is used to represent a differential fluid element. Tracer particles are designed to be directly traceable to 

their mathematical counterparts in continuum mechanics, thus describing the bulk dynamic behaviour.  

Photon emissions from a suitable tracer particle(s) are measured using arrays of position sensitive 

detectors external to the system under study (section 4). These photons carry information correlated with 
the tracer particle position and are measured with a form of collimation used to determine the direction 

of incidence. In positron imaging the photon pairs arising from electron-positron annihilation are 

detected in time coincidence to determine their flight path. The instrumentation and data acquisition 
systems are required to have low deadtime and high bandwidth to simultaneously acquire data from 

many thousands of individual detectors. The combined radioisotope, tracer particle, and detection 

system, enable a suite of novel experimental techniques suitable for investigating flow dynamics (section 

5) [4]. A typical PET imaging protocol acquires emission data, applies a set of corrections, and back-

projects (or otherwise reconstructs) the resultant integral image. In principle this approach can be used

in studying physical systems, with the resulting image representing a time average of density or gated

to represent a specific time sequence within the process. As dynamic quantities (including velocities,

accelerations, and etc.) are of interest, a differential approach is preferred: following a freely moving

tracer particle traversing the system under study. Over long timescales the average motion is equivalent
to the integral approach, with the (near-)instantaneous timescale used to investigate dynamic behaviours. 

The imaging system is 3-dimensional and regarded as non-intrusive (provided tracer particle 

representation). The annihilation photons can penetrate opaque materials and physical containment 

structures, enabling measurements under industrially relevant conditions including high temperatures 

and/or pressures. Under optimum conditions, with a tracer particle of sufficient activity and detector 

systems of high intrinsic efficiency and suitable geometry, the recorded coincidence rates are of the 

order MHz. From the raw data, locations along the tracer particle trajectory can be determined at 

10 - 250 kHz rates, allowing high precision tracking with uncertainty proportional to the inverse square-

root of the event rate, and ideally smaller than the tracer particle diameter [3]. For moving particles 

(benchmarked at 1 ms-1), the displacement between successive locations is typically smaller than the 
measurement uncertainty. Through validation against standard motions, and including a well understood 

uncertainty budget, the accuracy of tracking is of the same order as the precision.  

3. Radioisotope production and tracer particle fabrication
At the iThemba Laboratory for Accelerator Based Sciences (iThemba LABS), UCT has pioneered the 

use of 68Ge/68Ga radioisotope generators as a source of the high specific activity, short-lived, positron 

emitters required for PEPT. Germanium-68 (half-life 270.95 days) is produced by natGa(p, xn)68Ge 

reactions using a 66 MeV proton beam impinging on a natural gallium target. Following separation and 

purification, the resulting 68Ge is loaded onto SnO2 based columns. The long-lived 68Ge decays via 

electron capture to the short-lived positron emitting isotope 68Ga (half-life 67.71 minutes) in liquid 

phase. The two isotopes initially exist in secular equilibrium, with a dilute hydrochloric acid solution 

used to elute the 68Ga when required for tracer particle production via radiochemical techniques. The 

Radionuclide Production Department at iThemba LABS produces 18F (half-life 109.8 minutes) using 
the 18O(p, n)18F reaction with enriched 18O water targets, irradiated by an 11 MeV proton beam. The 
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isotope is synthesised to the 18F-fluorodeoxyglucose molecule (18FDG) via an automated rapid 

production cell. Both 68Ge and 18F (obtained from water targets or indirectly from 18FDG) ions can be 

radiochemically manipulated to extract and concentrate the radioisotopic species. Similar (but distinctly 

different) ion exchange chromatography techniques are used to produce tracer particles with the radio-

species exchanging with counter ions initially attached to a long chain resin polymer backbone [5]. The 

resin base-layer particle (200 – 500 �m diameter) can achieve a typical uptake of 400 �Ci – 2 mCi 

depending on the chemical conditions in the solution.  Once an active resin substrate is produced, further 

processing refines the physical (size, shape, density, elasticity, hardness, friction coefficient, etc.) and 

chemical (wettability, hydrophobicity or hydrophilicity, chemical potential, solubility, etc.) properties 

to match the characteristics of the desired bulk media, thereby attaining tracer particle representation. 
With naturally occurring materials being of industrial interest, the ability to activate natural oxygen 

bearing materials (99.757% 16O) to 18F offers the supreme advantage over radiochemical tracer particle 

production. Possible reactions include the competing 16O(3He, p)18F and 16O(3He, n)18Ne → 18F using a 
35 MeV 3He beam directed onto solid or water targets [2]. At iThemba LABS the competing 
16O(�, pn)18F, and 16O(�, d)18F channels, with indirect production from 16O(�, 2n)18Ne → 18F, have been 
explored [6].  Figure 1 illustrates possible reaction channels on oxygen bearing targets leading to 18F, 

noting that production from natural oxygen is paramount in producing phase representation.  

 
Figure 1.  18F producing reaction channels from oxygen targets. The reaction pathways are scaled to the 

maximum microscopic cross-section, presented as millibarns / pixel. Data from reference [7].  

4.  Instrumentation & data acquisition 
Large arrays of pixelated detectors are placed surrounding the system under study. The PEPT Cape 

Town laboratory at iThemba LABS hosts a modified ADAC Vertex dual-headed parallel plane gamma 
camera (NaI(Tl) scintillators) offering a large field of view and the ability to acquire in single photon 

(physical collimation) or coincidence (electronic collimation) modes with variable energy windows. The 

flagship device is a modified Siemens HR++ wide-bore tomograph of diameter 82.0 cm and 23.4 cm 

axial field of view (Figure 2, left). The HR++ uses detector blocks of 8 × 8 segmented bismuth germinate 

oxide (BGO) scintillator crystals, viewed by 4 photomultiplier tubes. Groups of 12 blocks are serviced 

by a detector controller functioning as a front-end data acquisition system, with blocks arranged to give 

48 rings of crystal elements 4.1 mm transaxially × 4.0 mm axially × 30 mm radially. The front-end 
consists of variable gain pre-amplifiers, summing integrators and a single channel analyser (slow 

channel: determining event energy and crystal position) per block, and CFD timing (fast channel) at 

nanosecond resolution. Event data from each detector controller are transmitted in parallel to a lossless 
coincidence processor up to a deadtime limited rate of around 2 MHz per controller, where a coincidence 

gate of 12 ns is used to assign detected photons to annihilation pairs. Data describing the positions of 

the endpoints are transmitted over a high-speed fibre optic cable, timestamped, and written to disk 

storage in listmode format at a maximum rate of 16 MHz. 

In the Department of Physics at UCT a dedicated nuclear physics research laboratory has been 

established. Modular detection systems utilising detector blocks as described above, and of differing 

113



28th International Nuclear Physics Conference (INPC 2022)
Journal of Physics: Conference Series 2586 (2023) 012127

IOP Publishing
doi:10.1088/1742-6596/2586/1/012127

4

 
 

 

 

 

 

dimensions, have been developed for small-scale PEPT applications. A modular positron camera 

currently consists of 4 modules paired in opposing banks, with horizontal separation of 440 mm (Figure 

2, middle). Detectors are controlled through serial communications allowing setting of energy windows, 

CFD parameters, and energy/spatial/temporal calibrations. Raw singles data are acquired as a serial 

listmode stream operating at 32.5 MHz, with data from each detector module acquired onto a 32-bit 
parallel bus. Data streams from up to 10 modules can be acquired simultaneously in parallel. The use of 

pixelated cadmium-zinc-telluride room-temperature semiconductor arrays (9680 pixels of 

1.8 × 1.8 × 0.5 mm3), is being explored with a hybrid modular camera system consisting of both detector 
types offering the highest potential for precision measurements of small-scale flows. The design forms 

a field of view of 150 × 200 × 100 mm3, with a central high spatial resolution region [8], being described 

in detail in these proceedings [9]. A Siemens Biograph 16 combined PET/CT tomograph (Figure 2, 

right) capable of measuring structure (via X-ray attenuation) and function (via emission imaging) has 

recently been acquired (funded through the UCT Equipment Committee) [10]. The tomograph consists 

of a rotating X-ray source and opposing pixelated detector system, coupled to a ring of lutetium 

oxyorthosilicate (LSO) detector blocks of a similar design as described above, with 13 × 13 pixelation. 
Blocks are arranged into 39 rings of crystal elements of dimension 4.0 mm transaxially × 4.0 mm axially 

× 20 mm radially giving a uniform field of view of diameter 83.0 cm × 15.6 cm axially. The increased 

light output and faster decay time of the LSO scintillator improves the energy resolution and timing 
properties over the BGO based system, offering lower deadtime and higher data acquisition rates 

resulting in increased measurement precision.  A novel fibre optic network-based data acquisition 

system supporting these devices in arbitrary geometrical configurations has been developed, enabling 

acquisition of singles and coincidences at the deadtime limited rates produced by the detectors. Real-

time acquisition and processing enable the display of singles, coincidence, and tracking data, by sharing 

the computational load between multiple network nodes and utilising GPU vector processing.  

 
Figure 2. (Left) The HR++ scanner. (Middle) A modular positron camera of opposing banks of block 

detectors. The live display shows singles events per crystal (blue/white) and coincidence pairs (green 

lines) converging on the 3D representation of a centrally placed 22Na calibration source (yellow disc). 
(Right) The Biograph 16 positron tomograph.  

5.  Positron emission & particle tracking  
By regarding the tracer particle as stationary between consecutive coincidence events, the intersection 
of two reconstructed annihilation pairs is sufficient to localise the instantaneous position. In practice, 

due to contributions from random coincidences, scattering, and finite volume detector effects (which 

limit the overall spatial resolution in PET), a small number of consecutive events are used. An iterative 

minimisation approach rejects outlying events, and position is localised to a precision higher than the 

intrinsic spatial resolution due to the sampling statistics. The single particle Lagrangian viewpoint is 

therefore directly measured, with the ability to characterise dynamic processes and rapid changes 

unconstrained by the steady state or time averaged approaches usually used for flow visualisation. From 
the instantaneous trajectory data (time, position), first and second order time differentials can be 
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calculated to examine the velocity and acceleration vector fields, noting that these parameters cannot be 

measured from integral approaches. In a single phase, the local residence time (defined as the relative 

duration the tracer spends in each image voxel) is equivalent to the local material density. For more 

complex mixtures, the local densities of individual flow components are determined, being equivalent 

to steady state PET measurements of material concentration. Advantageously these analyses do not 
require the usual corrections for attenuation, scattering, or dead-time, and can be resolved to a higher 

precision than the equivalent integral measurements. Figure 3 illustrates the context of measurement. 

Figure 3.  Measurements for a tracer moving in a laminar water channel of square cross-section. From

left to right: A stylised single position measurement and associated velocity vector. A single pass 

through the channel is highlighted. The number of overlaid repeat passes increases until the full integral 
based description of local density (colour scale) and velocity field (vectors) is displayed.    

6. Uncertainty, benchmarking, and validation towards metrology
The PEPT uncertainty budget is well understood, validated against known and established motions, and 
used to define the valid range(s) of applicability [3]. Three classes of motion can be considered, with 

equivalent, and increasingly sophisticated, analysis approaches. In the first, motion at constant velocity 

is used to determine uniformity of relative and absolute responses to position measurements, including 

stationary points and uniform linear motion produced using a robotic motion stage. In the second, motion 

at constant acceleration is used to determine the velocity response using uniform circular, or equivalent 

constant force, motion. Here, the laws of motion can be directly applied in validating the measurement 

against theoretical expectations. In the third, tracer particles moving within standard “textbook” flow 

conditions are investigated, with experimental data compared to those produced by theoretical 

modelling. Examples include unconstrained particles moving within convection cells or pipeline flows, 

with direct theoretical solutions enabling validation of all dynamic properties.  
A simple validation process is outlined for uniformly accelerated motion, with tracer particles 

accelerating from rest under the influence of gravity. Upon release the particle accelerates with vertical 

displacement following the parabola ½ , with  the local gravitational acceleration and time .

Dividing the displacement by elapsed time resolves a linear relation proportional to the particle velocity, 

with respect to time the gradient of which measures the acceleration [11].  

PEPT experiments were performed with a 68Ga resin tracer inserted into a small steel ball placed 

within the field of view of the HR++ camera. An electromagnet supported the ball, which was allowed 

to drop by disconnecting the magnet current. The drop height was 40 cm, with the mass reaching a linear 

speed of ~1.5 ms-1 during the ~0.3 s flight time, before rebounding from the lower surface. Figure 4 

shows the measured vertical trajectories (left) for repeated measurements alongside the analytical 

expectation. The same data, divided by elapsed time is shown (right), with the gradient of the 

parameterised line equal to . A curve fitted to the linear section enables the gradient to be obtained

(ignoring secondary effects such as air resistance), with  measured to be 9.798 ± 0.001stat ms-2,

correlating favourably with the accepted literature value of 9.796 ms-2 for our locale. This simple 
experiment, with a relatively high acceleration, is suitable to demonstrate that PEPT measurements are 

highly representative of the typical motions under consideration and can be extended to steady-state and 

transient flows without loss of accuracy [3].  
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Figure 4. Analytical (red), measured vertical position (left, blue), and corresponding vertical velocity 

(right, green), measured for a small object falling from rest under gravitational acceleration. 

7.  Output and impact 
Building on the validation of the measurement technique, a significant output from PEPT 

measurements has been in benchmarking direct measurement to theoretical models and simulations of 

flow processes. The Navier-Stokes equations describe a set of coupled partial derivatives used in 

modelling the motion of viscous substances with wide ranging applications. Due to their coupled nature 
integrable solutions do not exist, necessitating the use of precision measurement techniques such as 

PEPT to benchmark against, and to validate towards, the mathematical description. Measurement can 

be used to inform on dimensionless constants describing flow properties and/or provide numerical input 
data to theoretical models. PEPT has been extensively used in the study of mining and minerals 

applications, with experimental data informing underlying models of system behaviour, and used to 

optimise performance in terms of reducing waste streams, energy input, and raw materials requirements. 
From a design led approach, PEPT data have enabled greater understanding of material transport within 

flowing systems. In the case of flotation recovery cells, this approach has led to retrofitted adaptions of 

commercial units potentially saving millions of litres of water per year [12]. PEPT data are used to 

validate computational and/or theoretical models of turbulent flows and granular dynamics, perhaps 

offering the best experimental approach to non-invasively measuring flow in three dimensions.  

References 
[1] Jones T, Townsend D, 2017, J. Med. Imag. 4(1), 011013 (2017), doi: 10.1117/1.JMI.4.1.011013. 

[2] Parker D, Broadbent C, Fowles P, Hawkesworth M and McNeil P 1993 Nucl. Instr. Meth. A326. 

[3] Buffler A, Cole K, Leadbeater T W, van Heerden M, 2018, Int. J. Mod. Phys: Conference Series, 
48, 1860113, 10.1142/S2010194518601138. 

[4] Buffler A, Govender I, Cilliers J, Parker D, Franzidis J P, Mainza A, Newman R, Powell M and 

Van der Westhuizen A, 2009,Nuclear Research Applications and Utilization of Accelerators 
[5] Camroodien A, van Heerden M, Nair S, Leadbeater T, 2021, Proc. of SAIP21, 65th Annual Conf. 

of the South African Institute of Physics (July 22-30 Potchefstroom). 

[6] Leadbeater T W, Buffler A, Cole K, van Heerden M, Reich J, Camroodien A, Steyn D, 2023 

Nuclear Science and Engineering, 10.1080/00295639.2023.2171234. 

[7] Koning A, et al., 2019, Nuclear Data sheets, 155. 

[8] van der Merwe R, Peterson S, Buffler A, van Heerden M, McKnight A, Leadbeater T, 2022 Proc. 

Of SAIP2022, 66th Annual Conf. of the South African Institute of Physics (July 1-8 Gqeberha) 
[9] van der Merwe R, Peterson S, Buffler A, van Heerden M, Hyslop N, Hutton T, and Leadbeater T, 

2022, Proc. Int. Conf. on Nuclear Physics (September 12-16 Cape Town). 

[10] McKnight A, Leadbeater T, van der Merwe R, 2022 Proc. of SAIP2022, 66th Annual Conf. of 
the South African Institute of Physics (July 1-8 Gqeberha). 

[11] Wick K, Ruddick K, 1999, American J. of Physics 67, 962-965. 

[12] Cilliers J, Cole K, 2013, UK Intellectual Property Office 1319600.1 (Patent). 

116



117

A.5 NSS MIC RTSD 2023, van der Merwe

Abstract serving as conference proceedings produced as the primary author following an
oral presentation at the 2023 IEEE Nuclear Science Symposium, Medical Imaging Con-
ference and International Symposium on Room-Temperature Semiconductor Detectors
(NSS MIC RTSD), published December 2023.

Citation:
R. van der Merwe, S. W. Peterson, A. Buffler, M. van Heerden and T. Leadbeater,
Micro-scale particle tracking with hybrid detectors, 2023 IEEE Nuclear Science Sympo-
sium, Medical Imaging Conference and International Symposium on Room-Temperature
Semiconductor Detectors (NSS MIC RTSD), Vancouver, BC, Canada, 2023, pp. 1-1, doi:
10.1109/NSSMICRTSD49126.2023.10338569.



Micro-scale particle tracking with hybrid detectors 

Robert van der Merwe, Steve Peterson, Andy Buffler, Mike van Heerden, Tom Leadbeater 

University of Cape Town, South Africa 

Positron emission particle tracking (PEPT) is a tracer-based measurement technique used in the 

non-invasive study of dynamic and flowing systems. PEPT relies on positron imaging principles; 

using coincident detection of annihilation photons to determine the instantaneous 3D position of 

positron emitting tracers. Successful applications include laboratory scale systems across 

engineering disciplines, achieving millimetre spatial resolution and tracking speeds up to 10 m/s. 

On smaller scales with reduced radiotracer activity, performance is limited by the efficiency of 

conventional fixed geometry detectors. To investigate micro-scale phenomena a modular hybrid 

system consisting of pixelated scintillator and semiconductor detectors has been constructed. 

1024 BGO scintillator crystals (of mixed dimensions <6.75 x <6.25 x 30 mm3) form a field of view 

120 x 196 x 101 mm3 with a pair of pixelated CZT room temperature semiconductors (9680 pixels 

of 1.8 x 1.8 x 0.5 mm3) covering the central 62 x 42 x 20 mm3 region at high spatial resolution. 

Detection geometry was optimised through numerical modelling by maximising the absolute 

efficiency with high solid angle coverage of the scintillators, while enhancing the spatial resolution 

with the high pixelization of the semiconductors. At 511 keV, intrinsic efficiencies of 60% and 15%, 

and energy resolutions of 30.5% and 1.15%, were measured for the scintillators and 

semiconductors respectively. The combined high efficiency and high energy resolution enable 

precision windowing on detected events to discriminate noise. The timing resolution of both arrays 

was measured to be 12.7 ns and 268 ns respectively, allowing optimisation of coincidence gates. 

Sensitivity profile measurements were performed with a novel positioning stage benchmarked 

against modelling and demonstrating significant improvement in PEPT spatial resolution. Results 

indicate the potential study of micro-scale flows for the first time. 
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