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Sub-Millimetre Positron-Emission Particle Tracking Using a CdZnTe
Semiconductor Array

by Nicholas HYSLOP

The Positron Emission Particle Tracking (PEPT) technique has been in develop-
ment in Cape Town since 2009, and typically allows the tracking of a 1 mm diameter
positron-emitting source travelling at 1 m/s with precision around 1 mm at kHz
rates. Conventionally, PEPT utilises large, high efficiency scintillator detectors and
relies on high data-rates obtained from high activity tracer particles to achieve the
quoted performance.

However, as we look to apply the technique to more challenging liquid and
mixed phase systems, smaller tracer particles are required (of the order 10 µm) which
are necessarily limited in attainable activity and therefore applicability in current
systems. This dissertation investigated the use of pixelated room-temperature semi-
conductor CdZnTe detectors with high pixel resolution to implement PEPT. Using a
PolarisJ CZT detector module array built by H3D Inc. (Ann Arbor, MI, USA) with
a field-of-view of 40× 60× 20 mm3, a positron-emitting 22Na source (1 mm diame-
ter) with an activity of 20 kBq was located in three-dimensional space with a radial
location uncertainty of < 600 µm (68% coverage) and location rate of ≈ 0.3 Hz. A
68Ga source (160 µm diameter) with an activity of 1 MBq was located with a radial
position uncertainty of < 800 µm (68% coverage) and location rate of ≈ 10 Hz. A
37 kBq 22Na tracer was tracked with sub-millimetre precision undergoing circular
motion at radii between 0.5 - 20 mm and speeds between 0.25 and 15 mm/s. We
have showed sub-millimetre tracking of tracer particles with tracer activities orders
of magnitude lower than currently possible using conventional PEPT systems.

A potential application of this work is in providing on-line beam diagnostics
in proton radiotherapy. The PEPT technique was therefore applied to Geant4 sim-
ulation data of a 55 MeV and 200 MeV proton beam passing through an organic
target to locate the beam-line with uncertainties within the incoming beam width.
Such proton beams produce positron emitters at activities too low to measure with
conventional scintillators. With the current CZT arrays already in use for dose ver-
ification imaging, incorporating such beam-tracking to improve image quality can
be easily implemented in future.
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Chapter 1

Introduction

This thesis represents a collaboration on work done by Tom Leadbeater and Steve
Peterson (the co-supervisors of this work) in the Physics Department at the Univer-
sity of Cape Town (UCT). The aim of this thesis is two-fold. The first is to investigate,
characterise and improve the Positron Emission Particle Tracking (PEPT) technique
using semiconductor detectors (traditionally PEPT is done with scintillators), build-
ing on Tom Leadbeater’s research. The semiconductor detectors used were the Cad-
mium Zinc Telluride (CdZnTe or CZT) PolarisJ room-temperature semiconductor
detectors build and sold by H3D Inc. (Ann Arbor, MI), purchased by Steve Peter-
son for his work in medical imaging. The second is to track a proton beam moving
through an organic target using ideas and techniques from PEPT to improve the
Distance-of-Closest Approach (DCA) filtering technique used in Prompt Gamma-
ray Imaging (PGI), building on Steve Peterson’s research as well as research done by
the author in 2018 [1].

1.1 Dissertation Outline

This first Chapter provides both the necessary background motivating why this
work was undertaken and the theory needed to understand the rest of the investiga-
tion and results presented in the following Chapters. It begins with the mathematical
and practical principles needed to successfully implement the PEPT technique, after
which it outlines the history of PEPT research and its applications. It then presents
several models that characterise the effects of detector deadtime on coincidence pro-
cessing. The Chapter ends with a description of Compton Camera imaging and the
Distance of Closest Approach (DCA) filtering technique, outlining how PEPT can
be used to track a proton beam incident on an organic target and how this is useful
in improving the DCA algorithm. Chapter 2 follows up Chapter 1 by providing a
technical description of all of the equipment used throughout this work, along with
the procedures used to operate that equipment.

Chapters 3-5 present the full characterisation of a practical implementation of the
PEPT technique in the CZT PolarisJ detector systems developed by H3D Inc. Chap-
ter 3 starts with a proof-of-concept experiment to locate a 22Na source. It presents
the performance results and shows how the results were used to fine-tune the pa-
rameters required by the PEPT algorithm. It then ends with a measurement of the
field-of-view sensitivity of the detector system. Chapter 4 explores semiconductor
PEPT for a higher activity 68Ga source, investigating the deadtime effects on the
system and how deadtime influences location performance. From these results, an
optimum source activity is decided on and the performance at this activity is pre-
sented. Chapter 4 ends with a discussion on how the performance could be further
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improved.

Chapter 5 looks at tracking a moving tracer particle - the ultimate goal of PEPT.
It presents the performance of a PEPT array that is larger than the UCT PolarisJ sys-
tem: the H3D small-animal PET system. This system is representative of a complete
CZT PEPT system that would be used for experiments beyond proof-of-concept, and
Chapter 5 demonstrates the potential performance of such a system.

Finally, Chapter 6 presents an application of semiconductor PEPT: tracking a pro-
ton beam through an organic target to improve PGI performance by improving the
DCA filter. Unfortunately much of the experimental work planned for this Chap-
ter was interrupted by the COVID-19 pandemic, and so the results presented are
primarily from Monte-Carlo simulations. However the preliminary results show
promise and motivate for a more thorough investigation.

This thesis finishes with Chapter 7, presenting the final conclusions of this dis-
sertation and the potential further work that could come from it.

1.2 Positron Emission Particle Tracking (PEPT)

1.2.1 Theory

All positron imaging techniques utilise β+ radiation - the emission of a positron
when a particular nucleus (e.g. 22Na, 68Ga, etc.) undergoes nuclear decay - and
PEPT is no exception. If this decay occurs in a region of matter, this positron will
slow down through electrostatic interactions and eventually annihilate with an elec-
tron. The rest mass of this electron-positron pair is then converted into two gamma-
rays of 511 keV each, which are emitted back-to-back to conserve momentum. These
two gamma-rays can then be detected in coincidence, and a line can be drawn be-
tween the two points of detection - known as a line-of-response or LOR. Therefore
if the original position of the decay is not known, it is now constrained to lie on that
line. Given a second decay in the same location with the back-to-back gamma-rays
oriented in a different direction but in the same plane, the LOR generated by that
pair will intersect with the first line, and the location of both decays is now con-
strained to sit on that intersection, and the previously unknown decay location has
been determined. Extending this idea into three-dimensions, while the two LORs
are highly unlikely to intersect, there will be a distance-of-closest-approach line that
connects the two and both decays are now constrained to lie on this line. This pro-
cess is shown in Figure 1.1. Thus, given a "point" β+ radiation source that lies within
the field-of-view (FOV) of a detector array detecting the 511 keV gamma-rays in co-
incidence, the 3D position of that source can be tracked as a function of time. This
is the theoretical basis for PEPT. Note that in practice there will always be corrupted
LORs, and so a statistical ensemble is required to accurately reproduce the location
of the tracer.

A typical low-activity β+ calibration source found in most nuclear labs has an
activity on the order of 10 kBq, and so is giving off 10 000 of these annihilation
gamma-ray pairs every second. Given sufficient detectors capable of detecting in
coincidence, arranged in an array surrounding the source, it is in theory possible to
locate the tracer source thousands of times per second. The frequency and accuracy
with which the tracer is located is therefore limited by the activity of the tracer and
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FIGURE 1.1: Demonstration of the positron annihilation process
used for positron imaging. Top: A nucleus decays, emitting a
positron which slows down and encounters an electron. Middle:
The electron-positron pair annihilate, producing two back-to-back
511 keV gamma-rays, which are picked up by detector elements in
coincidence on either side of the source. Bottom: These coincidences
are collected and lines-of-response (LORs) are drawn in space, which
converge on the source of the positrons, allowing for the tracking of
the source through space. Note: this schematic is not to scale and in

reality the annihilation occurs much closer to the source.

the capabilities of the detector system, which includes but isn’t limited to: detector
size, energy resolution, timing resolution and detector pixel size. Additionally, co-
incidence events can be corrupted through scatter (either with a part of the external
system before entering the detector or with the detector material itself) or obscured
by associated gamma-rays (e.g. the 1.3 MeV gamma-ray emitted by 22Na), and so
both the detector system and the processing algorithms need to account for this.

Radiation Detection in Coincidence

There are two different common techniques to detect coincidences. The first involves
performing coincidence processing at the detector electronics level with the output
being a list of coincidence events, which is typically how coincidence counting is
implemented for dedicated coincidence detection systems such as those used in PET
imaging. A full description of this process can be found at [2]. The second is to per-
form coincidence processing post-experiment with the raw list-mode data, which
is particularly useful when developing a coincidence detection system as it allows
for the re-processing of raw data with multiple processing parameters to find the
best combination. This is how all the coincidence processing for this thesis was
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performed. Coincidence processing is particular to the detector system being used,
although the basic concepts are the same. The following is a description of how co-
incidence processing was implemented for the work done in this thesis using the
PolarisJ detector array.

As with all coincidence processing, it is important that all the detectors in the ar-
ray have their internal timing synchronised before the experiment proceeds. In the
PolarisJ system one detector module is dedicated as the master and every two sec-
onds it sends a synchronisation pulse to the other detector module(s) via coaxial ca-
ble. These sync pulses are recorded in each detector module’s list-mode data-stream
and used to combine the events in post-processing. In addition to a timestamp, the
detector modules also record the event’s energy deposition and the (x,y,z) position
of the event in the detector’s coordinate system. Before coincidence processing, the
data from all the detector modules are combined into a single file, with all the events
in order of the time they were detected in the lab time-frame. The events are then en-
ergy filtered (to see how these filters were chosen, see Section 3.1.2), after which the
coordinates of each event are transformed from their detector module’s coordinate
system to the lab-frame - referred to as the isocentric coordinate system. Typically
this is chosen with the origin at the centre of the FOV of the detector array. Once
combined into a single event list, the events are processed for coincidences. Looping
through each event, the algorithm searches the events before and after the current
event to check if any events fall within a chosen time window from−τ to +τ, which
is known in the literature as 2τ. To see how this window was chosen, see Section
3.1.2. If no such event exists, the next event is visited. If there is an event in the time
window, both events are stored together as a coincidence with the timestamp of the
current event and removed from the event list. If more than one event is found, the
event closest in time is chosen as the coincident event. This process continues until
the end of the event list is reached. The output is a coincidence event file, which
contains a timestamp of each coincidence and the (x,y,z) coordinate of both events
(in the isocentric coordinate system).

The PEPT Location Algorithm

In practice, since no radiation source (often referred to as a tracer particle) is a true
"point" source, and since typical tracer particles (22Na, 68Ga, 18F, etc.) emit β+ radi-
ation isotropically in three-dimensional space, a given sample of LORs almost never
lie in the same plane. To solve this, first a number N0 of these LORs are detected.
Then a location in 3D space d0 is found that minimises the sum of the squares of the
perpendicular distances between the LORs and d0. From this sum D0, a mean dis-
tance is calculated: m0 = D0/N0. Next, all the LORs whose distance to d0 is further
than some fixed multiple k of m0 (i.e. di > k · m0) are discarded, leaving a subset
of N1 LORs. A new location d1 is found from the remaining N1 LORs from which
a new (smaller) mean distance m1 is calculated. Using the original set of N0 LORs
another subset of lines, N2, is found using d1. This process continues to iterate un-
til a subset Nn is found containing a specified fraction f of the original number of
LORs, i.e. Nn = f · N0. This f is referred to as the F-parameter, and is often used as
a proxy for the signal-to-noise ratio. The k parameter determines the convergence
rate, as it determines the rate at which the trajectories are discarded. A value of
k = 1 means rapid convergence, but it discards many LORs at a time and so may
overshoot the desired f · N0 number of LORs. For k = 1.5 only one or two LORs
may be discarded at each iteration and so convergence is much slower. A value of



Chapter 1. Introduction 5

k somewhere between 1 and 1.5 is optimal. The final position dn is then declared to
be the best estimate of the position of the particle. A full description of the PEPT
algorithm can be found in [3].

F-Optimisation and Location Uncertainty

Given a set N0 of LORs used locate a tracer, it is expected that a certain fraction of
those lines are corrupt, e.g. a random coincidence, a gamma-ray that scattered before
entering the detector, background radiation, etc. The remaining fraction are uncor-
rupted lines - e.g. true coincidence events that enter the detector directly from the
tracer, so pass closest to the true location of the source. From the description above,
the F-parameter represents the fraction of the LORs that are nearest to the best esti-
mate of the location of the tracer. Therefore, in theory, there exists an F-parameter
that eliminates all the corrupt lines while retaining all the uncorrupted lines. See
Figure 1.2 for a visual depiction of this concept.

To find this optimal F-parameter, an F-optimisation curve needs to be produced.
First, the tracer particle to be used in the experiment (at the activity to be used in the
experiment) is placed inside the experimental system at the centre of the FOV of the
detector array. A stationary measurement is taken for long enough to gather enough
coincidences to produce a large number of tracer positions (preferably in the 1000s),
keeping the number of lines per position N0 fixed. Next, a range of F-parameters
between 0.0 and 1.0 is created (usually in 0.05 steps) and for each F-parameter all
the (x,y,z) tracer locations are determined using the PEPT algorithm. From this the
standard deviation σx,y,z is calculated. The standard uncertainty of the tracer loca-
tion is defined as u(x, y, z) = σx,y,z/

√
N f , where N f = f · N0 is the number of lines

used for the final PEPT location. Finally, this uncertainty is plotted as function of the
F-parameter. Typically this looks like a U-curve with a F-parameter corresponding
to a minimum uncertainty, often referred to as fopt- the optimal F-parameter to min-
imise location uncertainty for the given system. This is because for F-parameters
more than fopt, corrupted lines are included in the location calculation, increas-
ing σx,y,z significantly. Once all the noisy lines have been eliminated by reducing
the F-parameter, σx,y,z doesn’t decrease significantly for lower F-parameters. How-
ever, lowering the F-parameter further decreases

√
N f , which increases σx,y,z/

√
N f .

Therefore fopt is the best trade-off between removing all the noisy lines while retain-
ing good statistics. See Figure 1.3 for an example F-optimisation curve. Naturally,
increasing the starting number of LORs N0 leads to better statistics, but at the cost of
the location rate. Additionally, while the F-optimisation is performed on a station-
ary source, ultimately the tracer will be moving and so taking more LORs per po-
sition may decrease location uncertainty. For this reason, researchers are constantly
looking to improve data rates. It is important to run an F-optimisation for every
new experimental system and tracer particle used since the rate of random and cor-
rupted coincidences is highly dependent on the experimental conditions. Once fopt
has been determined for a given setup it is then used for all subsequent runs.
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(A) (B)

(C) (D)

(E) (F)

FIGURE 1.2: Demonstration of how the F-parameter operates. (A)
200 randomly selected LORs of a 1.5-1.8 MBq 68Ga source in a CZT
detector array. A large number of the LORs clearly converge onto
the source (true coincidences), while many LORs are seemingly ran-
domly distributed (noise). Shown as a black cross is the position that
minimised the sum of the square of the perpendicular distances to
each LOR. Using an F-parameter of 0.85, the 15% of LORs furthest
from this position are highlighted in red. (B) The plot from (A) with
the red LORs removed. Some of the noisy LORs have been removed
but there are still a significant number left. (C) The same analysis
from (A), but using an F-parameter of 0.38. (D) The plot from (C) with
the red LORs removed. All the noisy LORs have been removed while
the converging LORs remain. The F-optimisation process aims to find
this optimal F-parameter that ensures all the signal is kept while re-
taining the most statistics as possible. (E) The same analysis from (C)
but using an F-parameter of 0.2. This demonstrates how picking an
F-parameter that is too low reduces the useful statistics. (F) The plot
from (E) with the red lines removed. The LOR distribution is close to
that in (D), but there are noticeably fewer LORs. Note: in practice this
process is three-dimensional, and so lines that appear to converge in

this 2D projection may in reality be very far from convergence.
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FIGURE 1.3: An F-optimisation curve produced from a 14.7 kBq 22Na
source sitting in a CZT detector array, using N0 = 200. The datapoints
represent the radial uncertainty of the source position at a particu-
lar F-parameter. Fitted over the data is a polynomial to indicate the
trend. The minimum sits at 0.8, indicating that F-parameters less than
0.8 reduce the total number of lines and therefore increase statistical
uncertainty, and F-parameters greater than 0.8 include corrupted or

random events and therefore increase distribution uncertainty.

1.2.2 PEPT: Birmingham (1988) to Cape Town (2020)

PEPT grew initially alongside Positron Emission Tomography (PET); researchers at
the University of Birmingham were using PET as a non-invasive imaging technique
to investigate optically opaque chemical and industrial systems, but were finding
that the data rates were insufficient to investigate highly dynamical systems. Pri-
marily this was because the tracer fluid used in PET was distributed and required
many LORs to reconstruct an image. To solve this they switched to tracking a sin-
gle "point" tracer, first proposed by Bemrose et al. in 1988 [4]. The PEPT algorithm
described in the above section (as well as the term "PEPT") was then developed and
first described by Parker et al. in 1993 [3]. In the same paper, Parker et al. showed the
first application of PEPT. The detector array they used was a pair of (600× 300) mm2

multi-wire proportional chambers (MWPC) filled with isobutane and Freon gas, ini-
tially developed for PET imaging, with a maximum useful detection rate of 5 kHz.
They were able to track slowly moving 4 MBq 22Na and 18F tracers to within 1 mm,
several times per second, and tracers moving at 1 m/s to within 5 mm, 50 times per
second. Their optimal F-parameter was between 0.15 and 0.35. Finally, they showed
they were able to track a particle moving in a rotating drum and extract velocity
fields, average axial, tangential and radial velocities and other useful properties of
the system non-invasively.
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Research at Birmingham continued, using the PEPT technique to investigate a
wide variety of industrial processes, but was fundamentally limited by the capabil-
ities of their detector. The next breakthrough came in 1999 when the University of
Birmingham acquired a new positron camera made by ADAC Laboratories [5], the
ADAC Forte. It consisted of two detector heads mounted on a motorised gantry
with each head housing a solid NaI crystal (590× 470× 16) mm3 and an array of 55
photomultiplier tubes. The big advantage of this system was that each photomul-
tiplier was connected to separate ADCs, allowing for fast, parallel event detection.
With a resolving time of 7.5 ns this pushed the useful event rate up by a factor of 20-
40, allowing for a order of magnitude improvement on position precision (0.6 mm)
or the tracking of particles travelling an order of magnitude faster (over 10 m/s).
Additionally, the optimal F-parameter increased to between 0.2 and 0.35, primarily
due to the increased efficiency of NaI (25% intrinsic versus 5% for the MWPC) but
also the improved timing and energy resolutions of NaI.

The next development in PEPT came when in 2002 the University of Birming-
ham received the ECAT931 series made by CTI Inc., originally designed for medical
PET applications from Hammersmith Hospital. This system contained 2 rings of 16
detector "buckets" with each bucket containing 4 detector blocks and associated elec-
tronics. These (50× 50× 30) mm3 mm detector blocks were made of Bismuth Ger-
manium Oxide (BGO) and subdivided into an 8× 4 array, with the full system con-
taining 128 detector blocks totalling 4096 BGO elements. Birmingham researchers
then broke down the rings into their component parts (blocks), which gave them the
advantage of modularity and allowed the investigators to arrange the blocks in the
optimal geometry for the system being investigated, as described by Sadrmomtaz
et al. in 2007 [6]. With this system, they were able to track tracers to an accuracy of
1.2 mm at rates of 410 Hz, allowing for tracking of particles moving at speeds up
to 10 m/s [7], with an optimal F-parameter of 0.4. In the period between 2002 and
2008, Birmingham acquired four complete PET scanners, some of which were broken
down and some of which were kept as intact rings, allowing for a very wide variety
of applications. In addition to the detector development, Birmingham researchers
were also improving positron emitting tracer particles [8], further improving the ca-
pabilities of PEPT and the types of systems they could investigate. Between 2002
and 2012 researches at Birmingham used PEPT to do invaluable work in industrial
process analysis [9, 7, 10, 11]. By 2012, the Birmingham BGO detector arrays were
able to track small (≈ 1 mm) tracers in 3D with an accuracy of 0.5 mm, locating the
particle every millisecond [12].

Up until 2009 Birmingham was the only PEPT facility in the world - the require-
ment for large pixelated PET-type detector arrays along with a facility to produce
the tracer isotopes made it an expensive investment to build a PEPT laboratory.
However, in 2009, Imperial College London and Hammersmith Hospital donated an
ECAT ‘EXACT3D’ (Model: CTI/Siemens 966) HR++ [13] ring-geometry PET camera
to iThemba Labs, a cyclotron research facility in Cape Town, South Africa [14]. The
HR++ consisted of 48 rings of BGO detector crystals, each (4.39× 4.05× 30) mm3,
arranged in 8× 8 blocks. The ring diameter was 82 cm, the axial field-of-view was
23.4 cm and the acquisition system was capable of a coincidence rate of 4 MHz - this
compared to the state-of-the-art at Birmingham with a coincidence rate on the order
of 100 kHz. iThemba Labs was an ideal location for the second operational PEPT
facility worldwide as it was already a fully licensed isotope production facility, and
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one of the problems facing PEPT at this time was producing short-lived tracer par-
ticles (18F, 68Ga, etc.) that were small enough (< 20 µm) to investigate liquid-phase
systems, such as floatation cells, but also active enough (> 10 MBq) for accurate
tracking. Thus PEPT Cape Town was established and has been performing PEPT
research since mid-2009 to the present day. The primary isotope used at PEPT Cape
Town is 68Ga and there has been active research in making smaller and more active
tracers, with tracers as small as 50 µm being tracked in the HR++ [15]. The data ac-
quisition system used in the HR++ has also seen great improvements, spearheaded
by Tom Leadbeater [16] who originally worked in the Birmingham lab and moved
to the University of Cape Town to head up PEPT Cape Town. At the time of writing,
the HR++’s coincidence rate of 4 MHz enables it to routinely track a 1 mm tracer
particle moving at 1 m/s to within a 1 mm uncertainty at a location rate of 1 kHz,
and has regularly performed even better. The HR++ also uses optimal F-parameters
as high as 0.7 [17], showing a doubling of the signal-to-noise ratio compared to the
modular systems used at Birmingham. Research continues to try and reduce the
tracer size and push the boundaries of the application of PEPT to new processes and
systems.

1.2.3 Tracer Production

As with all positron imaging, it is useful to be able to produce short-lived (half life
≈ 1 hour) isotope tracer particles when running a PEPT measurement. It avoids the
need to recover the tracer from the system afterwards and is particularly useful for
very small (≈ 50 µm) tracers in multiphase systems where it may not be possible
to recover the tracer. It also allows for the production of tracers that are customised
to the system being studied. Ideally, tracer production should allow the investiga-
tor to select the desired activity and physical and chemical properties (making it
hydrophilic for example) for each tracer used, which is then discarded safely once
it has decayed down to background levels. Additionally, because PEPT primarily
investigates industrial processes, having a high activity source in the system of in-
terest does not appreciable damage that system (compared to medical imaging for
example) and therefore very high activity tracers are used to maximise the statistics.
Production yield of a particular isotope is proportional to the inverse-square of the
half-life, so short-lived isotopes can be produced with much higher activities than
long-lived ones, and are more easily licensed. Therefore a consistent and reliable
isotope production facility that can produce high-activity sources are critical to the
success of any PEPT laboratory.

Since the PEPT technique developed in parallel with PET imaging (Section 1.2),
so too did the development of producing PEPT tracers grow in parallel with that
of PET tracer fluid. The tracers used in PET consist of distributed fluid, typically
made of substances intended to mimic compounds already present in the body so
that the tracer fluid will follow the fluid flow of a particular bodily process. A pop-
ular isotope used is 18F; it has a short half-life of 109 minutes, it is a pure 511 keV
emitter (it only produces 511 keV gamma-rays, unlike isotopes such as 22Na) and it
is easily substituted directly into biomolecules [18]. 18F for medical PET is typically
produced through the bombardment of protons on a water target enriched with 18O
through the 18O (p,n)18F reaction, and is used by the Birmingham PEPT lab. Ad-
ditionally, Birmingham produce tracers through the reactions 16O (3He, p)18F and
16O (3He, p)18N → 18F under direct bombardment from a cyclotron beam to acti-
vate solid tracers. Initially they used the 33 MeV 3He Birmingham Radial Ridge



Chapter 1. Introduction 10

Cyclotron, but this was decommissioned in the 1990s and replaced in 2003 by the
Scanditronix MC40 cyclotron. For tracers larger than 1 mm in size, either direct ac-
tivation of the tracer or producing 18F in water and adsorbing it into the tracer [8]
is used. To produce tracers smaller than 1 mm, researchers turned to using an ion
exchange resin to produce a tracer. Using a strong-base anion exchange resin for
uptake of 18F from a water target, they were able to produce tracers as small as 6 µm
with activities of 1.1 MBq [8].

One of the disadvantages of using 18F as a tracer is the requirement of a cyclotron
to produce them, and so an alternative is 68Ga produced using a 68Ge/68Ga genera-
tor. Like 18F, 68Ga has a short (68 minutes) half-life and it is a pure 511 keV emitter.
Tracers are produced by one of two ways: for larger tracer particles (> 3 mm), a
hole is drilled into the particle, the 68Ga is placed inside and the hole is sealed - the
so-called "drill-and-fill" method. For smaller particles an ion-exchange resin is used
to uptake the 68Ga, which can then be coated if required to use as a tracer particle.
This tracer production technique has been adopted at the PEPT Cape Town facility
at iThemba labs, which has eliminated the need for beam-time on the iThemba Labs
cyclotron whenever a tracer is required. iThemba labs is also a producer of SnO2
68Ge/68Ga generators, making this a convenient production method. However, 68Ga
has its downsides and so beam-activated PEPT tracers are being actively researched.
PEPT Cape Town has also become a lead researcher in producing smaller and more
versatile PEPT tracers. This has been spearheaded by Mike van Heerden, who has
done extensive work in manipulating the chemical properties of the tracer resin to
be more hydrophobic/hydrophilic [19], in producing tracer particles as small as 50
µm with activities between 0.05-0.5 MBq to be tracked in UCT’s HR++ [15] and in
removing impurities for greater uptake of 68Ga in the exchange resin [20].



Chapter 1. Introduction 11

1.3 Deadtime Effects on Detected Singles Event Rates

Like all nuclear detector systems the PolarisJ detector modules are susceptible to
deadtime effects, which have a significant influence on the maximum detectable co-
incidence rates and therefore the PEPT performance of the system. It is therefore
important to be able to characterise these effects and so a mathematical model is
presented here to describe the mechanisms that contribute to this effect [21].

Deadtime in a detector is the time, τ, after an event has interacted with a detec-
tor during which another event cannot be detected; this is caused by many differ-
ent facets of the detector system. In a semiconductor detector, an event is detected
when a radiation particle (gamma-ray, alpha/beta particle, etc.) interacts with an
electron in the detector, transferring its energy (or some of its energy) to that elec-
tron, which then creates a shower of electron-hole pairs that have been excited into
the conduction band of the semiconductor detection medium. An applied voltage
then separates these electron-hole pairs and collects the electrons at an anode and
the holes at a cathode. This induces a voltage across the anode and cathode pro-
portional to the energy deposited by the radiation particle, which is then processed
by the detector electronics to provide and store the event information. This whole
process takes a finite amount of time, during which the detector may or may not be
able to process another interaction event. To describe what happens if another event
does interact with the detector during this time, there are two models of deadtime:
non-paralysable and paralysable.

1.3.1 Non-Paralysable Deadtime

Suppose an event interacts with a detector and that detector goes dead for time τnp.
In the non-paralysable deadtime model, the detector cannot detect any events dur-
ing τnp, but will be available to detect another event the moment τnp has elapsed,
regardless of whether or not another event arrives during τnp. It is also assumed
that another event arriving during τnp won’t have any affect on the detector output;
it is simply lost. Suppose that the true interaction rate with the detector is n, and the
measured event rate is m. The rate of lost events is given by n−m. Additionally, if
we know τnp then the fraction of time the detector is dead is given by mτnp, and so
the rate of lost events is nmτnp. Equating these expressions:

n−m = nmτnp (1.1)

n =
m

1−mτnp
(1.2)

Expression (1.2) therefore gives the true interaction rate given the measured rate
and τnp. However, to model deadtime effects one starts with a known source activity
and experimental geometry meaning that n is known, and so (1.2) is rearranged to
give:

m =
n

1 + nτnp
(1.3)

This provides the expected measured rate m for a particular n and τnp, allowing
one to model the deadtime behaviour.
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1.3.2 Paralysable Deadtime

As before, suppose an event interacts with a detector and that detector goes dead
for time τp. In the paralysable deadtime model there are two possible cases. In the
first case there are no additional event interactions during τp, in which case the de-
tector behaves as in the non-paralysable case: it records the event information and
is available to detect another event after τp. In the second case, a second event in-
teracts with the detector during τp, let’s say at time τp/2. In this case, this causes
the detector to remain dead for a further time τp from the moment the second event
arrives and is not able to record the event information of the second event. So in-
stead of going dead for a time τp, it now goes dead for a time 1.5τp, unable to record
any events during this time. If a detector experiences paralysable deadtime, there
will be some maximum recordable event rate at some incoming radiation flux, but if
the radiation flux increases the recorded event rate will decrease as deadtime effects
compound on each other. In this case there would exist an incoming radiation flux
high enough to cause the recorded event rate to be very close to zero, since events
would be arriving so often the detector would never get a chance to recover.

As before, suppose the measured rate in the detector is m. This rate is not nec-
essarily equal to the rate of true events that arrive with a time interval more than τp
apart. As radioactive decay is a Poisson process, the distribution of time intervals
between events is given by

P1(T)dT = ne−nTdT (1.4)

where n is the true event rate as before and P1(T)dT is the probability of ob-
serving a time interval between events within dT about time T. The probability of
observing a time interval between events greater than τp is thus

P2(τp) =
∫ ∞

τp

P1(T)dT = e−nτp (1.5)

The measured rate is therefore this probability multiplied by the true interaction
rate n

m = ne−nτp (1.6)

1.3.3 Measured Rate from a Single Detector detector module

In practice all detectors experience a combination of paralysable and non-paralysable
deadtime, typically with different time parameters τnp and τp. Non-paralysable
deadtime typically arises from the signal-processing electronics; during the time it
takes to process an event signal the electronics may discard any additional signals,
but will be available immediately after the event has been processed. Paralysable
deadtime typically arises from the physical interactions with the detection medium;
if multiple events excite electron-hole pairs within a semiconductor crystal before
the pairs have been collected at the anode and cathode, the induced voltage will be
some unknown combination of all the events and therefore the recorded data will be
useless until all the electron-hole pairs have been collected.

Shown in Figure 1.4 is the typical detector response curve for measured event
rate m as a function of true rate n (or activity of the source given a fixed detector
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geometry). With zero deadtime the response is linear, with m = n. In the non-
paralysable case the measured rate will asymptotically approach a maximum event
rate of 1/τnp where events are, on average, arriving straight after the deadtime pe-
riod has elapsed. In the paralysable case the measured rate increases to a maximum
value of 1/τpe, whereafter it begins to decrease as the deadtime effects begin to pile-
up on each other.

FIGURE 1.4: Typical detector response curve for measured event rate
m as a function of true rate n. With zero deadtime the response is
linear, with m = n. For non-paralysable deadtime the measured
rate will asymptotically approach a maximum event rate of 1/τnp.
For paralysable deadtime the measured rate increases to a maximum

value of 1/τpe, whereafter it begins to decrease.

1.3.4 Measuring the Deadtime Parameters

The best way to measure the deadtime parameter of a detector module is perform
an experiment where the measured rate is recorded as a function of the true rate. A
short-lived radioisotope is placed in front of the detector to provide a true rate well
above the 1/τnp or 1/τp values and is then observed over several half-lives until
the detector response is in the linear response region - naturally this takes some
trial-and-error. To extract the τnp or τp parameters, equations (1.3) and (1.6) need to
linearised.

Non-Paralysable

The true rate n can be expressed in terms of the experimental setup as

n = AγεΩ (1.7)

Where A is the activity of the source, γ is the branching ratio of the gamma-rays
emitted by the source, ε is the intrinsic detector efficiency and Ω is the fractional
solid angle subtended by the detector. From (1.2) we know n in terms of m. Equating
the two
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AγεΩ =
m

1−mτnp
(1.8)

m
A

= (−τnpγεΩ)m + γεΩ (1.9)

The quantity m/A is known as the Activity Function, so plotting this as a func-
tion of m gives a linear plot with gradient −τnpγεΩ and y-intercept γεΩ. Per-
forming a least-squares linear fit to get the slope and intercept, τnp is thus τnp =
−gradient/intercept. Additionally, any of the quantities γ, ε or Ω can be determined
or double-checked using this fit.

Paralysable

From (1.6), we have

m = ne−nτp (1.10)

Note that n is a function of time

n = n0e−λt (1.11)

where n0 is the initial true rate and λ is the nuclear decay constant of the isotope
in question. Substituting into the above expression

m = n0e−λt−n0 exp{−λt}τp (1.12)

ln(m) = ln(n0)− λt− n0e−λtτp (1.13)

(ln(m) + λt) = (−n0τp)e−λt + ln(n0) (1.14)

Here we have (ln(m) + λt) as the Activity Function, so plotting this as a function
of e−λt provides a linear function with gradient−n0τp and y-intercept ln(n0). Finally,
the deadtime parameter is given by

τp = gradient e−intercept (1.15)

1.4 Deadtime Effects on Coincidence Counting

As described in Section 1.2.1, coincidence are found in the PolarisJ datastream us-
ing pulse-train analysis where filtered events from opposing detector modules are
analysed to see if they’re detected with a 2τ window of each other. Section 3.1.2 out-
lines how this 2τ window is selected, which for the UCT PolarisJ system is 600 ns.
It is useful to have a model based on the known parameters of an experiment to be
able to predict the expected measured coincidence rates to sanity-check the actual
measured rates in a given system, particularly with regard to the deadtime effects
on coincidence counting.

There are several different types of detected coincidence events which require
definition:
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True Coincidences

True coincidence pairs are two photons that correspond to a genuine annihilation
event from the source. These coincidences are the useful events required for positron
imaging and are the "signal" LORs in PEPT. True coincidences are proportional to
the activity of the source and the fraction of emitted annihilation photons that are
detected in true coincidence is a function of the system deadtime.

Random Coincidences

Random coincidences are coincidence events that don’t correspond to any genuine
annihilation event in the source. These are caused by the detection of multiple an-
nihilation events from the source within the chosen timing window and therefore
become increasingly significant with increasing source activity. It is not possible to
know a priori whether a detected coincidence event is a True or Random (or even
general background radiation) - this is the aim of the F-parameter in the PEPT algo-
rithm.

Prompt Coincidences

These are all the events measured in opposing detectors within the chosen energy
and timing windows, and so are the sum of the True and Random coincidences.
After running coincidence processing on the data from a given experiment, the re-
sulting coincidence rate is the Prompt coincidence rate.

Delayed Coincidences

Delayed coincidences are used to estimate the random coincidence rate. Events from
one detector module in an opposing pair have a fixed time-delay added to all the
event timestamps, after which the data are searched for coincidences. Delayed coin-
cidences are the pairs of events detected within the chosen energy and timing win-
dows, but do not correspond to any genuine annihilation event in the source. They
thus represent a statistical sampling of the Random coincidences. To estimate the
number of True coincidences for a given experiment, both the Prompt and Delayed
coincidences are measured and the True coincidence rate is quoted as the difference
(True = Prompt - Delayed).

Multiple Coincidences

Multiple coincidences are when more than two events are detected in opposing de-
tector modules within the chosen energy and timing windows. There are therefore
more than one possible pair of events that are in coincidence. This becomes signifi-
cant when source activity and detector sensitivity is high enough such that multiple
annihilations are detected within the timing window. One of these possible pairs
is likely to be a True coincidence and the rest are Randoms, but it isn’t possible to
determine the True pair during coincidence processing. Typically one of these pairs
is chosen at random and the rest are discarded, but with list-mode and the PEPT
algorithm an alternative approach is to include all possible permutations and rely
on the PEPT algorithm to remove the erroneous lines.
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Total Coincidences

This is simply the total number of coincidence events after coincidence processing
has been applied to a given dataset. It is typically made up of the Prompt (the True
plus Random) and Multiple coincidences.

With these definitions in place, the coincidence models can be developed.

1.4.1 True Coincidence Rate Model

Since the True coincidences correspond to genuine pairs of annihilation photons
from the source, it is a function of the activity, branching ratio, fractional solid angle
and detector efficiency for a given experiment. The absolute rate of emitted True
coincidences is

rT =
Aγ

2
(1.16)

where A is the source activity, γ is the branching ratio for annihilation photons
and the factor of two is the approximate value of the positron multiplicity distribu-
tion function (a measure of the number of photons produced per annihilation, which
is slightly higher than two but rounded off for this analysis). The True measured co-
incidence rate (assuming no deadtime), nT, is therefore the product of the emitted
rate and the probability that both annihilation photons are detected

nT = Aγ(ε1Ω1)(ε2Ω2)W(θ) (1.17)

where ε1/2 are the intrinsic efficiencies of each detector module and Ω1/2 are their
respective fractional solid angles. W(θ) is the angular correlation factor between
photons and is often defined based on the detector module positions. For example,
suppose the first annihilation photon is emitted in the direction of one of the detector
modules. W(0◦) is the relative yield of the second photon per unit solid angle about
0◦ relative to the first photon’s direction. To simplify this expression, we assume
that two identical detector modules are placed directly opposite each other, and the
source is placed perfectly central in the FOV of the detector modules. Then ε1 =
ε2 = ε and Ω2 = W(θ) = 1 since annihilation photons are emitted approximately
back-to-back, therefore any photon pair that strikes the first detector module must
necessarily strike the opposing one. nT then collapses to

nT = Aγ(εΩ1)(ε) (1.18)

Note that Aγ(εΩ1) = nS is the true singles interaction rate in one of the detector
modules. Since this value is often known, the True coincidence rate can be written
in terms of the singles rate in one detector module

nT = nsε (1.19)

If the detector system is experiencing deadtime losses, this can be modelled as a
reduction in the probability that both photons are detected. Therefore we introduce
mT, the rate at which True coincidences are measured while detectors experience
deadtime. Deadtime introduces additional factors into (1.17), which becomes

mT = Aγ(ε1Ω1 fDT1)(ε2Ω2 fDT2)W(θ) (1.20)
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where fDT1/DT2 are the respective deadtime factors for each detector module.
Given the constraints of identical opposing detector modules with a central source,
this becomes

mT = Aγ(εΩ1 fDT)(ε fDT) (1.21)

which can be written in terms of the measured deadtime-limited singles event
rate in one of the detector modules

mT = mS(ε fDT) (1.22)

1.4.2 Random Coincidence Rate Model

The rate of uncorrelated, random coincidences in a detector module array is the rate
of events in one detector module times the probability of observing another event
in an opposing detector module within the chosen energy and timing windows. As
discussed in Section 1.3.2, the probability of observing a time-interval of dT about
T between events in a detector module is given by re−rTdT where r is the singles
rate in the detector module. Given two opposing detector modules with rates r1 and
r2, the rate of observing an event in detector module 2 an interval dT about T after
seeing an event in detector module 1 is the rate in detector module 1 multiplied by
the probability: r1r2e−r2TdT. In a typical PEPT experiment the event rates are several
orders of magnitude smaller than the reciprocal of the timing window, so e−r2T ≈
1 and the rate is approximately constant: r1r2dT. Therefore the rate of observing
two uncorrelated events in opposing detector modules in an interval 2τ, otherwise
known as the random coincidence rate nR, is

nR = nS1nS22τ (1.23)

Assuming as before identical detectors with a central source, the two detector
modules will have the same event rates and this becomes

nR = 2τn2
S (1.24)

In the case of deadtime-limited detector modules we simply put in the deadtime-
limited singles event rates, giving

mR = 2τm2
S = 2τ(nS fDT)

2 (1.25)

where fDT = 1/(1 + nSτnp) for the non-paralysable case (1.3) and fDT = e−nSτp

for the paralysable case (1.6).

1.4.3 Prompt Coincidence Rate Model

The prompt coincidences is simply the sum of the Trues and Randoms 1

nP = nT + nR (1.26)

In reality there will be deadtime-limiting and so the deadtime-limited version is
more often used.

1There will also be multiple coincidences, but modelling them is significantly more complex and
the event rates seen in this thesis are low enough for them to form a very small contribution to the
Prompt rate and are assumed to be negligible.
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mP = mT + mR (1.27)

This Prompt rate mP is what is measured when coincidence counting is per-
formed on a given dataset. As discussed in Section 1.4, the Delayed coincidences
are a statistical sampling of the Random rate, i.e. mR = mD. Since the data from
the PolarisJ is recorded in list-mode, the Delayed rate can be measured after the
experiment, and so the underlying measured True rate is quoted as the difference:
mT = mP −mD.

It is worth noting that for dedicated positron imaging systems where only the
coincidence data are recorded, the acquisition of the Prompt and Random rates con-
tribute an additional data acquisition deadtime. For list-mode acquisition for most
of the rates being measured in this dissertation, this is not an issue. However, for the
higher activity measurements (and certainly for the rates measured by the HR++)
this does contribute significantly. Modelling this contribution for PolarisJ is beyond
the scope of this work.

1.4.4 Model Predictions

Assuming a pair of identical detector modules facing perfectly opposite each other
with a central source we can predict the system response for the various different co-
incidence rates. First, assume that there is zero deadtime in either detector module,
i.e. the singles rate scales linearly with source activity. The coincidence rate curve
predictions as a function of source activity are shown in Figure 1.5.

FIGURE 1.5: The Prompt, Random and True coincidence rates as pre-
dicted by their respective coincidence models with zero deadtime as

a function of source activity.

Important to note here is that the Random rate scales as n2
S, while the True rate

scales as nS. Therefore as the source activity increases, the signal-to-noise ratio will
deteriorate even if there is no deadtime-limiting.
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Now to include deadtime effects; instead of assuming that the singles scale lin-
early with activity, it is assumed that the singles rate follows the non-paralysable
curve presented in Figure 1.4. Now the coincidence curves are predicted to look like
Figure 1.6.

FIGURE 1.6: The Prompt, Random and True coincidence rates as
predicted by their respective coincidence models including a non-
paralysable deadtime model on the singles rate, as a function of

source activity.

Unsurprisingly, the Prompt rate follows the general shape of the singles rate as
source activity increases, asymptotically approaching some maximum rate. As with
the no-deadtime case, the Random rate increases faster than the True rate and de-
creases the signal-to-noise ratio with increasing activity. The Random rate will also
start to directly affect the True rate as deadtime-limiting will prevent the recording
of genuine coincidence pairs that would have otherwise been detected. If the sys-
tem then begins to experience significant paralysable deadtime, the singles rate will
begin to decrease with higher activity and so too will the coincidence rates. There
is therefore a theoretical optimal source activity for a given experimental geometry
which maximises the True coincidence rate. Traditionally, this is measured experi-
mentally by placing a short-lived radioisotope central to the complete detector sys-
tem and observed over several half-lives to produce the curves shown in Figure 1.6.
For the case of two or more pairs of detectors, all the rates are multiplied by the
number of detectors in the system.
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1.5 Extending the Positron Emission Particle Tracking (PEPT)
Technique

Throughout the development of PEPT the primary detectors used were scintilla-
tors, namely NaI and BGO. Scintillators are large area detectors with high efficiency
and fast timing resolution, with coincidence timing resolution of 7 ns for the ADAC
Forte and 4-6 ns for the HR++ that allow for coincidence rates in the MHz and rela-
tively low random coincidence rates. Additionally, towards the end of the 20th cen-
tury PET-CT scanners were coming to market, offering much better imaging prop-
erties than straight PET scanners prompting hospitals around the world to replace
their PET scanners with PET-CT ones. This meant the procurement of large, work-
ing, second-hand positron cameras became possible for PEPT research instead of
building them from scratch, which greatly accelerated the development of the tech-
nique. However, these scintillators have relatively poor energy resolution (BGO has
a FWHM of 170 keV at 511 keV) meaning that corrupted LORs are not eliminated
effectively from the coincidence data. Secondly, the pixel size of the BGO blocks is
limited to (4× 4) mm2 and doesn’t have depth-of-interaction information, which ge-
ometrically limits the accuracy at which the LORs can be drawn. Traditionally these
limitations have been very successfully addressed with statistics, focussing primar-
ily on increasing the efficiency for 511s but also increasing the data-acquisition rates
and tracer activities to reduce the position uncertainty.

However, as tracers are required to be smaller and smaller to investigate new
processes (particularly liquid-phase) the maximum tracer activity starts to become
limited. This pushes activities to far lower than optimal for scintillator systems,
lowering data rates to almost unusable levels. This is particularly true for fixed-
ring geometries where the solid angle cannot be increased by reducing the distance
between detector elements, so while intrinsic efficiency is high, absolute efficiency
is relatively low. Accurate tracking has proven difficult with very small (< 100 µm)
particles, although active research is being done to push the boundaries of activity at
this scale. Nonetheless, the historical approach of improving efficiency to maximum
the number of useful lines per unit time was therefore not proving sufficient to track
the ever-smaller tracers. This has lead to the question of finding a new approach to
tracking small particles.

Semiconductor detectors offer a possible solution. There has been increased de-
velopment into room-temperature semiconductors such as Cadmium Zinc Telluride
(CZT), which offer both high energy resolution (6 keV at 511 keV) and small pixel
size ((1.8× 1.8) mm2) with depth of interaction information and have been success-
fully used in Compton Camera applications (see Section 1.6). Theoretically, this high
pixel resolution implies that accurate positions can be measured using PEPT with
lower data rate requirements and therefore smaller tracer particles. However, these
detectors have a lower intrinsic efficiency, detector size and timing resolution com-
pared to scintillators and so lower data rates are expected from them. Whether the
trade-off between resolution and data rates will prove effective is one of the central
tenants to this thesis. Part one of this thesis aims to characterise the performance
of PEPT using a CZT camera developed for Compton Camera imaging by H3D Inc.
(Ann Arbor, MI).

Characterising PEPT using a new detector technology requires a deep dive into
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the capabilities of that detector. Starting with a single detector module, the follow-
ing needs to be described: energy resolution, timing resolution, detector pixel reso-
lution, detector intrinsic efficiency at 511 keV, deadtime effects and how they impact
the maximum possible event rate, and data-flow (i.e. how events are recorded and
extracted from the detector for analysis). Next, two detectors need to be arranged in
an array to be able to detect coincidences, measurements of stationary sources need
to be taken and the coincidence performance needs to be quantified - namely total
and random coincidence rates. Deadtime impact on these rates and response to dif-
ferent source isotopes also needs to be described. These data then needs to be fed
into the PEPT algorithm and positions measured and compared to known source
positions. The positional uncertainties need to be quantified and F-optimisation
curves need to be produced to optimise PEPT performance. Moving sources can
then be observed and PEPT performance can be further analysed, setting limits on
tracer speeds at various tracer activities. Finally, all these processes need to be op-
timised to maximise the performance PEPT capabilities. The first part of this thesis
lays out the full process of doing this analysis, and presents results for the Polar-
isJ CZT detector modules, comparing them to the performance of traditional PEPT
using scintillators.

1.6 Prompt Gamma-ray Imaging (PGI)

1.6.1 Proton Radiation Therapy

Perhaps one of the hardest problems in the treatment of cancer is that of recurring
tumours and metastasis. It is not uncommon after treatment and an initial remission
of a tumour to see the cancer regrow and spread throughout the body. Worse, often
the relapse is more aggressive and therapy resistant, so even harder to treat. The rea-
son for this seems to be that even if only 1% of cancer cells survive treatment, by the
Darwinian principle they will be the most therapy resistant cells. There is also evi-
dence to suggest that they suffer cytotoxic stress and thereby enter a stem-cell-like
state - the seeds for recurrence [22]. Therefore for any cancer therapy, it is imperative
that 100% of the tumour is destroyed - 99% just isn’t good enough.

Since its invention in the late 1800s, X-ray radiation therapy has been an inte-
gral part of cancer treatment and in part earned its discoverer, Wilhelm Conrad
Röntgen, the very first Nobel prize in 1901 [23]. Since then the technology has
progressed greatly, particularly with the advent of better imaging techniques like
CT and PET scanning along with the development of intensity-modulated radia-
tion therapy (IMRT), which allows for finer control of the beam. However, it is also
well-known that prolonged exposure to radiation can cause cancer [24] and so it is
important that radiation therapy minimises the dose to healthy tissue. X-rays are
attractive because of their ability to penetrate through dense material and hence
allows for treatment of cancers within the body without surgically revealing the tu-
mour. However, the energy deposition of uncharged radiation into human tissue
follows an exponential decay, which leads to a significant dose into the healthy tis-
sue before the tumour as well as an exit dose (albeit not as severe). In 1946, R.R.
Wilson proposed the use of high-energy charged radiation, protons, to solve this
problem [25]. From the well-known Bethe-Bloch equation, protons lose energy as
they move through a material like the inverse square of their velocity. As the pro-
ton enters a material it initially gives off only small fractions of its energy, and due
to its large mass compared to the electron (the primary particle of interaction when
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FIGURE 1.7: Use of the Bragg peak in Proton Radiation Therapy (PRT)
qualitatively comparing the entrance and exit dose of x-rays to pro-
tons. The width of the peak is achieved by varying the proton incom-

ing energy to cover the volume of the tumour.

moving through a material) it also doesn’t deviate much from its initial trajectory.
However, as it gradually slows down it gives off increasingly more energy, cascad-
ing into depositing almost all of its energy in a small region of space - after which
it stops. This is known as the Bragg peak and its precise location in the trajectory
depends on the incoming energy of the proton and the material they are travelling
through. Proton Radiation Therapy (PRT) utilises this phenomenon to minimise the
entrance and exit dose into healthy tissue. This contrast is summarised in Figure 1.7.

This approach brings its own challenges; the primary concern is the exact loca-
tion of the Bragg peak within the patient. There have been extensive investigations
into characterising these beams using Monte Carlo simulations [26, 27, 28, 29] but
factors such as tumour placement within the body, patient restlessness during treat-
ment, patient physique, moving fluids, etc. limit the precision to which the place-
ment of the Bragg peak can be estimated. This has lead to the investigation of imag-
ing the beam and energy-deposition during treatment so that real-time adjustments
can be made to ensure that the tumour is being precisely targeted.

1.6.2 Prompt Gamma-Ray Imaging using Compton Cameras

When a high energy proton makes its way through tissue it predominantly interacts
with the electrons, but will occasionally interact directly with atomic nuclei (typ-
ically the abundant oxygen, hydrogen and carbon found in organic matter). One
such interaction is the inelastic scatter, exciting the nuclei into higher energy states
which promptly decay to the ground state within nanoseconds, giving off the en-
ergy as a gamma ray - known as a prompt gamma (PG). The cross-section for these
inelastic scatters is relatively constant for proton energies between 100-200 MeV, and
then increases proportionally as the energy drops below 100 MeV [30]. This implies
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that emission of these prompt gammas will be proportional to the energy deposition
curve, i.e. it follows the Bragg peak. These prompt-gammas can also be imaged,
known as Prompt Gamma Imaging (PGI). For imaging this has several advantages:
the gamma spectrum of these elements is well understood and so easy to identify
and characterise, the immediacy of the gamma emission eliminates issues like bio-
logical washout and allows for real-time imaging, and the equipment needed to im-
age prompt-gammas is relatively unobtrusive. However, while the detector systems
can determine where in space a PG is detected, it also needs to be able to determine
the direction that PG came from. For example, in SPECT the gammas are physically
collimated, in PET the coincidence information provides a correlation and therefore
emission direction and in CT the x-rays are emitted along a know trajectory and de-
tected using a position-sensitive screen. In PGI, the incoming intensity is too low
for collimation, and since a PG is emitted from inside the patient there is no spatial
correlation to exploit. One solution to this problem is through the use of Compton
Camera (CC) imaging.

A Compton Camera, as the name implies, uses Compton scattering of gamma-
rays within or between detectors to infer the incoming direction of those gammas,
and by aggregating many such events is able to reconstruct the initial emission dis-
tribution. They are particularly useful over other imaging techniques - such as PET
- when the incoming gamma-ray energies cannot be selected, i.e. known isotopes
cannot be inserted into the region of interest. Compton Cameras are also small com-
pared to other gamma-ray imaging apparatus (PET, SPECT, etc.) since they’re able
to reconstruct images without full angular coverage of the source distribution and
require relatively less data and so can be easily installed into existing PRT gantry
systems. This makes them a promising option for in-vivo imaging.

Investigations into using Compton Camera systems for PGI have revealed a chal-
lenging filtration problem due to the large amount of noise produced by electron
bremsstrahlung, Doppler broadening effects, erroneous background gammas that
scatter into the detector, prompt gammas that scatter within the patient before reach-
ing the detector and the assumption that a double or triple scatter event recorded in
the detector ended with a photoabsorption when it in fact scattered out of the detec-
tor. Some ongoing research 2 has shown that even the neutron flux produced by PRT
beams is a significant contributor to noise. Since the energy deposited by a PG scat-
tering within a detector covers a wide range (particularly for high energy gammas),
simple energy filtering has proven insufficient to resolve the true Compton scatter
events from the background noise, prompting investigation into additional filtering
techniques. One such technique is the distance-of-closest-approach (DCA) filter [31]:
since PGs are emitted very close to the proton-nuclei inelastic scatter sites and most
of the incoming protons interact approximately along the beam vector, almost all the
true PGs must be emitted from somewhere along the beamline. Therefore the known
incoming proton beam vector can be used to remove any reconstructed cones that
don’t appear to originate from the expected beamline. However, this does necessi-
tate prior knowledge of the source distribution. See Figure 1.8 for a diagrammatic
depiction of the DCA filter. A full description can be found at [31, 1].

2At the time of writing, this a new avenue of research and as such has not produced any published
works.
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FIGURE 1.8: A visual depiction of how the DCA is determined for a
particular Compton scatter event. A gamma-ray arrives in the detec-
tor, scatters inside the CZT and gets absorbed. From this, the cone-
of-origin is reconstructed, and the closest distance from the surface
of this cone and the assumed beamline is calculated. The DCA filter
then either selects or rejects this event based on either some thresh-
old DCA value, or on some threshold percentage of all the detected

events over some period of time.

1.6.3 Using PEPT to Inform DCA Filtering

Besides scattering, proton-nuclei interactions can also lead to capture, creating positron-
emitting radioactive isotopes such as 15O and 11C, which can be imaged using PET
techniques [32, 33]. This form of delayed emission imaging, however, requires lengthy
imaging times in-between treatments and so cannot produced real-time images. Ad-
ditionally, in the case of 11C, it has a half-life of 20 minutes and so is likely to move
due to the body’s natural processes before it decays. This biological washout in-
creases uncertainty in the true origin of the initial proton interaction. 15O, by con-
trast, has a half-life of 2 minutes so is less susceptible to washout. It is also pro-
portionally the most produced isotope in PRT. However, most of the activated 15O
isotopes decay within 10 minutes of activation [34] which is too fast for producing a
useful PET image, particularly if the patient needs to be moved to a different room
for the scan. All this limits the usefulness of PET imaging.

One of the advantages of the PEPT technique is its ability to find a tracer location
with just a few hundred coincidence lines without requiring full angular coverage
(see Section 1.2). It is also possible to extend the technique to pick out a beam-line of
activated isotopes within the field-of-view of the detector array. Therefore if the de-
tector array being used to do Compton Camera imaging is set up to do coincidence
processing around the treatment area, it is possible to pick out the beam-line from
the short-lived 15O isotopes in vivo and then use that to inform the DCA filter, all
with the same detector setup.
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In Chapter 6, the PolarisJ detector modules are used to implement PEPT tech-
niques to perform beam-tracking on a 55 MeV and 200 MeV proton beam incident
on a PMMA target. Geant4 Monte Carlo simulations are performed to simulate the
experiment setup, and results from the measured rates of emitted positrons by a
proton beam incident on a PMMA target done by Dendooven et al. [35], along with
results from Chapters 3-5, are used to estimate the feasibility of such an application
in a real-world scenario.
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Chapter 2

Equipment

2.1 Cadmium Zinc Telluride

Cadmium Zinc Telluride (CdZnTe or CZT) is a grown semiconductor metal alloy
with a band gap large enough to operate as an X-ray and gamma-ray detector at
room temperature. It has an energy resolution of ≈ 1% at 511 keV, which makes
it useful for performing high resolution gamma-spectroscopy without the need for
cryogenic cooling required in other semiconductor detectors like hyper-pure germa-
nium (HPGe). The manufacturers of CZT do not publish the exact composition of
their crystals, but the crystals used in this thesis were approximately 48% Cadmium,
2% Zinc and 50% Tellurium. All of the work was done using the PolarisJ CZT detec-
tor modules manufactured by H3D Inc. (Ann Arbor, MI, USA).

2.2 The H3D Inc. PolarisJ CdZnTe Detector

The PolarisJ is a self-contained detector module (all the processing electronics are
contained in the housing), capable of hosting up to four (20× 20× 10) mm3 CZT
crystals in a 2× 2 grid. To remain consistent with the terminology used in the liter-
ature, in this thesis the term "module" will refer to a single housing (which includes
the crystals and electronics inside), and the term "crystal" or "detector" will refer to
individual CZT crystals within the module. The module has four external ports: an
input for a 12V power supply, a USB port for storing data, an Ethernet port to stream
data off the module, send/receive commands to the modules, download data, etc.
and a coaxial port for connecting modules to each other for time synchronisation.
See Figure 2.1. The detector array used in this work consisted of two PolarisJ mod-
ules, each with two CZT crystals. It is owned by the Physics department at the
University of Cape Town and was commissioned by Steve Peterson for Compton
Camera research in medical imaging.

H3D Inc. primarily focuses on building CZT Compton Camera that are portable,
durable and easy to use. They produce units with an integrated 360◦ optical camera
that provides a live view of the surrounding environment with the Compton Cam-
era image overlaid. This allows for the identification of radioactive hotspots in the
environment, and has seen many successful applications in nuclear power plants
and border security. This thesis describes the first known time a CZT detector has
been used to implement the PEPT technique.
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FIGURE 2.1: a) Photo of the front of the PolarisJ module. b) Photo of
the side of the PolarisJ module with the external ports labelled.

2.2.1 CZT Crystals and Signal Processing Electronics

The crystals used in the PolarisJ are (20 × 20 × 10) mm3 in size with an 11 × 11
pixelated anode array fabricated onto the back giving a pixel size of 1.8 mm. Depth-
of-interaction information is obtained from the ratio between cathode and anode
signals. The resolution for the depth-of-interaction (z-coordinate) is 0.5 mm, much
more precise than the xy-coordinates [36, 37]. The crystals are arranged in a 2× 2
grid inside the detector module, separated by 2 mm - see Figure 2.2. All the signal-
processing electronics are contained within the module housing so no external elec-
tronics are required to operate the detectors besides a computer to interface with the
module.

The modules can be operated in a sub-pixel mode where electronic processing
is used to determine the site of the interaction within an individual pixel. This can
increase the pixel resolution from 11 mm to 0.23 mm at photon energy of 662 keV
[37]. However the cost of the additional processing required effectively triples the
time taken to analyse individual events, thus lowering the absolute rate at which
data can be acquired and increasing deadtime effects. The advertised timing resolu-
tion is <100ns (in non-sub-pixel mode; see Appendix A) and a detailed investigation
into detector deadtime effects can be found in Chapter 4. The UCT PolarisJ modules
have an energy resolution of 6.66 keV FWHM at 511 keV (1.3%) (see Figure 3.6).

This is necessarily a surface-level description of the PolarisJ CZT detector mod-
ules. For more detailed information, please refer to the references and the H3D Inc.
website. For a thorough description of the processing electronics, see [38].

2.2.2 Data Collection and Event Information Processing

The PolarisJ outputs list-mode event information in a proprietary binary format with
two options - either streamed out of the Ethernet port using the TCP internet proto-
col or saved onto the detector module’s USB storage. H3D Inc. provides software to

https://h3dgamma.com
https://h3dgamma.com
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(A) (B)

FIGURE 2.2: (A) Front-on, side-on and top-down schematics of the
PolarisJ module provided by H3D Inc., indicating the internal coordi-
nate system and the position of the crystals (red squares). (B) Photo
of the internals of the PolarisJ module showing the two CZT crystals

(green squares on the right).

convert the binary data into a text file for processing, but for this thesis all the con-
versions were done using a custom-written python script. Controlling the detector
was done via the Ethernet connection; a TCP connection was established through
which commands to start, stop, reset, etc. were sent. Controlling and monitoring
the modules was done using a custom Python GUI written by Haijian Chen from
the University of Maryland, Baltimore. The final output was a text file containing a
list of all the events. An example of a recorded event with description of the recorded
information can be found in Table 2.1.

Important when doing coincidence processing is to ensure that all the modules
are time-synchronised. To synchronise the PolarisJ modules, first a module is des-
ignated as the master. It is then connected to the other modules via a coaxial cable,
along which it periodically sends a synchronisation pulse every two seconds with
a time-stamp and an ID number, which is inserted into the other modules’ data-
streams. These sync pulses are then used to correct all the event times recorded in
the additional modules to that of the master, so that the final event file has all the
detected events in order of detection in the lab’s time-frame. Since each module
outputs its data to a separate binary file, the sync pulses are written out in the data-
stream. When these files are read and merged into a single output file, these pulses
are used for synchronisation and removed from the final text file. For this work, this
was either done with the software provided by H3D or the custom Python script
provided by Haijian Chen. This method of synchronisation is flexible and allows
for ease of modularity, i.e. allows for multiple modules to be added or removed
from an array easily. However, it limits the timing resolution when counting coin-
cidences to the precision of the sending and recording of sync-pulses. If the timing
of the sync-pulses are only accurate to microseconds, then the timing window used
to find coincidences must be on the order of microseconds, which could add large
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TABLE 2.1: Event information provided by the H3D PolarisJ detector
modules. A numbered example of a typical double scatter event is
shown below the table, with the description of each datum shown in
the table. Multiple scatter event information is stored in sequential
lines with each line containing the information for each crystal inter-

action site.

# Datum Description

1 Number of crystal inter-
actions

Number of interactions recorded in the module within
a 10 ns window following the first event trigger. The
number "2" indicates a double scatter and hence the next
line contains information about the second interaction.

2 Module identifier Indicates which module the event was recorded in. In
this case it was in module 1.

3 Event energy The energy deposited in the crystal in keV. The first scat-
ter deposited 197.0 keV and the second 309.8 keV, giving
a total of 506.8 keV, indicating this was likely a 511 keV
gamma that scattered once and was photoabsorbed.

4 X-coordinate The event location’s x-coordinate in the detector’s coor-
dinate system in millimetres.

5 Y-coordinate The event location’s y-coordinate in the detector’s coor-
dinate system in millimetres.

6 Z-coordinate The event location’s z-coordinate in the detector’s coor-
dinate system in millimetres.

7 Timestamp Event time of detection in tens of nanoseconds. Both
lines have the same timestamp as it was a double scatter
event.

2
2︸︷︷︸
1

1
1︸︷︷︸
2

197.0
309.8︸︷︷︸

3

4.73
3.64︸︷︷︸

4

16.96
20.76︸︷︷︸

5

5.5
4.63︸︷︷︸

6

476798566290
476798566290︸ ︷︷ ︸

7
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amounts of noise to the coincidence files. This was an issue encountered during this
work - see Section 4.1.4 - and occurred because PolarisJ was not designed for high
resolution coincidence counting. Future detector systems built by H3D Inc. may im-
plement better electronics to address this issue, particularly with their small-animal
PET systems - see Section 2.4 below.

Full Detector Setup and Operating Procedure

Running the detector modules for a typical experiment goes as follows: first, all the
modules are arranged in the array to be used for the experiment. They are then con-
nected to the lab computer via Ethernet cables and a network switch, and to each
other via coaxial cables. Next, the modules are powered on and they perform an
internal booting sequence; the master begins sending synchronisation pulses and all
modules start observing the environment, but do not save any event data. The lab
computer then establishes a TCP connection via the Python GUI and the modules
are ready to begin collecting data. The GUI also monitors the detectors, reporting
event rates, internal temperature, humidity and other monitoring information. Once
the detectors are set to record, the event data is streamed out via the TCP connection
to the lab computer in a list-mode binary format, which is saved on the lab com-
puter’s storage for post-experiment processing.

Processing the data begins by reading in the binary data from all the modules,
combining all the events into a single array and then transforming the event coordi-
nates from the module’s coordinate system into a predefined lab coordinate system,
called the isocentric coordinate system - see Figure 3.1 in Chapter 3 for an example
of an isocentric coordinate system. This transformation is done by reading in all the
event positions into 3D vector format, determining the matrix that represents the
translation and rotation operations needed to transform from the detector coordi-
nate system into the isocentric coordinate system and applying the inverse of this
matrix to each position vector.

The resulting array is written to a text file in a human-readable text format. This
is useful when diagnosing strange behaviour during processing as it is often clear
from this file if the data were corrupted in any way. Ultimately a more efficient sys-
tem would be to store the file in a binary format, but this was not necessary for this
work. Depending on the experiment, further processing is then done, including en-
ergy filtering, coincidence processing, image reconstruction, etc.

2.3 The UCT PolarisJ Coincidence Detector Array

The primary proof-of-concept and deadtime characterisation experiments were per-
formed on the UCT PolarisJ detector array. This array consisted of two PolarisJ mod-
ules, each installed with two side-by-side CZT crystals - see Figure 2.2. For most of
the experiments performed, the two detectors were bolted upright in plastic stands,
which were then placed inside a 3D-printed slide to position them directly opposite
each other. The front faces of the crystals were typically ≈ 60 mm apart, form-
ing a coincidence field-of-view (FOV) of (60× 42× 20) mm3, i.e. the FOV wherein
coincidences could be detected from a positron-emitting source. See Figure 3.1 in
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Chapter 3 for a detailed schematic and photographs of a typical setup. The UCT Po-
larisJ detectors were controlled using a dedicated Dell laptop which interfaced with
the modules using an Ethernet cable and network switch, which was also used to
stream data off the modules - see Section 2.2.2 above.

2.4 H3D Inc.’s Small Animal PET System

One of the drawbacks to the UCT PolarisJ detector array was its limited size. There
were only four crystals, limiting the coincidence FOV to (20× 40) mm2 in the yz-
plane. In theory it was possible to create an arbitrarily large FOV by choosing a
large detector separation, but geometrically this increased the uncertainty in the x-
direction significantly and so the larger FOV was not useful. However, in mid-2019
H3D Inc. built an experimental small-animal PET imager using four PolarisJ mod-
ules, each with four CZT crystals, arranged to form an (80× 80× 40) mm3 FOV -
see Figures 2.3b) and 2.3c). This array was used to perform PEPT experiments in
November 2019 during a collaborative visit. Not only did this allow for a much
larger FOV, but due to the fact that there were two pairs of opposing modules, the
larger uncertainty in the x-axis of the UCT array due to the geometry of a single pair
was also eliminated.
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FIGURE 2.3: a) Top-down photograph of the H3D Inc. Small An-
imal PET system. There are four Polaris modules arranged in a
square, each with four (20× 20× 10) mm3 CZT crystals, forming an
(80× 80× 40) mm3 FOV. In the centre is a stepper motor with a 60
mm diameter plastic disk and source stand placing the centre of the
source in the centre of the FOV. b) Top-down diagram of the PET sys-
tem, labelled with the dimensions. The CZT crystals are shown in red.
The isocentric coordinate system orientation is shown in the top-left
corner. The actual origin is in the centre of the FOV. c) Face-on dia-
gram of a single Polaris module, labelled with the dimensions, with

the isocentric coordinate system shown in the centre.

The processing electronics in this system were the same as described in Section
2.2.1, as well as the data readout and post-processing. At the time of writing this was
still an experimental piece of apparatus and so not commercially available. The one
drawback to this system was its lack of modularity - it wasn’t possible to rearrange
the modules into a more optimal geometry for PEPT.

Built into the centre of the system was a stepper motor with a plastic disk with
a 60 mm diameter attached directly onto the shaft. Cut into this disk was a groove
running from the centre to the edge with small teeth spaced 1mm apart. A plastic
source stand was designed to fit into these teeth to allow for the positioning of the
source from directly over the centre right out to the edge of the disk. The stepper
was controlled by an Arduino Uno and was capable of 700 steps per revolution. See
Figure 2.3a).
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2.5 The Anet A8 Positioning Stage

In order to characterise the accuracy of tracking when performing PEPT, it was im-
portant to be able to repeatedly and precisely move a tracer along a known trajectory
to be able to quantify the output produced by PEPT. Since in this particular investi-
gation we were hoping to track particles with sub-millimetre precision, we needed
positioning equipment with sub-millimetre precision.

3D printers have been increasing in popularity since their invention in the late
1980s, but particularly in the last 20 years as increases in mass production made
cheap, accurate printers available to the average consumer. These cheaper consumer
printers are capable of precisely and repeatedly move a printer head around a print
bed with sub-millimetre precision, and thus offered a solution to the positioning
problem. The Physics department at UCT also owns a high-quality Ultimaker 2+
desktop 3D printer which was available to post-graduates. With this, it was straight-
forward to buy an existing 3D printer and design and print modifications to build a
3D positioning system.

The printer chosen was the Anet A8, built by Shenzhen Anet Technology Co.,
Ltd. (Shenzhen, China) and sold by Netram Technologies (Cape Town, South Africa).
It was primarily chosen for its low price, simple design that allowed for easy modi-
fications and form factor to accommodate the two PolarisJ modules.

2.5.1 Anet A8 Design

The printer was housed in a (500× 400× 450) mm3 acrylic frame, which contained
the (220× 220× 240) mm3 print volume, electronics and LCD interface. The print
head was moved in the x-direction with a rubber belt driven by a stepper motor,
and in the z-direction by threaded bolts, also driven by steppers. The y-axis motion
was achieved by moving the print bed with a rubber belt driven by a stepper motor.
To interface with the printer, either a micro-SD card with a .gcode print file could
be inserted into the printer and selected via the built-in buttons and LCD screen, or
it could be connected to a computer via USB and the print file uploaded and run
using the Octoprint network interface; the latter was used for this investigation. To
control the print head, the printer required a .gcode file which contained standard
G-code [39] commands to move the print head to coordinates in the printer’s coor-
dinate system. A custom Python script was written to produce .gcode files to move
the print head along trajectories traced out by 3D parametric equations. Examples
include circles, ellipses, figure-8s, etc.

2.5.2 Anet A8 Modifications and Positioning Performance

Several structural modifications were made to the Anet to attempt to improve the
positioning accuracy of the printer. The acrylic material used for the frame was
quite flexible and so allowed the printer to sway slightly when moving, particularly
in the x-direction. Therefore several structural supports were 3D printed (using the
Physics department’s 3D printer) to brace it and prevent the swaying. The belts used
for moving the print heads were made of rubber and could stretch slightly, and the
included mechanism to tighten them didn’t allow for very tight belt tension, so new
tensioning mechanisms were printed and installed.
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TABLE 2.2: List of 3D Printed structural upgrades for the Anet A8,
along with links to the print files.

Part Link

"Hulk" Frame Brace by Leo_N www.thingiverse.com/thing:2189694
Front Frame Brace by Leo_N www.thingiverse.com/thing:1857991
Rear Frame Brace by Leo_N www.thingiverse.com/thing:1852358
Y-Belt tensioner by Photograaf16 www.thingiverse.com/thing:1959208

After the structural modifications, the printer was modified to operate as a posi-
tioning stage. The print head was removed and several tracer stands were printed
to be installed into the print head’s linear bearings. Several stands were required
for the various form-factors of the tracer particles. To hold the detector modules, a
positioning slide was printed to fit on the print bed and module stands were printed
to hold the detector modules in the positioning slide. This positioned the modules
directly opposite each other, and allowed for movement along the y-axis. See Fig-
ure 2.4 for a photograph and Table 2.2 for the 3D print files of all of the modifications.

FIGURE 2.4: Photograph showing the final modified Anet A8 3D
printer used for sub-millimetre source positioning within the UCT
PolarisJ PEPT array. The 3D printed modifications are the light blue

components seen in the photograph.

The specifications sheet for the Anet A8 is shown in Appendix B. The print reso-
lution is quoted as±200 µm and so this was the uncertainty used on all known tracer
trajectories when using the Anet positioning stage. It is possible that this resolution
included uncertainties regarding the precision of the laying of print material, mean-
ing the positioning resolution was potentially smaller than 200 µm. However, the

www.thingiverse.com/thing:2189694
www.thingiverse.com/thing:1857991
www.thingiverse.com/thing:1852358
www.thingiverse.com/thing:1959208
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COVID-19 pandemic interrupted the experiments planned for high-precision track-
ing and so it wasn’t critical to determine the exact precision of the stage.

2.6 β+ Radiation Sources

2.6.1 22Na Sources

Two 22Na sources were used for this investigation. The first was a calibration "point"
source owned by the University of Cape Town, manufactured by Spectrum Tech-
niques, LLC (Oak Ridge, TN, USA) as part of a standard gamma-source calibration
kit, which had a quoted calibrated activity of 37.0 ± 7.4kBq in July 2016. The ra-
dioactive material was chemically plated on to the surface of a silver disk that was
mounted in the centre of a plastic disk. The disk had a diameter of 25mm and thick-
ness of 3mm. Measurements using this source were taken from January 2019 until
March 2020, and so the source activity ranged from 20 kBq to 14 kBq during that
period.

The second 22Na source was also a lab calibration source made by Spectrum
Techniques, owned by the University of Michigan. It was used for a single experi-
ment and had an activity of 1.20± 0.06 MBq.

2.6.2 68Ga Sources

In order to characterise the deadtime behaviour of the PolarisJ detectors and how it
impacted the coincidence processing, a short-lived 511 keV emitter with an activity
high enough to strongly deadtime-limit the system was needed (see Chapter 4). For
this experiment, two 68Ga sources were produced at the PEPT Cape Town facility in
iThemba Labs by Mike van Heerden (see Section 1.2.3) using a SnO2

68Ge/68Ga gen-
erator and NRW-100 ion-exchange resin manufacturer by Purolite (King of Prussian,
PA, USA) - see datasheet in Appendix C. The first was a≈ 180 µm particle with activ-
ity 3.00± 0.15 MBq, and the second was ≈ 160 µm particle with activity 5.44± 0.27
MBq. Both tracers were glued to the end of a hypodermic needle for ease of use
and positioning within the FOV of the detector systems. Photos of these tracers are
shown in Figure 2.5. The tracers were not produced simultaneously; the 3.00± 0.15
MBq tracer was produced first and observed over four half lives with a final activity
of 0.16 kBq. The second was then produced and observed over one half-life with a
final activity of 2.02 MBq.
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FIGURE 2.5: Photographs of the two 68Ga sources used for the dead-
time measurements as taken through a microscope. The 68Ga was in-
fused into a 160-180 µm NRW-100 ion-exchange resin (orange beads
shown in the photos) and glued to the tip of a hypodermic needle be-
fore being placed in the centre of the FOV of the UCT PolarisJ array as
shown in Figure 4.1. Left: Photo of the 3.00± 0.15 MBq 68Ga source.

Right: Photo of the 5.44± 0.27 MBq 68Ga source.
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Chapter 3

Experiment 1 - Proof of Concept

The first step to implementing PEPT is being able to locate a stationary tracer particle
in three-dimensional space. To do this, the detectors need to be arranged opposite
each other and a β+ point-like source needs to be placed in the centre of the FOV.
The detector array then needs to be able to accurately detect the annihilation photons
in coincidence and locate these detection events in space. These coincidence events
then need to be run through the PEPT algorithm to produce a location and uncer-
tainty that encompasses the known location of the source. Once it is established
that PEPT is possible, the performance can be investigated and characterised. This
includes producing F-optimisation curves, investigating the FOV sensitivity, inves-
tigating different source activities and associated location rates and optimising the
coincidence processing parameters. This Chapter shows the initial proof-of-concept
experiment using a 17.8 kBq 22Na calibration source (see Section 2.6.1) sitting in the
centre of the FOV with the two PolarisJ modules 62 mm apart (the detailed setup is
described in Section 3.1.1 below). F-optimisation and FOV sensitivity are also ad-
dressed. Chapter 4 investigates higher activity sources and coincidence parameter
optimisation.

3.1 Locating a Central Stationary Point Source

3.1.1 Experimental Setup

The two Polaris modules were bolted upright in custom-machined stands, which
were then placed inside a 3D-printed slide to position them directly opposite each
other. The front faces of the crystals were 62± 1mm apart, forming a field-of-view of
(62× 42× 20) mm3. The 22Na calibration source (activity 17.8± 3.6 kBq) was seated
in a 3D-printed stand on top of a linear positioning stage, which was positioned
underneath the modules to place the source in the centre of the FOV. See Figure 3.1.
The positioning stage was used to move the source and a Vernier caliper was used to
verify that the source was equidistant from the edges of the modules. As this was all
done by eye, the position was only accurate to ≈ 2 millimetres. For these measure-
ments, however, the exact position wasn’t crucial to the success of the experiment
provided it was approximately central. In the isocentric coordinate system, this was
the position (0, 0, 11)± (2, 2, 2) mm. The source and modules were not moved for
the duration of the experiment. A ten minute measurement was taken.

3.1.2 Energy and Coincidence Timing Windows

In order to run coincidence counting on the modules’ output, the energy and co-
incidence timing windows needed to be selected. The energy window refers to a
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FIGURE 3.1: Experimental setup to run the low-activity stationary
measurement described in Section 3.1.1. The isocentric coordinate
system is shown in the left-hand diagram; the 22Na source was placed
at the position (0, 0, 11) ± (2, 2, 2)mm. Left: Side-on and Top-down
schematic of the PolarisJ modules with relevant distances and propor-
tions labelled. The CZT crystals are shown in red and the isocentric
coordinate system is shown in blue. Right: Two photographs of the
experimental apparatus and a schematic of the PolarisJ detector pro-
vided by H3D Inc. showing the position of the CZT crystals within
the module and the module’s (left-handed) internal coordinate sys-

tem.

typical energy filter: if an event’s recorded energy fell within this window it was ac-
cepted for coincidence counting, and if not it was discarded. The coincidence timing
window is the time around a given event’s recorded time to search for a coincident
event. See Section 1.2.1 for a full description.

Energy Window

The energy window was selected using the differential energy spectrum from a
single hour-long measurement. The spectrum was plotted, a Normal distribution
was fitted to the 511 keV peak and the distribution width σ was determined to be
2.506± 0.077 keV. The energy spectrum showed that there wasn’t significant noise
around the photopeak and as this was a low-activity source, inherently there was
a low Random coincidence rate. Therefore to maximise measured coincidence rate
a wide energy window of 15 keV (6σ) was selected to fully encompass the photo-
peak. Incidentally, a more thorough investigation into energy windows revealed
that having no energy window was preferable - see Section 4.2.2. See Figure 3.2 for
the energy spectrum and a visual depiction of the energy window.
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FIGURE 3.2: The normalised energy spectrum of a 17.8 ± 3.6 kBq
source observed using the PolarisJ detectors. Two Normal distribu-
tion least-squares fits were performed and are shown on the 511 keV
and 1274 keV photopeaks characteristic of 22Na with the fit results
are shown in the Figure legend. Shaded in red is the 15 keV energy

window used to filter events for coincidence processing.

Timing Window

The coincidence timing window was selected using the timing resolution curve. To
generate this curve, first the filtered events from module one were separated from
those of module two. Next, a time-delay was added to all the events from module
two that was sufficiently large to ensure that any detected coincidences were De-
layed coincidences (see Section 1.4). This time-delay was then decreased in fixed
intervals down to zero, and then down to the same time-delay in the negative direc-
tion, performing coincidence counting at each interval and recording the resulting
coincidence rate. As the delay decreased to zero, the coincidence rate increased to
a maximum as more True coincidences were being counted, and then decreased as
the delay became more negative until it reached the Delayed coincidence rate again.
Plotting these rates as a function of time-delay produced a curve whose width rep-
resented the coincidence timing resolution. Since the quoted timing resolution of
PolarisJ is <100 ns (see Appendix A), a coincidence window of 300 ns was chosen
for all this coincidence counting; provided it was within the correct order of magni-
tude, the size of the window should have only affected the height of the curve, not
the width.

The curve was produced from the ten minute measurement of the 22Na calibra-
tion source and is shown in Figure 3.3, along with a fitted Normal distribution. The
centre of the peak did not fall on zero but instead was shifted 71 ns to the right.
This was due to uncertainties in the timing electronics between the two detectors
that cause the timing pulses to drift over time - this shift was the average of that
time-wandering. Over the course of all of the experiments in this thesis, this shift re-
mained within 80 ns from zero and investigations into correcting this shift showed
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negligible differences in the final coincidence rates. The shape of the curve was not
perfectly Gaussian; it had a "flat top", with a lower peak and wider width than a
true Gaussian distribution. This came about from selecting a coincidence window
that was larger than the system’s intrinsic timing resolution. The area underneath
this "flat top" represented a number of coincidence peaks that fully encompassed the
True coincidences and were all Gaussian in shape. Similarly to the energy window,
the final coincidence window was chosen to be 600 ns (5σ) to encompass the entire
curve, and is also shown in Figure 3.3.

FIGURE 3.3: The coincidence rate (orange scatter points) as measured
by the PolarisJ detector array as a function of delay on one of the
detector modules to determine the coincidence timing resolution. A
least-squares Normal distribution was fitted to the peak using the

equation R = A exp
{
− (d−µ)2

2σ2

}
+ B, where R was the coincidence

rate, A was the peak coincidence rate, d was the added module delay,
µ was the mean, σ was the standard deviation and B was the ran-
dom coincidence rate. The fitted parameters are shown in the figure
legend. Shaded in red is the final coincidence window of 600 ns (5σ)
around the centre of the curve, chosen to encompass the entire curve.

3.1.3 Lines-of-Response and F-Optimisation

After running energy filtering and coincidence processing, there was an average un-
filtered single-interaction event rate in both modules of 1500 Hz and an average
coincidence rate of 4 Hz. Next the lines of response from the first 1000 coincidences
were plotted to check for convergence. The resulting plot is shown in Figure 3.4
showing that the lines mostly converged on the location of the source; the divergent
LORs were most likely due to random coincidence. This was a sanity-check to con-
firm that the coincidence processing was operating as intended and we were able to
see a convergence of the LORs.

Next in the PEPT pipeline was to generate an F-optimisation curve (see Section
1.2.1) from these data for a series of lines-per-position (N). Since the coincidence rate
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FIGURE 3.4: A sample of the first 1000 coincidence LORs from a 22Na
source of activity 17.8± 3.6 kBq, plotted as straight lines between the
detected positions of the annihilation gamma-rays. All positions are
as measured in the isocentric coordinate system. Plotted to confirm
that the coincidence processing was running as intended by showing

the convergence on the source position.

was on the order of 1 Hz and this was a low-activity source, N values between 10
and 200 were chosen. The results are shown in Figure 3.5. The minima of the curves
were found to be between 0.85 and 0.95. Using fopt = 0.95 and N = 15, the final po-
sition determined by the PEPT algorithm was (−0.60, 0.90, 11.00)± (0.50, 0.16, 0.15)
mm. Using fopt = 0.90 and N = 100, the final position was (−0.700, 0.900, 11.000)±
(0.132, 0.066, 0.056) mm. Both of these agree with each other and the known location
of (0, 0, 11)± (2, 2, 2)mm.

The quality of the results from this initial proof-of-concept experiment was the
catalyst for the work done in this thesis. The first interesting result was the F-
optimisation curve, specifically the fopt parameter at the minimum of the curves in
Figure 3.5 which was around 0.95 for N = 15 and between 0.9 and 0.95 for N = 30 to
N = 200. As discussed in Section 1.2.2, this minimum started between 0.15 - 0.35 for
the isobutane gas detector at the Birmingham lab in the 1990s. It then stepped up to
0.35 when Birmingham acquired the NaI ADAC system, and took another step up to
0.6 - 0.7 for the BGO modular detectors and the HR++ as researchers improved the
detectors and processing electronics to maximise the efficiency for 511 keV gamma-
rays. The fopt parameter of 0.85 - 0.95 for CZT represented another step-change
improvement in the signal-to-noise ratio; almost all the detected coincidences at this
activity were true coincidences. This result was consistent with Figure 3.4, which
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FIGURE 3.5: The 22Na source position uncertainty plotted as a func-
tion of the PEPT F-parameter to determine the optimal F-parameter
to minimise the position uncertainty for this particular experimental
setup. Several of these F-optimisation curves have been plotted for
multiple different lines-per-position (N-value). A polynomial of de-
gree four has been fit to each curve for clarity. These N-values are
shown in the figure legend. Inset plot: The source position uncer-
tainty plotted as a function of the N-value using an F-parameter of
0.95. Plotted to show the 1/

√
N dependence of the uncertainty on

the N-value.

showed visually that a very small fraction of the detected LORs did not converge on
the location of the source. This improvement in signal-to-noise ratio was due to two
features of the experiment. Firstly, the high energy resolution of 1.15% in the semi-
conductor detectors was able to exclude most of the background noise (in-scatter
events, Compton-scatter events from the 1274 keV line, cosmic radiation, etc.) at the
energy filter. This energy resolution is an order of magnitude better than BGO and a
direct comparison is shown in Figure 3.6. Secondly, because the source activity was
low (17.8± 3.6 kBq), the detected event rate in the modules was also low, which en-
sured that the Random coincidence rate was very low. The measured Delayed rate
was < 1 Hz.

The second interesting result was the minimum value for the position uncer-
tainty, which for the lowest N = 15 was 546 µm, and for N = 200 was 101 µm, show-
ing that a radial position accuracy of just over 540 microns was possible with as few
as 15 lines-per-position. This positional accuracy was mostly due to the millime-
tre pixel size and depth-of-interaction information offered by the PolarisJ modules,
which meant that the primary source of uncertainty in the location of the tracer was
due to source distribution, positron range and acollinearity of the annihilation pho-
tons. However, these sources of uncertainty cannot be further reduced by improved
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FIGURE 3.6: The energy spectrum of a 22Na source as measured by
the PolarisJ detectors (in red) compared to the BGO detectors in the
UCT HR++ detector array in blue. A Normal distribution was fit to
each photopeak and the fit results are shown in the Figure legend.
Both spectra were normalised to the area under the curves and the

BGO spectrum has been scaled up by a factor of ten for clarity.

pixel resolution; to further reduce the location uncertainty it is necessary to improve
the statistics by maximising the coincidence rate to increase N - see Section 3.2 below.

The final result to note was the Prompt coincidence rate of 4 Hz, which gave
a maximum location rate of the tracer of 0.27 Hz using N = 15 (for a stationary
location uncertainty of 546 µm). For this activity source, with this detector array
in the described geometry, to track a moving tracer would require a very slowly
moving tracer or very smooth tracer motion - a highly limiting concern unless the
location rate could be improved. There are two primary methods used to increase
the location rate in PEPT for a given geometry: either improve the rate at which the
detector array can detect coincidences (either at the electronics or data-processing
level) or increase the activity of the source. There is a trade-off, however, between
increasing location rate and decreasing the location uncertainty. To understand this
trade-off requires an in-depth discussion about the location uncertainty in PEPT.
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3.2 PEPT Location Uncertainty

With any positron imaging technique, researchers are constantly striving to improve
the spatial resolution of their imagers. In PEPT this means maximising the location
rate (i.e. the rate at which the particle is located in space) while minimising the lo-
cation uncertainty. The location rate is maximised by maximising the coincidence
rate, typically by adding more detectors or increasing the data-rates from each de-
tector. To minimise the location uncertainty there are two aspects to consider. As
described in Section 1.2.1, the location uncertainty of a stationary source location is
described as u(x, y, z) = σx,y,z/

√
N f , where σx,y,z is the width of the distribution of

the measured (x, y, z) coordinates of the stationary source, and N f is the number
of lines-per-location used. Therefore u(x, y, z) can be reduced either by decreasing
σx,y,z, or by increasing N f .

Let us consider σx,y,z. At the tracer level, this is influenced by source distribu-
tion, positron range and acollinearity of the annihilation photons - the greater these
factors are, the greater σx,y,z will be. They can be reduced by reducing the size of
the tracer, selecting a tracer source with lower β+ kinetic energy or encasing the
tracer in a dense material. However it is very important to match nuclear, physi-
cal and chemical properties of the tracer particle to the system being investigated.
This, along with the cost of isotope production, heavily restricts the choice of tracer
isotope and so these sources of uncertainty are usually treated as a constant. At
the detector level, σx,y,z is influenced by the detector’s energy resolution and pixel
resolution. If the system being investigated has an abundance of water in it (not
unusual for a PEPT experiment) there will be a significant number of in-scattered
events. If the energy resolution of the detector isn’t fine enough it will include these
scattered events as signal (particularly for events that scattered with small angles),
which increases σx,y,z - although the PEPT algorithm should mitigate this to a large
extent. As for pixel resolution, the size of the pixels within the detector have a large
effect on the size of σx,y,z given a fixed N f , particularly if N f is small - see Figure 3.7
for a demonstration of how this works. Therefore σx,y,z can be reduced by increas-
ing detector pixel resolution, but only while the pixel uncertainty is greater than the
positron range and acollinearity uncertainties; once these uncertainties dominate,
reducing the location uncertainty is a matter of increasing N f .

Now consider increasing N f . Note that there is a nuance here: N f is a parameter
that is set by the experimenter when running the PEPT algorithm and is not directly
dependent on any of the experimental apparatus. It is possible to set N f arbitrarily
high, and on a stationary tracer this will decrease the location uncertainty arbitrarily
lower. However, PEPT is interested in tracking moving particles and when track-
ing a moving particle it is necessary to assume that for each source location found
the source was "stationary". In practice this means that for each particle location
calculated, the particle moved very close to linearly and moved a short distance
compared to the overall movement of the tracer during the time taken to collect the
LORs needed to obtain that location. Therefore the experimenter needs to consider
the coincidence rate of the experiment and expected movement of the tracer and set
N f low enough to make this a reasonable assumption. Therefore to increase N f it
is necessary to increase the coincidence rate, but there is a further nuance. The co-
incidence rate is made up of three different rates: the True rate, which is the rate
at which both 511 keV photons from a single annihilation event are detected uncor-
rupted and in coincidence, the Random coincidence rate, which is the rate at which
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(A) (B)

(C) (D)

FIGURE 3.7: Demonstration of how the detector pixel size influ-
ences the tracer location uncertainty for a given number of lines-per-
position (N f ). Consider a point β+ source sitting in the FOV of two
detectors, each with a pixel resolution of 1× 2, and suppose the de-
tectors record 4 LORs from the tracer. (A) shows the true location of
the source, along with the true interaction locations of the annihila-
tion photons within each detector. Since the detector is pixelated, the
recorded interaction locations will be at the centre of the pixels, and
the recorded LORs and location will be as in (B). Regardless of the
orientation of the LORs, provided they trigger the same pixel pairs
the recorded location and minimum distances from the final location
to the LORs will be the same. Now suppose the detectors have a
pixel resolution of 2 × 4, as shown in (C). The recorded LORs and
tracer location will be as shown in (D) - note how much closer the
recorded location is to the true location, and smaller the minimum
distances are. This is how increasing the pixel resolution reduces the
minimum location uncertainty on the recorded tracer location for a
fixed N f . Note that this effect can be reduced by adding more detec-
tors and increasing N f , as the proportion of the number of lines along
each possible pair will converge to place the minimum distance point

closer to the true location.
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two photons within the energy window(s) are detected in coincidence by chance,
and the corrupted coincidence rate which is when one of the annihilation events
scattered before being detected. Therefore it is not good enough to just increase the
total coincidence rate, it is important to increase the True coincidence rate. Since the
PEPT algorithm is capable of discarding divergent coincidences, increasing the True
rate can be done at the expense of also increasing the Random and corrupted rates,
but it is important that when increasing the total rate the experimenter ensures that
the True rate is also increasing.

At the tracer level, the coincidence rate can be increased by increasing the tracer
activity, but deadtime effects and detector timing resolution place an upper limit on
the effectiveness of this approach. This is addressed in Chapter 4. It is also possi-
ble that the tracer size sets an upper limit on the activity - typically this becomes an
issue for tracer sizes below 100 µm. On the detector level the coincidence rate can
be increased by improving the absolute efficiency of detecting 511 keV gamma-rays.
Either the detector array is arranged to maximise the solid angle subtended around
the system being investigated or the intrinsic efficiency of the detectors is improved.
This has been the primary approach at improving PEPT performance with scintil-
lator detector arrays. The development of the modular detectors at Birmingham
(Section 1.2.2) allowed researches to place the detectors in optimal geometries for
each experiment, and constant improvement to the processing electronics has im-
proved the intrinsic efficiency at 511 keV over the past few decades. This approach
has been very successful, and the HR++ at PEPT Cape Town is now capable of a
Prompt coincidence rate of 4 MHz, allowing for location rates in the 10s of kHz and
giving a stationary location uncertainty of 1 mm [17].

The main aim of this thesis is to investigate the alternative approach to improv-
ing location uncertainty: to reduce σx,y,z using a detector with a smaller detector
pixel resolution (an order of magnitude smaller than BGO) and depth-of-interaction
information, and the results in Section 3.1.3 show that this is a promising approach.
However, a location rate of 1 Hz significantly limits the scope of application and so
efforts needed to be made to maximise the location rate as much as possible oth-
erwise the added benefit of reducing σx,y,z would be lost due to N not being large
enough. This required a detailed look into tracer activity, detector geometry, detec-
tor processing electronics and coincidence processing parameters. The results of that
investigation is presented in Chapter 4.

3.3 Field-of-View Sensitivity

Since PEPT aims to track a particle moving throughout the FOV of the detector array
and there may be very little a priori information about the nature of its movement,
it is important to establish that there is no bias on the located position of the tracer
due to its location in the detector array FOV - caused, for example, by position-
dependent sensitivity within the detector crystal to 511 keV gamma-rays.

3.3.1 Experimental Setup

The PolarisJ modules were bolted upright in their stands, which were placed inside a
custom 3D-printed slide. This slide was then placed on the print-bed of the modified
Anet A8 3D-printer so that the crystal faces were 62± 1 mm apart, measured with
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a Vernier Caliper. A 22Na calibration source (activity 17.8± 3.6 kBq) was placed in
a custom 3D-printed stand which was screwed into the Anet to position the source
in the detector-array FOV. See Figure 3.8 for a photograph of the 3D printer setup,
and Figure 3.1 for the FOV dimensions and isocentric coordinate system. For each
coordinate axis, the Anet was programmed to place the source at 2 mm increments
along the axis, starting and ending outside the FOV, thus spanning across the FOV in
each x, y and z coordinate axis. At each of these positions, a stationary measurement
of one hour was taken. These positions were plotted as a function of the known
positions of the source and a weighted linear least-squares fit was performed to ver-
ify that the plot had a slope of one (i.e. the known and measured positions agreed
within uncertainty). From this fit, the residuals were then calculated and plotted to
check for any bias within the detector-array FOV.

Finally, the sensitivity to coincidences was determined using the data from the
y-axis traverse. The coincidence rate was measured for each position along the axis
and the Prompt rate was plotted as a function of y-coordinate. This was to determine
how the Prompt rate responded to the location of the particle within the FOV.

FIGURE 3.8: Photograph showing the experimental setup used to
produce the FOV sensitivity plots in Section 3.3. See Figure 3.1 for

the FOV dimensions and isocentric coordinate system.

3.3.2 Results

Measured versus Known Locations

The results are shown in Figure 3.9. As shown in the Figure legends, the slope for
the y and z axes were unitary within the fit uncertainty, while for the x-axis the
slope was unitary within three multiples of the fit uncertainty. Looking at the fitted
y-intercept parameters, while we expected them to be zero, the x and y axes were
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FIGURE 3.9: Top Row: The position of a stationary 22Na source deter-
mined by the PEPT algorithm as a function of the known position of
the particle. Plotted to ensure there is no clear positional bias within
the FOV of the detector array. The uncertainties on the positions have
been plotted as red error-boxes, with the PEPT-measured position (y-
axis) error-bars plotted using three standard uncertainties for visibil-
ity. A least-squares linear fit has been applied and plotted over the

data, with the fitted parameters shown in the figure legend.
Bottom Row: The residuals between the data-points and the linear
fit from the data in the figures above each plot, plotted to reveal any
bias within the FOV of the detector array. Note that the residuals are

plotted in units of µm, not mm as in the Top Row plots.

not. This was because while the uncertainty of the known position between posi-
tions was small, the initial placement of the source had to be done by eye, which had
errors on the order of millimetres. Looking at the positional uncertainties, the PEPT-
measured errors for the x-axis were 2-3 times larger than for the y and z axes, due to
the geometric effect of the x-axis being between the module faces and resulting in a
low angular range for the photons. This could be improved by moving the modules
closer together, but at the cost of a limited FOV.

The residuals plot showed that the residuals were on the order of 300 µm, which
was within the positioning uncertainty using an N-value of 30, and tended to be
larger towards the edges of the FOV. This was unsurprising as the useful area of
the detectors for detecting coincidences diminished towards the edges, and so fewer
and fewer pixels could be used to determine the position. There was no clear bias in
any of the coordinate axes.

Prompt Rate Sensitivity

The results are shown in Figure 3.10. The measured Prompt rates have been nor-
malised to the maximum recorded Prompt rate. The sensitivity peaked at the centre
of the FOV and dropped off to≈ 30% of the maximum on the edges. From the edges
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FIGURE 3.10: Normalised Prompt coincidence rate (normalised to the
maximum measured Prompt rate) as a function of the y-coordinate
for a 22Na source of activity 17.8 ± 3.6 kBq at stationary positions
along the y-axis. Plotted to show the sensitivity for detecting coin-

cidences within the FOV of the PolarisJ detector array.

to the centre the Prompt rate increased approximately linearly. It was expected that
the sensitivity would drop slightly in the centre of the FOV as there was a 2 mm
gap between the detector crystals in both modules. However, the Prompt rate still
peaked at the centre, indicating that the increase in solid angle for coincidence detec-
tion across both detector crystals compensated for the loss of coincidences between
the crystals.
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Chapter 4

Experiment 2 - Deadtime
Behaviour

The choice of source particle when performing PEPT is vital to the success of the
technique - careful thought needs to be put into deciding the physical, chemical and
nuclear properties of the tracer for each system being investigated. Of the nuclear
properties, ideally the tracer should be short-lived to avoid complicated disposal
procedures after the experiment, it should be a "pure" β+ emitter (it only emits 511
keV annihilation photons) to avoid wasting detector resources on errant gamma-
rays and it should have an optimal activity to maximise the True coincidence rate.
Given a perfect detector, it is expected that the detector would respond linearly as
source activity increased and so increasing useful coincidence rate would just re-
quire higher activity tracers. However, real detectors experience deadtime effects as
the incoming radiation flux increases, which both limits the maximum detectable co-
incidence rate and may even degrade the measured event and coincidence rates. Ad-
ditionally, the Random coincidence rate increases with higher activity, which adds
noise to the data and may obscure the True events. This places a maximum on the
tracer activity for each system being studied, giving a maximum possible True co-
incidence rate. This chapter investigates these limits for the PolarisJ detector array.
The details of the models used in this chapter are described in Sections 1.3 and 1.4.

4.1 Detector Deadtime Response to Short-Lived 68Ga Source

4.1.1 Experimental Setup

The two Polaris modules were bolted upright in their stands and placed inside a cus-
tom 3D-printed slide to position them directly opposite each other to form a FOV of
dimensions (62× 42× 20) mm3. A short-lived 68Ga (half-life 67.71 minutes1) tracer
with initial activity 4.72 ± 0.24 MBq was glued to the tip of a hypodermic needle
and positioned in the centre of the FOV. See Figure 4.1. The initial tracer activity
was chosen to strongly deadtime-limit the modules and was determined through
trial-and-error. The source was then observed over five half-lives until it decayed
to an activity where the detectors responded linearly to the decreasing activity (160
kBq). To ensure the source was as close to the centre of the FOV as possible, a Vernier
caliper was used to place the source equidistant from the edges of both modules and
the recorded event rates in each module were checked to verify that they were ap-
proximated equal. The positions of the source and modules were not adjusted for
the duration of the experiment.

1E.A. Mccutchan, Nuclear Data Sheets 113, 1735 (2012)
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FIGURE 4.1: Photograph of the experimental setup used for Section
4.1 - for a cross-sectional view of the detector modules, see Figure
3.1. The source was placed at the origin of the isocentric coordinate

system.

4.1.2 Single Module Response

Shown in Figure 4.2 is raw singles rate in each module as measured over the du-
ration of the experiment. Plotted as a black dotted line is the expected linear re-
sponse assuming no deadtime. This was determined by performing a linear fit on
the detector data for low activity (160 - 220 kBq) and extrapolating over the full
activity range; this is the linear response expected given the detector’s intrinsic ef-
ficiency and subtended solid angle, assuming no deadtime effects. Plotted over the
measured data-points is a non-paralysable deadtime model (the τnp parameter fit
is shown in Section 4.1.3 below). The measured singles rates started at 25 kHz for
the initial activity of 4.7 MBq, decreasing steadily to 24 kHz at 3.5 MBq; these rates
were well below the expected linear response or non-paralysable deadtime model
(plotted as a solid line in Figure 4.2), indicating that the detectors were experienc-
ing strong deadtime effects and were likely completely saturated due to the small
decrease in measured rate compared to the decrease in activity. At 3.5 MBq, the
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measured singles rate exhibited a sudden step-change up to 27 kHz - this was likely
due to buffer-overflow effects in the module electronics, but the exact cause requires
further investigation. Between 3.5 MBq and 2.5 MBq the measured rates were closer
to the deadtime model, but were still lower than expected. Module 1 in particular
showed significant fluctuations in measured rate. This was likely a combination of
the buffer-overflow effects and paralysable deadtime effects. From 2.5 MBq the rates
then follow the non-paralysable deadtime model closely down to 220 kBq, with the
singles rates decreasing from 24 kHz to 6 kHz. The detectors then showed a linear
response to source activity between 220 kBq and 160 kBq, decreasing from 6 kHz to 4
kHz. Once the modules were no longer deadtime-saturated, module 1 consistently
measured singles rates higher than module 0; this was caused by uncertainties in
the experimental setup which placed the source slightly closer to module 1, result-
ing in a slightly higher incoming radiation flux for module 1 for the duration of the
experiment.

FIGURE 4.2: Measured singles event rates for both modules as a func-
tion of activity for a 68Ga source with an initial activity of 4.72± 0.24
MBq. The black dotted line shows the expected linear response as-
suming zero deadtime, determined by performing a linear fit on the
detector data for low activity (160 - 220 kBq) and extrapolating over
the full activity range; this is the linear response expected given the
detector’s intrinsic efficiency and subtended solid angle, assuming no
deadtime effects. The fitted lines show the expected response from a
non-paralysable deadtime model, with the τnp parameter fit shown

in Section 4.1.3.

4.1.3 Deadtime Parameter Fit

The raw singles data in Figure 4.2 show that for a source activity above 2.5 MBq the
modules (module 1 in particular) started to experience a form of deadtime not cap-
tured by the non-paralysable or paralysable deadtime models discussed in Section
1.3. For this reason, the deadtime parameter fit was applied to the data for activities
lower than 2.5 MBq. For a detailed explanation of how this fit was performed, see
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Section 1.3.4. The resulting fit for the non-paralysable case is shown in Figure 4.3.
The final average non-paralysable deadtime parameter was τnp = 24.177± 0.096 µs.
This was the parameter used for the fit in Figure 4.2.

FIGURE 4.3: Activity function of the non-paralysable deadtime model
described in Section 1.3.1 as a function of measured singles event rate
in each PolarisJ module, plotted to determine the deadtime parameter
τnp. The activity function of module 1 is slightly higher than that of
module 0 because the source was slightly closer to module 1. The
fitted deadtime parameters are shown in the figure legend, giving a

final average deadtime parameter of τnp = 24.177± 0.096 µs.

A paralysable deadtime fit was also applied and is shown in Figure 4.4 for mod-
ule 0 (module 1 showed similar behaviour but is not shown for figure clarity). How-
ever, a paralysable deadtime model predicts that when the detector begins to satu-
rate at high source activity, the measured rate will start to decrease as source activity
increases. This compared to the non-paralysable model which predicts an asymp-
totic approach towards a constant value. Figure 4.2 shows that for high activity, the
measured rates showed asymptotic rather that decreasing behaviour, indicating that
a non-paralysable model was the more appropriate one to use for the activity range
investigated here.
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FIGURE 4.4: Activity function of the paralysable deadtime model de-
scribed in Section 1.3.2. Plotted over the data is a linear fit to measure
the deadtime parameter, with the fit parameters shown in the figure

legend. The deadtime parameter was τp = 15.83± 0.15 µs.

4.1.4 Coincidence Rates

Contrary to the coincidence processing applied in Section 3.1, the coincidence rates
were measured from the singles data with no energy filtering and using a coinci-
dence window of 10 µs. The reason there was no energy filter was because the raw
data were recorded and stored by the PolarisJ detectors in list-mode, with all co-
incidence processing done after the measurement. This is opposed to BGO PEPT
where the energy filtering is implemented in hardware and events outside the en-
ergy window are rejected before they enter the data acquisition system, which is the
dominant source of deadtime. Therefore for PolarisJ every event interaction with the
detectors contributes to deadtime across the whole system. If energy filtering was
applied to the data before fitting the deadtime models, this would add additional
complexity that the models do not account for.

The reason a 10 µs coincidence window was used is revealed in the timing res-
olution curve, shown in Figure 4.5. As expected, there is a central peak near zero
time-delay with a 1σ width of 130 ns. However, the Figure shows two additional
peaks with similar widths where more coincidence events were being found - this is
likely a buffering effect within the processing electronics, but further investigation
is required to isolate the precise cause. Important to note here is the difference be-
tween Figure 4.5 and Figure 3.3 shown in Chapter 3. Both curves were generated
with the same method and processing parameters (explained in Section 3.1.2), ex-
cept that Figure 3.3 shows time-delays between -700 ns and 700 ns and Figure 4.5
shows time-delays between -5000 ns and 5000 ns. When the data from Figure 3.3
were reprocessed using time-delays between -5000 ns and 5000 ns, the resulting plot
revealed additional peaks similar to Figure 4.5. However, since the results in Chap-
ter 3 were a proof-of-concept and maximising coincidence rates was not the primary
aim, these additional peaks were excluded through the use of a 600 ns coincidence
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window. In the case of the results of this deadtime experiment, the coincidence mod-
els being used (described in Section 1.4) assume that all genuine coincidence pairs
that are recorded by the detectors are counted in the measured True coincidence rate.
Therefore a coincidence window of 10 µs was chosen to encompass all three peaks
shown in Figure 4.5 to ensure that no genuine measured coincidences were missed
during processing. As the Random rate model accounts for coincidence window, the
additional Random coincidences were not a concern.

FIGURE 4.5: Timing resolution curve of a central 220 kBq 68Ga source
as measured by the PolarisJ module array described in Section 4.1.1.
Coincidence processing was performed on the raw, unfiltered event
data using a coincidence window of 600 ns. The coincidence window
was chosen to reveal the additional coincidence peaks on either side

of the central peak.

The measured Prompt, Random and True coincidence rates are shown in Figure
4.6, with the fitted coincidence rate models plotted over the data. Figure 4.7 shows
only the True rate as a function of activity. Due to the buffer overflow effects above
3.5 MBq, the data were truncated at 3.5 MBq for this analysis, where the Prompt rate
reached a maximum of ≈ 7 kHz. As expected for such a wide coincidence window,
the Random rate quickly dominated the Prompt rate, reaching a maximum of 6.5
kHz. From Figure 4.7, the True rate reached a maximum rate of 600 Hz at a source
activity of 0.8 - 1.5 MBq and then dropped off with increasing activity. This corre-
sponded to a raw measured singles rate of between 15 and 20 kHz. Therefore for
any given experimental setup, the tracer activity should be chosen so that the aver-
age event rate in each module is 15-20 kHz. Typically at PEPT Cape Town the source
activity is chosen to be slightly higher than ideal so that it decays into the ideal re-
gion, giving 2-3 hours of useful experimental time for each tracer. The measured
data fit quite closely with the coincidence models as described in Section 1.4, until
around 1 MBq where the True (and therefore Prompt) rate deviated from the model,
measuring lower than expected.
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FIGURE 4.6: The Prompt (blue circle), Random (green triangle) and
True (red plus) coincidence rates of a 68Ga tracer with initial activ-
ity 4.72± 0.24 MBq as a function of the tracer activity. Coincidence
processing was performed on the raw, unfiltered event data using
a coincidence window of 10 µs. Plotted over the data are the non-
paralysable deadtime model fits. Plotted to show the behaviour of the
different coincidence rates for high levels of deadtime in the modules.

FIGURE 4.7: The True coincidence rate of a 68Ga tracer with initial
activity 4.72± 0.24 MBq as a function of the tracer activity. Coinci-
dence processing was performed on the raw, unfiltered event data
using a coincidence window of 10 µs. Plotted over the data is the ex-
pected true rate using a non-paralysable deadtime model fit on the
measured singles rates. Plotted to show the True rate more clearly
and thus determine the optimal tracer activity which maximises the

True coincidence rate.
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4.2 Locating an Optimal Activity Stationary Source

For the particular experimental geometry in this experiment, Figure 4.7 showed that
a maximum True coincidence rate of 600 Hz was attainable for a source activity of
between 0.8 MBq and 1.5 MBq. From this, the PEPT performance corresponding to
this optimal tracer activity was investigated, focussing on the F-optimisation curve,
the source positioning uncertainty and the corresponding location rates. For the fol-
lowing analysis, a twenty-minute window was chosen with the tracer starting at an
activity 1.3 MBq and decaying to activity 1.1 MBq; from Figure 4.7 this corresponded
to a True coincidence rate of consistently≈ 600 Hz. The average singles rate for each
module over the twenty-minute interval was 20 kHz. The F-optimisation results
were then compared with the results discussed in Section 3.1.3 in Chapter 3. Both
experiments had the same detector array setup and therefore solid angle, with the
difference being the source type and activity. The experiment in Chapter 3 had a
22Na calibration source with activity 17.8 ± 3.6 kBq and will be referred to as the
"low-activity" 22Na source. The experiment used in this section had a 68Ga source
with activity 0.8 - 1.5 MBq and will referred to as the "high activity" or "optimal
activity" 68Ga source.

4.2.1 F-Optimisation

The coincidence processing for this section was performed with a coincidence win-
dow of 5 µs. Since the coincidence model is not relevant for F-optimisation, missing
a few True coincidences was acceptable and the narrower timing window decreased
the Random rate without significantly reducing the True rate, which increased the
signal-to-noise ratio. From from Figure 4.5, a 5 µs window still encompassed all
three peaks. With no energy filtering and a timing window of 5 µs, the average
Prompt rate was 2200 Hz, with a Random rate of 1600 Hz and True rate of 600 Hz.
An F-optimisation curve was then produced for five N-values (lines-per-position) of
100, 150, 200, 500 and 1000. The resulting F-optimisation curves are shown in Figure
4.8.

The first feature to note was the much lower fopt value for the five curves - all of
them were between 0.10 and 0.12 which was much lower than the fopt values of 0.90
- 0.95 values shown in Figure 3.5 for the low-activity 22Na source. However, Figure
3.5 was produced using an order-of-magnitude lower coincidence window of 600 ns
- significantly reducing the Random coincidence noise - and an energy window on
the photopeak, which lowered the noise caused by in-scattered coincidence events.
Additionally, the source activity was 100 times lower, further reducing the Random
coincidence rate to almost zero. The second feature to note was the source position-
ing uncertainty. For N = 100 the radial uncertainty was≈ 2 mm and it only dropped
to sub-millimetre for N = 200, where it was ≈ 800 µm. This compared to a radial
uncertainty of the 22Na source which was ≈ 550 µm using N = 15 and ≈ 100 µm for
N = 200.

This apparent low-performance was redeemed by the coincidence and location
rates of the 68Ga source. The Prompt rate was 2.2 kHz for the 68Ga source, so using
N = 200 the location rate was 11 Hz at a location uncertainty of ≈ 800 µm. For
the 22Na source the Prompt rate was 4 Hz, so using N = 15 the location rate was
0.27 Hz at a location uncertainty of just under 550 µm. The higher activity 68Ga
source therefore produced two orders of magnitude improvement in location rate



Chapter 4. Experiment 2 - Deadtime Behaviour 58

FIGURE 4.8: The 68Ga source radial position uncertainty plotted
as a function of the PEPT F-parameter to determine the optimal F-
parameter to minimise the position uncertainty for this particular ex-
perimental setup. F-optimisation curves have been plotted for multi-
ple different lines-per-position (N-value), indicated in the figure leg-
end. A polynomial of degree four has been fit to each curve to help
differentiate between them. Inset plot: The source position uncer-
tainty plotted as a function of the N-value using an F-parameter of
0.1. Plotted to show the 1/

√
N dependence of the uncertainty on the
N-value.

for comparable location uncertainty. Additionally, it is not entirely fair to directly
compare the two location uncertainties. The 22Na source was approximately 1 mm
in diameter and encased in a plastic disc. The 68Ga particle was 160 µm and simply
attached to the end of needle, meaning at least 50% of the annihilation photons were
being expelled into air. The average kinetic energy of the majority of the emitted
β+ particles in 22Na was ≈ 200 keV2, and in 68Ga is ≈ 800 keV3. It was expected
that the positron range was therefore higher in 68Ga than in 22Na, resulting in higher
location uncertainties for similar N-values and geometry. For a 68Ga source encased
in a tracer particle that is denser than air or moving inside a solid or liquid system,
the positron range is expected to be lower.

4.2.2 Timing and Energy Windows

The results from the previous Section demonstrated that sub-millimetre PEPT per-
formance was maintained with no energy filtering and a much wider coincidence

2M. Shamsuzzoha Basunia, Nuclear Data Sheets 127, 69(2015)
3E.A. Mccutchan, Nuclear Data Sheets 113, 1735 (2012)
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window while showing a significant increase in location rate compared to the re-
sults in Section 3.1.3. Therefore the impact of these processing parameters on loca-
tion performance was further investigated by re-processing the same dataset using
an energy window of 15 keV on the photopeak and a timing window of 600 ns on the
main peak in Figure 4.5. In this analysis, for each combination of coincidence pro-
cessing parameters, an N-value was found such that the final location uncertainty
was between 700 - 800 µm. The corresponding coincidence rates, fopt values and
location rates were then compared using a bar chart, which is shown in Figure 4.9.
The parameters determined are also presented in Table 4.1.

FIGURE 4.9: Bar chart comparing the Prompt coincidence rate (x-
axis) and location rate (right-hand y-axis) for four different combi-
nations of coincidence processing parameters (left-hand y-axis) that
corresponded to a location uncertainty of between 700 - 800 µm. The
translucent blue bars represent the total coincidence rate and the solid
blue bars represent the rate after the fopt parameter had been applied
to the data, i.e. if the total coincidence rate was 2497 Hz and the fopt
parameter was 0.11, then the solid blue bar rate was 0.11× 2497 = 275

Hz. The exact values are tabulated in Table 4.1.

It is clear from Figure 4.9 that it was preferable to have no energy filtering and
a wide coincidence window. Both the Prompt rate and the final location rate are an
order of magnitude higher for the same radial location uncertainty, despite a halving
of the fopt parameter. This is a good example of the power of the PEPT algorithm in
distinguishing the difference between signal and noisy LORs - including more and
more data by widening the processing parameters meant more signal was included
at the cost of proportionally more noise, but the PEPT algorithm could be relied
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TABLE 4.1: Table displaying four different combinations of coinci-
dence processing parameters (displayed in the columns) and the re-
sulting Prompt coincidence rate, fopt value and location rate. Also
shown are the N-values required to get a location uncertainty be-

tween 700 - 800 µm, as well as the final uncertainty.

Window (ns) 600 600 5000 5000
Energy Filter Yes No Yes No
Prompt Rate (Hz) 34 568 111 2497
fopt (%) 21 16 16 11
N 36 98 74 254
Location Rate (Hz) 0.94 5.80 1.50 9.83
Uncertainty (µm) 711 788 772 711

upon to effectively remove the addition noise. This is particularly advantageous in
the case of PolarisJ as data-rates could be improved while retaining the precision
gained from the higher pixel resolution.

Figure 4.9 showed that a very large proportion of the True coincidences were re-
moved when an energy filter was applied. For both narrow and wide coincidence
windows the Prompt coincidence rate decreased by an order of magnitude when an
energy window was applied, while fopt increased only slightly. The two reasons for
this were scattering cross-section and experimental setup. For 511 keV photons in
CZT, the Compton Scattering cross-section is 7.12× 10−2 cm2/g and the photoelec-
tric absorption cross-section is 1.52× 10−2cm2/g [40]. An annihilation photon was
therefore over four times as likely to Compton Scatter than to photo-absorb when
it interacted with the crystal. Additionally, the mean-free path for 511 keV photons
is 1.9 cm and the crystal was only 1 cm thick, so the incoming photons were most
likely to scatter once within the crystal before exiting.

The primary disadvantage to no energy filter is that any genuine coincidence
photon that scattered in the experimental system before being detected would be
included in the Prompt coincidence data, which lead to inaccurate LORs. However,
for this particular experiment there was very little scattering material in the FOV of
the detector, and so few photons would have in-scattered. This is why there was a
very small reduction in fopt when the energy filter was removed. For systems with
more scattering material in the FOV, in-scattered events will become increasingly
problematic and energy filtering may become preferable to remove these events.

Another important consideration are tracer isotopes that are not pure 511 keV
emitters, such as 22Na which emits a 1.275 MeV gamma-ray that is temporally cor-
related with the annihilation photons. Without an energy filter, these additional
gammas could lead to more Random coincidences and additional noise.

Further research is required to determine to what extent energy filtering is ad-
vantageous for high-scatter systems and non-pure tracer isotopes. For example, it
could be useful to have a low-energy filter based on the angular scattering distri-
bution or back-scatter peak. Changing the energy window to increase data-rates
is often done at PEPT Cape Town when using the ADAC, based on the expected
amount of scattering from the system being investigated, with multiple windowing
to include the upper end of the Compton continuum. Similar techniques could be
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investigated for CZT PEPT. It is also not clear whether there is a critical signal-to-
noise ratio where the PEPT algorithm can no longer reliably remove the erroneous
lines. However, all experiments thus far suggest that the algorithm is resilient to
high amounts of noise. Finally, for the types of systems expected to be studied using
CZT (e.g. micro-fluid dynamics) the amount of high scattering material is expected
to be very low, so it is preferable not to have an energy-filter.

As expected, the wider timing window lead to a significant increase in the coinci-
dence rate as the additional peaks in Figure 4.5 were included. For both the filtered
and unfiltered data, this was an order of magnitude increase in the Prompt rate.
This also increased the Random rate and hence decreased the fopt parameter, but the
trade-off lead to a two-fold increase in the location rate for comparable location un-
certainty. Similarly to the energy filter, increasing data-rates at the cost of additional
noise was a worthwhile trade-off.

Parameter Comparisons for Low Activity Source

Naturally, if increasing noise in the service of data-rates was preferable for a high-
activity source, this would apply to low-activity tracers with inherently lower noise
- particularly in the Random rate. The same analysis as above was thus performed
for the low-activity experiment described in Section 3.1.1, with the results shown in
Figure 4.10 and Table 4.2. The Figures tell a very similar story to the higher activity
source and a wide coincidence window and no energy filter produced an order of
magnitude increase in the location rates for similar location uncertainties.
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FIGURE 4.10: Bar chart comparing the Prompt coincidence rate (x-
axis) and location rate (right-hand y-axis) for four different combi-
nations of coincidence processing parameters (left-hand y-axis) that
correspond to a location uncertainty of between 700 - 800 µm. The
translucent blue bars represent the total coincidence rate and the solid
blue bars represent the rate after the fopt parameter had been applied
to the data, i.e. if the total coincidence rate was 121 Hz and the fopt
parameter was 0.50, then the solid blue bar rate was 0.50× 121 = 60.5

Hz. The exact values are tabulated in Table 4.2.

TABLE 4.2: Table displaying four different combinations of coinci-
dence processing parameters (displayed in the columns) and the re-
sulting Prompt coincidence rate, fopt value and location rate. Also
shown are the N-values required to get a location uncertainty be-

tween 700 - 800 µm, as well as the final uncertainty.

Window (ns) 600 600 5000 5000
Energy Filter Yes No Yes No
Prompt Rate (Hz) 5 69 5 121
fopt (%) 90 50 90 52
N 10 22 10 25
Location Rate (Hz) 0.50 3.14 0.50 4.84
Uncertainty (µm) 730 797 740 753
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4.3 Improving Data Rates

4.3.1 The Limits of High Resolution

As discussed in Section 3.2, the radial uncertainty of a PEPT location is u = σ/
√

N f ,
where N f = fopt · N is the number of accepted LORs and σ is the distribution width
of these accepted LORs around the final PEPT location. As shown in Figure 3.7, the
location uncertainty width σ can be reduced dramatically by increasing the pixel
resolution within the detector, especially for low N values, and as described in the
past two chapters it is possible to achieve sub-millimetre location uncertainties with
as few as 10 LORs using PolarisJ. Conversely, a detector system can overcome a
relatively low pixel resolution if it is able to compensate with high data rates, and
the work done at Birmingham and PEPT Cape Town has been very successful at
this approach by building very fast and very high efficiency detectors as well as
producing tracer particles with increasing activities to take advantage of the high
maximum event rates achievable with these systems. Where this strategy fails is
in applications that require very small particles, particularly below 500 µm. At this
size, current techniques are simply unable to produce tracer particles with enough
activity to produce the statistics needed to reduce the location uncertainty to desired
values, and this is where the benefit of high pixel resolution detectors is needed.

It is pertinent at this point to reiterate the fundamental limit of improving the
accuracy of PEPT by using higher pixel resolution detector systems, as discussed in
Section 3.2. Often in PEPT, tracer particles are treated as "point" particles where all
the annihilation photons originate from that point, but of course this is never the
truth in practice. All tracer particles used in PEPT experiments have a finite size,
and positrons are emitted from decaying nuclei with a certain kinetic energy so only
annihilate after they thermalise through interactions with the source material or sur-
rounding matter. Annihilation photons are also necessarily assumed to be perfectly
collinear, which again they are not. This means that even with an infinitely small
pixel size in a detector, a sample of True coincidences will not converge on a single
location but instead will be randomly distributed around the centre-of-activity (as-
suming positron range and accolinearity are Gaussian distributed) of the radioactive
material within the tracer, caused by both the finite size of the distribution of source
material and positron range. Therefore the limit to improving location accuracy by
reducing pixel size is set to these distributions. See [41] for further discussion.

In 1999, Levin and Hoffman released a paper looking at the positron range in
water of popular positron-emitting isotopes used in PET imaging [42]. Most rele-
vant to PEPT Cape Town was 15O, which has a mean β+ kinetic energy of 735 keV
compared to 68Ga with a mean β+ kinetic energy of 829 keV. Water is also not dis-
similar to many materials encountered in a typical PEPT experiment. The FWHM
distribution width of the positron range was calculated to be 501 µm, with a FWTM
of 4140 µm. This is on the same order-of-magnitude of the location uncertainties
observed in the results of the experiments presented thus far without considering
photon acollinearity and source material distribution4, which suggests that the max-
imum benefit of reducing pixel size has been achieved with the current pixel size of

4A FWHM of 500 µm is an order of magnitude higher than the 68Ga sources being produced for this
application, and therefore the positron range dominates the distribution width. However, the 22Na
calibration sources used have source material distributions on the order of millimetres, which further
widens location uncertainty width.
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PolarisJ.

PEPT imaging only attempts to locate a single point in space rather than a dis-
tribution. Assuming that the spread of annihilation events is isotropic, the uncer-
tainty on a stationary location of the source can be further reduced by increasing the
number of lines used for that location. What this means for PEPT using PolarisJ (Po-
larisPEPT) is that to further reduce the location uncertainty - not to mention track
fast moving (> 1 cm/s) tracers - the True coincidence rate will need to be increased.
While this is always a goal in producing more accurate PEPT, this discussion aims
to point out that trying to further reduce the location uncertainty for a fixed location
rate by increasing the pixel resolution is unlikely to be effective.

It is worth pointing out that different source isotopes would be effective in fur-
ther reducing location uncertainty without increasing data-rates. A good example is
18F, which has a mean β+ energy of 250 keV, and therefore a FWHM distribution of
102 µm in water (1030 µm FWTM) - incidentally this is one of the many reasons why
it is so widely used in PET imaging. A sub-100 µm 18F tracer particle with an activ-
ity of 1 MBq in the current UCT PolarisJ detector array could theoretically provide a
10 Hz stationary location rate with location uncertainty under 200 µm. As part of a
broader project to increase the scope of tracer particle production, PEPT Cape Town
is developing its 18F isotope production capability via beam-activation at iThemba
Labs. However, the limit of pixel resolution will still remain an issue and so it is
important to try and improve the maximum achievable data-rates with PolarisJ.

4.3.2 Effects on F-Optimisation

One interesting way that CZT PEPT differs from scintillator PEPT is in the fopt pa-
rameter. When the first PEPT experiments with PolarisJ were performed, the stand-
out feature was that fopt was between 0.85-0.95 - unprecedented for PEPT. At the
time this was particularly promising as much of the narrative of PEPT from its in-
ception was to try and improve fopt, from the 0.15-0.35 fopt values in Birmingham to
now 0.6-0.7 for the Cape Town HR++ ring. An fopt of 0.85-0.95 represented another
step-change in the progression of PEPT.

The reason that PolarisJ was able to obtain an fopt of 0.95 was due to its high
energy resolution and pixel resolution. Consider the results of the non-deadtime-
limited experiment presented in Section 3.1.3. The energy resolution allowed for a
very tight energy window (15 keV), which meant that after filtering, almost all mea-
sured coincidences were True coincidences that had not scattered before detection.
The low source activity (≈ 20 kBq) meant that with a coincidence timing window of
600 ns, the expected Random coincidence rate was negligible. The high pixel resolu-
tion within the crystals meant that all of these detected LORs converged tightly on
the source, as shown in Figure 3.4 and explained in Figure 3.7. Looking at Figure 3.4,
almost all of these LORs could be used without appreciably increasing σ, and hence
an fopt of 0.95 minimises the location uncertainty.

However, the recorded coincidence rates using the energy- and timing-window
were almost usuably low. As discussed in Section 4.2.2, this was because a signif-
icant portion of the True coincidence photons were scattering within the crystals
instead of photo-absorbing, and so their recorded energies fell outside the tight 15
keV energy window about the photopeak. Removing the energy window to include
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these scattered events naturally lead to including noise from in-scattered events -
although for the systems observed in the experiments in this thesis this was not a
significant contribution. Further analysis of the coincidence timing resolution (Fig-
ure 4.5) showed that even more True coincidences were being lost due to additional
delays in recorded event times caused by the detector electronics. Increasing the co-
incidence window from 600 ns to 5000 ns to compensate increased the Random co-
incidence rate. This increase in noise reduced fopt from 0.95 to 0.50, but the location
rate for the same location uncertainty increased almost ten-fold. This suggested that
a high fopt value is thus not necessarily optimal with PolarisJ. Performing the same
analysis on the results from Section 4.2 reveals a very similar story, but because the
source activity was 100 times higher and the Random coincidence rate grows like the
square of the measured singles event rate, the proportion of Random coincidences
to True coincidences was much higher. The system was also experiencing deadtime
losses, further contributing to lost True coincidences. The combination of these fac-
tors further reduced fopt to 0.10.

A further nuance is the mathematical relationship between σ and N f in the un-
certainty u = σ/

√
N f ; u scales proportionally with σ but scales inversely propor-

tionally with
√

N f . For example, if halving the fraction of used lines (N f ) leads to
halving σ, then u will change like 0.5/

√
0.5 ≈ 0.71. This means that it is preferable to

remove lines (i.e. decrease fopt) to reduce σ until removing lines no longer decreases
σ by more than 1/

√
N f . Exactly what the best trade-off is between removing lines

to reduce σ versus keeping lines to increase N f depends on the detector pixel reso-
lution, positron range and photon acollinearity. Provided that the pixel resolution of
the detector is high enough, it is preferable to remove lines until σ has reached the
physical limits of positron range and photon acollinearity. As per the discussion in
Section 4.3.1 above, PolarisJ has a high enough pixel resolution to reach these phys-
ical limits, meaning that in general the PolarisJ CZT system favours a lower fopt.

4.4 Conclusions

The deadtime-limiting experiment described in Section 4.1 revealed the biggest weak-
ness in PolarisJ PEPT performance: detector timing and low efficiency for detecting
511 keV gamma-rays. The low coincidence timing resolution shown in Figure 4.5
meant that to maximise coincidence rates a wide window of 5 µs was necessary,
which then lead to a high Random coincidence rate. The deadtime curves shown in
Figures 4.2 and 4.6 showed that the detectors became deadtime-saturated at a source
activity orders of magnitude lower than BGO, with corresponding coincidence rates
similarly low. This placed an upper limit on the maximum achievable True coin-
cidence rate of 0.6 kHz, with a Prompt coincidence rate of 2.2 kHz and Random
coincidence rate of 1.6 kHz for a source activity of 0.8-1.5 MBq or a single module
raw rate of 15-20 kHz. Compare this to a single pair of BGO modules (4× 8× 8 crys-
tals) that are similarly deadtime-limited: the singles rate is of the order of 1500-2000
kHz while the Random rate is on the order of 40 kHz using a coincidence window
of 10 ns.

For the UCT PolarisJ system, the maximum measurable location rates for an op-
timal activity tracer is on the order of 10s of Hz for sub-millimetre tracking, which
limits trackable tracer speeds to mm/s or cm/s. The HR++ ring has accurately mea-
sured speeds of 10s of m/s. A simple (but expensive) way to improve coincidence
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rates would be to purchase more detector crystals and module pairs to improve the
solid angle. However, similarly to the narrative of scintillator PEPT, one of the goals
of further research into semiconductor PEPT will be to improve timing resolution
and intrinsic efficiency to increase the useful fraction of detected events, i.e. increase
fopt. There are certain hardware improvements that could be made to improve the
timing performance of the H3D CZT systems. New and improved ASIC designs
could speed up the time taken to process each recorded event. Separate readouts
for each crystal within the PolarisJ module would allow them to record events in-
dependently. At the time of writing, H3D Inc. is working to include such improve-
ments in the next generation of their detector modules. With the next generation
of H3D module electronics and a four-module, sixteen-crystal array, it is likely that
the performance presented in this chapter could be improved by at minimum an
order-of-magnitude. With further developments in optimising tracer particles, two
or three orders-of-magnitude may even be possible. An example of such a system is
presented in Chapter 5.

Despite these low absolute location rates compared to traditional scintillators,
PolarisJ was still able to perform sub-millimetre tracer locating using relatively few
lines-per-position and at a relatively low activity. The advantage of PolarisJ PEPT
therefore comes down to context. For an experiment that requires a large FOV, us-
ing millimetre-size (or bigger) tracers with high activity that move at fast speeds,
scintillator detectors easily outperform semiconductor detectors. But as demand
for very small tracer particles moving through small systems pushes the maximum
achievable tracer activity down, the scintillators cannot obtain the optimally high
data-rates that allows them to perform. CZT was able to locate a particle to 730 µm
using just 23 lines-per-position. The modularity and relatively small size of the de-
tectors allows for greatly increasing achievable solid angle by placing the detectors
right on the boundaries of a small system. This shows promise for tracking small,
low-activity tracers in small systems when BGO cannot. The next step was therefore
to place a moving tracer in a CZT array and quantify its performance. This is the
topic of Chapter 5.

4.4.1 Further Work - Multiple Interaction Events

The results in Section 4.2 above demonstrate that useful data-rates were improved
by relaxing the energy and timing window processing parameters to include scat-
tering interactions and account for electronic buffering effects. However, it is still
possible to extract more useful information from the current PolarisJ data-stream
from the multiple scatter interaction events. For the analysis shown in Chapters 3
and 4, when a multiple scatter event was detected in coincidence, one of the possible
LORs was chosen at random and the other discarded (or in the case of two multi-
ple events in coincidence, one of the four possible LORs was chosen at random).
Not only did this mean than roughly half of the True coincidences that resulted in a
multiple scatter event were being lost, but the noise coincidence rate was also being
increased by the same proportion.

Not only are coincidences being lost due to single gamma-rays having multiple
interactions but True coincidences are also being lost due to "false" multiple interac-
tion events, as highlighted by work done by Polf et al. [43]. This discussion focusses
on double scatter events, but the same reasoning applies to triples, quadruples, etc.
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Monte Carlo simulations of the PolarisJ detectors in high radiation-flux environ-
ments showed that a significant number of double scatters (i.e. events that the Po-
larisJ camera recorded as a single gamma-ray scattering twice within the detector)
were "false" doubles. This is when two gamma-rays interact with the detector close
enough in time to be recorded as a single event scattering multiple times. This is
opposed to a "true" double scatter, when one gamma-ray genuinely scatters within
the detector and deposits energy twice. Therefore even if a True coincidence inter-
acts only once with the detector, it could be obscured by another event arriving and
causing a false double. Similarly, about half of these occurrences will result in a True
coincidence being lost.

A brute force approach to resolving this would be to include all possible per-
mutations of coincident LORs, and then rely on the PEPT algorithm to remove the
erroneous lines. A more elegant approach would be to look at the energies being
deposited - if one or both interactions in a double scatter have a deposited energy
within the photopeak (or on the Compton Edge), then it was a false double. If the
deposited energies sum to land under the photopeak (or Compton Edge) then is
was a true double. Even more sophisticated would be to use the Compton Scatter-
ing formula and known locations and energies of the scatters to determine whether
a recorded double is possible or not, which would indicate false and true scatters.
There is much research that could be done in this direction.
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Chapter 5

Experiment 3 - Moving Tracer

After fully characterising the PEPT performance on a stationary source, the next step
was to test it on a moving source. For this, the opportunity was presented to work
on an experimental detector array built by H3D Inc. at their labs in Ann Arbor, MI.
Primarily built to do small animal PET imaging, it consisted of a four-module Polar-
isJ array, each with four crystals, arranged in a square geometry with a rotating disc
in the centre driven by a stepper motor. Not only did this system have four times the
number of crystals, it was also arranged in an optimal geometry, giving equal cov-
erage in both the x- and y-coordinates. The performance of this system provided an
excellent concept of what a micro-PEPT CZT modular array would look like. Since
these experiments were performed at the H3D Inc. factory, the future capabilities of
these detectors and the implications that would have for CZT PEPT were discussed
with the engineers at H3D Inc. Additionally, this small animal PET array was taken
to the Knoll Lab run by Zong He, situated in the nearby University of Michigan, to
run additional experiments and to further discuss this work with his research group
there.

It’s important to emphasise that this small animal PET imager was a prototype
device assembled by H3D Inc. for proof-of-concept experiments, and therefore did
not perform at a standard one might expect from a commercially sold device. This
meant that a small fraction of the datasets taken on the device were either partially
or fully corrupted. The device was also only available for a two week period, and so
because many of these corruptions were discovered after the two weeks there was
no opportunity to retake these data. However, these corruptions were never catas-
trophic and overall the device worked as expected.

There were additional limitations on the precision of both the tracer sources and
the circular motion performed by the rotating disc (radius and speed specifically).
Two 22Na sources were used for the experiments: a 37 kBq source and a 1.2 MBq
source. The 22Na source material within its housing was distributed across a diame-
ter of ≈ 1 mm for the 37 kBq source and ≈ 2-3 mm for the 1.2 MBq source - ideally
they would need to be distributed over less than 100 µm to appear more point-like.
The precision of the source stand and stepper motor arrangement was also unknown
and there was not enough time to properly calibrate it to determine the precision.
Therefore the known radii and speeds of the various circular tracks were based on
assumptions that were likely to have uncertainties on the order of millimetres.

Ideally, a similar set of experiments would have been performed at the PEPT
Cape Town lab using the UCT PolarisJ array. These experiments would have also
used more ideal 68Ga tracer particles and the modified 3D printer to more precisely
measure the limits of the tracking ability of CZT PEPT. However, due primarily to
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the COVID-19 pandemic we were unable to access the PEPT Cape Town lab to per-
form these experiments, and prior to the pandemic a series of equipment malfunc-
tions meant that we were unable to perform any useful moving source experiments.
This should therefore be the initial focus of any follow-up work and will be impor-
tant for providing the precise benchmarks of PolarisPEPT.

5.1 Experimental Setup

The H3D small-animal PET system consisted of four Polaris detector modules (see
Section 2.2), with each module holding four (20× 20× 10) mm3 CZT crystals, giving
a total of sixteen crystals. This gave a FOV of slightly less than (77× 77× 42) mm3,
since there was no coverage in the corners. Placed in the centre of this FOV was a
round plastic disc of radius 30 mm, driven by a stepper motor controlled by an Ar-
duino Uno, with a step resolution of 700 steps/revolution. The source was held by
a small plastic stand in approximately the centre of the FOV in the z-direction. The
stand fitted into slots cut out of the disc, allowing for placement of the source from
the centre of the disc in steps of 0.5 mm from 0.5 - 10 mm. This allowed the source
to be rotated in the FOV of the array in 0.5 - 10 mm circles up to a speed of around
50 mm/s. The uncertainty on the known radii was ±1 mm and the uncertainty on
the known speeds was ±1 mm/s. A more compete description of the system with
figures is presented in Section 2.4.

Two sources were used for tracking measurements. The first was a 37 kBq 22Na
source embedded in a 2.5 cm diameter plastic disc with the source material dis-
tributed over a 1 mm sphere, owned by H3D Inc. The second was a 1.2 MBq 22Na
source embedded in a 2.5 cm plastic disc with the source material distributed over a
2-3 mm with unknown geometry, supplied by Zong He’s group at the University of
Michigan. Since these were the only sources available, it was not possible to gener-
ate a short-lived isotope to observe the deadtime behaviour or optimise the source
activity and geometry for this particular array.

5.2 Stationary Source Performance

5.2.1 Low Activity 22Na Source

A five minute stationary measurement of a 37 kBq 22Na source in the centre of the
FOV was taken. The total raw singles rate summed over all four modules was 8.2
kHz. Using a coincidence timing window of 5 µs and no energy filter, the total
Prompt coincidence rate was 1 kHz with a True coincidence rate of 450 Hz. A top-
down view of the first 1000 coincidences in xy-plane is shown in Figure 5.1.
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FIGURE 5.1: A sample of the first 1000 coincidence LORs from a 22Na
source of activity 37 kBq, plotted as straight lines between the de-
tected positions of the annihilation gamma-rays. Plotted to show con-

vergence on the source position.

F-optimisation curves were then run on the coincidence data for N-values of 40,
100, 200, 500 and 1000; the resulting curves are shown in Figure 5.2. The fopt values
were between 0.35 - 0.45. For N = 40 the radial location uncertainty was 580 µm,
giving a final location rate of 25 Hz. For N = 1000 the radial location uncertainty
was 92 µm, giving a final location rate of 1 Hz. This was an approximately five-fold
improvement in location rate for similar uncertainties compared to the low-activity
source in the UCT system presented in Section 3.1.3, primary due to the four-fold in-
crease in the number of crystals1. The H3D system also had an additional geometric
advantage: because it had two pairs of opposing detectors that were orthogonal to
each other, the uncertainty between the detectors was significantly reduced where
the angles between LORs were very acute. For a visual depiction of this, compare
the convergence of the LORs along the x-axis in Figure 5.1 with those in Figure 3.4.

1Note: at the time of experiment, when one of the four crystals in a module triggered an event, all
four crystals went dead while that event was processed. Future generations of CZT detectors from
H3D plan to have separate readouts to reduce deadtime effects.
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FIGURE 5.2: The 37 kBq 22Na source position uncertainty plotted
as a function of the PEPT F-parameter to determine the optimal F-
parameter to minimise the position uncertainty. Several different
lines-per-position were chosen, shown in the figure legend. A poly-

nomial has been fit to each curve for clarity.

5.2.2 High Activity 22Na Source

A five minute stationary measurement of a 1.2 MBq 22Na source in the centre of
the FOV was taken. The total raw singles rate was 61 kHz summed over all four
modules. Using a coincidence timing window of 5 µs and no energy filter, the total
Prompt coincidence rate was 4.7 kHz with a True coincidence rate of 750 Hz. F-
optimisation curves were run on the coincidence data for N-values of 250, 350, 500,
1000 and 2000, with the results shown in Figure 5.3. The fopt values were between
0.05 - 0.10. For N = 485 the radial location uncertainty was 515 µm, giving a final lo-
cation rate of 10 Hz. For N = 4000 the radial location uncertainty was 160 µm, giving
a final location rate of 1 Hz.

Surprisingly, the stationary source performance was worse for the 1.2 MBq source
than for the 37 kBq source (which had a location rate of 25 Hz for a radial uncertainty
of ≈ 580 µm and 4 Hz for a radial uncertainty of ≈ 150 µm), despite an increase in
the True coincidence rate from 450 Hz to 750 Hz. Ultimately this was caused by the
difference in source distribution between the two sources; the 37 kBq source was
distributed over 1 mm, whereas the 1.2 MBq source was distributed over 2-3 mm.
As outlined by Leadbeater et al. in a SAIP conference in 2017 [41], the uncertainty of
a PEPT-measured location can be described by

u ∝
w2 + r2 + S2 + θ2 + FWHM2

f N
(5.1)
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FIGURE 5.3: The 1.2 MBq 22Na source position uncertainty plotted
as a function of the PEPT F-parameter to determine the fopt. Several
different lines-per-position were chosen, shown in the figure legend.

A polynomial has been fit to each curve for clarity.

where u is the uncertainty, w is the pixel resolution of the detectors, S is the spa-
tial distribution of the source, θ is the annihilation photon accolinearity and f N rep-
resents the fraction of uncorrupted coincidences (True coincidences). The FWHM
term represents other factors not considered in detail here, such as coincidence win-
dow, deadtime, higher multiplicity gamma emissions, etc. Note that the uncertainty
u scales proportionally with the source distribution S, but scales inversely propor-
tionally with the square-root of f N. Therefore, even though the True coincidence
rate ( f N) almost doubled from 450 Hz to 750 Hz, this was insufficient to compen-
sate for the more than doubling of the source distribution (S) from 1 mm to 2-3 mm,
and hence the radial uncertainty of the 1.2 MBq source was greater than the 37 kBq
source for similar location rates.

This result serves to emphasise an important consideration that must be made
when performing PEPT using CZT detectors. The low location uncertainties achiev-
able with PolarisJ are due to their high pixel resolution - the w term in (5.1). How-
ever, their low timing resolution means that the measured data-rates are low com-
pared to similar BGO arrays. Due to the asymmetry in the relationship between u
and the factors in the numerator of (5.1), and u and the denominator of (5.1), increas-
ing data-rates ( f N) at the cost of proportionally increasing source attributes such as
r, S or θ is unlikely to be advantageous. In scintillator systems, the w term in (5.1)
typically dominates the numerator, and so it is usually more beneficial to maximise
f N at the cost of r, S or θ. For semiconductor systems w is no longer the dominant
term, and since f N is typically limited, researchers must aim to maximally reduce
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the r, S and θ terms through careful choice of tracer sources to achieve the best pos-
sible results.

Despite the comparatively worse performance of the higher activity source, the
results of the experiments performed are still presented in this Chapter. This is be-
cause the range of speeds measured using the 1.2 MBq was greater than that of the
37 kBq source, and revealed certain upper limits of trackable tracer speeds.

5.3 Circular Motion Tracking Performance

5.3.1 Low Activity 22Na Source

The first series of experiments used the 37 kBq 22Na source. Using the central stepper-
driven disc, six radii were chosen: 0.5 mm, 1 mm, 3.5 mm, 4 mm, 8 mm and 19.5
mm. For each of these radii the disc was run at the following speeds: 0.25 mm/s,
0.5 mm/s, 1 mm/s, 2.5 mm/s and 5 mm/s. A total of five revolutions were run
for each combination. After PEPT processing, a sinusoidal curve was fit to the
x- and y-coordinates and a straight line to the z-coordinate using the Levenberg-
Marquardt least-squares algorithm. The equation used for the sinusoidal fit was
rx/y(t) = Ax/y sin(ωx/yt + φx/y) + Bx/y where Ax/y was the amplitude of the mo-
tion (i.e. the radius of the circle), ωx/y was the angular frequency and φx/y and Bx/y
were to account for the initial position of the particle. The x- and y-speeds were
therefore vx/y = Ax/y ·ωx/y. The fitted radii and speeds of each run were then com-
pared to the known radius and speed. From the stationary F-optimisation results,
the PEPT algorithm parameters were chosen to be N = 200 and fopt = 0.40, which
gave a stationary radial location uncertainty of 215 µm and location rate of 5 Hz.

PEPT Results for Tracer Moving at 5 mm/s around a 4 mm Radius

The analysis for a single set of motion parameters are presented here to demonstrate
how analysis was performed for all the results in this Chapter. A "track" will refer
to a tracer moving in a circle with a particular radius at a particular speed. The ex-
pected motion was a 4.0± 1.0 mm radius circle, with an expected speed of 5.0± 1.0
mm/s. The PEPT-measured positions as a function of time are shown in Figure 5.4,
with the fitted equation parameters shown in Table 5.1. Qualitatively, all three coor-
dinates appear as expected, and the fitted equations fit the coordinates closely. Both
the x- and z-coordinates are slightly shifted from the centre of the FOV, indicating
that the rotating disc apparatus did not accurately centre the tracer. From the av-
erage of the fitted amplitudes and angular frequencies of the x- and y-coordinates,
the radius of the PEPT track was r = 4.211± 0.028 mm and the fitted speed was
4.4817± 0.0036 mm/s. Both of these were within experimental uncertainty of the
known values.
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FIGURE 5.4: The three PEPT-measured coordinates of the tracer parti-
cle as a function of time for the 4 mm radius track moving at 5 mm/s.
Fitted over the x- and y-coordinates are sinusoidal curves and the z-
coordinate is a flat line, with the fitted parameters and uncertainties
shown in Table 5.1. Plotted to judge qualitatively the appropriateness

of the fit and quality of the PEPT positions.

TABLE 5.1: The fitted parameters for the circular motion of the
4 mm circular track with the tracer moving at 5 mm/s. A sinu-
soidal curve was fitted to the x- and y-coordinates using the equa-
tion rx/y(t) = Ax/y sin(ωx/yt + φx/y) + Bx/y, and a flat line was fit-
ted to the z-coordinate. The fit was performed using the Levenberg-
Marquardt least-squares algorithm, which also produces a correlation

matrix from which the uncertainties were calculated.

Parameter Fitted Value

Ax 4.206± 0.019 mm
ωx 1.0651± 0.0006 rad/s
φx −0.932± 0.011 rad
Bx 0.432± 0.014 mm

Ay 4.215± 0.020 mm
ωy 1.0637± 0.0006 rad/s
φy 0.651± 0.011 rad
By −0.039± 0.014 mm

z 2.1560± 0.0097 mm
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For another qualitative view of the results, the xy-coordinates were plotted on a
single axis as well as the instantaneous xy-velocities, shown in Figure 5.5. The veloc-
ities were calculated from the PEPT-positions using the following six-point method:

~vi =0.1
[~Pi+5 − ~Pi

ti+5 − ti

]
+ 0.15

[~Pi+4 − ~Pi−1

ti+4 − ti−1

]
+ 0.25

[~Pi+3 − ~Pi−2

ti+3 − ti−2

]
+ (5.2)

0.25
[~Pi+2 − ~Pi−3

ti+2 − ti−3

]
+ 0.15

[~Pi+1 − ~Pi−4

ti+1 − ti−4

]
+ 0.1

[~Pi − ~Pi−5

ti − ti−5

]
(5.3)

FIGURE 5.5: Left: The measured xy-coordinates of the tracer particle
over the duration of the measurement . Right: The xy-coordinates
of the instantaneous velocity of the tracer over the duration of the
measurement, calculated from the positions using the 6-point method

shown at (5.2).

Qualitatively both plots look as expected. The positions follow a well-formed
circular track with a slight width to the track indicating the statistical fluctuations
of the PEPT positions and the velocities are tangential to the positions and appear
equal in magnitude. These plots were primarily used as a sanity-check that every-
thing was operating as expected.

PEPT Results for All Motion Parameters

The same analysis was then performed on the datasets for all of the different speed
and radius parameters. Figure 5.6 shows the PEPT xy-positions of all the tracks us-
ing N = 200 with the source moving at a speed of 0.5 mm/s. Qualitatively, the tracks
appear clearly defined and accurate to the known radius except for the 0.5 mm ra-
dius circle, which does not show a clearly defined circular track. However, for the
0.5 mm track the centre of the source was moving along the edge of the circle, and
the source distribution was 1 mm in diameter, meaning that the edge of the source
was at the centre of the circle for the entirety of the motion. This meant that the anni-
hilation events were distributed from the centre of the circle to 0.5 mm past the edge,
and there was an insufficient number of events to compensate for the relatively large
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distribution of annihilation sites compared to the range of motion.

FIGURE 5.6: The xy-coordinates of all of the tracks measured using
the 37 kBq source moving at 0.5 mm/s, as measured by PEPT using
N = 200. The known radii are shown in the Figure legend. Plotted to

show the quality of the PEPT tracking.

A more quantitative comparison of the PEPT performance is shown in Figures
5.7 and 5.8. Figure 5.7 shows the PEPT-measured radii compared to the known radii
for all of the measured source speeds2. All of the measured radii successfully agreed
with the known radii within experimental uncertainty. Figure 5.8 shows the PEPT-
measured speeds compared to the known speeds for all of the measured source
radii. With one exception, all of the measured speeds agreed with the known speeds
within experimental uncertainty.

Investigating Figure 5.7 in more detail, the uncertainty on the radius increased as
the speed increased, which is unsurprising since the particle moved further between
sequential positions for faster speeds. The uncertainty of each measured radius was
consistent for the same speed (e.g. the radius uncertainty for a speed of 0.5 mm/s
was the same for the 0.5 mm circle, the 1.0 mm circle, the 3.5 mm circle, etc.), with
the exception of the 19.5 mm circle where the uncertainties on the measured speeds
were relatively much greater. This is likely because at this radius the circular track is
moving around the edge of the FOV of the detector array, which reduces the usable

2Note: not all speeds are shown for all radii. This is either because of a corrupted dataset or that
experiment wasn’t performed due to time constraints.
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area of the detector element pairs for coincidence counting.

Investigating Figure 5.8 in more detail, first note that the measured source speeds
were corrected by the measured radius. This was because the known speeds were
calculated based on the known radius of the track, but as shown in Figure 5.7, the
known radii were slightly inaccurate. Therefore all speeds were multiplied by the
ratio of the known and measured radii to correct for this. The measured speed for
the 0.5 mm track diverged significantly at 2.5 mm/s from the known speed, indi-
cating an upper limit of tracer speed at that radius. To find the precise limits of
tracer speeds at this activity (37 kBq) further investigation is required, preferably
with much smaller tracer sizes.

FIGURE 5.7: The PEPT-measured radius of each track, as determined
from the fitted parameters like in Table 5.1, plotted as a function of
the known radius of the track for each speed run (shown in the Fig-
ure legend). Plotted to determine whether the fitted radii agree with
the known radii for all of the speeds measured. All fits are from the
37 kBq tracer particle and were processed using N = 200 lines per

position.
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FIGURE 5.8: The PEPT-measured speed of each track, as determined
from the fitted parameters like in Table 5.1, plotted as a function of
the known speed of the track for each radius run (shown in the Fig-
ure legend). All speeds have been corrected for the measured radius.
Plotted to determine whether the fitted speeds agree with the known
speeds for all of the radii measured. All fits are from the 37 kBq tracer

particle and were processed using N = 200 lines per position.

5.3.2 High Activity 22Na Source

The next series of experiments used the 1.2 MBq 22Na source. Using the central
stepper-driven disc, three radii were chosen: 1 mm, 2 mm and 8 mm. For each of
these radii the disc was run at the following speeds: 0.25 mm/s, 0.5 mm/s, 1 mm/s,
2.5 mm/s, 5 mm/s, 7.5 mm/s, 10 mm/s and 15 mm/s. A total of five revolutions
were run for each combination. After PEPT processing, a sinusoidal curve was fit to
the x- and y-coordinates and a straight line to the z-coordinate using the Levenberg-
Marquardt least-squares algorithm. The equation used for the sinusoidal fit was
rx/y(t) = Ax/y sin(ωx/yt+ φx/y)+ Bx/y where Ax/y was the amplitude of the motion
(i.e. the radius of the circle), ωx/y was the angular frequency and φx/y and Bx/y were
to account for the initial position of the particle. The x- and y-speeds were therefore
vx/y = Ax/y · ωx/y. The fitted radii and speeds of each run were then compared
to the known radius and speed. From the stationary F-optimisation results, PEPT
algorithm parameters were chosen to be N = 1000 and fopt = 0.08, which gave a
stationary radial location uncertainty of 330 µm and location rate of 5 Hz.

PEPT Results for All Motion Parameters

The same analysis that was performed on the 37 kBq source was applied to all of the
1.2 MBq datasets. Figure 5.9 shows the PEPT xy-positions of all the tracks using N
= 1000 and fopt = 0.08 with the source moving at a speed of 0.5 mm/s. Qualitatively,
the tracks appear clearly defined and accurate to the known radius.
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FIGURE 5.9: The xy-coordinates of all of the tracks measured using
the 1.2 MBq source moving at 0.5 mm/s, as measured by PEPT using
N = 1000 and fopt = 0.08. The known radii are shown in the Figure

legend. Plotted to show the quality of the PEPT tracking.

A more quantitative comparison of the PEPT performance is shown in Figures
5.10 and 5.11. Figure 5.10 shows the PEPT-measured radii compared to the known
radii for all of the measured source speeds3. All of the measured radii successfully
agreed with the known radii and with each other within experimental uncertainty.
Figure 5.11 shows the PEPT-measured speeds compared to the known speeds for all
of the measured source radii. For speeds between 0.25 mm/s and 6 mm/s, all of the
measured speeds agreed with the known speeds within experimental uncertainty.
For 7.5 mm/s, 10 mm/s and 15 mm/s, three of the measured speeds significantly
overestimated the known speeds.

From Figure 5.10, note that as the speed increases, there is a negative gradient
on the measured radii. This is a sampling artefact: as the speed increased, the tracer
moved further around the circle between two points, and so the measured circle
radius decreased. A similar effect is seen in Figure 5.7 for the lower activity source,
although not as pronounced.

3Note: not all speeds are shown for all radii. This is either because of a corrupted dataset or that
experiment wasn’t performed due to time constraints.
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FIGURE 5.10: The PEPT-measured radius of each track, as deter-
mined from the fitted parameters like in Table 5.1, plotted as a func-
tion of the known radius of the track for each speed run (shown in the
Figure legend). Plotted to determine whether the fitted radii agree

with the known radii for all of the speeds measured.

FIGURE 5.11: The PEPT-measured speed of each track, as determined
from the fitted parameters like in Table 5.1, plotted as a function of
the known speed of the track for each radius run (shown in the Fig-
ure legend). All speeds have been corrected for the measured radius.
Plotted to determine whether the fitted speeds agree with the known

speeds for all of the radii measured.
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5.4 Conclusions

The experiments performed at H3D Inc. and presented in this Chapter demonstrated
that PEPT-tracking of a tracer source was possible and was accurate for most of
the experiments performed. The H3D small animal PET detector array showed im-
proved stationary location performance over the UCT PolarisJ array - unsurprising
as it had four times the number of crystals and an additional pair of modules. For a
37 kBq central stationary source, a True coincidence rate of 450 Hz was measured for
a Prompt rate of 1000 Hz, giving a fopt value of around 0.40. A location uncertainty
of 580 µm was achieved at a location rate of 25 Hz and a 150 µm location uncertainty
for a location rate of 4 Hz. The 1.2 MBq source had worse performance despite an
increase in True rate from 450 Hz to 750 Hz. This was primarily due to the more
than doubling of the source material distribution within the tracer (2-3 mm), and it
is expected that a tracer with geometry on the order of 100s of microns will produce
significantly improved location performance.

For both the 37 kBq and 1.2 MBq sources, the H3D small animal PET system was
able to track a particle accurately (to within the uncertainty of the known motion
parameters) moving in a circular motion for circle radii between 0.5 mm and 19.5
mm. For the 37 kBq source, it was able to accurately measure tracer speeds between
0.25 mm/s and 5 mm/s. For the 1.2 MBq source, it was able to accurately measure
tracer speeds between 0.25 mm/s and 10 mm/s.

As with all PEPT tracking, the limits of the technique depend strongly on the typ-
ical speeds that the tracer undergoes over the course of its motion. For the 22Na trac-
ers used for these experiments, tracking was accurate for tracers moving at speeds of
millimetres/second. For speeds of centimetres/second the tracking was inaccurate.
However, due to the distributed nature of the sources and large uncertainty of the
motion of rotating disc used in these experiments, more accurate tracking is possi-
ble. Further investigation with more ideal tracer particles is required to find the true
limits of PolarisJ PEPT tracking.

The H3D small animal PET detector array is a good example of an initial detector
array to acquire to perform PEPT measurements for experiments beyond proof-of-
concept, given the options available at the time of writing. Having two pairs of
detectors allows for a symmetric coverage of the tracer particle in all three coordi-
nates, which is a large geometric advantage over a single pair. One change to be
made is that the array should be modular to allow for better positioning of the mod-
ule pairs, allowing for custom array geometries suited to each system being investi-
gated. Future generations of CZT detector modules from H3D will also have better
timing resolution and deadtime performance, making them a promising technology
for micro-scale PEPT tracking.
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Chapter 6

Proton Beam Tracking using PEPT

As discussed in Section 1.6.2, a potential application of positron imaging using a
CZT detector array is in dose verification in proton radiotherapy. It is well-established
that there are a number of positron-emitting isotopes produced when a proton beam
(typical energies of 50-250 MeV) is incident on an organic target such as human tis-
sue and there has been much research into using these positron-emitters for PET
imaging for both real-time and post-treatment dose verification [32, 33, 44]. In this
Chapter we propose using positron information to improve Compton Camera Prompt
Gamma Imaging through improved filtering. As outlined by Draeger et al. [31], one
such filter uses the proton beam direction to remove from image reconstruction re-
constructed cones that pass too far from the beam-line as they are likely noise. This
is known as the Distance of Closest Approach (DCA) filter - see Section 1.6.2 and
the work done by Draeger et al. for more details on how the technique works and
how effective it is. One drawback of this filter is that it requires assumed knowledge
of the incoming beam-direction. However, PEPT provides a promising approach to
be able to measure the path of the incoming beam, which offers a way to inform
the DCA filter without any assumed knowledge. Since Compton Camera imaging
uses high resolution semiconductor detectors like PolarisJ, this beam-tracking can
be performed in-situ without the need for additional detector arrays. Additionally,
since the CZT detector array would be arranged to detect positrons in coincidence,
it may be possible to also perform PET imaging for further dose-verification. Finally,
beamline tracking has applications outside of this particular medical situation, and
so this technique will be broadly applicable to any situation where knowledge of the
precise path of a proton-beam through organic materials is required.

6.1 Theory

When a beam of high-energy protons enters an organic target there are a number
of positron-emitting isotopes produced, primarily through the (p, xn) reaction type.
The precise isotopes that are produced and the rates of production are dependent on
the beam parameters and material composition, and since the half-lives of the vari-
ous isotopes vary across several orders of magnitude their contribution to the overall
positron emission rates will be time-dependent. For short-lived isotopes (T1/2 < 1 s)
the activated nuclei will not move appreciably before decaying and the resulting
position of the positron annihilation will be approximately that of the interaction
between a proton and activated nucleus. It is reasonable therefore to assume the dis-
tribution of positron emissions will correlate with the distribution of proton-nuclei
interactions in the proton-beam. One can therefore model an incident proton-beam
as a line-source of positron-emitting isotopes with a distribution around the centre
of the beam-line that depends on the width of the proton-beam and isotopes that are
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activated, that will spread out towards the Bragg-peak. If a lab coordinate-system is
chosen such that the z-axis is aligned with the incoming beam-line, a cross-section
of the xy-plane will appear as a "point" source (with some width), with the emit-
ted annihilation photons converging on that point. Therefore the beam-line can be
modelled as the integral of a sequence of "point" sources along the central beam-line,
where each "point" corresponds to an infinitesimal slice of the beam.

To see how PEPT could be used to track the beam, suppose there is a proton
beam incident on an organic target. To detect the produced annihilation photons,
a PEPT-style detector array is placed around the beam-target system such that its
FOV fully encompasses the beam inside the target. A measurement is then taken of
the annihilation photons with the lab coordinate system chosen such that the z-axis
aligns with the direction of the incoming beam-line. Next, the detectors are "sliced"
up along the z-axis, with the width of the slices chosen to be wide enough so that
sufficient LORs fall entirely within these slices to be able to produce a PEPT-position
with the desired accuracy - naturally this will depend on the incoming photon flux,
solid-angle, measurement time, etc. The PEPT algorithm is then used to find the
mean location of the beam-line within each slice. A linear fit could then be applied
to the mean position from each of the slices, which would then correspond to the
beam-line. This is the proposed method of measuring the beam-line through a tar-
get using PEPT.

If the event rates are too low to produce accurate positions using just the slices
along the z-axis (linear slicing), additional slices can be taken diagonally across the
field of view to increase the number of used LORs (diagonal slicing). To do this, for
each detector slice along the z-axis of the crystals in one detector module, instead of
looking directly opposite that slice in the opposing module for LORs (i.e. parallel to
the xy-plane), one can look at an offset slice either higher or lower in the opposing
module. A PEPT-location can then be determined from these diagonal slices and
added to the number of locations along the beam-line, thereby utilising more of the
detected LORs.

6.2 Experimental Setup

There were initially plans to use the UCT PolarisJ detector array and the proton-
beam at iThemba Labs to perform the proof-of-concept experiments to demonstrate
this technique. Unfortunately these experiments had to be cancelled due to the
COVID-19 pandemic. Therefore the results presented here are from Monte Carlo
simulations produced using the Geant4 toolkit, and focus on the specific case of
short-lived isotopes produced by a 55 MeV proton beam incident on PMMA. Pri-
marily this is because of work done by Dendooven et al. [35] where measurements
of the rates of activation of positron-emitting isotopes were done. Additionally, a
simulation of a 200 MeV proton beam was performed to show that tracking could
be performed on a beam with this energy, as it is more typical of the beam energies
used in PRT.
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6.2.1 55 MeV Proton Beam

For the 55 MeV proton beam, four PolarisJ modules with four detector crystals each
were place in an array almost identical to the H3D small-animal PET array de-
scribed in Section 2.4, except the separation distance of opposing modules was 90
mm, giving a FOV of slightly less than (90× 90× 42) mm. The PMMA target was
a (30× 85× 85) mm block positioned in the centre of the FOV with the (85× 85)
mm face in the xy-plane. The incident proton beam was aligned with the z-axis. The
beam width was 3 mm and the proton range in the block was 22 mm. See Figure 6.1.
A total of 1010 protons were simulated.

FIGURE 6.1: Schematic of the Geant4 Simulation used for the 55 MeV
proton beam. The FOV was slightly less than (90× 90× 42) mm. The
PMMA target was a (30× 85× 85) mm block positioned in the centre
of the FOV with the (85× 85) mm face in the xy-plane. The incident
proton beam was aligned with the z-axis. The beam width was 3 mm
and the proton range in the block was 22 mm. A total of 1010 protons

were simulated.

6.2.2 200 MeV Proton Beam

For the 200 MeV proton beam, four PolarisJ module arrays similar to what was de-
scribed in Section 6.2.1 above were arranged adjacent to each other, giving a FOV
of slightly less than (110× 110× 200) mm. The target was a (300× 105× 105) mm
block positioned in the centre of the FOV with the (105× 105) mm face in the xy-
plane. The incident proton beam was aligned with the z-axis. The beam width was
3 mm and the proton range in the block was 112 mm. See Figure 6.2. A total of 109

protons were simulated.
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FIGURE 6.2: Schematic of the Geant4 Simulation used for the 200
MeV proton beam. The FOV was slightly less than (110× 110× 200)
mm. The target was a (300× 105× 105) mm block positioned in the
centre of the FOV with the (105× 105) mm face in the xy-plane. The
incident proton beam was aligned with the z-axis. The beam width
was 3 mm and the proton range in the block was 112 mm. A total of

109 protons were simulated.

6.3 Results

6.3.1 55 MeV Proton Beam

A total of 1010 protons were simulated to produce 15 317 coincidences using an
energy filter 510-512 keV. The simulation was not optimised for highly accurate
positron production rates and so this number of detected coincidences was much
lower than expected for a real proton beam with this geometry. However for a proof-
of-concept this was sufficient. Dividing the FOV along the z-axis into 10 equal slices
produced slices of 4.25 mm in length with an average of 110± 130 coincidences per
slice. The PEPT positions were obtained using fopt = 0.85 and N was the total number
of coincidences in each slice. The large uncertainty on the number of coincidences
per slice was primarily due to the Bragg peak occurring over a single slice, which
lead to a large proportion of the coincidences landing in one slice, and some slices
occurring over gaps between the detector crystals leading to only one or two coin-
cidences in those slices. The fopt was chosen to coincide with the fopt from a 37 kBq
22Na source inside the H3D small-animal PET array with a coincidence window of 5
µs and energy window of 100 kBq on the photopeak, as this most closely resembled
the proton beam setup from the datasets available.

The measured (x,y) coordinates of the positions are shown in Figure 6.3 along
with the outline of the incoming proton beam. All slices with fewer than 10 LORs
were discarded and hence there were only six positions plotted. As is clear from
the figure, all of the measured positions fell easily within the distribution of the in-
coming beam, and were randomly distributed around the centre of the beamline
as expected. Figure 6.3 also shows the (x,z) and (y,z) coordinates of the positions,
along with a least-squares linear fit plotted over the positions. Once again, all of the
positions fell within the incoming beam and the positions were distributed roughly
evenly around the centre of the beamline. The linear fit fell very close to the centre
of the beam-line.
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Next, diagonal slices were added and the analysis was rerun to produce the plot
in Figure 6.4. This effectively increased the total number of positions by an order
of magnitude, but the spread of the positions was also significantly bigger, partic-
ularly on the left-hand side of the Figure. However, from the simulation the Bragg
peak ended at around z = -2 mm, and so the positions to the left of this are likely
just random coincidences or annihilation from positrons that were emitted in the -z
direction.

Looking at Figure 6.4 the points were all clustered around the centre of each lin-
ear z-slice. Each of these clusters were then averaged, with the resulting plot shown
in Figure 6.5. The resulting beam-line fit was not noticeably better than the result in
Figure 6.3, but showed that it was possible to effectively utilise more of the detected
LORs to do beam tracking.

To demonstrate the usefulness of the diagonal slicing, the total coincidences were
reduced from 15 000 to 1000. With 1000 coincidences and only using the linear slic-
ing, there were not enough LORs per slice to produce PEPT positions. After adding
diagonal slicing the results are shown in Figure 6.6. All of the positions fell within
the known beam-line and the linear fits were very close to the centre of the beam-
line. Therefore with diagonal slicing, accurate beam tracking could be performed
with an order of magnitude fewer lines.

6.3.2 200 MeV Proton Beam

From the 200 MeV proton beam simulation, 109 produced a total of 3590 detected co-
incidences using an energy filter 510 - 512 keV. Dividing the FOV into 10 equal slices
produced slices of 22 mm in length with an average of 45± 21 coincidences per slice.
To contrast, using 5 slices produced 163± 50 coincidences per slice and 20 slices pro-
duced 12.5± 9.2 coincidences per slice. For the 10 slice dataset the PEPT positions
were obtained using fopt = 0.85 and N was the total number of coincidences in each
slice, similarly to the simulation in Section 6.3.1. Diagonal slicing was performed on
the FOV using the 10 slice dataset to produce a final average of 83± 73 coincidences
per slice. Note that the coincidence counting was done on every possible pair of op-
posite slices, and the final average coincidences per slice was calculated using each
individual pair, giving a total of 100 (10 × 10) total slice pairs.

The measured (x,y) coordinates of the positions are shown in Figure 6.7 along
with the outline of the incoming proton beam. The results were very similar to the
results in Section 6.3.1, with all the points falling within the known beam-line and
the linear fits approximating the centre of the beam-line accurately. However, the
spread of the points was slightly larger. This is likely due to fewer LORs collected
due to fewer protons and smaller solid angle around the beam-line, as well as the
protons from the higher energy beam spreading out further along their trajectory.
However, it was still accurate enough to reproduce the known beam-line direction.
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FIGURE 6.3: Results from the 55 MeV proton beam. XZ (top), YZ
(middle) and XY (bottom) cross-sections of the PEPT-determined
beam-line positions (plotted as green dots) along with the known
beam-line (plotted as a dotted red line), determined from 15 317 coin-
cidences using linear slicing. Plotted to verify that that the PEPT-
positions fall within the known beam-line and observe how dis-
tributed the positions are around the centre. Plotted in black is a

linear least-squares fit - this was the final measured beam-line.
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FIGURE 6.4: Results from the 55 MeV proton beam. XZ (top), YZ
(middle) and XY (bottom) cross-sections of the PEPT-determined
beam-line positions (plotted as green dots) along with the known
beam-line (plotted as a dotted red line), determined from 15 317 coin-
cidences using linear and diagonal slicing. Plotted to verify that that
the PEPT-positions fall within the known beam-line and observe how
distributed the positions are around the centre. Plotted in black is a

linear least-squares fit - this was the final measured beam-line.
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FIGURE 6.5: Results from the 55 MeV proton beam. XZ (top), YZ
(middle) and XY (bottom) cross-sections of the PEPT-determined
beam-line positions (plotted as green dots) along with the known
beam-line (plotted as a dotted red line), determined from 15 317
coincidences using linear and diagonal slicing with positions aver-
aged within the linear slices. The error-bars represent the experi-
mental uncertainty of the averages. Plotted to verify that that the
PEPT-positions fall within the known beam-line and observe how
distributed the positions are around the centre. Plotted in black is

a linear least-squares fit - this was the final measured beam-line.
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FIGURE 6.6: Results from the 55 MeV proton beam. XZ (top), YZ
(middle) and XY (bottom) cross-sections of the PEPT-determined
beam-line positions (plotted as green dots) along with the known
beam-line (plotted as a dotted red line), determined from 1000 coin-
cidences using linear and diagonal slicing with positions averaged
within the linear slices. The error-bars represent the experimental
uncertainty of the averages. Plotted to verify that that the PEPT-
positions fall within the known beam-line and observe how dis-
tributed the positions are around the centre. Plotted in black is a

linear least-squares fit - this was the final measured beam-line.
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FIGURE 6.7: Results from the 200 MeV proton beam. XZ (top),
YZ (middle) and XY (bottom) cross-sections of the PEPT-determined
beam-line positions (plotted as green dots) along with the known
beam-line (plotted as a dotted red line), determined from 3590 co-
incidences using linear slicing. The error-bars represent the exper-
imental uncertainty of the averages. Plotted to verify that that the
PEPT-positions fall within the known beam-line and observe how
distributed the positions are around the centre. Plotted in black is

a linear least-squares fit - this was the final measured beam-line.



Chapter 6. Proton Beam Tracking using PEPT 92

6.4 Feasibility Estimates

While the results presented were promising, there are several important caveats to
these simple Monte Carlo simulations. Firstly, there wasn’t any accurate timing sim-
ulated, meaning that no positron production rates were obtained from the results.
Secondly, as pointed out in a publication by Bongrand et al. [44] Monte Carlo simu-
lations produced by the Geant4 toolkit do not accurately simulate β+ emitting iso-
tope production from a proton beam. In particular, they compared Geant4 simulated
rates with measurements done by Dendooven et al. [35] and found deviations in the
rates between 8% and 174%, as well as significant disagreement in the spatial distri-
bution of the produced positrons, particularly with respect to possible β+ emitters
for "real-time" imaging - i.e. isotopes with very short half-lives like 12N (T1/2 = 11
ms). What follows here is a discussion based on measured production rates from
literature and the PEPT performance results from previous chapters in this thesis to
try and provide a rough description of the theoretical real-world beam-line tracking
performance using current detector technologies.

This discussion will focus on the work done by Dendooven et al., where re-
searchers performed measurements of positron-emitting isotope production in both
water and carbon-rich PMMA with an incident 55 MeV proton-beam. In particular,
they focussed on 15O, 12N, 30P, 29P, 38mK, 38gK and 11C. Here we will focus on 15O
(T1/2 = 2.04 min) and 12N (T1/2 = 11 ms) as they dominate the positron-production
rates over their respective decay times and target material.

6.4.1 Real-Time Imaging

"Real-time" imaging refers to being able to perform accurate beamline-tracking with
measurements over the time-scale of seconds. This is important if one wants to be
able to image the proton beam while the beam is on rather than post-treatment. De-
dooven et al. measured the production of 12N in PMMA to be 2.4 × 10−4 per 55
MeV proton. A typical proton-beam used in clinical practice is 108 protons/second,
which translates to 104 12N decays per second when integrated over several sec-
onds. Assuming that all the positrons annihilate within the FOV of the CZT array,
this translates to an incoming annihilation photon-pair rate of ≈ 104 pairs/second.
From the measurements described in Section 5.2.1, for a 37 kBq 22Na source sitting
in the centre of the FOV of the H3D small-animal PET system, the measured Prompt
coincidence rate was measured to be 50 Hz using a coincidence window of 5 µs and
energy window of 461 - 561 keV - an absolute efficiency of≈ 0.1%. Extrapolating, if a
PolarisJ array similar to the H3D small-animal PET array surrounds a proton beam
incident on PMMA and sufficiently covers the proton range within the PMMA, a
Prompt rate of 10 Hz can be expected due to 12N over short time periods (≈ 1 s).
This is two orders of magnitude lower than the total number of coincidences used
for the beam-tracking results shown in 6.3.2, and so would not be feasible for ac-
curate real-time beam-tracking without a significant increase in the efficiency of the
PolarisJ array for a 55 MeV proton beam. For a 200 MeV beam, simulations done by
Mashayekhi et al. [45] showed that in general the yield of positron-emitting isotopes
increased with proton energy, but not by more than an order of magnitude; they also
did not run simulations for 12N. Additionally, a 200 MeV proton beam has a much
larger range than 55 MeV, and would therefore need many more PolarisJ detectors
to effectively cover the area over which the annihilation photons would be emitted.
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Therefore it is unlikely that real-time tracking would be possible with a 200 MeV
beam either.

6.4.2 Post-Treatment Imaging

"Post-treatment" imaging refers to performing beam-tracking more than 100s after
the proton-beam is switched on, which is typically after the proton-beam has been
switched off. Over this time period, particularly in water, the dominant positron
emitter is 15O. Dedooven et al. measured the production of 15O in water to be
5.45× 10−3 per 55 MeV proton. Integrated over 180 seconds, this produces on the
order of 10−1 decays per proton. For a typical beam intensity of 108 protons/second,
this translates to 107 total decays, which for the H3D small-animal PET system with
a central source translates to a total of 104 detected Prompt coincidences. This is 10
times the number of coincidences used for the results in Section 6.3.2, meaning that
post-treatment beam-tracking is certainly feasible.

6.5 Conclusions and Further Investigation

The results shown here demonstrate that beam-tracking using PEPT is theoretically
possible, particularly over the time-scale of minutes. However, the precision of the
tracking will be strongly dependent on the exact specifications of the PolarisJ array
used to do the tracking. Naturally, beam-tracking using this technique is indepen-
dent of the detector system used to implement it, and a more efficient PET system
could be used to implement such tracking. However, the appeal of using a CZT ar-
ray is that these arrays are already being used for Compton Camera imaging and so
could also be used to implement this beam-tracking technique without the need for
additional detector systems.

Further work to investigate this technique will need to focus on performing ex-
periments to measure the real-life performance possible using the PolarisJ array.
For proof-of-concept measurements, the UCT PolarisJ detector array could be used
along with the proton beam at iThemba Labs to investigate a proton beam incident
on various organic targets over a range of proton energies (50 - 200 MeV). This will be
able to address considerations not addressed in the Monte Carlo simulations, such
as detector deadtime effects due to incoming gamma-ray and neutron flux, isotope
production other than 12N and 15O, absolute efficiency for detecting a line source of
positron-emitters (as opposed to a point source), positron range effects and positron
isotope production. Additionally, the beam-tracking information can then be used
in a DCA filter for a Compton Camera reconstruction of the energy deposition to
verify the effectiveness of such a filtering technique.

In addition to a real-world measurement, further work could be done to im-
prove the technique itself. To improve efficiencies, filtering on the Compton edge
and looking at multiple scatter events could increase the usable number of coinci-
dence events. The number of slices used for the final tracking is an important param-
eter that requires careful investigation. For this analysis, all the slices were uniform
in size, but non-uniform slices could improve the quality of the tracking. In par-
ticular, more and narrower slices could be taken around the Bragg Peak where the
proton path is the least easily predictable. Implementing a 2D version of the PEPT
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algorithm could potentially speed up the reconstruction and produce more accurate
positions with fewer lines. Finally, integrating this technique into the filtering and
reconstruction algorithms used in Compton Camera imaging will be important to
demonstrate the potential for an all-in-one Compton Camera system for effective
dose verification in Proton Radiotherapy.
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Chapter 7

Conclusions and Further
Investigation

7.1 PolarisPEPT

It is uncontroversial that the Positron Emission Particle Tracking technique has been,
and continues to be, a powerful tool in system process analysis, both for industrial
process optimisation and pure scientific research across a wide domain. It is also true
that this progress was made possible by the many advances in high-efficiency, fast
scintillator detectors (NaI and BGO primarily), which remain the gold standard for
tracking millimetre-sized particles moving at metre/second speeds with millimetre
precision at kHz rates. However, to perform at this optimal level these scintillators
require that the tracer particles achieve a certain minimum activity to produce the
necessary statistics to reduce the tracer location uncertainty. For millimetre-sized
particles, this is easily achieved with current tracer production techniques (for 68Ga
and 18F), but as researchers begin to investigate mixed-phase (solid-liquid) systems,
the demand for ever-smaller tracer particles grows. Despite advances in tracer pro-
duction techniques, for particles smaller than 500 µm it is very difficult to produce
tracers with activities high enough to achieve optimal performance. This prompted
researchers to look into alternative detector technologies for a potential solution to
this problem.

One such alternative is the room-temperature semiconductor detector, such as
the Cadmium-Zinc-Telluride modules made by H3D Inc. (Ann Arbor, MI, USA).
These are modular detectors with energy and pixel resolution orders of magnitude
higher than BGO, but with timing resolution, efficiency and physical size orders of
magnitude lower. Naturally, several questions arise: how would the PEPT technique
perform? Would it be possible to track micron-sized particles to micron-precision?
What sort of applications would best suit them? These are the questions that this
dissertation set out to answer.

The detectors used in this investigation were the UCT PolarisJ CZT array. They
were bought by Steve Peterson for research into Prompt Gamma Imaging used in
Proton Radiotherapy, and consisted of two identical modules with two CZT crystals
in each, perfect for the initial proof-of-concept experiments. The first experiment
showed that these detectors were able to locate a stationary 22Na source in three-
dimensional space to 100-micron location uncertainties. The next experiment used
a short-lived 68Ga source produced by Mike van Heerdan at the UCT PEPT lab in
Cape Town and determined the deadtime-limits of the PolarisJ modules and how
this impacted their PEPT performance. The final PEPT experiments were performed
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in Ann Arbor, Michigan with collaborators at H3D Inc. and the University of Michi-
gan, Ann Arbor on a four-module, sixteen-crystal array built by H3D Inc. This array
was used to track two moving 22Na tracer particles with different activities and de-
termined the limits on tracer speed and position uncertainty using PEPT.

The final Chapter of this thesis investigated a potential application of semicon-
ductor PEPT: could the PolarisJ detectors be used to track a proton beam incident on
an organic target, and how accurate would this tracking be for different proton beam
energies? The primary motivation for this study was to see if this beam tracking in-
formation could be used in Distance of Closest Approach filtering used in Prompt
Gamma Imaging to improve image quality. The advantage being that the PolarisJ
detectors are being used to perform the imaging, and so this additional information
could be obtained without the need for more and/or different detectors. A proof of
concept experiment was performed using Geant4 simulations, and the feasibility of
beam tracking was discussed using experimental results both from this work and
the literature.

7.1.1 Locating a Stationary Point Source

The initial PEPT experiments on a stationary 22Na tracer particle of 17.8± 3.6 kBq,
described in Chapter 3, demonstrated that the PolarisJ CZT modules are capable of
implementing PEPT and successfully located the tracer in three-dimensional space.
An energy window of 15 keV and coincidence timing window of 600 ns was cho-
sen for coincidence processing. The F-optimisation produced fopt values of between
0.90 and 0.95 for N = 30 to N = 200 lines-per-position. The location uncertainty was
546 µm for N = 15 and 101 µm for N = 200. These results showed a step-change in
performance compared to a similar BGO system, which has typical fopt values of 0.5
to 0.6, and would obtain a location uncertainty between 1-2 mm for N values on the
order of 100s.

The improvement in fopt was due to two features of the experiment. Firstly, the
high energy resolution of 1.15% in the semiconductor detectors was able to exclude
most of the background noise (in-scatter events, Compton-scatter events from the
1274 keV line, cosmic radiation, etc.) at the energy filter. Secondly, because the
source activity was low, the detected event rate in the modules was also low, which
ensured that the Random coincidence rate was very low. The measured Delayed
rate was <1 Hz. The improvement in location uncertainty was mostly due to the
1.8 mm pixel size and sub-millimetre depth-of-interaction information offered by
the PolarisJ modules. A similar BGO array has a pixel size of ≈ 4× 4 mm and no
depth-of-interaction information. For the CZT modules, the primary source of un-
certainty in the location of the tracer was due to source distribution, positron range
and acollinearity of the annihilation photons.

While the location accuracy of these results showed an order-of-magnitude im-
provement over a similar BGO array, the location rate and field-of-view was not
comparable. The measured Prompt coincidence rate was 4 Hz, which gave a max-
imum location rate of the tracer of 0.27 Hz using N = 15 (for a stationary location
uncertainty of 546 µm). A similar BGO array would offer a location rate in the 100s
of Hz. Similarly the FOV was (62× 42× 20) mm3, which is 2-3 times smaller than a
similar BGO array. For this activity source, with this detector array in the described
geometry, to track a moving tracer would require a very slowly moving tracer or
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very smooth tracer motion, which strongly restricts the range of systems that could
be investigated with this array. The next experiment performed therefore focussed
on maximising the possible location rate, which required a detailed investigation
into the deadtime limits of PolarisJ.

7.1.2 Deadtime Behaviour

For the deadtime experiment, as described in Chapter 4, a 160 µm 68Ga source with
activity 4.72 ± 0.24 MBq was placed in the centre of the FOV of the two PolarisJ
modules and observed over five half-lives until the activity decayed down to 160
kBq. The maximum measured singles event rate in each module was 27 kHz at
3.5 MBq, and the modules primarily exhibited non-paralysable deadtime behaviour,
with a fitted deadtime parameter of 24.177± 0.096 µs. The modules measured a sin-
gles event rate of 4 kHz each at the lowest activity of 160 kBq.

The deadtime effects on coincidence rates were then investigated. To success-
fully model the Prompt, True and Random coincidence rates, no energy window
was applied and a timing coincidence window of 10 µs was used (see Section 4.1.4
for a detailed explanation). The Prompt coincidence rate reached a maximum of≈ 7
kHz at 3.5 MBq with the Random rate at a maximum of 6.5 kHz. The True coinci-
dence rate reached a maximum rate of 600 Hz at a source activity of 0.8 - 1.5 MBq,
which corresponded to a raw measured singles rate of between 15 and 20 kHz in
each module. The measured data fitted closely with the coincidence models as de-
scribed in Section 1.4.

The PEPT performance on the stationary source was characterised for an activity
of 0.8 - 1.5 MBq. The fopt value was between 0.10 and 0.12, primarily due to the
wide timing window (5 µs) and source activity increasing the Random rate signif-
icantly. Sub-millimetre location uncertainty was obtained using N = 200, with an
uncertainty of ≈ 800 µm, which had a location rate of 11 Hz. This was a 50-fold
improvement over the 18 kBq 22Na source which had an location rate of 0.27 Hz
for a location uncertainty of ≈ 550 µm. Therefore for the four-crystal UCT PolarisJ
array, for sub-millimetre PEPT the maximum achievable location rate is ≈ 10 Hz.
The source used for this experiment was 68Ga glued to the tip of a hypodermic nee-
dle with half the positrons being emitted into air. This result could be improved
by producing a positron emitter with lower positron range and annihilation photon
acollinearity, such as 18F, or placing the tracer in a dense encasing material.

Further investigation into the coincidence processing parameters showed that
for all the experiments performed, it was preferable to use no energy filter and a
coincidence timing window of 5 µs. Compared to a 15 keV energy window and 600
ns timing window, the location rate could be improved by an order-of-magnitude
for a similar location uncertainty. The timing window was increased because buffer-
ing effects in the modules added a ≈ 1 µs time-delay into the modules, significantly
frequently to cause around half of the True coincidences to be excluded by the 600
ns timing window. However, the biggest improvement was made by removing the
energy filter; because the scattering cross-section for 511 keV gamma-rays in CZT is
over four times the photoabsorption cross-section, and because the crystal depth of
10 mm was less than the mean free path of 19 mm, most of the annihilation photons
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were scattering out of the detector and thus being excluded by the tight 15 keV en-
ergy window.

The results in Chapter 4 showed that PolarisPEPT’s biggest weakness was its
timing resolution and therefore maximum achievable event rate. The maximum
True coincidence rate was 600 Hz (with a Prompt coincidence rate of 2.2 kHz) for
a source activity of 0.8-1.5 MBq or a singles rate of 15-20 kHz. Compare this to a sin-
gle pair of BGO modules (4× 8× 8 crystals) that are similarly deadtime-limited: the
singles rate is of the order of 1500-2000 kHz while the Random rate is on the order
of 40 kHz using a coincidence window of 10 ns. For the UCT PolarisJ system, the
maximum measurable location rates for an optimal activity tracer was tens of Hz for
sub-millimetre tracking, which limits trackable tracer speeds to mm/s or perhaps
cm/s. A single pair of BGO modules with an optimal activity source could track
it at m/s. Therefore if the tracer activity for a particular experiment is not limited,
semiconductor PEPT cannot compete with scintillators.

However, despite these relatively low absolute location rates, PolarisJ was still
able to perform sub-millimetre tracer locating using relatively few lines-per-position
and at relatively low activity. The advantage of PolarisPEPT therefore comes down
to context: for an experiment that requires a large FOV, using millimetre-size (or
bigger) tracers with a high achievable activity, scintillator detectors easily outper-
form semiconductor detectors. But as demand for very small tracer particles mov-
ing through small systems pushes the tracer activity down, the scintillators cannot
obtain the optimally high data-rates that allow them to perform so well. CZT was
able to locate a particle to 730 µm using just 23 lines-per-position. Additionally, the
modularity and relatively small size of the detectors allows experimenters to greatly
increasing achievable solid angle by placing the detectors right on the boundaries of
a small system. This shows promise for tracking small (< 500 µm), low-activity (< 1
MBq) tracers in small systems when BGO cannot.

There are also several ways the PolarisJ PEPT array could be improved to opti-
mised for PEPT. A simple (but expensive) way to improve coincidence rates would
be to purchase more detectors to improve the solid angle. However, similarly to the
narrative of scintillator PEPT, it will be necessary to improve timing resolution and
intrinsic efficiency of PolarisJ to increase the useful fraction of detected events, i.e.
increase fopt. New and improved ASIC designs could speed up the time taken to pro-
cess each recorded event, aeparate readouts for each crystal within the PolarisJ mod-
ule would allow them to record events independently, to name a few. At the time of
writing, H3D Inc. is working to include such improvements in the next generation
of their detector modules. With the next generation of H3D module electronics and a
four-module, sixteen-crystal array, it is likely that the performance presented in this
chapter could be improved by at minimum an order-of-magnitude. With further
developments in optimising tracer particles, two or three orders-of-magnitude may
even be possible. An example of what such a system might look like was presented
in Chapter 5.
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7.1.3 Tracking a Moving Tracer

The moving tracer experiments were performed on the H3D Inc. small animal PET
system. This consisted of a four-module, sixteen-crystal array arranged in two ver-
tically opposite pairs that were perpendicular to each other, forming a (77× 77×
42) mm3 FOV. Two tracers were used: a 37 kBq 22Na sphere with a 1 mm diameter,
and a 1.2 MBq 22Na source that was roughly circular with a 2-3 mm diameter. Ide-
ally, tracking experiments using the UCT PolarisJ detector array with optimal 68Ga
sources produced at PEPT Cape Town would have also been performed, but due to
issues with faulty equipment and the interruptions caused by the COVID-19 pan-
demic, these experiments were unfortunately not performed.

The H3D small animal PET detector array showed improved stationary location
performance over the UCT PolarisJ array, unsurprising as it had four times the num-
ber of crystals and an additional pair of modules. For a 37 kBq central stationary
source, a True coincidence rate of 450 Hz was measured for a Prompt rate of 1000 Hz
and a fopt value of around 0.40. A location uncertainty of 580 µm was measured at a
location rate of 25 Hz and a 150 µm location uncertainty was measured at a location
rate of 4 Hz. The 1.2 MBq source showed worse performance: despite an increase
in True rate from 450 Hz to 750 Hz, the location rate was only 10 Hz for a location
uncertainty of 515 µm, and 1 Hz for a location uncertainty of 160 µm. This was pri-
marily due to the more than doubling of the source material distribution within the
tracer (2-3 mm), and it is expected that a tracer with geometry on the order of 100s
of microns would significantly improve performance.

For both the 37 kBq and 1.2 MBq sources, the H3D small animal PET system was
able to track a particle moving in a circular motion for circle radii between 0.5 mm
and 19.5 mm to within the uncertainty of the known motion parameters. For the 37
kBq source, it was able to accurately measure tracer speeds between 0.25 mm/s and
5 mm/s. For the 1.2 MBq source, it was able to accurately measure tracer speeds
between 0.25 mm/s and 10 mm/s.

As with all PEPT tracking, the limits of the technique depend strongly on the typ-
ical speeds that the tracer undergoes over the course of its motion. For the 22Na trac-
ers used for these experiments, tracking was accurate for tracers moving at speeds of
millimetres/second. For speeds of centimetres/second the tracking was inaccurate.
However, due to the distributed nature of the sources and large uncertainty of the
motion of rotating disc used in these experiments, more accurate tracking is possi-
ble. Further investigation with more ideal tracer particles is required to find the true
limits of PolarisJ PEPT tracking.

The H3D small animal PET detector array is a good example of the ideal starting
detector array to acquire to do semiconductor PEPT measurements, given the cur-
rent options available at the time of writing. Having two pairs of detectors allows for
a symmetric coverage of the tracer particle in all three coordinates, which is a large
geometric advantage over a single pair. Ideally the array should be modular to al-
low for better positioning of the module pairs, allowing for custom array geometries
suited to each system being investigated. Future generations of CZT detector mod-
ules from H3D will also have better timing resolution and deadtime performance,
making them a promising technology for micro-scale PEPT tracking.
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7.2 PolarisPEPT Further Work

The results presented in the first five Chapters laid the groundwork for semiconduc-
tor PEPT. They demonstrated that the technique works with the CZT PolarisJ detec-
tors, and showed promise for tracking micron-sized particles with micron precision
moving through small systems. This is currently not possible with the state-of-the-
art scintillator PEPT arrays. As these detectors improve their processing electronics
and they become cheaper, many potential applications become possible, from inves-
tigating mixed-phase floatation-cell-type systems, to micro-scale fluid-dynamics, to
combining the outputs of both semiconductor and scintillator systems.

7.2.1 Immediate Follow Up Work

Due to interruptions caused by the COVID-19 pandemic, there are some immediate
follow-up experiments that would provide valuable insights into the tracking ac-
curacy possible with PolarisJ. The experiments performed at H3D used tracers that
were far from ideal, both in their geometry, isotope and size. A series of experiments
with moving sources, using the UCT PolarisJ array in the modified 3D printer, where
the tracers are ≈ 100 µm 68Ga sources with activities that maximise the True coinci-
dence rate (≈ 1 MBq) will need to be done to fully describe the limits of tracking
precision. A further follow-up could be performed with very small (≈ 10 µm) 68Ga
sources, to characterise the limits of tracking such particles using PolarisJ.

The current UCT PolarisJ array worked for the proof-of-concept experiments
done in this work, but are not ideal for more rigorous PEPT investigations. The
author recommends that the PEPT Cape Town laboratory invests in a system similar
to the H3D Inc. small animal PET array, with four modules, each with four-crystals
to provide a sixteen-crystal system. These modules should be modular to allow
for custom arrangement based on the experiments being performed, and if possible
should utilise the next generation of H3D Inc. modules with improved ASIC designs
and separate crystal readout. Such a system should be capable of tracking 10-100 µm
tracers to sub-millimetre precision at speeds of centimetres/second, and would have
a FOV on the order of (100× 100× 40) mm3.

7.2.2 Hybrid CZT-BGO Systems

It may be possible to use the advantages of scintillators and semiconductors to com-
plement each other in a combined CZT-BGO array. A simple way to do this would
be to place the CZT array around the system-of-interest, and put the whole system in
the FOV of a scintillator array like the HR++. The high pixel resolution information
provided by the CZT array could then be combined with the high data-rate infor-
mation from the BGO array. The output of each system could also be used to inform
the processing of the other, for example the CZT array could provide an initial posi-
tion, which is then fed into the PEPT algorithm of the BGO array which uses its high
data-rates to further reduce the position uncertainty. There is much promising work
that could be done in this direction, and since the UCT PEPT lab already has access
to two such arrays, this would not require significant investment to pursue.
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7.2.3 Small-Scale Systems

As mentioned, PolarisPEPT only begins to outperform scintillator PEPT for small
tracer sizes. An example of where such tracers are necessary are in mixed-phase
systems, such as fluidiser beds. In a fluidiser bed, bubbles are used to transport very
finely ground mineral particles to the top of a tank filled with a mixture of fluids and
these minerals. For certain applications, a PEPT tracer would need to be 10-100 µm
in size to behave similarly to these tiny mineral particles. While this is too small to
obtain optimally radioactive tracers for current BGO arrays, CZT arrays could po-
tentially be able to track such particles accurately enough to provide insight into the
behaviour of such systems.

Another example of a small system where PolarisPEPT could be applied is in
lab-on-a-chip systems. These are devices of millimetre to centimetre sizes that im-
plement several laboratory functions in a single integrated system (or chip), utilising
microfluidics to automate a wide variety of processes. For example, organ-on-a-chip
systems are used to mimic the cellular processes and structure of different human
organs for disease research. It is possible that very small PEPT tracers could be
placed into these systems and tracked with PolarisPEPT to more deeply investigate
the characteristics of such systems.

7.3 Beam Tracking using PolarisPEPT

One application of PolarisPEPT that was performed was using it to perform beam-
tracking on a 55 MeV and 200 MeV proton beam incident on a PMMA target. There
were plans to use the proton beam available at iThemba Labs along with the UCT
PolarisJ array to perform these experiments, but due to interruptions by the COVID-
19 pandemic this was not possible. Geant4 Monte Carlo simulations were therefore
done to simulate the experiment setup, and results from the measured rates of emit-
ted positrons by a proton beam incident on a PMMA target done by Dendooven et al.
[35] were used to estimate the feasibility of such an application in a real-world sce-
nario. The reason to develop such a technique was to improve the distance of clos-
est approach filtering technique proposed by Draeger et al. [31] to improve imaging
quality in prompt gamma imaging used for dose verification in proton radiotherapy.

The results in Chapter 6 demonstrated that beam-tracking using PEPT was the-
oretically possible over the time-scale of minutes. The measured path of the proton
beam moving through the PMMA target agreed with the known path to within the
beam width for both the 55 MeV and 200 MeV beams, and the measured positron
emission rates presented by Dendooven et al. were high enough to obtain these
results in a real-world system. However, when looking at the measured positron
emission rates for "real-time" beam imaging (performing accurate beamline-tracking
with measurements over the time-scale of seconds), it would not be feasible without
a significant increase in the efficiency of the PolarisJ array for either the 55 MeV or
200 MeV proton beam.

The precision of beam-tracking was strongly dependent on the exact specifica-
tions of the PolarisJ array used to do the tracking. Naturally, beam-tracking using
this technique is independent of the detector system used to implement it, and a
more efficient PET system could be used to implement such tracking. However, the
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appeal of using a CZT array is that these arrays are already being used for Compton
Camera imaging and so could also be used to implement this beam-tracking tech-
nique without the need for additional detector systems.

7.4 Further Work

Naturally, follow-up experiments to measure the real-world performance of proton
beam tracking using the PolarisJ array are crucial. For proof-of-concept measure-
ments, the UCT PolarisJ detector array could be used along with the proton beam at
iThemba Labs to investigate a proton beam incident on various organic targets over
a range of proton energies (50 - 200 MeV). This will be able to address considerations
not addressed in the Monte Carlo simulations, such as detector deadtime effects due
to incoming gamma-ray and neutron flux, isotope production other than 12N and
15O, absolute efficiency for detecting a line source of positron-emitters (as opposed
to a point source), positron range effects and positron isotope production.

In addition to a real-world measurement, further work could be done to im-
prove the technique itself. To improve efficiencies, filtering on the Compton edge
and looking at multiple scatter events could increase the usable number of coinci-
dence events. The number of slices used for the final tracking is an important param-
eter that requires careful investigation. For this analysis, all the slices were uniform
in size, but non-uniform slices could improve the quality of the tracking. In par-
ticular, more and narrower slices could be taken around the Bragg Peak where the
proton path is the least easily predictable. Implementing a 2D version of the PEPT
algorithm could potentially speed up the reconstruction and produce more accurate
positions with fewer lines.

Once beam-tracking has been adequately implemented and characterised, the
beam-tracking information can then be used in a DCA filter for a Compton Camera
reconstruction of the energy deposition of the proton beam to verify the effective-
ness of using the DCA filtering technique informed by the tracking information.
Integrating this technique into PGI will be important to demonstrate the potential
for an all-in-one Compton Camera system for effective dose verification in Proton
Radiotherapy.
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Appendix A

PolarisJ Module Specifications
Sheet

J6400
High-Energy High-Flux Spectrometer

The H3D® J6400 is designed to Compton image high-energy, high-

flux gamma rays produced during proton-therapy treatment. 

Designed for high performance, the compact J6400 has

 High energy resolution

 High timing resolution

 High efficiency

 High count-rate throughput

In a user-friendly package, the J6400 requires only a single power 

and Ethernet cable and includes PC interface software to download 

data.  

The J6400 can also be used in applications such as 

 Security monitoring

 Laboratory measurements

 Fundamental science measurements

Features
 Records exact interaction 

positions and energies from 
high-energy high-flux gamma 
rays

 Better than 1.1% FWHM
energy resolution at 662 keV

 No cryogenic cooling required

 Compact

 Operates in high dose rates

 Precise event time stamps for 
event correlation

 Fully user-defined coincidence 
module

 16 independent readout CPUs 
to maximize event throughput

 Highly efficient with over      
3.9 lbs (1.7 kg) of CdZnTe

 Two planes of position-
sensitive detectors for 
maximum Compton-imaging 
efficiency

 Energy range to over 6 MeV

 Real-time spectrum view

 Multi-threaded file transfer 
over Ethernet

 Start up in only 2 minutes

 Software updates included

 Annual recalibration and 
software updates included

HY-6

Photo and data from Dr. Jerimy Polf

®



J6400 Specifications
Dimensions: 15.7 in x 5.3 in x 18.9 in (40 cm x 13 cm x 48 cm)
Weight: 36 lbs (16.3 kg) 
Power Supply: 100-240 V, 50-60 Hz
Power Consumption: 100 W at 23° C (73° F)
Startup & Operating Temp.: 10° C to 35° C (50° F to 95° F)
Storage Temperature: -20° C to 60° C (-4° F to 140° F)

System Cooling: Peltier cooler and external fan

Energy Resolution: ≤1.1% FWHM at 662 keV
Sensitivity: Detects 137Cs producing ~3 μR/hr (10 μCi at 1 m) in <3 s 
Energy Range: 50 keV to 3 MeV per detector pixel

Crystal Volume: 310 cm3 CZT (CdZnTe) (smaller and larger volumes available)
Detector Pixels: 7744
Spatial Resolution: < 1 mm (at 240 kcps)

< 2 mm (at 480 kcps)

Timing Resolution: <100 ns

Coincidence: FPGA-level master-slave architecture
Coincidence settings: User defined

Readout Architecture: 16 independent chains, each with CPU, FPGA, 4 ASICs/Crystals

Startup Time: 2 min

Communication Mode: Ethernet RJ45 port; TCP/IP
Interface Software: PC-based graphical user interface
Software Capabilities: Control; real-time spectral view; list-mode data download
Data Storage: 16 removable USB drives (16 GB each) included with system

Warranty: 2 years (includes annual recalibration and software updates)
Includes: Power cables; mounting brackets

H3D®, Inc. • 812 Avis Drive • Ann Arbor, MI 48108 • USA 
Tel +1 734-661-6416 • sales@h3dgamma.com • www.h3dgamma.com

© 2017-2018 H3D, Inc. All Rights Reserved. Polaris-J™ and related systems patent protected by: 

U.S. Pat No. 7,411,197 & U.S. Pat No. 7,692,155 under license from the University of Michigan.

Specifications, descriptions and images contained in this document were in effect at time of publication. H3D, 
Inc. reserves the right to change specifications or discontinue products without notice or obligation.
All names, logos, and products herein are trademarks of their respective companies. HY-6

About H3D, Inc.

H3D® is commercializing CZT-
based 3D radiation-imaging
technologies for nuclear power
plant, defense & homeland
security, and medical
applications. A 2011 spinout
from the University of Michigan,
we have performed sponsored
research for the Defense Threat
Reduction Agency, Department
of Energy NA-22, and National
Institutes of Health. We
currently ship H100 to nuclear
power plants and research labs
around the world, and we have
several additional product
variants in the development
pipeline or undergoing
customer feedback trials. Our
team has over 100 years of
combined experience in
Compton Imaging, CZT
readout, and system
integration. We are privately
held, market-driven, and
committed to providing our
customers with the highest
performance and most user-
friendly instruments possible.
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Appendix C

NRW-100 Ion-Exchange Resin
Specifications Sheet

Product Data Sheet  

Purolite® NRW100  

Nuclear Grade Cation  

Nuclear Grade Ion Exchange Resin 

Purolite NRW100 is a nuclear grade strong acid cation exchange resin especially designed for the removal of cations including radioactive 
isotopes from aqueous solutions. The product contains extremely low levels of other metal cations and is carefully converted to the hydrogen 
form. It may be mixed in the desired ratio with the strong base anion resin Purolite NRW400, which is supplied highly converted to the 
hydroxide form. Such mixtures are capable of removing both cationic and anionic contaminants. All Purolite nuclear resins are supplied to 
exacting standards of high purity as given in the specifications below.  
 

Alternatively Purolite NRW100Li and NRW100Li7 are available for removal of radioactive contaminants from primary circuits of nuclear power 
plants conditioned with natural lithium or lithium7.  

Typical Physical and Chemical Characteristics

BASIC FEATURES: 

PRODUCT INFORMATION: 

.... 
 

Application ‐ Removal of Radioactive Isotopes from Aqueous Solution

Polymer Structure ‐ Gel polystyrene crosslinked with divinylbenzene

Appearance ‐ Spherical beads

Functional Group ‐ Sulfonic Acid

Ionic Form as Shipped ‐ H+ 

Total Capacity, (min.) 1.8 eq/l (H+Form) 

Moisture Retention 51 ‐ 55 % (H+ Form) 

Particle Size Range 425 ‐ 1200 µm 

<425 µm (max.) 2 % 

Uniformity Coefficient (max.) 1.7 

Ionic Form (min.) 99.9 % (H+ Form) 

Impurities Iron (max.) 50 ppm 

Impurities Sodium (max.) 40 ppm 

Impurities Heavy Metals (max.) 40 ppm 

Specific Gravity 1.20 (approx.) 

Shipping Weight (approx.) 760 ‐ 800 g/l (47.5 ‐ 50 lbs/ft3) 

Temperature Limit 120°C (250°F) 

USA Europe Asia Pacific

Telephone: +1 610 668 9090 Telephone: +44 1443 229334 Telephone: +86 571 876 31382

Fax: +1 610 668 8139 Fax: +44 1443 227073 Fax: +86 571 876 31385

Email: info@puroliteusa.com Email: sales@purolite.com Email: pultalan@purolitechina.com

© 2010 All Rights Reserved www.purolite.com November 10, 2010
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