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Abstract

Compton cameras present a powerful advancement in gamma-ray imaging, offering en-
hanced resolution and efficiency over conventional imaging methods for medical applications
such as proton therapy and other targeted radiotherapies. Unlike mechanically collimated
imaging systems, a two-stage Compton camera uses a combination of scatterer and absorber
detectors to reconstruct gamma-ray paths through Compton scattering events, allowing for
greater flexibility in capturing images from uncollimated gamma rays. This study investi-
gated the development, optimisation, and performance of three novel two-stage Compton
camera prototypes designed to advance gamma-ray detection specifically for medical imag-
ing applications. The prototypes — referred to as CC1, CC2, and CC3 — each featured unique
configurations of scatterer and absorber detectors, tailored to explore and maximise imaging

capabilities.

The CC1 design integrated a hybrid setup, combining a commercial Polaris-] CZT de-
tector as the scatterer layer with a 2”7 x 2” LaBr;:Ce detector as the absorber. CC2 and CC3
incorporated novel MacroPixel LB-14x25c-SiPM-T scintillation detector assemblies using a va-
riety of different physical configurations. CC2 was evaluated for three distinct geometries,
utilising a 4 x 1 matrix of detector assemblies in both the scatterer and absorber layers. Mean-
while, CC3 employed a 6 x 1 matrix in the scatterer layer with a 2” x 2” LaBr;:Ce detector as

the absorber.

To ensure optimal performance, each detector system — including the 2” x 2” LaBr;:Ce,
LaBr;:Ce and Srl,:Eu MacroPixel LB-14x25c¢-5iPM-T, and Polaris-] CZT detector — was char-
acterised for energy resolution, detection efficiency, and timing precision prior to their use
as Compton camera imaging detectors. A digital data acquisition system was used to opti-
mise the energy resolution through signal shaping, achieving measurements of 4.07(9)% for
the 2” x 2”7 LaBr;:Ce detector, 3.41(20)% and 3.82(18)% for the LaBr;:Ce and Srl,:Eu detector
assemblies, respectively, and 1.38(25)% for the CZT detector at 662 keV. The fast timing capabil-
ities of the 2” x 2” LaBr;:Ce detector produced an excellent timing resolution of 218.08(11) ps.
Characterisation indicated that the SrL,:Eu detector, while promising in terms of energy reso-
lution, experienced significant pile-up effects at close source-to-detector distance, rendering it
unsuitable for Compton camera applications.

The detection performance of each prototype was evaluated through TOPAS Monte Carlo
simulations, validated by experimental measurements with gamma-ray sources and proton
beam tests conducted at iThemba LABS in Cape Town, South Africa. The simulations were
well validated in terms of full-energy peak detection efficiency and energy resolution, al-
though charge build-up effects led to minor discrepancies for the CZT and Srl,:Eu detectors.

Key figures of merit were chosen to be image resolution, angular resolution, and double-
scatter Compton event efficiency, used to assess each Compton camera design. Image resolu-
tion determines the system’s ability to produce clear, spatially accurate images, essential for
pinpointing gamma-ray sources in medical imaging. Angular resolution, assessed by compar-



ing the angle derived from the kinematics of the Compton scattering equation with the angle
reconstructed from the geometrical positions of interactions, reflects the system’s ability to
distinguish between gamma-ray paths and accurately resolve closely spaced sources. Lower
values of angular resolution translate to sharper images with less ambiguity, enhancing di-
agnostic clarity. Efficiency, defined as the fraction of detected gamma rays that contribute to
image formation, influences both imaging speed and quality. An iterative three-dimensional
filtered back projection method was chosen as the optimal method of image reconstruction, a
technique that calculates likely gamma-ray paths and reconstructs an image by refining these
projections.

The results showed that CC1 achieved reasonable performance for each figure of merit;
however, timing synchronisation issues limited its clinical viability. The setup of the CC1 lay-
ers included a Polaris-] CZT detector with an onboard data acquisition system, which was
configured to send synchronisation pulses to the absorber’s data acquisition system. Mi-
crosecond timing delays were encountered and were corrected extensively using background
subtraction, time-walk correction, and synchronisation techniques for the data acquisition sys-
tems of CC1. Ultimately, it was not possible to track double scatter Compton camera events
across CC1. Although CC2 and CC3 were assessed through simulation, their figures of merit
demonstrated potential for superior imaging capabilities when compared to the other designs,

primarily due to their innovative configurations and timing resolution.

The 4 x 2 matrix of LaBr;:Ce MacroPixel LB-14x25c-SiPM-T detector assemblies in CC2
design exhibited the greatest promise for clinical application, balancing the benefits of low-
voltage operation, modular scalability and Compton camera performance. In summary, while
CCi1 performed strongly in simulation, CC2’s optimised geometry and modular design make
it a suitable candidate for further development as a high-resolution gamma-ray imaging sys-

tem, particularly in advanced medical diagnostics.

Keywords: compton camera, proton therapy, prompt gamma-ray imaging, particle therapy,
imaging system, medical imaging
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Energy resolution curves obtained using '52Eu,"37Cs and ®Co sources
placed 10 mm from the detector face for the: (a) the 2"x2" LaBr;:Ce
detector, and (b) the Polaris detector. The fit used for each detector is
labelled onthe plot. . . ... ... ... ... ... . L

The labelled gamma-ray energy spectrum for a **Na source for the
Polaris (black) detector and LaBr;:Ce (red) detector plotted on the

SAIME AXES. . . . . . oL e e e e e e e e e e e e e e e e e e e e e e e e e e
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Figure 3.3.8

Figure 3.3.9

Figure 3.3.10

Figure 3.3.11

Figure 3.3.12

Figure 3.3.13

Figure 3.3.14

Figure 3.3.15

Figure 3.3.16

The obtained residual energy values and uncertainties for a first, sec-
ond and third order polynomial fit to the channel versus energy val-
ues is plotted for each energy value in the spectrum of >*Eu. The me-
dian values of each fit and their associated uncertainties are included
in the box underneath the legend. The second order polynomial fit

was determined to be the most suitable calibration. . ... ... ...

The calibrated and labelled energy spectrum of the 2” x 2” LaBr;:Ce
detector, measured with a *>*Eu source. The labels encompass gamma
and x-ray peaks, as well as the dominant background *3¥La contribu-

tion originating from the detector internal radioactivity. . .. ... ..

The 2”7 x 2” LaBr;:Ce detector measured gamma-ray energy spectrum
of 22Na, 137Cs, %°Co, 57Co and 54Mn sources placed 30 mm from the

detector face. . . . . . . . .

The FEPE vs energy plot demonstrating a good agreement between
the 2” x 2” LaBr;:Ce detector measured full-energy peak efficiencies
at 30 mm source-to-detector distance for UCT sources (**Na,37Cs,?°Co,
57Co and 5*Mn) and iThemba LABS *>?Eu source. . . .. ... ... ..

The FEPE measured using a >*Eu source placed at four different dis-
tances from each detector: (a) 2” x 2” LaBr;:Ce detector (fit equation:
In(e(E)) = ap+ a1n(E) + az(In(E))? + az(In(E))3), and (b) the Po-
laris detector (fit equation: In(e(E)) = ap + ajln(E) + az(In(E))? +
az(M(E)P +as(MENY. .o

A side-view photograph of the geometrical configuration of the co-
incidence timing resolution measurement performed. Two 2”7 x 2”
LaBr;:Ce detectors were placed face-to-face, with each detector face

situated 10 mm from a ®°Co source. . . . . . . . v v it

The time difference between coincident events measured using a ®Co
source: (a) the Gaussian-fitted time difference distribution (At) be-
tween the two 2” x 2”7 LaBr;:Ce detectors measured in nanoseconds,
and (b) the top matrix shows the detector energy-energy matrix when
a background gate to the time difference distribution was applied,
and the bottom plot shows the energy-energy matrix obtained by gat-
ing on the Gaussian-fitted peak region. . . . . .. ... ... ... ...

The average arrival time of events as a function of the energy, along
with the fit function (represented by the red solid line) used to model
the energy-time relationship to correct for the walk. . . . . ... .. ..

The time-walk present in **Na source data. The 2D energy-time ma-
trices with the PG emission lines labelled. The time-walk is clearly
visible in the top matrix before the correction is applied, and elimi-
nated in the bottom after correction. . . . . .. ... ... ... ... ..
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Figure 3.3.17

Figure 3.3.18

Figure 3.4.1

Figure 3.4.2

Figure 3.4.3

Figure 4.1.1

Figure 4.1.2

Figure 4.1.3

Figure 4.3.1

The time-walk present in **Na source data. The 1D time offset ma-
trix corresponding to the x-projection of the 2D energy-time matrices,
where the top shows the uncorrected walk and the bottom plot shows
the Gaussian-fitted time spectrum with 7.87(1) ns FWHM time reso-
lution between the fast and slow detector channels. . . . . ... .. ..

The 2D energy-time matrices for the 66.67 MeV proton beam data,
where a time delay adds a structure to the spectrum in the region of
~ 200.0-330.0 ns in the top matrix before walk correction. The bottom

matrix shows the result after time-walk was corrected for. . . . .. ..

Left: Picture of the experiment setup, Right: Schematic of the experi-
ment setup with geometrical distances. . . . . .. ... ... .. ... ..

A plot showing proton range in water as a function of energy mea-
sured in MeV, as computed in the CSDA. The 66.67 MeV proton beam
stopsat~4cm. .. ...

The cyclotron radio-frequency proton beam was bunched with a 1 in
5 pulse selection and 300 ns between bunches, seen in: (a) the time-
energy matrix, where the time is the difference between a detected
event and the radio-frequency time. The bands of higher density
correspond to regions in time when the proton beam was in-sync
(example region is shaded blue) with the detector, and the out-of-sync
regions fall between the 300 ns bands (example region is shaded red),
and (b) the energy spectrum showing the number of PG events after
cyclotron radio-frequency guided background subtraction, obtained
by subtracting the out-of-sync spectrum from the in-sync to obtain
the PG events energy spectrum. The inlay plot shows the log of the
y-axis, highlighting the behaviour of the spectra in the high energy

TEZION. . . . . . e

The DA in a photograph and a schematic where the labelled compo-
nents that make up the detector are visualised. . ... ... .. .. ..

The internal radioactivity measured for a duration of 10-minute for
both the 2”7 x 2” and SiPM-coupled LaBr;:Ce detectors. It can be seen
that there was a reduced contribution for the DA, particularly in the

higher energy region.. . . . ... ... ... ... . ... 0 L.

The background spectrum of the Sr;:Eu DA, measured for 10 minutes.
The peaks at 295.0 and 352.0 keV are attributed to well-known gamma
lines from 2'4Pb, part of the *?Rn decay chain, a naturally occurring

source of background. . . .. ... ... . o o L L oL

A diagram of the chosen signal and bias configuration for all DAs.
Where the abbreviations used are as follows: Vy,;,s: Bias voltage ap-
plied to the SiPM, Syy: standard output signal, Foue: fast output sig-
nal, Rs: load resistor for the standard output, R¢: load resistor for the
fast output, Vs: standard output voltage, Vy: fast output voltage, Rg:
quench resistor (internal to the SiPM), C;: decoupling capacitor [81].
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Figure 4.3.2

Figure 4.3.3

Figure 4.3.4

Figure 4.3.5

Figure 4.3.6

Figure 4.3.7

Figure 4.3.8

Figure 4.3.9

The DA seen in photographs as: (a) the custom in-house built hous-
ing and biasing for the SiPM-coupled detector with labelled output
ports and biasing, shown with the cover removed. The voltage was
connected using banana clips and the signal read-out through SMA
connectors, (b) a side view to demonstrate how the DA crystal was

situated outside the electronicsbox. . . . . . . . . . ... .. .. ...

The SiPM over-voltage behaviour, measured by the LaBr;:Ce DA for
a %°Co source, seen in the relationship between: (a) the SiPM over-
voltage and channel number as measured at the 1173.2 keV peak,
and (b) the SiPM over-voltage and energy resolution for the 1173.2
and 13325 keV peaks. . ... ... oo o Lo

The uncalibrated gamma-ray energy spectrum measured for different
SiPM bias voltages by: (a) the Srl;:Eu detector with a "37Cs source,
and (b) the LaBr3:Ce detector with 37Cs and ®°Co sources. . . . . . .

A labelled visualisation of the measurement process. The signal from
the DA was shaped by the amplifier, after which the unipolar re-
sponse was measured by the Palmtop MCA. . . . ... ... ......

The energy spectrum of the LaBr;:Ce DA, measured at the optimal
shaping time of 1 ps, a gain of 10 and 30 V operating voltage, for

which the energy resolution was 3.12 % at 661.7 keV. The measure-

ment was performed for 10-minute using both 37Cs and ¢°Co sources. 9o

The SrL:Eu DA detector: (a) the gamma-ray energy spectrum mea-
sured at the optimal shaping time of 10 us, a gain of 37.5 and 30 V
operating voltage, for which the energy resolution was 3.41 % at 661.7
keV, where the measurement was performed for a 10-minute period
using both 37Cs and %°Co sources, and (b) the relationship between
signal shaping time and energy resolution response at 661.7 keV of
the detector, which was seen to improve with longer signal shaping

The fitting procedure used to determine the decay constant T for the
LaBr;:Ce DA standard signal involves several key steps: (a) a typical
slow signal trace is displayed, (b) a constant function was fitted to
the data to establish the value of the constant offset, and (c) the trace
was adjusted by subtracting the constant offset, and an exponential

tit was applied to the corrected trace to extract the decay constant T. .

The fitting procedure used to determine the decay constant T for the
Srl:Eu DA standard signal involves several key steps: (a) a typical
slow signal trace is displayed, (b) a constant function was fitted to
the data to establish the value of the constant offset, and (c) the trace
was adjusted by subtracting the constant offset, and an exponential
tit was applied to the corrected trace to extract the decay constant T. .
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Figure 4.3.10

Figure 4.3.11

Figure 4.3.12

Figure 4.3.13

Figure 4.3.14

Figure 4.3.15

Figure 4.3.16

Figure 4.3.17

Figure 4.3.18

The decay constant T for: (a) the LaBr;:Ce DA signal, for in excess of
10000 traces. The most frequent value was measured to be 266.50(37)
ns, for which the energy resolution was at a desired minimum, and
(b) the SrI;:Eu DA signal for in excess of 10000 traces. The most
frequent value was measured to be 6.50(138) us. . . . ... ... ...

Matrices showing the effect of varying the DDAS parameter settings
on energy resolution for the LaBr;:Ce DA: (a) the trapezoidal shaping
varying of the energy filter rise time and flat top values, and (b) the
triangular shaping (trapezoidal flat top = o) of the rise time and the

peak samplevalue. . . . . ... ... L Lo L o

Energy spectrum of the LaBr;:Ce DA response using triangular signal
shaping (rise time of 0.06 pus and flat top of 0.5 pus), showing an energy
resolution of 3.41% at 661.7 keV. The measurement was conducted
over a 10-minute duration using '37Cs and ®°Co sources. . . . . . . . .

Triangular shaping of the Sry:Eu DA signal: (a) the energy resolu-
tion matrix obtained by varying of the rise time and the peak sample
values (trapezoidal flat top = 0), and (b) the energy spectrum of the
Srl;:Eu DA response using triangular signal shaping (rise time of
17.92 us and flat top of ous), showing an energy resolution of 3.82%
at 661.7 keV. The measurement was conducted over a 10-minute du-

ration using 37Cs and ®Co sources. . . . . . .. ... ...,

Energy resolution curves obtained using *>*Eu, '37Cs and 60Co sources
placed 10 mm from the detector face for: (a) the Srl;:Eu, and (b) the
LaBr;:Ce DAs. The fit used for each detector is labelled on the plot. .

The energy calibration residuals and associated errors for each order
of polynomial fit to the detector channel-energy data are shown, plot-
ted for each of the known peak energy values used in the spectrum
of '5*Eu for the LaBr;:Ce DA. A grey shaded region between -1.0 and
1.0 keV has been added to the plot to guide the eye toward lower and
higher obtained residual values. . . ... ... ..............

The energy calibration residuals and associated errors for each order
of polynomial fit to the detector channel-energy data are shown, plot-
ted for each of the known peak energy values used in the spectrum
of ?Eu for the Srl;:Eu DA. A grey shaded region between -1.0 and
1.0 keV has been added to the plot to guide the eye toward lower and
higher obtained residual values. . . . ... ... .. ... ........

A photograph demonstrating the difference between a detector mea-
surement with the source incident on the detector face (left), or with

the source incident on the detector side (right). . ... ... ... ...

A comparison of the uncalibrated LaBr;:Ce DA energy response when
the source was positioned 30.5 mm from the face (blue) or the side
(red) of the detector: (a) for a 137Cs source, and (b) for a ®°Co source

for 10-minute durationseach. . .. ... ... .. ... ... ... ...
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Figure 4.3.19

Figure 4.3.20

Figure 4.3.21

Figure 4.4.1

Figure 5.2.1

Figure 5.2.2

Figure 5.2.3

Figure 5.2.4

Figure 5.2.5

Figure 5.2.6

A comparison of the LaBr;:Ce DA FEPE response when the source
was positioned 30.5 (black), 60.5 (red) and go.5 (blue) mm away from
the face (M) or side (o) of the detector. . . . . . . ... ... ... ... .. 103

The Srl,:Eu detector energy spectrum measured with a >*Eu source
placed at various source-to-detector distances. At near distances, the
detector suffers from pulse pile-up effects, decreasing the energy res-
olution considerably. . . . ... ... ... ... . L 104

The FEPE, fitted with the logarithmic polynomial function In(e(E)) =
ao + ar1ln(E) 4+ az(In(E))? + az(In(E))3), and measured using a ">*Eu
source placed at four different distances from each detector: (a) the
Srl;:Eu DA, and (b) the LaBr;:Ce DA. . . . . . ... ... ... .... 105

A schematic of all CCs simulated and the detectors that make up their
scatterer and absorber modules (not to scale). The yellow star shape
is a demonstrative representation of the gamma-ray source position
relative to the scatterer module for each CC design. The source was
moved inthex-zplane. . .. ... ... .. ... .. ... .. .. ..., 106

A schematic of the simulation geometry of CC1, shown as an ortho-
graphic perspective, which includes front, side, and top views to pro-
vide a comprehensive understanding of the spatial arrangement of

components. . ... ..o e 114

A schematic of the simulation geometry for the geometrical configura-
tion 1 of CC2, shown as an orthographic perspective, which includes
front, side, and top views to provide a comprehensive understanding

of the spatial arrangement of components. . . . . ... ... ... ... 114

A schematic of the simulation geometry for the geometrical configura-
tion 2 of CC2, shown as an orthographic perspective, which includes
front, side, and top views to provide a comprehensive understanding

of the spatial arrangement of components. . . . . ... ... ... ... 115

A schematic of the simulation geometry for the geometrical configura-
tion 3 of CC2, shown as an orthographic perspective, which includes
front, side, and top views to provide a comprehensive understanding
of the spatial arrangement of components. . . . ... ... ... ..., 115

A schematic of the simulation geometry for CC3, shown as an or-
thographic perspective, which includes front, side, and top views to
provide a comprehensive understanding of the spatial arrangement
of components. . . . ... ... .. L L 116

The 2D x-y image matrix of CC1 shown for different threshold set-
tings in the Wiener filtering of the back-projection reconstruction.
The reconstruction was performed on the Compton cone data to in-
vestigate the quality of the image resolution for threshold setting val-
ues of: (a) 10, (b) 20, (¢) 30,and (d)50.. . . . . .. ... ... ... ... 126



Figure 5.2.7

Figure 5.2.8

Figure 5.2.9

Figure 5.2.10

Figure 5.2.11

Figure 5.2.12

Figure 5.2.13

The 2D x-y image matrix of CC1 shown for different filter strength
settings in the Wiener filtering of the back-projection reconstruction.
The reconstruction was performed on the Compton cone data to in-
vestigate the quality of the image resolution for filter strength setting
values of: (a) 3, (b) 6, (c) 12, and (c) 24. . . ... ... ... ... ....

The 2D x-y image matrix of CC1 shown for different template win-
dow size settings in the Wiener filtering of the back-projection recon-
struction. The reconstruction was performed on the Compton cone
data to investigate the quality of the image resolution for template
window sizes of: (a) 3 x 3, (b) 5 x5, (c) 7 x 7, and (d) 10 x 10 pixels.

The 2D x-y image matrix of CC1 shown for a different number of
iterations of the Octane EM reconstruction. The reconstruction was
performed on the Compton cone data to investigate the quality of the
image resolution for: (a) 10, (b) 50, and (c) 100 iterations. . . . . . . ..

The x and y projections (sliced at the maximum y-z and x-z values
respectively) of CC1 shown for different bin width in the Octane EM
reconstruction. The reconstruction was run for 100 iterations. The
reconstruction was performed on the Compton cone data to investi-
gate the quality of the image resolution for: (a) 5 mm, and (b) 2 mm
bin with values. The dotted blue line represents the actual source
location. The distribution was fitted with a Gaussian function (red),
and the FWHM of the Gaussian is shown in green and labelled with

uncertainty. . . . ... Lo

A comparison of the optimised results from two different image re-
construction algorithms: (a) the x-y source image matrix using the
FBP Wiener filter method, (b) the x-y source image matrix using the
Octane EM method, (c) the x-projection from the FBP Wiener filter
method, and (d) the x-projection from the Octane EM method. The
dotted blue line represents the actual source location. The distribu-
tion was fitted with a Gaussian function (red), and the FWHM of the

Gaussian is shown in green and labelled with uncertainty. . ... ..

The x-y matrix of CC1 shown at different z slice values for the same
Octane EM reconstruction. The reconstruction was run for 100 iter-
ations and a bin width of 2 mm bins. The reconstruction was per-
formed on the Compton cone data to investigate the quality of the
image resolution for: (a) an arbitrary slice at z = 41.5 mm, (b) an ar-
bitrary value of z = 20.7 mm, (c) a slice at maximum z intensity (z =
-0.8 mm), (d) an arbitrary slice at z = -20.7 mm, (e) an arbitrary value

ofz=-415mm.. ... ... ...

Plots showing how CC efficiency is influenced by the number of ini-
tial histories generated by the simulation for a '37Cs source placed 10
mm away from: (a) CC1,and (b) CC3. . . . .. ... ... ... .. ..
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Figure 6.1.1

Figure 6.1.2

Figure 6.1.3

Figure 6.1.4

Figure 6.2.1

Figure 6.2.2

Figure 6.2.3

Figure 6.2.4

The energy spectra from a '>*Eu source showing the comparison be-
tween simulation (red) and background-subtracted experiment (grey)
for the 2” x 2” LaBr;:Ce detector. The statistics of the simulation have
been increased by a factor of 5 for the purpose of visual comparison
of the physics and energy smearing response. . . . ... ... ... ..

The energy spectra from a ">?Eu source showing the comparison be-
tween simulation (red) and background-subtracted experiment (grey)
for the Polaris detector. The statistics of the simulation have been in-
creased by a factor of 5 for the purpose of visual comparison of the
physics and energy smearing response. . . . .. ... ... ... ....

The energy spectra from a *>?Eu source showing the comparison be-
tween simulation (red) and background-subtracted experiment (grey)
for the LaBr;:Ce DA. The statistics of the simulation have been in-
creased by a factor of 5 for the purpose of visual comparison of the

physics and energy smearing response. . . . .. .. ... ... ... ..

The energy spectra from a *>?Eu source showing the comparison be-
tween simulation (red) and background-subtracted experiment (grey)
for the SrL:Eu DA. The sharp drop off in the simulated spectrum be-
low 50 keV originates from setting the minimum detectable energy
of the detector to 50 keV. The statistics of the simulation have been
increased by a factor of 5 for the purpose of visual comparison of the

physics and energy smearing response. . . . .. .. .. ... ......

The ARM measurements simulated using a '37Cs source placed 10
mm away from the centre of the detector face for each detector: (a)
CC1, and (b) CC3. The measurements were taken with the scatterer

and absorber modules placed as 0.1 mm away from one another. . . .

The ARM measurements simulated using a 37Cs source placed 10
mm away from the centre of the detector face for the CC2 detector: (a)
geometry 1, (b) geometry 2, and (c) geometry 3. The measurements
were taken with the scatterer and absorber modules placed as 0.1 mm

away from one another. . . . ... ... ... ... 0 0L

The simulated energy deposited in (a) the scatter layer, and (b) ab-
sorber layer of CC1 when gamma rays interact in both layers and
deposit a total energy of 661.7 keV is shown. FSEs (red) and BSEs
(blue) are displayed. Events correspond to single Compton scattering
ineachlayer.. . . ... ... ... ....... .. .. ... .. ...

The simulated energy deposited in (a) the scatter layer, and (b) ab-
sorber layer of CC2 geometry 1 when gamma rays interact in both
layers and deposit a total energy of 661.7 keV is shown. FSEs (red)
and BSEs (blue) are displayed, and the regions of high BSE influence
are shaded green. Events correspond to single Compton scattering in
eachlayer. . ... ... ... .. ... ...
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Figure 6.2.5

Figure 6.2.6

Figure 6.2.7

Figure 6.2.8

Figure 6.2.9

Figure 6.2.10

The simulated energy deposited in (a) the scatter layer, and (b) ab-
sorber layer of CC2 geometry 2 when gamma rays interact in both
layers and deposit a total energy of 661.7 keV is shown. FSEs (red)
and BSEs (blue) are displayed, and the regions of high BSE influence
are shaded green. Events correspond to single Compton scattering in
eachlayer. . . ... ... .. ... ...

The simulated energy deposited in (a) the scatter layer, and (b) ab-
sorber layer of CC2 geometry 3 when gamma rays interact in both
layers and deposit a total energy of 661.7 keV is shown. FSEs (red)
and BSEs (blue) are displayed, and the regions of high BSE influence
are shaded green. Events correspond to single Compton scattering in
eachlayer. . ... ... ... ... ... ... .

The simulated energy deposited in (a) the scatter layer, and (b) ab-
sorber layer of CC3 when gamma rays interact in both layers and de-
posit a total energy of 661.7 keV is shown. FSEs (red) and BSEs (blue)
are displayed, and the regions of high BSE influence are shaded green.
Events correspond to single Compton scattering in each layer. . . . . .

Reconstructed images of CC1 for the simulated gamma emission of
a **Na source. The source was placed at (0,0,10) mm from the CC
scatterer face, where (a) shows the x-y image slice at the maximum
z intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribu-
tion was fitted with a Gaussian function (red), and the FWHM of the
Gaussian is seen shaded in green and labelled with uncertainty.

Reconstructed images of CC1 for the simulated gamma emission of
a 37Cs source. The source was placed at (0,0,10) mm from the CC
scatterer face, where (a) shows the x-y image slice at the maximum
z intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribu-
tion was fitted with a Gaussian function (red), and the FWHM of the

Gaussian is seen shaded in green and labelled with uncertainty.

Reconstructed images of CC2 geometry 1 for the simulated gamma
emission of a **Na source. The source was placed at (0,0,10) mm
from the CC scatterer face, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribu-
tion, where the dotted blue line represents the actual source location.
The distribution was fitted with a Gaussian function (red), and the
FWHM of the Gaussian is seen shaded in green and labelled with

uncertainty. . ... ... L
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Figure 6.2.11

Figure 6.2.12

Figure 6.2.13

Figure 6.2.14

Figure 6.2.15

Reconstructed images of CC2 geometry 1 for the simulated gamma
emission of a "37Cs source. The source was placed at (0,0,10) mm
from the CC scatterer face, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribu-
tion, where the dotted blue line represents the actual source location.
The distribution was fitted with a Gaussian function (red), and the
FWHM of the Gaussian is seen shaded in green and labelled with

uncertainty. . . .. ... Lo

Reconstructed images of CC2 geometry 2 for the simulated gamma
emission of a **Na source. The source was placed at (0,0,10) mm
from the CC scatterer face, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribu-
tion, where the dotted blue line represents the actual source location.
The distribution was fitted with a Gaussian function (red), and the
FWHM of the Gaussian is seen shaded in green and labelled with
uncertainty. . . . .. ...

Reconstructed images of CC2 geometry 2 for the simulated gamma
emission of a "37Cs source. The source was placed at (0,0,10) mm
from the CC scatterer face, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribu-
tion, where the dotted blue line represents the actual source location.
The distribution was fitted with a Gaussian function (red), and the
FWHM of the Gaussian is seen shaded in green and labelled with

uncertainty. . . . ... Lo o

Reconstructed images of CC2 geometry 3 for the simulated gamma
emission of a **Na source. The source was placed at (0,0,10) mm
from the CC scatterer face, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribu-
tion, where the dotted blue line represents the actual source location.
The distribution was fitted with a Gaussian function (red), and the
FWHM of the Gaussian is seen shaded in green and labelled with

uncertainty. . . .. ... Lo o

Reconstructed images of CC2 geometry 3 for the simulated gamma
emission of a 37Cs source. The source was placed at (0,0,10) mm
from the CC scatterer face, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribu-
tion, where the dotted blue line represents the actual source location.
The distribution was fitted with a Gaussian function (red), and the
FWHM of the Gaussian is seen shaded in green and labelled with

uncertainty. . . .. ...



Figure 6.2.16

Figure 6.2.17

Figure 6.2.18

Figure 6.2.19

Figure 6.2.20

Reconstructed images of CC3 for the simulated gamma emission of
a **Na source. The source was placed at (0,0,10) mm from the CC
scatterer face, where (a) shows the x-y image slice at the maximum
z intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribu-
tion was fitted with a Gaussian function (red), and the FWHM of the
Gaussian is seen shaded in green and labelled with uncertainty.

Reconstructed images of CC3 for the simulated gamma emission of
a 37Cs source. The source was placed at (0,0,10) mm from the CC
scatterer face, where (a) shows the x-y image slice at the maximum
z intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribu-
tion was fitted with a Gaussian function (red), and the FWHM of the
Gaussian is seen shaded in green and labelled with uncertainty.

Reconstructed images of the simulated gamma emission of *37Cs for
CC1. The source was placed at (0,0,100) mm from the CC scatterer
face, and the distance between the scatterer and absorber modules
was <1 mm, where (a) shows the x-y image slice at the maximum z
intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribu-
tion was fitted with a Gaussian function (red), and the FWHM of the
Gaussian is seen shaded in green and labelled with uncertainty.

Reconstructed images of the simulated gamma emission of 37Cs of
CC2 geometry 1. The source was placed at (0,0,100) mm from the CC
scatterer face, and the distance between the scatterer and absorber
modules was <1 mm, where (a) shows the x-y image slice at the maxi-
mum z intensity, and (b) shows the x profile of the distribution, where
the dotted blue line represents the actual source location. The distri-
bution was fitted with a Gaussian function (red), and the FWHM of
the Gaussian is seen shaded in green and labelled with uncertainty.

Reconstructed images of the simulated gamma emission of 37Cs of
CC2 geometry 2. The source was placed at (0,0,100) mm from the CC
scatterer face, and the distance between the scatterer and absorber
modules was <1 mm, where (a) shows the x-y image slice at the maxi-
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INTRODUCTION

1.1 PROTON THERAPY

In 2018, cancer was the second leading cause of death globally, responsible for approximately
17% of all deaths, despite significant advances in treatment [2]. While surgery remains the
most effective treatment for solid cancers, successful strategies often combine multiple ap-
proaches [3].

Radiation therapy plays a key role, covering over 50% of solid tumours. Among the
options, Proton Therapy (PT) is a cutting-edge method for treating deep-seated tumours. Pro-
posed over 7o years ago by physicist Robert Wilson, PT was first used in 1954 at the Lawrence
Berkeley National Laboratory, USA [4]. Wilson’s idea, based on Hans Bethe’s work on pro-
ton energy loss and Ernest Lawrence’s cyclotron developments, highlighted the benefits of
ion beams over X-rays. Although heavier ions have greater biological effectiveness, PT has
become the primary form of ion beam radiotherapy due to the relatively lower cost of proton

cyclotrons.

PT works similarly to traditional radiotherapy by inducing damage in targeted cells, but
it offers a unique advantage in how protons interact with matter. The dose, measured in
Grays (Gy), is more concentrated in PT, minimising damage to healthy tissues while delivering
higher doses to tumours. This is due to the distinctive Bragg peak (BP) (see Section 2.1.3.1 for
more detailed information), where the proton energy deposition peaks just before the beam

stops, enabling precise targeting of the tumour [5].

Proton beams in PT typically range from 70.0-250.0 MeV, with higher energies used for
deeper tumours. The flexibility of dose distribution shaping, due to the BP, allows oncologists
to precisely control the treatment area. Fig. 1.1.1(a) shows the clear difference in dose deposi-
tion. By modulating the beam energy, the beam range can be tailored to deliver the peak dose

to the tumour while sparing surrounding tissues.

However, one major challenge remains: the lack of real-time methods to monitor proton
depth-dose characteristics during treatment. This can lead to inaccurate beam targeting, ei-
ther under dosing the tumour or overdosing healthy tissues. Uncertainties such as computed
tomography (CT) artefacts, tumour shrinkage, and patient positioning necessitate safety mar-
gins in treatment plans, which can diminish the clinical advantages of PT [5].

These margins, typically 2.5-3% of the proton range or 2-3 mm [6], can extend up to 1
cm for deep-seated tumours. A method for accurately monitoring the proton beam’s distal

edge during treatment would reduce these margins, improving the dose precision and min-
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imising damage to healthy tissues beyond the tumour. This would also allow the use of more

challenging gantry angles in treatment, further enhancing PT’s effectiveness [6].
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Figure 1.1.1: The potential dose advantage of proton therapy compared to photon therapy is illustrated
in: (a) the dotted line showing the photon depth-dose curve, the dashed line representing
the depth-dose curve for mono-energetic protons, and the solid line depicting the spread-
out Bragg peak (SOBP) used to cover the entire tumor; and (b) the impact of uncertainties
on the depth-dose curves for the three treatment modalities described in (a) [7].

1.1.1  Range Uncertainty

One promising strategy to mitigate range uncertainty in PT is the use of advanced imaging
systems, such as CCs. These devices offer real-time monitoring by detecting secondary gamma
rays emitted when protons interact with atomic nuclei in the patient’s body. By reconstructing
the spatial origin of these prompt gamma emissions, CCs enable indirect imaging of the
proton beam path and range, allowing clinicians to confirm that the BP lies within the tumour

volume.

Compared to conventional collimated gamma detectors, CCs provide superior detection
efficiency and a wider field of view. Mechanical collimators, while effective at spatially filter-
ing incoming photons, inherently block a large portion of the emitted gamma rays, limiting
sensitivity and reducing count rates—especially problematic for the low-yield prompt gamma
signal in PT. In contrast, Compton cameras employ electronic collimation based on Compton
scattering kinematics, eliminating the need for heavy shielding and enabling a significantly

larger solid angle of detection. This results in more compact, flexible systems that are better

suited for clinical integration.
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Additionally, while collimated detectors typically offer only one-dimensional or limited-
angle projections, CCs allow full 3D reconstruction of gamma-ray emission distributions. This
capability is critical for accurate, real-time range verification in complex or heterogeneous

anatomical regions.

Recent advances in CC design—particularly the integration of high-resolution scintillators
and silicon photomultipliers (SiPMs)—have further improved angular and energy resolution
[8, 9]. These improvements enhance the precision of gamma-ray tracking and thus the accu-
racy of the inferred proton range. By incorporating Compton imaging into the PT workflow, it
becomes possible to reduce the reliance on conservative safety margins, enabling more confor-
mal treatment plans while maintaining patient safety. This makes CCs a compelling option for
image-guided PT, especially in cases involving deep-seated tumours or proximity to critical

structures.

1.2 RECENT DEVELOPMENTS IN COMPTON CAMERA IMAGING

Recent developments in scintillator-based CCs have made significant progress due to their
advantages of high detection efficiency, lower cost, and ability to operate at room temperature.
However, one of the main limitations of scintillator-based CCs compared to semiconductor-
based counterparts lies in their relatively lower angular resolution, attributed to poorer energy
and position resolution. Various scintillators have been commonly employed in CC systems,
including thallium-doped sodium iodide (Nal:Tl), thallium-doped caesium iodide (CsL:TI),
sodium-doped caesium iodide (CsI:Na), cerium-doped gadolinium aluminium gallium garnet
(GAGG:Ce), and cerium-doped lanthanum bromide (LaBr;:Ce) [10, 11, 12, 13].

Scintillators are often paired with photomultiplier tubes (PMTs) or silicon photodiodes,
but recent advances in multipixel photon counters (MPPCs), a form of SiPMs, have allowed
for more effective integration of scintillators into CC designs. This development is partic-
ularly important for improving position sensitivity, a critical feature for advanced imaging
techniques. Scintillators work by undergoing a scintillation process in which incident radia-
tion excites electrons, transferring energy to ionised electrons, and ultimately leading to the

emission of fluorescence.

Historically, Nal(T1) was the first widely adopted scintillator after being discovered by
Hofstadter et al. in 1948 [14]. Although highly sensitive, Nal(Tl) and CsI(T1) suffer from lim-
ited energy resolution, especially in the lower energy range, which makes them less suitable
for medical imaging applications, where typical radiopharmaceuticals emit gamma rays with
energies below 250.0 keV (e.g., 9™ Tc at 141.0 keV, "3 at 159.0 keV) [11, 12, 13]. This limitation
prompted the exploration of alternative scintillators for CCs.

Among the alternatives, GAGG:Ce has emerged as a leading choice due to its superior
properties. GAGG:Ce scintillators possess a high density, high light output, fast decay time,
low self-radiation, and good energy resolution [15]. They are also non-hygroscopic and have
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high stopping power. GAGG:Ce became especially valuable after the 2011 Fukushima nu-
clear disaster in Japan, where it was deployed for remote sensing of radioactive materials.
Researchers such as Kishimoto et al. developed a portable CC using GAGG:Ce scintillators
coupled with MPPCs, which also featured depth-of-interaction (DOI) capability [16]. This
prototype demonstrated an angular resolution of less than 10° and was initially used for the
detection of radioactive elements [17].

In recent years, developments in this field have continued, with research groups focusing
on specialised applications. The work of Ogane et al. introduced a hybrid Compton-PET cam-
era utilising GAGG:Ce scintillators for simultaneous imaging of different radioactive sources,
such as 3] and *®F [18]. This setup involved two GAGG:Ce-based CCs placed opposite
each other, designed for advanced imaging in particle therapy applications. While the study
confirmed the system’s ability to obtain accurate Compton and PET images simultaneously,
allowing for prognosis prediction and treatment evaluation, further research is needed us-
ing phantom models that simulate complex anatomical structures to verify the feasibility of

simultaneous imaging in real-world clinical scenarios.

Further contribution to this progress was in work done by Takahashi et al. by designing
an omnidirectional Compton imager using stacked GAGG scintillators for rapid radioactive
fallout detection, such as during nuclear accidents [19]. These innovations highlight the in-
creasing role of GAGG:Ce and other scintillators in diverse fields, from medical imaging to en-
vironmental monitoring. The three-dimensional position resolution of these systems has been
a particular focus, demonstrating improvements in spatial resolution and efficiency. How-
ever, further work is needed to optimise detection algorithms, reduce system complexity, and

enhance sensitivity to low-energy gamma rays to expand their practical applications.

In addition to the CCs discussed, recent developments have introduced innovative de-
signs utilising both semiconductor detectors and scintillators. To address the limitations of
low sensitivity and high costs in silicon-based CCs, Katagiri et al. have pioneered a new ap-
proach with a europium-doped calcium fluoride (CaF,:Eu) scintillator-based omnidirectional
CC [20]. This system is tailored for monitoring environmental radiation in nuclear medicine
settings and is effective for detecting gamma-ray sources with energies under 250.0 keV. The
camera features four CaF,:Eu crystals, each 2.54 cm in diameter, arranged in a tetrahedral
pattern, serving as both scatterer and absorber. This configuration has demonstrated the ca-
pability to minimise “ghost” images and achieve a notable 12° angular resolution for 57Co
gamma rays, alongside improved detection efficiency. The term “ghost” images refers to arti-
ficial patterns that appear in reconstructed gamma-ray images when there are limitations in
the detector’s design. Specifically, in the context of the tetrahedral CaF,:Eu scintillator-based
omnidirectional CC, these patterns arise due to the small number of scintillation counters.

The work of Kasper et al. introduced a CC that integrates SiPMs with scintillation fibres
[8]. This design utilises slender, high-density fibres made from inorganic scintillators such
as LYSO:Ce, LuAG:Ce, and GAGG:Ce, coupled with SiPMs. Their research confirms that
this setup is effective for proton beam monitoring, with the LYSO:Ce scintillator showing

particularly promising results in this context.
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In a similar vein, the work of Barrientos et al. focussed on advancing the development of
the MACACO I, a CC featuring LaBr;:Ce scintillators and SiPMs [21]. This updated model is
optimised for proton beam monitoring, offering an energy resolution of 5.6% full width at half
maximum (FWHM) at 511.0 keV and an angular resolution of 8°. The recent developments in
the MACACO III CC have introduced significant enhancements compared to earlier versions
[9]. The new version incorporates SiPM arrays with a 25 um micro-pixel pitch, which reduces
ASIC saturation and achieves a more linear response. This upgrade results in improved energy
resolution, with values of 5.2% and 5.8% FWHM at 511.0 keV for the first and second detectors,
respectively, which is better than the previous version’s 5.6% and 6.6% FWHM. These results
surpass other SiPM-based CCs used in applications such as hadron therapy and Compton-PET.
Further, the CC showed a threefold reduction in temperature dependence compared to the 50
um model, improving the energy resolution without requiring temperature stabilisation. This
advancement enhances the detector’s stability in varying environments. The MACACO III
showed improved imaging performance, allowing for better resolution of complex structures.
For instance, it can resolve sources in a **Na array with an average FWHM of 2.8 mm at
1274.5 keV, significantly better than previous measurements and other published results. The
MACACO III achieved an angular resolution of 6.9° at 1274.5 keV, a 1.1° improvement over
the previous version. Although this is still behind some solid-state detector systems, it rep-
resents a significant advancement over other scintillator-based cameras. The study suggested
that integrating silicon or CZT detectors could improve angular resolution, and finer SiPM
segmentation could enhance spatial resolution. Additionally, the use of neural networks for

position determination might further optimise imaging capabilities.

Another notable innovation is the Polaris-]™ CC, developed by H3D (Ann Arbor, MI
USA). The work of McCleskey et al. evaluated this camera, which employs cadmium zinc
telluride (CZT) detectors, known for their high gamma-ray interaction cross-sections, particu-
larly for 6.0 MeV gamma rays [22] . The Polaris-] system includes four stages, each equipped
with a (20 x 20 x 15) mm CZT detector arranged in an 11 x 11 pixel matrix. This system
provides an energy resolution of 9.7 keV (FWHM) at 661.7 keV, as emitted by 37Cs, and is
being further refined for applications in PT.

Additionally, Brookhaven National Laboratory, in collaboration with NASA, is develop-
ing a CZT-based CC designed for astronomical studies [23]. This camera features an array of
(8 x 8 x 32) mm position-sensitive virtual Frisch-grid CZT detectors configured as bars. Each
unit is a 4 x 4 sub-array connected to an ASIC, delivering exceptional performance with less
than 1% energy resolution at 1.0 MeV and sub-millimeter position accuracy. The camera is
currently under evaluation, with future plans for deployment in high-altitude balloon flights

for precise measurements.

As scintillator-based CCs continue to evolve, future advancements are expected to im-
prove angular and spatial resolution further, potentially closing the gap between these systems

and semiconductor-based alternatives while maintaining their operational advantages.
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1.3 RESEARCH OBJECTIVES

To assess the performance of various scintillator and semiconductor detectors for use in
three distinct two-stage CC prototypes (CC1, CC2, and CC3) using a range of gamma-ray
sources. Key metrics such as detection efficiency, energy resolution, and timing accuracy
will be evaluated under various operational conditions.

To create a TOPAS/Geantq MC simulation of the performance of the CZT-LaBr;:Ce hy-
brid system (CC1) and the detector assembly (DA) coupled CC designs (CC2 and CC3).
The simulations will track the energy deposition and interaction positions of gamma rays

to generate data for image reconstruction.

To validate the performance of the Geant4/TOPAS simulations by benchmarking the
results against experimental data.

Implement and optimise image reconstruction algorithms, including the filtered back
projection (FBP) method, to generate accurate images of gamma-ray sources using the
simulated and experimental data from the Compton camera systems.

To conduct experiments using different radioactive sources and proton beam measure-
ments with the CC1 prototype to test the validity of the image reconstruction algorithms
and to compare the results with Monte Carlo simulation results. This will allow for
insight into the feasibility of using this CC design for PT imaging applications.

To investigate the impact of different geometrical configurations of the scatterer and ab-
sorber layers on imaging performance. Optimise parameters such as source-to-detector
distance and scatterer-to-absorber spacing to enhance image resolution and source local-
isation accuracy.

1.4 STRUCTURE OF THE THESIS

This thesis describes the work undertaken to develop a novel two-stage CC, with the aim of
improving the imaging capabilities of PT. This work analyses the performance of three differ-
ent CC detector systems that make use of a variety of solid-state and scintillation detectors
in various geometrical configurations. The first CC, referred to in the thesis as CC1, com-
prises a hybrid design using a commercial CZT Polaris-] detector as the scatterer and a 2”7 x 2”
LaBr;:Ce detector as the absorber. The second CC, referred to as CC2, was a custom-built sys-
tem that investigates using a state-of-the-art SiPM-readout detector, composed of 4 LaBr;:Ce
detector-SiPM assemblies in each of the scatterer layer and the absorber modules. The third
CC, referred hereafter as CC3, investigates using 6 LaBr;:Ce detector-SiPM assemblies in a
matrix as the scatterer layer, with the 2” x 2” LaBr;:Ce detector as the absorber.

The thesis is structured as follows:
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Chapter 2: This chapter provides a comprehensive overview of the theoretical principles
underlying gamma-ray interactions with matter, including Compton scattering, photo-
electric absorption, and pair production. Understanding these interactions is crucial for

optimising CC design and operation.

Chapter 3: This chapter details the design and methodology of CC1, which features a
hybrid configuration with a CZT Polaris-] detector as the scatterer and a 2” x 2” LaBr;:Ce
detector as the absorber. The chapter covers the detector geometries, signal processing
techniques, and experimental measurements used to characterise the performance of the

detectors that make up the hybrid system.

Chapter 4: This chapter focuses on CC2 and CC3, which employ advanced SiPM-readout
detector assemblies. CC2 uses a 4 x 2 array of MacroPixel LB-14x25¢-SiPM-T assemblies
for both the scatterer and absorber layers, while CC3 integrates a 6 x 1 array of these
assemblies as the scatterer with a 2” x 2” LaBr;:Ce absorber. The chapter explores the
design, operation, and characterisation of these systems, emphasising the benefits of
high-performance SiPM electronics for modularity, low-voltage operation, and improved
energy resolution and timing capability.

Chapter 5: This chapter explores the use of TOPAS MC v3.6.1 for Monte Carlo simula-
tions of the three Compton camera designs, investigating the impact of different detector
configurations on imaging performance. It details the construction of realistic materi-
als, selection of physics models, custom scoring techniques, and optimisation of image
reconstruction algorithms to enhance simulation fidelity.

Chapter 6: This chapter presents and analyses the results from both the simulations
and experimental validations of the CC prototypes. Performance metrics such as timing
accuracy, detection efficiency, angular resolution, and image resolution are evaluated.
The chapter discusses the strengths and limitations of each CC design, providing insights
into how well each prototype reconstructs source positions and performs under different

conditions.

Chapter 7: This chapter interprets the findings of Chapter 6, drawing conclusions about
the effectiveness of each CC design. It offers a detailed analysis of how the different
configurations impact overall performance and identifies key factors that contribute to

the success or limitations of each system.

Chapter 8: The final chapter summarises the key findings of the thesis, highlighting the
most successful CC design based on the evaluated performance metrics. It also discusses
potential improvements, future research directions, and the implications of the findings

for advancing CC technology and its applications in medical imaging and other fields.




THEORETICAL BACKGROUND

This chapter delves into the theoretical framework surrounding the interaction of radiation
with matter, with a particular focus on gamma-ray interactions. These principles are foun-
dational to the design and operation of CCs. Gamma-ray interactions, such as Compton
scattering, photoelectric absorption, and pair production, determine how high-energy pho-
tons interact with different materials. A detailed understanding of these processes enables
the accurate detection and reconstruction of gamma-ray paths, which is critical for optimising
image quality and ensuring precise targeting in clinical settings such as PT. By enhancing
the detection capabilities of CCs, it becomes possible to improve the accuracy of dose de-
livery, minimise exposure to healthy tissue, and ultimately ensure the safety and efficacy of
treatments. Additionally, a thorough grasp of radiation interactions informs the selection of
detector materials, geometry, and signal processing techniques, all of which play a pivotal role

in refining the camera’s performance.

2.1 INTERACTION OF RADIATION WITH MATTER

The interaction of radiation with matter can be broadly classified into two categories: electro-
magnetic interactions and nuclear interactions. Electromagnetic interactions include processes
such as photoelectric absorption, Compton scattering, and pair production, while nuclear in-
teractions include processes such as elastic scattering, inelastic scattering, and nuclear reac-
tions. The interaction of radiation with matter is characterised by the energy of the radiation,

the type of radiation, and the type of material.

Gamma rays are a type of electromagnetic radiation characterised by their short wave-
length and high frequency. They are typically produced during the radioactive decay of
atomic nuclei, which can involve processes such as alpha («) decay, beta (3" and ) decay,
or electron capture (EC). In the context of this project, the relevant energy range of gamma-ray
interactions is between 0.0 and 7.0 MeV. At these energies, the dominant processes by which
gamma rays interact with matter are photoelectric absorption, Compton scattering, and pair

production.

The following section will further explore these key interaction mechanisms, forming the

foundation for understanding the principles behind gamma-ray detection.
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2.1.1 Gamma-Ray Interactions

2.1.1.1  Photoelectric Absorption

The photoelectric absorption process takes place when a gamma-ray photon collides with an
atom that has an electron in a bound orbital. It is a dominant process for gamma-ray energies
between 1.0-500.0 keV [24]. In this interaction, the photon’s energy is completely absorbed by
the atom, causing a shift in the atom’s energy levels and leading to the ejection of an electron
from one of its atomic shells, usually the K shell. This process is depicted schematically in Fig.
2.1.1, and Eq. 2.1.1 is the energy of the ejected electron.

Ee.- =Eo —Ey, (2.1.1)

where the incident energy of the gamma ray is given by Ey, and Ey, is the binding energy
of the electron to its orbital shell [24].

Electron

Incident photon ™
N NN o
hy /

0

Figure 2.1.1: A diagram illustrating the photoelectric absorption process. The incoming gamma ray
has an initial energy of Eo. Upon interacting with the atom, a bound electron is released
from its orbital shell, carrying energy as described by Eq. 2.1.1 [25].

2.1.1.2 Compton Scattering

The Compton scattering process involves the interaction between an incoming gamma-ray
photon and an electron, which is typically loosely bound within the atomic orbital. As de-
picted in Fig. 2.1.2, this interaction causes the gamma-ray photon, with an initial energy Eo,
to scatter at an angle 0, resulting in a reduction of the photon’s energy. The energy lost by
the photon is transferred to the electron, which gains it as kinetic energy and becomes a recoil
electron [24, 26].

The energy of the scattered photon, E;, is determined by the scattering angle 0, as de-
scribed by the Compton scattering Eq. 2.1.2. The Klein-Nishina formula accounts for relativis-
tic effects and quantum electrodynamics, offering a more accurate representation of photon-
electron interactions than the classical Thomson scattering formula [27]. For most energies,
Compton scattering is not isotropic, which causes the Compton continuum to not be rectan-
gular. Eq. 2.1.3 predicts the energy-dependent probability distribution for 67, seen in Fig.
2.1.3.
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E,=hv'

Figure 2.1.2: An illustration of the Compton scattering process. A gamma-ray photon with energy
Ep = hv interacts with a loosely bound electron, resulting in scattering at an angle 6.
The recoil electron is ejected at an angle ¢ with a kinetic energy of Ey — Eq, while the
scattered photon has energy given by equation 2.1.2 [26].

E
E; = s © (2.1.2)
14 moczﬂ —cos0)
do 2 (E1\?/E; K,
0 .2
SO _Do (2} (EL 450 gin2Zg 1.
a0 2 (Eo> (Eo +E1 sin > (2.1.3)

where 19 is the classical electron radius, Ey is the initial energy of the photon, E; is the
energy of the scattered photon, and 0 is the scattering angle. This formula is essential for

accurately modeling Compton scattering in high-energy photon interactions [27].

When 0 ranges from 0 to 7, the energy of the scattered photon varies from a maximum
(when 6 = 0) to a minimum (when 6 = 7). This implies that the energy transferred to the
electron can range from very little to nearly the entire energy of the incident photon, though

it is impossible for the photon to transfer all its energy in a Compton interaction [28].

For gamma-ray energies between 0.5 and 10 MeV, Compton scattering dominates as the
primary interaction mechanism. This energy range is common in radioactive sources and
forms the basis of the principle of the CC, making the study of Compton scattering particularly

relevant to this research.

In addition to the Compton scattering process, the relationships between the photopeak,
backscatter peak, and Compton edge provide further insight into the behaviour of gamma-ray
interactions, a labelled 37Cs gamma-ray spectrum for which is shown in Fig. 2.1.4. Note that
the 32 keV 13¥Ba X-ray peak is labelled for completeness but it is not a Compton contribution.
The Compton edge represents the maximum energy transfer to the electron, resulting in the
highest kinetic energy that the recoil electron can acquire. This corresponds to the minimum
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Figure 2.1.3: The Klein-Nishina formula behaviour, seen in the angular dependence of the differential
cross-section at various incoming gamma-ray energies. Both forward and back-scattering
dominate the low energy region as seen in the blue 0.1 MeV line; at higher gamma-
ray energies, forward scattering dominates and the majority of energy transfer is to the
electron, seen in the red 4.0 MeV line. This image was generated for energies in the range
of interest using a custom Python code.

energy of the scattered photon and is seen as a sharp cut-off in the energy spectrum. The
backscatter peak, on the other hand, arises when photons scatter at angles close to 180° and
then re-enter the detector after interacting with surrounding materials. The backscatter peak
and Compton edge are both lower in energy than the photopeak, which represents the full
energy deposition by the incident photon. Referring to Fig. 2.1.4, note that the energy of the
Compton peak (180 keV) combined with the energy of the Compton edge (482 keV) equals the
energy of the photopeak (662 keV). The distribution of these features in the energy spectrum
provides a comprehensive understanding of photon interactions within the detector, with
the photopeak indicating full absorption and the Compton-related features revealing partial

energy transfers.
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Figure 2.1.4: Annotated '37Cs gamma-ray spectrum measured with a 2” x 2” LaBrz:Ce detector for
10-minutes. The Compton contributions are labelled, seen as the Compton peak at 180
keV and the Compton edge at 482 keV, which sum to equal the photopeak at 662 keV.

2.1.1.3 Pair Production

Although it is not very relevant to the focus of this study, the process of pair production is
included for the sake of thoroughness. Pair production occurs when a gamma ray interacts
with an atomic nucleus, resulting in the creation of an electron-positron pair. This interaction
requires the photon to possess a minimum energy of 1.02 MeV, which corresponds to the
combined rest mass of the electron and positron. The positron produced in this process even-
tually interacts with an electron in the material, leading to mutual annihilation, generating
two secondary photons as by-products. This is illustrated in Fig. 2.1.5.

(&
0.511 MeV
e\
+
(] e~
0.511 MeV

Figure 2.1.5: Schematic representation of pair production. An incoming photon with a minimum
energy of 1.02 MeV interacts with the Coulomb field of an atomic nucleus, resulting in
the creation of an electron-positron pair. The positron then annihilates, leading to the
emission of two photons with energies of 511.0 keV each [26].
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If pair production takes place within the detection material, both the kinetic energy of the
produced electron-positron (e*e™) pair and any secondary annihilation photons (assuming
they remain within the material) will be measured. Conversely, if pair production occurs
outside the detection material, such as in the surrounding shielding, the kinetic energy of the
e e pair will not be detected. Nonetheless, either of the secondary annihilation photons may
still be detected if they traverse the detection material.

In radiation detection, the occurrence of this interaction can be deduced by analysing the
energy spectrum. A single-escape peak is observed when one of the annihilation photons
is detected while the other escapes the material. A double-escape peak, on the other hand,
indicates that both annihilation photons have escaped the material without being detected.

It is important to note that although pair production can occur with an incident photon
energy of 1.02 MeV, it becomes significantly more probable at energies exceeding 10.0 MeV.

2.1.1.4 Gamma-ray Interaction Mechanisms in Detector Materials

Figure 2.1.6 illustrates how gamma-ray interaction mechanisms vary with photon energy for
different detector materials, highlighting their strong dependence on both photon energy and
the Z of the material. At low photon energies (below ~100 keV), photoelectric absorption
dominates. This process is highly favoured in materials with high atomic numbers, such as
LaBr3:Ce and CZT, due to its steep dependence on Z (approximately Z4-Z5) and inverse de-
pendence on energy (E3). As photon energy increases into the intermediate range (100 keV —
2 MeV), Compton scattering becomes the dominant interaction. Unlike the photoelectric effect,
Compton scattering scales roughly linearly with Z and inversely with photon energy, making
it less sensitive to atomic number but ideal for directional gamma-ray detection, as exploited
in Compton camera systems. At higher photon energies (>2 MeV), pair production begins to
contribute significantly, especially in high-Z materials. Although it is not the focus for most
Compton imaging applications, it is included in total attenuation and becomes increasingly
relevant for high-energy gamma detection.

Figure 2.1.6 illustrates these trends by showing the mass attenuation cross-sections for
three commonly used detector materials: LaBr3:Ce, Srl;:Eu, and CZT. The solid, dashed,
and dotted lines represent the photoelectric, Compton, and total attenuation cross-sections,
respectively. As seen in the figure, LaBr3:Ce and CZT exhibit superior performance at low
energies due to their high-Z constituents, while all three materials converge in behaviour in
the Compton-dominated energy region. This cross-section behaviour underpins the material
choices in Compton camera design, as it directly impacts the efficiency, resolution, and energy-

dependence of gamma-ray detection.
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Figure 2.1.6: Mass attenuation cross-sections as a function of photon energy for three detector materi-
als: LaBr;:Ce (blue), Srl,:Eu (orange), and CZT (green). Solid lines represent photoelec-
tric absorption, dashed lines represent Compton scattering, and dotted lines represent
total attenuation. Data spans photon energies from ~1 keV to 10 MeV, covering typical
ranges used in nuclear imaging and spectroscopy. All data was obtained from the NIST
XCOM database [29]

2.1.2 Radioactive Decay

Radioactive decay is a fundamental process that involves the transformation of an unstable
atomic nucleus into a more stable configuration. Unlike photon interactions such as those
listed above, radioactive decay is a spontaneous process governed by the principles of nuclear

physics rather than electromagnetic interactions.

In general, radioactive decay can occur through several modes, including alpha decay,
beta decay, and gamma decay. The decay process follows a probabilistic law described by an

exponential decay function. The activity A(t) of a radioactive substance at time t is given by:

A(t) = Age M (2.1.4)

where Ay is the initial activity at t = 0, and A is the decay constant, which is related to

the half-life T; /, of the radioactive substance by:

A= — (2.1.5)

The decay constant A provides a measure of the rate at which the substance decays. The
half-life T; /, is the time required for half of the radioactive nuclei in a sample to decay. This
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relationship is crucial for understanding the behaviour of radioactive sources and their impact

on radiation detection systems.

In the context of radiation detection and measurement, radioactive decay is used to de-
termine the source strength and predict the number of decays that will occur over a given
time period. It is also important in the calibration of detectors and in the interpretation of
measurement data. The understanding of decay processes is fundamental for accurate dose
calculations and for the effective use of radioactive materials in both research and clinical
settings.

2.1.3 Proton Interactions

Protons interact with the matter in three distinct ways that are relevant to this work [30]:

1. Scattering: Protons experience angular deviation due to electromagnetic interactions
with atomic nuclei, described by MCS. This stochastic process arises from numerous
small-angle deflections caused by the Coulomb field of atomic nuclei, with occasional
inelastic collisions contributing further. MCS broadens the beam profile and contributes
~ 2% to the BP width in water [31, 32].

2. Nuclear Interaction: Primary protons can interact directly with atomic nuclei through
nuclear reactions, classified by timescale into:

Compound reactions: The projectile and target fuse to form a highly excited nucleus

that decays via neutron, charged particle, or gamma-ray emission.

Direct reactions: Fast processes involving a few nucleons, without forming an inter-

mediate nucleus; includes elastic, inelastic, or nucleon-transfer interactions.

Pre-equilibrium reactions: Intermediate-time-scale events where particle emission oc-

curs before the nucleus reaches thermal equilibrium.

These mechanisms often co-occur, and are described in more detail in Section 2.1.3.2.
Nuclear reactions generate secondary particles (e.g., gamma rays, neutrons), and the
resulting residual nuclei decay characteristically, reflecting properties such as spin, parity,
and separation energy. Some short-lived radioisotopes produced may be exploited for in

vivo range verification via proton-induced activation.

3. Stopping: Protons lose energy primarily via inelastic Coulomb interactions with orbital
electrons, a process described by continuous slowing down. Due to the stochastic nature
of these interactions, individual protons stop at slightly different depths—a phenomenon
known as energy straggling. The rate of energy loss increases with penetration depth.
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In a medium of density p, the energy loss per unit path length is quantified by the
stopping power S(E), given by the Bethe-Bloch equation for charged particles heavier
than electrons [7]:

2
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Here, Z and A are the atomic number and mass number of the target, z the projectile
charge, and 3 = v/c the normalized velocity. The formula separates dependencies on the
projectile and target, enabling precise modeling of energy deposition.

S z2 .

) 08 mevz.

projectile and inversely proportional to its kinetic energy. When the particle stops,

The mass stopping power is proportional to the charge squared of the

the maximum energy is released to the absorbing material.

% x %Na: The projectile releases energy dependent on the characteristics of the

target investigated.
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x ln[ ]: The mass stopping power is also weakly dependent on its mean

The mass stopping power is related to the dose simply by a unit conversion:
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where @ is the proton beam fluence.

The Bethe-Bloch equation, together with the statistical nature of MCS for protons, leads to
the tell-tale depth-dose curve with its low entrance plateau and steep distal curve known
as the BP.

2.1.3.1 Bragg Peak

Figure 2.1.7 illustrates the relationship between the depth-dose profile and the spatial distribu-

tion of secondary vertices from inelastic interactions of primary beams. As primary particles

lose energy and penetrate deeper, interaction probability rises, correlating dose deposition

with PG emission, peaking near the BP.

PT exploits the characteristic energy deposition pattern shown in Fig. 2.1.7, common to

all charged particles regardless of ion species or medium. The curve can be divided into three

regions:

1. Plateau: Near-constant dose in the beam entrance region due to high-energy stopping

power, with low ionisation probability by primaries. Dose build-up occurs within the
tirst few millimetres until nuclear equilibrium is reached, dominated by low-energy target

fragments [34, 24].
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Figure 2.1.7: Schematic of proton percentage depth-dose regions at the BP, adapted from [33].

2. Steep Distal Curve: Nuclear interaction cross-sections increase near the BP, where the
maximum dose is delivered at proton stopping. The BP’s narrow width (few millimetres)
results from range straggling of monoenergetic protons. The steep fall-off beyond the
peak—the Distal Penumbra, defined by the difference between Rgp and R;p—depends
on beam spot size and MCS, which reduces central axis fluence and peak-to-plateau

ratio.

3. Tail: Heavy ions (2C, '®O) produce secondary fragments through nuclear reactions,
extending dose beyond the BP. These lighter fragments, having longer ranges due to
lower mass stopping power proportional to Z2,./B?, contribute to the tail dose [35]. For

protons, the tail dose is negligible as they do not undergo fragmentation [36].

2.1.3.2 Nuclear Interactions of Protons

Charged particles can undergo collision directly with the nuclei of the material they are pass-
ing through. Even if these interactions give only a small contribution to the total amount of
energy loss compared to electromagnetic interactions, they can be very important to range
verification. Nuclear interactions can take the form of elastic or inelastic collisions [24, 32]. In
elastic collisions, kinetic energy is conserved, and the nucleus remains intact, and are thus not
of interest here. This is similar to MCS, but due to the strong nuclear force as opposed to EM
interactions. However, the nuclear reactions of interest between the incoming ions and the

target nuclei are presented below.

¢ Compound Nuclear Reaction: When a low-energy proton (typically 10-20 MeV) inter-
acts with a target nucleus, it can become fully absorbed, forming a highly excited in-
termediate state known as a compound nucleus. In this process, the proton’s energy is
redistributed among all nucleons, and the compound nucleus decays after a brief life-
time (~10716-10718 s), emitting one or more particles. The reaction is approximately
isotropic due to internal equilibration and is governed by statistical probabilities, largely

independent of how the compound nucleus was formed. It can be expressed as:
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a+X—=>C"—>Y+b (2.1.8)

where a is the incident particle, X the target, C* the compound nucleus, and b the emitted
particle(s).

Direct Reactions: At higher projectile energies (>20 MeV), direct reactions dominate. In
these fast processes (on the order of 10722 s), the incoming proton interacts with only
a few nucleons in the target, often resulting in the emission of a particle and leaving
the residual nucleus in a ground or excited state. The angular distribution of emitted
particles is characteristic of the specific reaction mechanism.

Pre-equilibrium Reactions: Pre-equilibrium reactions occur between the timescales of
direct and compound reactions. Energy is partially shared among nucleons before equi-
librium is reached, allowing the early emission of high-energy particles with distinct
angular distributions. Toward the end of this stage, individual nucleons may evaporate

from the excited nucleus, similar to molecules escaping from a hot liquid.

2.1.3.3 Overview of Gamma-Ray Decay

During PT, proton interactions with patient tissue produce a broad spectrum of secondary

particles, including gamma rays, through nuclear reactions that often leave product nuclei in

excited states. These states de-excite promptly (within nano to picoseconds) via gamma-ray

emission [24, 32].

Gamma rays originate from transitions between nuclear energy levels, with energies de-

fined by the difference between the initial and final states. Excited states are typically popu-

lated following the decay of a parent nuclide or from inelastic nuclear interactions. As shown

in Fig. 2.1.8, ®°Co decays yield characteristic ®°*Ni gamma-ray transitions, whose emission

probabilities (branching ratios) inform the expected photon yield per disintegration.

57Co
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Figure 2.1.8: Decay scheme of ®°Co illustrating major gamma transitions and branching ratios [24].

Since nuclear states have well-defined energy levels, emitted gamma rays are nearly mo-

noenergetic, enabling calibration of energy resolution using sources like ®°Co. However, if the
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emitting nucleus is in motion, Doppler broadening occurs. This effect arises when the excited
nucleus decays before coming to rest, causing an angular-dependent energy spread of ~1% in

the detected gamma rays [24].

Doppler broadening impacts both energy and angular resolution in Compton camera
systems. The magnitude of the broadening depends on the recoil direction relative to the
detector, and geometrical misalignments can amplify resolution loss. Accurate modeling of

this anisotropic broadening is critical, as discussed further in Section 6.3.1.

2.2 SOLID GAMMA-RAY DETECTORS

Solid gamma-ray detectors can be classified into two main types: semiconductors and scintil-
lators. Due to their higher density compared to gas-based systems (such as ionization cham-
bers), these detectors are more effective at capturing gamma rays that might otherwise pass
through with minimal interaction. Scintillators, being denser and available in larger sizes, gen-
erally offer higher detection efficiencies. On the other hand, semiconductors have significantly
lower ionization energies, leading to the production of more charge carriers per ionizing event,
resulting in superior energy resolution. The CC systems investigated incorporate both solid
detector types. The relevant mechanisms of action of each detector type are described in this

section.

2.2.1 Scintillation Detectors

Scintillators are materials that emit light immediately upon exposure to ionising radiation.
This occurs when the ionising photons transfer their kinetic energy to the scintillator material
through mechanisms such as photoelectric absorption, Compton scattering, and pair produc-
tion, leading to electron excitation and ionisation. The de-excitation of these electrons results
in the emission of light. The intensity of the emitted light is proportional to the energy of
the incident radiation and can be detected by a photodetector, as seen in the instrumentation

process depicted in Fig. 2.2.1.
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Figure 2.2.1: A schematic showing a typical instrumentation setup associated with the scintillation
process.

Scintillators can be categorised into two broad types: organic and inorganic [24]. Organic

scintillators are commonly used for detecting fast neutrons and beta particles, while inorganic
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scintillators are typically employed for gamma-ray detection. The structure of a scintillating
detector is made up of two parts: (1) the scintillation material, and (2) a photodetector to create
electrical signals from the ultraviolet (UV) or visible-light photons emitted by the scintillating

detector. Photodetectors relevant to this study are discussed in more detail in Section 2.3.

The potential of a material to be used as a scintillator is dependent on the excited state
lifetime, luminosity, and the emission maxima [37]. Scintillation efficiency (nscint) is charac-
terised by the relationship between conversion (), luminescence (S), and transfer (Q) in Eq.
2.2.1. The parameter 2 < 3 < 3 holds true for most scintillation materials [38].

TMscint = BSQ (2.2.1)

Given the relevance to this study, the following discussion will concentrate on inorganic
scintillators and their scintillation mechanisms. The materials of interest are LaBr;:Ce, Srl,:Eu,
and Cs,LiYClg:Ce. These scintillators have high light output, fast decay times, and good

energy resolution, making them ideal for use in CCs.

2.2.1.1 Inorganic Scintillators

The mechanism of scintillation in the crystal is dependent on the structure of the crystal
lattice itself and whether the crystal is pure or activated. In a pure crystal lattice, electrons are
restricted to specific energy bands, characterised by the conduction band and the valence band.
The valence band contains electrons that are bound to the crystal lattice, while the electrons
in the conduction band have enough energy to move freely through the lattice structure. The
region between the valence and conduction bands is the energy band gap, and it represents

the region with no available energy states for electrons.

The complex process of scintillation can be simplified into three consecutive stages: ab-
sorption, migration, and emission. Figure 2.2.2 shows the effect of an incoming high energy
particle across the three stages until the emission of a photon. As ionising photons pass
through the scintillation material crystal lattice, they transfer kinetic energy to electrons along
their path via photoelectric absorption, Compton scattering, and pair production. The kinetic
energy is absorbed in the first stage, forming excitons whose momentum determines whether
they are trapped or free to migrate, creating electron-hole pairs. In the second stage, migra-
tion occurs, whereby the energy transfer can excite electrons across the valence band. When
electrons recombine with holes in the valence band, scintillation photons are emitted by the
material. The efficiency of this luminescence process is given by S in Eq. 2.2.1. However,
this process is inefficient because the absorption and emission spectra of pure crystals often
overlap, known as non-radiative recombination, causing the emitted photons to be reabsorbed.
Consequently, few photons are emitted per decay, and those that are released frequently have
too high an energy to be effectively detected. The remaining electron-hole pairs recombine in

the emission stage, and the intrinsic efficiency is quantified here by Q.
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Figure 2.2.2: A schematic of the various stages involved in a doped scintillator, where the labels e and
h are electrons and holes respectively.

To enhance the likelihood that scintillation photons with suitable energies are emitted,
small amounts of impurities, known as activators, are typically introduced into inorganic scin-
tillators (e.g. "™'Eu in Srl,:Eu). These activators create specific energy states within the crystal’s
band gap, known as luminescent centres. Unlike the pure crystal structure, the presence of
activators introduces unique, more closely spaced energy regions within the previously inac-
cessible band gap. Electrons in the conduction band can now thermalise through these various
energy states created by the activators until they reach a configuration that allows a transition
to the ground state. Upon de-excitation to the ground state, there is a high probability of
photon emission. Additionally, the energy sites created by activators increase the wavelength
of the emitted photons, ensuring that their energy remains within the band gap. This results
in lower energy photon emissions and prevents re-absorption, improving the overall perfor-
mance of the material as a scintillator. Overall, the introduction of these luminescent centres
helps in the efficient conversion of absorbed ionising radiation into visible light, which can
then be detected by photodetectors. The overall conversion efficiency of a scintillation mate-
rial is defined by the number of photons generated per unit energy (N 1) of the incoming
particle:

Ein
Ne/h = BE; SQ (2.2.2)

Where the multiplication stage electron-hole pairs are represented by N, p, S is the effi-
ciency as described above by which an energy carrier excites, and Q is the quantum efficiency.
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2.2.2 Semiconductor Detectors

Semiconductor detectors are materials that generate an electrical signal when exposed to ion-
ising radiation. This process occurs when photons transfer their energy to the material via
interactions such as photoelectric absorption, Compton scattering, and pair production, result-
ing in the excitation and ionisation of electrons within the material lattice. The movement of
these charge carriers (electrons and holes) creates an electric current that is proportional to
the energy of the incident radiation. This electrical signal can be measured and analysed to
determine the properties of the radiation [24].

On an atomic level, semiconductor detectors have a lattice crystal structure consisting
of a periodic array of atoms, resulting in the formation of band gaps of permitted energy
states for electrons. The magnitude of this band gap characterises a material into an insulator,
semiconductor, or a conductor. As illustrated in Fig. 2.2.3, a conducting material has no band
gap and charge flows freely between the valence and conduction band, whereas the band gap
of an insulator is too large to overcome. A semiconductor is an interesting case because charge
can flow under certain circumstances. When an electron transitions from the valence band to
the conduction band, it leaves behind a vacancy. This vacancy, known as a hole, has a positive
charge relative to the remaining electrons because of the decreased screening of the protons
in the crystal lattice. Holes act as positively charged carriers within the semiconductor. Under
the influence of an applied electric field, these charge carriers will drift to opposite sides of
the semiconductor.

Conduction band
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Figure 2.2.3: A schematic representing the role of a band gap in determining a material type, where
the labels e and h are electrons and holes respectively.

Semiconductor detectors rely on adding impurities known as dopants to enhance their
detection capability, not unlike the activators discussed in Section 2.2.1.1. If a semiconductor
detector has no impurities, it is known as intrinsic and the number of holes in the detector
valence band should equal the number of electrons in the conduction band. Doping in semi-
conductor detectors involves the intentional introduction of impurities into the semiconduc-

tor material to modify its electrical properties, creating extrinsic semiconductors. Common
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dopants include elements from group III (e.g., boron) or group V (e.g., phosphorus) of the
periodic table. Doping with group III elements creates p-type semiconductors, while group
V elements create n-type semiconductors. The primary purpose of doping is to increase the
number of free charge carriers (electrons or holes), which improves the conductivity of the
semiconductor and enhances the efficiency of charge collection. When a semiconductor is
doped, the added impurities introduce additional energy levels within the band gap. These
new levels facilitate the excitation of electrons in the conduction band or the creation of holes
in the valence band, thus enhancing the material’s sensitivity to ionising radiation.

CZT, discussed further in Section 3.1, is the semiconductor material used in this study.
CZT is a wide band gap semiconductor alloy capable of functioning as an x-ray and gamma-
ray detector at room temperature due to its sufficiently large band gap. It offers an energy
resolution of ~ 1% at 511.0 keV, making it advantageous for high-resolution gamma spec-
troscopy without requiring the cryogenic cooling necessary for other semiconductor detectors,
such as hyper-pure germanium (HPGe). While manufacturers do not disclose the exact com-
position of their CZT crystals, the crystals used in this work comprised roughly 48% cadmium,
2% zinc, and 50% tellurium. It is created by merging p-type and n-type semiconductors in
thermal equilibrium to form a p-n junction, introducing more charge carriers. Under these cir-
cumstances, the difference in carrier concentrations leads to the mass diffusion of free charge
carriers across the junction. This diffusion results in recombination, leaving only static charges
within the crystalline lattice. These static charges establish an internal electric field that stops
further migration of charges. The region where this occurs is known as the depletion region.

A schematic illustrating this process is provided in Fig. 2.2.4.
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Figure 2.2.4: An illustration of the principle working of a semiconductor p-n junction.

When a potential difference is applied, the bias voltage (Vp;as) increases the internal field

(Vint) and, consequently, the width of (W) of the depletion region, given by:

2eV

- ze(vint_vbias) 1
W= q Ne TNG T\ N

1
Na (2.2.3)
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Where ¢ is the dielectric constant, the charge of an atom is given by g, N is the concentra-
tion of the dopant in the region with the least doping, and N, and N4 are acceptor (p-side)
and donor (n-side) concentrations respectively. Electrons generated in the depletion region
are driven by the electric field, resulting in a current. The field’s bias is selected to optimise
carrier mobility saturation without reaching levels that would cause breakdown or runaway
currents. The movement and collection of these charges by the electric field form the funda-
mental principle of signal generation. When radiation is fully absorbed by the semiconductor,
the quantity of liberated charge carriers is directly proportional to the energy of the incident
radiation.

2.3 SIGNAL COLLECTION

To use scintillation detectors, the photons generated through the scintillation process need
to be converted into an electrical signal. The most established way to do this is by using a
PMT, a device that has existed since the 1940s [39]. PMTs are still widely used in present-day
experiments, such as in this work; however, alternate signal collection methods exist. The
rapid advancements in solid-state physics have spurred significant innovations in photon de-
tection technologies, including the development of semiconductor-based alternatives to PMTs.
Among the most successful of these is the silicon photomultiplier (SiPM), first introduced in
the late 20" century [40, 41].

2.3.1  Photomultiplier Tubes

A PMT is a sophisticated vacuum tube that converts scintillation light into a highly sensi-
tive electronic signal, as shown in Fig. 2.3.1. When photons from the scintillator reach the
photocathode, they release electrons via the photoelectric effect. These primary electrons are
accelerated towards a series of dynodes, where each dynode impact releases multiple sec-
ondary electrons, amplifying the signal. This process continues through the dynode chain,
providing a gain of up to 10° to 10® electrons per initial photoelectron, depending on the
applied voltage and number of dynode stages [24, 42]. Finally, the amplified electron cloud
reaches the anode, where it’s transmitted as a measurable pulse to the analysis circuitry.

The time spread of the electron transit, or the single photoelectron transit time spread
(SPT), is determined by several factors: the time taken by electrons to travel from the photo-
cathode to the first dynode, transit between dynodes, and the path to the anode. The initial
photoelectron velocity and focusing geometry of the photocathode significantly impact this
spread, and it can be minimised by adjusting voltages between the photocathode and first
dynode [43]. However, increasing the gain excessively can lead to space charge effects near
the last dynodes or at the anode, introducing non-linearity in the PMT response, which re-

duces energy resolution [42].
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Figure 2.3.1: An illustration of a scintillation crystal optically coupled to a PMT, including a schematic
of the detector’s operational principle. Reflective material coats the scintillator’s outer
surfaces to reduce scintillation light loss. Inside the vacuum tube, the photocathode
and anode, along with additional electrodes, capture and amplify the light signal. The
dynode chain is powered by a voltage divider circuit, ensuring efficient signal processing.

Common materials used for the photocathode, such as Na,KSb or K,CsSb, have low
work functions, optimising electron emission efficiency. Dynodes are typically coated with
secondary emissive materials such as Cs;Sb or magnesium oxide to enhance secondary elec-
tron yield. For improved light capture, the PMT is coupled to the scintillator with silicone-
based optical grease, and a reflective coating around the scintillator maximises photon capture
by redirecting light toward the PMT. Additionally, optical coupling materials are applied to
match the refractive indices of the scintillator and PMT, minimising reflection losses, while
magnetic shielding prevents external interference that could alter electron trajectories within
the PMT [43]. In this work, an eight-stage Hamamatsu R2083 PMT was used for signal am-
plification. The photocathode of the PMT was made from a semi-transparent ()46 mm bialkali
metal material. In this work, the detector energy response was taken from the anode, after
the last dynode. This signal has optimal energy resolution but poorer timing resolution af-
ter undergoing the full signal amplification. For the best time output, the fast timing signal
was extracted at the first dynode, compromising on energy resolution. These two signals are

explained in more detail in Section 3.2.

2.3.2 Silicon Photomultipliers

SiPMs are highly sensitive semiconductor devices composed of an array of microcells, typi-
cally ranging from 100 to 1000 per mm?, each functioning as a Single Photon Avalanche Diode
(SPAD) [44]. These microcells work in parallel to detect low-intensity light levels, particularly
in photon-counting applications. The SPAD within each microcell is based on a silicon p-n
junction. When a photon penetrates the silicon, it can be absorbed, transferring its energy
to an electron. This causes the electron to jump from the valence band to the conduction
band, generating an electron-hole pair. By applying a reverse bias across the p-n junction, the
electron-hole pairs are accelerated—electrons toward the cathode and holes toward the anode.
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If the reverse bias exceeds a threshold known as the breakdown voltage (around 24 V for the
SiPMs used in this work CapeScint Website [45]), the charge carriers gain sufficient kinetic en-
ergy to cause impact ionisation, resulting in a cascade of secondary charge pairs. This process
is known as an avalanche breakdown [46].

SiPMs typically operate at an overvoltage, which is a voltage higher than the breakdown
voltage, usually around 10-25% above the threshold, to ensure efficient photon detection.
The exact recommended overvoltage varies with specific products. To prevent uncontrolled
avalanches and stabilise the operation, a quenching resistor is integrated in series with each
SPAD, limiting the current and quickly restoring the bias voltage once the avalanche has
subsided [46]. This self-quenching mechanism allows the diode to rapidly reset and be ready
for the detection of subsequent photons.

Two critical performance metrics for SiPMs are photon-detection efficiency (PDE) and
noise characteristics. PDE refers to the ratio of detected photons to incident photons, and is
highly dependent on the wavelength of the incoming light [47]. For this reason, careful con-
sideration must be given to pairing SiPMs with scintillators that emit light within the optimal
spectral range of the SiPM [48]. Noise, primarily manifesting as dark counts, represents the
occurrence of false signals in the absence of light. These events are caused by thermally gen-
erated charge carriers initiating an avalanche within the device. Since dark count rates (DCR)
are temperature-dependent, the SiPM’s performance is closely tied to environmental condi-
tions, with higher temperatures leading to increased noise. Both PDE and noise also scale
with the applied overvoltage; higher overvoltages enhance PDE but simultaneously increase

the dark current, necessitating a careful balance to optimise performance.

2.4 PRINCIPLES OF COMPTON SCATTERING AND IMAGING

A CC relies on the principles of Compton scattering (see Section 2.1.1.2) to determine the
direction of incoming gamma rays. It typically consists of two detection layers: a scatter
layer and an absorber layer. Gamma rays ideally undergo a single Compton scatter in the
scatter layer, where the recoil electron energy is measured (E;), and the scattered photon is
then absorbed in the absorber layer, where its energy is recorded (E;). The gamma-ray initial
energy Ey is given by:

Eo=E1+E»

The scattering angle can be calculated using the Compton equation:

1 1
2(

07 =cos '[1 +mec B T,

(2.4.1)
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Eq. 2.4.1 is a rearranged version of the Compton scattering equation, described in Eq.

2.1.2.

The source of the gamma rays is located on the surface of a cone, known as the Compton
cone, with an opening angle of 207. The axis of this cone is defined by the interaction points
in the scatter and absorber layers, and its vertex is at the Compton scattering interaction point.
Each validated event pair provides a Compton cone, as is represented by Fig. 2.4.1 where a
gamma-ray source is seen to emit a gamma ray which scatters in the scatterer module and
is fully absorbed in the absorber, and whose position is reconstructed by the angle 0; into
the surface of a Compton cone. The intersection of multiple cones can pinpoint the gamma-
ray source. The kinematics of a CC can be validated by plotting the energy-energy matrix
across the scatterer and absorber modules, as seen in Fig. 2.4.2 [49]. The diagonal line in the
scatterer-absorber energy-energy matrix represents the events where the sum of the energies
deposited in the scatterer (E;) and absorber (E,) equals the total energy of the incident gamma-
ray photon. The Compton-scattered coincidence events across the CC are surrounded by the

white rectangle.
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Figure 2.4.1: An illustrative representation of the principal mechanism for a two-stage CC. The Comp-
ton scattering angle defines the cone’s opening angle. The axis of the cone is formed by
the line connecting the two interaction points in the detectors, with the apex located at
the interaction point in the scatterer detector. The convergence of multiple such cones
reveals the source position.
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Figure 2.4.2: An example event map from a prototype Compton camera is shown, comparing the
energy deposits in the scatterer (E1) and the absorber (E2). The region enclosed by a
dashed line of white rectangles corresponds to events involving 662 keV gamma rays.
Taken from [49].

2.4.1  Performance Characterisation

The performance metrics of a CC, such as efficiency, angular resolution, and image resolution,
are essential for evaluating its effectiveness. This section details the efficiency parameters used
in this work and their impact on performance.

2.4.1.1  Compton Camera Efficiency

Several interdependent factors influence the performance of a CC, with efficiency serving as
a key figure of merit. CC efficiency is defined as the ratio of the number of successfully
reconstructed (imageable) Compton events to the total number of emitted gamma rays. This
metric captures the overall capability of a given design to convert available photon interactions

into usable image data.

The source-to-detector distance significantly affects this efficiency due to geometric at-
tenuation and increased probability of gamma rays scattering outside the FOV. To mitigate
this, the FOV of the scatter detector—which corresponds to the solid angle subtended by the
source-should be maximised. This is typically achieved by enlarging the surface area of the
scatter layer to intercept a greater fraction of the incident gamma flux.

Efficiency also depends on the interaction probability within the scatter layer, governed
by the material’s density, atomic composition, and thickness. Materials with higher Compton
scattering cross-sections and optimised geometries increase the likelihood of primary photon

interaction. However, these interactions must not result in photon absorption; instead, the
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scattered photon should exit the scatter layer without being attenuated, which is influenced
by both the photon energy and the self-absorption properties of the material.

Similarly, the absorber layer must be designed to maximise the solid angle coverage rel-
ative to the scatter layer, typically by reducing their separation and expanding the absorber
surface area. The probability that a scattered photon undergoes photoelectric absorption in
the absorber increases with both material Z and detector thickness.

By encapsulating the entire interaction chain from gamma emission through to success-
ful imageable events, CC efficiency serves as a comprehensive and quantifiable performance
metric. It enables objective comparison across different camera configurations and material
choices. A value approaching 1 would imply that nearly all emitted gamma rays result in
usable Compton events, signifying an ideal system. While such performance is practically un-
achievable, improvements in efficiency directly correlate with higher imaging sensitivity and

reduced acquisition times, which are critical for clinical and research applications.

2.4.1.2 Image Resolution

Image resolution refers to the ability to distinguish between closely spaced gamma-ray sources
or features within the field of view (FOV). Good image resolution in a CC is crucial because it
directly impacts the camera’s ability to accurately locate and characterise gamma-ray sources.
The resolution determines the sharpness and clarity of the images produced, affecting both
the spatial accuracy and the practical applications of the camera in its ability to accurately
pinpoint the location of gamma-ray sources. A small resolution value reduces the likelihood
of ambiguity in identifying the source of gamma rays, which is important when dealing with
complex environments where multiple sources or background radiation might be present.
With optimal resolution, the images generated by the CC require less post-processing and can
be analysed more quickly and accurately. This efficiency is especially important in real-time

applications, such as monitoring radioactive sources or guiding radiation therapy.

The image resolution of a CC is critically influenced by the image reconstruction tech-
nique employed. The techniques employed are described in more detail in Section 5.2.7. The
quality of image reconstruction depends on several factors, including the algorithms used to

process the raw data and the methods for correcting distortions and artefacts.

For instance, techniques such as FBP and maximum likelihood expectation maximisa-
tion (MLEM) offer different advantages and limitations. FBP is known for its simplicity and
computational efficiency, but may suffer from noise amplification and resolution degrada-
tion, particularly in the presence of high noise levels [50]. In contrast, MLEM, an iterative
method, often provides improved resolution by refining the image through multiple itera-
tions, although it can be computationally intensive and sensitive to initial guesses and noise.
Additionally, advanced methods such as iterative reconstruction algorithms that incorporate
Bayesian approaches or spatial constraints can further enhance resolution by incorporating
prior knowledge and mitigating noise effects. These techniques can significantly improve the
ability to resolve fine details and enhance image clarity. Overall, the choice of reconstruction
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technique directly impacts the achieved image resolution, with iterative methods generally
offering superior resolution capabilities at the cost of increased computational requirements.
The performance of these techniques in achieving high-resolution images is essential for accu-

rate source localisation and detailed gamma-ray imaging in CC systems.

The image resolution in this work was calculated from the full width at half maximum
(FWHM) of the Gaussian fit to the 1D projection of each Cartesian dimension (x,y,z), taken
from the 2D or 3D image matrices, discussed in more detail in Section 5.2.7. Two different
methods of image reconstruction were investigated, and their parameters were optimised.
Optimisation aimed to enhance the source position while maintaining the balance between
clear image edges and adequate denoising. The method that produced the best quality image
resolution was then selected for the main analysis. Smaller values of FWHM are indicative of

better image resolution.

2.4.1.3 Angular Resolution

The angular resolution of the system is often evaluated using the angular resolution measure-
ment (ARM). This measure accounts for the uncertainties related to gamma-ray interaction
positions and energy deposition, and is not influenced by the performance of the reconstruc-
tion algorithm, but is rather a function of energy and position resolution as well as Doppler
broadening [51, 52]. The ARM is the angular distance between the known source position
and the nearest reconstructed Compton cone, i.e. it is a measure of the width of the Compton
cone, as illustrated in Fig. 2.4.3(a), and calculated using the following formulae:

(rs —710) - (ta —7s)
Irs —rollra — sl

Ogeo = cos [ (2.4.2)

where tao and rs are the magnitudes of the (x,y,z) position vectors for the scattering
position in the absorber and scatterer respectively, and 1o is the known source position in
(x,y,z). Figure 2.4.3(a) shows a schematic of the ARM distribution, which is calculated as the

difference between Eq. 2.4.1 and 2.4.2, measured in units of degrees.

The ability of the CC to resolve adjacent point sources is then calculated as the FWHM of
the Gaussian fit to the ARM distribution, as seen in Fig. 2.4.3(b), where it can be represented
with respect to the FOV of the detector by taking into account the distance between the gamma-
ray source origin and the scatterer component of the CC using the following equation:

1. 7FWHMagrum

0 = tan™
distance to detector

(2.4.3)

where the ARMpoy= 26, calculated using Eq. 2.4.3. A smaller ARM value is desired as it

indicates a better ability to distinguish between image sources.
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Figure 2.4.3: Illustrative representations of the angular resolution measurement: (a) a 2D slice of a
CC cone, where the angular resolution is the difference between the known geometrical
source angle (0geo) and the nearest reconstructed Compton cone (07), and (b) shows
the ability of the CC to resolve adjacent point sources, calculated as the FWHM of the
Gaussian fit to the ARM distribution. The angle 8 between the gamma-ray source origin
and the scatterer component of the CC accounts for the FOV of the camera.

2.4.2 Compton Line Filtering

The Compton line filtering (CLF) technique is used in CCs to enhance the signal-to-noise
ratio by discriminating against non-Compton events that can degrade image quality [53]. The
justification for using the CLF technique lies in its ability to improve image quality by reducing
the impact of events that do not contribute useful information to the imaging process. In a
CC, gamma rays interact with the detector in ways that include not only Compton scattering
but also photoelectric absorption, pair production, and various types of noise such as detector
electronics noise and background radiation.

Without filtering, these non-Compton events could be incorrectly interpreted as valid scat-
tering events, leading to erroneous positioning of gamma-ray sources and overall poor image
quality. By applying CLF, only those events that satisty the Compton scattering kinematics are
selected, which reduces the likelihood of including non-physical events in the image recon-
struction. This selective approach is crucial for applications such as performed in this study,
where high-resolution and accurate imaging are essential.

For each detected event, the measured energies and scattering angle are compared against
the angle measured using Eq. 2.4.1. To apply CLF for each gamma ray, it is evaluated whether
the measured E; for a specific 01 lies within a predefined range around the theoretical value.
The CLF can thus be expressed mathematically as:

] _
E, <= CLF*E,- X1 —cos8)

1+ a1 —cosBq) (24.4)
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. o1 —cosBq)
Ei >= E
1 >=CLE 9 + (1 —cosBq)

(2.4.5)

where a = Eg/m.c? and CLF* and CLF~ are the acceptable percentage of the upper and
lower limits above or below the the theoretical value of E;. Figure 2.4.4 shows an E; vs 6,
plot taken from Draeger et al. [53] for measurements with a 0Co source. Fig. 2.4.4(a) shows
the unfiltered data, where the regions of high intensity correspond to the 1.33 MeV, 1.17 MeV,
661.7 keV and 511.0 keV gamma rays originating from ®Co, 2*Na, and 37Cs sources used in
the measurements. The Compton lines from the 511.0 and the 661.7 keV gamma rays were
visible across all 07, whereas the higher energy ®°Co gamma lines are obscured at higher 0,
angles by background not correlated to Compton events. To demonstrate the effect of the
distance of closest approach (not used or discussed in this work) and the CLF methods, Fig.
2.4.4(b) shows the measured three point source data after filtering is applied, where the high

intensity Compton scatter events are clearly seen and were used for image reconstruction [53].

Energy windowing can be applied prior to CLF, the method of which is described in
Section 5.2.6. In Compton scattering, 07 is the angle at which a gamma-ray photon is deflected
after colliding with an electron. This angle can theoretically range from 0° (where the photon
continues in its original direction) to 180° (where the photon is scattered directly backward).
These angles correspond to physically possible interactions, and the CC events that obey this
relationship are retained for further processing.
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Figure 2.4.4: Measured E; values versus calculated 01 for (a) unfiltered three point source data and
(b) distance of closest approach + CLF data. The CLF lines from the 1.33, 1.17 MeV, 661.7
and 511.0 keV gamma rays originating from ®°Co, 2*Na, and *37Cs sources are visible in
the data. Taken from [53].




INSTRUMENTATION AND METHODOLOGY
OF CC1 DETECTORS

The first CC investigated in this thesis, referred to as CC1, features a hybrid design, combin-
ing a commercial CZT Polaris-] detector as the scatterer and a 2” x 2” LaBr;:Ce detector as
the absorber. This chapter delves into the detector geometries, signal processing methodolo-
gies, and experimental measurements undertaken to characterise the CC layers. Hybrid CC
systems such as CC1 are becoming increasingly prominent due to their ability to leverage the
advantages of different detector types, providing a balance between energy resolution, tim-
ing, and detector efficiency. The CZT Polaris-] detector, with its superior energy resolution
and high stopping power, excels as a scatterer, while the LaBr;:Ce detector was chosen for its
excellent timing resolution and high light output, making it an ideal absorber for gamma-ray

detection.

The combination of these detectors, along with advanced high-speed digital readout elec-
tronics, represents a significant step forward in developing a clinically viable two-stage Comp-
ton imaging system. This hybrid approach aims to optimise several critical factors necessary
for medical imaging applications, including double scatter efficiency, energy and position res-
olution, and the ability to operate under high event count rates (up to several MHz), which

are encountered in clinical PT treatments [54].

The performance of the CC1 system was evaluated using various radioactive sources
and a 66.67 MeV proton beam provided by the separated sector cyclotron at iThemba LABS
in Cape Town, South Africa. This chapter discusses the experimental data collection and
signal processing techniques used to analyse the system’s performance. The results from
these tests are presented and discussed in Chapter 6.3 with particular emphasis on the CC
timing requirements. Monte Carlo (MC) simulations of CC1 were performed, described in
Chapter 5, and the results are presented in Chapter 6.3 with particular focus drawn to CC

efficiency, ARM, and the reconstructed image resolution of the CC1.

As this work aims to develop a detector system for use in a clinical setting, understanding
the interplay between the Polaris-] and LaBr;:Ce detectors was vital. The Polaris detector CZT
crystals have high density, making it an ideal material to be used as the CC1 scatterer. The
aim was to use the strengths of the LaBr;:Ce detector to offset some of the limitations of the
Polaris detector: while the Polaris detector is known to have high position sensitivity (<2 mm)
and excellent energy resolution (<0.8% FWHM at 661.7 keV), the timing resolution is mediocre
(~ 100 ns) and the maximum dynamic energy range is limited to 3.0 MeV, restricting its ability

to handle high-count rates such as those encountered during a PT irradiation of a patient

[55, 56].
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3.0.1  Design

The Polaris CZT semiconductor detector was combined with the 2” x 2” LaBr;:Ce scintillation
detector, creating a hybrid CC with the goal of producing high-quality gamma-ray images.
The LaBr;:Ce detectors, manufactured by Saint-Gobain Crystals, have outstanding timing res-
olution (<350 ps), great energy resolution (<2.5% at 1332.5 keV), and a higher maximum
dynamic energy range (>2.0 MeV) [57].

The geometry of the CC is pictured in Fig. 3.0.1

Y ray origin

]» Scatterers

<— Absorber

Figure 3.0.1: The CC geometry, seen in an illustration on the left and a photograph of the scatterer
detector situated in front of the absorber detector, both mounted to their stands to achieve
the optimum height.

3.1 POLARIS-] DETECTOR

The Polaris-] detector, manufactured by H3D Inc. (Ann Arbor, MI, USA), forms part of the
UCT POLARIS system of detectors owned by the University of Cape Town Department of
Physics, and commissioned for research in PG imaging by Dr. Steve Peterson. At the time of
the proposal of this work, there were two Polaris detectors available for research; however, one
of the detectors suffered an irreparable electronics failure soon afterward, making it unusable
for this work.

The Polaris detector, referred to as “Polaris” hereafter, is a self-contained semiconductor
detector (this detector type is described in Section 2.2.2 in more detail) module such that the
processing electronics are integrated into the detector housing. It is designed for low-energy
gamma-ray imaging (<2.0 MeV) [58]. The detector is capable of hosting a 2 x 2 array of four
CZT crystals, separated by a gap of 2 mm. A photograph of the detector with the front cover
removed is seen in Fig. 3.1.1(a) where the CZT crystals are clearly labelled. It can be seen that
the Polaris detector used in this work housed two crystals in the uppermost quadrants, used
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as the scatterer detector in CC1, with no crystals in the lower quadrants. The crystals have
dimensions (X,y,z) of (20 x 20 x 10) mm?3, and are situated on top of the pixelated anode array
(1T x 11) in the x and y directions such that the pixel size is 1.8 mm, with a planar cathode

[22].

To remain consistent with the literature, in this work the detector housing that contains
the electronics and the crystals is termed the “module” or “Polaris” detector, and “crystal”
will refer to individual CZT crystals within the Polaris detector.

Figure 3.1.1(b) shows the Polaris detector module front and side view, where the position-
ing of the detector crystals within the housing is marked by the 2 x 2 quadrant on the front
face of the detector to guide the user. The detector is a compact, portable device, with the
detector housing measuring (165 x 60 x 212) mm in (X,y,z) that operates at room temperature.
It has four external ports, namely the 12 V input power supply, the USB port for data storage,
the Ethernet port for use in data streaming and sending external commands to the detector,
and the coaxial input port for synchronisation with other detectors through a synchronisation-
timing module (STM) pulse. For a more comprehensive explanation and characterisation of
the CZT detector modules and the Polaris-] CC, please refer to [22]. For information regarding

the readout electronics, see [59].

Input Power Port
USB Port

Ethernet Port

(b)

Figure 3.1.1: The Polaris CZT detector module: (a) a photograph of the Polaris module with the cover
removed and the two CZT crystals labelled, and (b) the front (left) and side-view (right)
photographs of the Polaris CZT detector module with the external ports labelled.

The modules can be operated in sub-pixel mode, which uses electronic processing to
pinpoint the interaction site within an individual pixel, enhancing pixel resolution from 11
to 0.23 mm at a photon energy of 661.7 keV [55]. However, this increased resolution tripled
the analysis time per event, reducing the overall data acquisition rate and increasing detector
dead time effects [56, 60]. The timing resolution in non-sub-pixel mode was given as <100 ns
by the manufacturer. A detailed investigation into the processing electronics was performed
by [61].

3.1.1  Timing

The Polaris detector was designed for Compton imaging, featuring the ability to connect Po-

laris modules to one another via the coaxial cable. This allows for coincidence measurements




3.1. POLARIS-] DETECTOR 37

between the detector stages, achieved by means of an onboard STM pulse that was sent from
the main module to successive modules via the coaxial port in 2 s intervals to align clock
times and, therefore, events. The STM pulse is seen photographed in Fig. 3.1.2. This provides
functionality whereby gamma rays can be measured within each detector stage independently
(single-stage mode) or across multiple modules (multi-stage mode) in coincidence. Any events
that meet the user-defined coincidence multiplicity (i.e. the number of detector modules that
must detect an event) within a 1.5 us window are recorded. If a trigger does not meet the
coincidence requirement within this window, all detectors reset in about 10 pus. The readout
time once a valid multiplicity has been detected was ~ 100 ps. It should be noted that the
STM cannot distinguish between single and multiple scatter events within a detector, and
these events must be filtered offline for further analysis.
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Figure 3.1.2: A photograph of the square-wave STM pulse sent in 2 s intervals from the Polaris detector
and received on the oscilloscope. The x-axis time scale is 20 ns/division and the y-axis
amplitude scale is 500 mV /division.
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In previous studies, dead time behaviour studies were performed by Hyslop et al. us-
ing a short-lived ®3Ga source with an initial activity of 4.72 + 0.24 MBq [55]. The source
was attached to the tip of a hypodermic needle and positioned centrally between two Po-
laris detectors arranged in a face-to-face configuration, creating a FOV with dimensions of
(62 x 42 x 20) mm3. The initial tracer activity was chosen to heavily dead time limit the mod-
ule performances, determined through trial-and-error. Observations were conducted over five
half-lives, allowing the activity to decay until the detectors responded linearly to the decreas-
ing activity (down to 160 kBq). To ensure accurate centring within the FOV, a vernier caliper
was used to position the source equidistantly from the edges of both modules, and event rates
were monitored to keep them approximately equal. The positions of the source and modules
remained fixed throughout the experiment. These measurements were conducted using the
same Polaris detector as used in this work. The second Polaris detector suffered an irreparable
electronics failure in the first year of this study. For these reasons, the dead time behaviour of
Hyslop et al. is quoted [55].
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The results of the study revealed primarily non-paralysable dead time, with a fitted pa-
rameter of 24.177(96) us. Paralysable dead time effects were not seen during this study. Fur-
ther, a coincidence window of 10 us was chosen to process the raw, unfiltered data. This
window was chosen to encompass buffering effects of the detector electronics, ensuring that
no true coincidences are missed in post-processing. The prompt coincidence rate peaked at ~
7 kHz at 3.5 MBq, while the random coincidence rate reached a maximum of 6.5 kHz. The
true coincidence rate achieved a peak of 600 Hz at a source activity between 0.8 and 1.5 MBgq,
corresponding to a raw measured singles rate of 15 to 20 kHz in the detectors.

3.1.2 Data Collection and Output

The Polaris detector data acquisition system (DAQ) generated data in a proprietary binary for-
mat, which could be outputted in two ways: either streamed through the Ethernet port using
the TCP protocol or saved directly onto the detector module’s USB storage. Although H3D
Inc. provided software to convert the binary data into a text file for processing, all conversions
in this thesis were performed using a custom Python script. The detector was controlled via
an Ethernet connection, where a TCP connection was established to send commands such as
start, stop, and reset. The control and monitoring of the modules were managed through a
custom Python GUI, developed by Haijian Chen from the University of Maryland, Baltimore.
The final output was a human-readable text file containing a list of all triggered signals, where
the structure is shown in Table 3.1.1. For this work, all interaction counts were filtered to be 1,

such that only single scatter events in the detector crystals were considered.

’ # \ Datum Description ‘

1 | Interaction Count | Number of interactions within the module detected in a 10 ns win-
dow after the initial signal trigger. For a single scatter signal, this
value is “1”, etc.

2 Module ID Specifies the module where the signal was captured. In this work,
the signal was recorded in module 1.

3 | Deposited energy | The energy deposited in the crystal, measured in keV.

4 X-coordinate The x-coordinate of the interaction in the module’s coordinate sys-
tem, measured in millimetres.

5 Y-coordinate The y-coordinate of the interaction in the module’s coordinate sys-
tem, measured in millimetres.

6 Z-coordinate The z-coordinate of the interaction in the module’s coordinate sys-
tem, measured in millimetres.

7 Timestamp The time of the signal detection in units of tens of nanoseconds.

Table 3.1.1: Table detailing the structure of data information from the Polaris detector module. The
table summarises the details of a single scatter event, with each row corresponding to a
specific data point recorded during the event.

A critical aspect of this work was the time synchronisation process between the CC de-
tectors. This involved the Polaris DAQ connected to a channel in the Pixie-16 module via
a coaxial cable, and sent to the Pixie-16 DAQ (described in Section 3.2.3.1) such that it was
time-stamped. The Polaris DAQ periodically transmitted the STM pulse every 2 s, accompa-
nied by a timestamp and an ID number, which were inserted into the data streams. H3D
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manufactured their detectors to have the STM pulse for the situation whereby multiple Po-
laris detectors are used simultaneously. Here, a main module is designated, and the pulses
are used to adjust the event times in the additional modules to align with the main module
to ensure temporal synchronicity. In this work, the sync pulses were used to adjust the event
times, as detailed in Section 3.3.7 to align timestamps across detector DAQs, ensuring that the
final event file contained all detected events in the correct temporal order.

3.1.3 Operating Procedure

The operation of the Polaris detector during a typical experiment was carried out as follows:

1. The detector was connected to a laptop via Ethernet cables through a network switch and
to the Pixie-16 module (see Section 3.2.3.1 for a more detailed description of the Pixie-16

module) channel 15 via coaxial cables.

2. Upon powering up, the detector initiated an internal boot sequence.

3. The Python script was run from the laptop terminal, establishing a TCP connection via a
Python-based graphical user interface (GUI). The GUI provided real-time monitoring of
the detectors, reporting on event rates, internal temperature, humidity, and other relevant

information.

4. The “connect camera” button was executed from the GUI, initiating the detector to begin
sending STM pulses to the Pixie-16 module. At this stage, the module monitors the

environment without saving any data or STM pulses as output.

5. Once the detectors were set to record, data was streamed through the TCP connection
to the laboratory computer in a list-mode binary format, which was then saved onto the

computer’s storage for post-experiment analysis.

6. Data processing commenced by reading the binary data from all modules, combining the
data into a single array, and transforming the coordinates from the module’s coordinate
system to a predefined laboratory coordinate system, known as the isocentric coordinate
system. This transformation was achieved by converting the positions into a 3D vector
format, determining the matrix that represented the translation and rotation required for
the transformation, and applying the inverse of this matrix to each position vector. The
processed array was then written to a text file in a human-readable format. Although
it is recognised that a binary format would have been more efficient for storage, it was
deemed unnecessary for the purposes of this work, as the file sizes obtained during the
experiment rarely exceeded a gigabyte of data.
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3.2 2" x 2" LABR;:CE DETECTOR

In CC development, achieving high-efficiency gamma-ray detection with excellent energy and
timing resolution is crucial for accurate tracking of events across detector geometries. Histor-
ically, there were challenges in achieving both full energy peak events and excellent timing
resolution because scintillator detectors typically had poor energy resolution. However, the
introduction of LaBr;:Ce detectors revolutionised this field by providing both excellent tim-
ing resolution and good energy resolution, along with easy maintenance. These detectors are
notable for their high light output of ~ 61 x 103 photons/MeV, substantially higher than that
of Nal scintillators (38 x 103 photons/MeV) [62, 63]. This is advantageous for energy resolu-
tion, as it improves the signal-to-noise ratio and provides better statistical data. LaBr;:Ce is
an inorganic crystal (described in Section 2.2.1.1) with a hexagonal UCI3-type structure and
a P63/m space group [64]. Due to its high density, LaBr; offers a 43% efficiency increase at
1.3 MeV compared to Nal detectors, with a significant improvement in energy resolution from
5.4% for Nal to 2.1% for LaBr; [65]. Beyond these advantages, the scintillation decay time is
extremely short, meaning that the timing resolution is primarily constrained by the propaga-
tion speed of the scintillation photons [65]. For these detectors, the single-channel coincidence
timing resolution is ~ 350 ps, enabling the measurement of half-lives as short as a few tens of

picoseconds, depending on the experimental setup.

The Cerium (Ce3*) dopant acts to enhance luminescence in the blue/UV part of the elec-
tromagnetic spectrum, with a peak emission wavelength (A qx) of 380 nm [65]. The shape
of the crystal is designed to optimise the solid angle, improving light collection and timing
resolution. LaBr;:Ce detectors come in various sizes, commonly ranging from 1" x 1" to 3.5"
x 8". Selecting the optimal crystal size involves balancing intrinsic time resolution and detec-
tor efficiency. As the crystal size increases, intrinsic time resolution tends to decrease, while

detector efficiency increases.

The two 2” x 2” LaBr;:Ce detectors used in this study were manufactured by Saint-Gobain
and each coupled to Hamamatsu R2083 PMTs and removable voltage dividers (AS2612), as
seen in Fig. 3.2.1. A high voltage (HV) of -1200 V was applied to the PMT base of the LaBr;:Ce
detector, creating a potential difference across the cathode and anode [66]. The low voltage
(LV) power supply was biased through a model 572a ORTEC pre-amplifier. These detectors,
forming part of a larger array of eight detectors, were commissioned for gamma spectroscopy
fast-timing measurements at iThemba LABS in Cape Town by a group led by Dr. Pete Jones

[57]-
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LaBr;:Ce crystal
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Low voltage input
Slow signal output
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Figure 3.2.1: Labelled photographs of the detector coupled to the PMT (left), and the external ports
where the PMT was biased and the signals were read out (right).

3.2.1 Energy and Timing Signals

The voltage divider provides two output signals, as seen in Fig. 3.2.2, are:

1. the slow signal, read out at the anode, after the eighth dynode of the PMT, and used to

measure energy resolution, and

2. the fast signal with a negative amplitude as read out from the first dynode of the PMT.

The slow signals were shaped after amplification by the eight dynodes of the detector
PMT, resulting in an overall better energy resolution and positive amplitude but compromis-
ing on the timing of the signal, with a typical decay constant (t) of 30 us. The negative
amplitude fast signal has a much faster decay of T ~ 10 ns, seen in Fig. 3.2.2 in how quickly
the signal rises or decays from its peak to the baseline. The rise time of the signal is the time
between 10 % and 9o % of the signal amplitude. It was for this reason that the fast signal was
best suited to timing measurements, whereas the slow signal was used for energy. The energy
spectrum shown in Fig. 3.2.3 shows the emission spectrum from a **Na source, where the
slow signal was seen to have a better energy resolution of 4.99(3) % than the fast signal with
energy resolution of 6.77(3) % at 511.0 keV.
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Figure 3.2.2: An example of signal traces, as read out by the LaBr;:Ce detector, for slow (top) and fast
(bottom) signals.
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Figure 3.2.3: A plot of energy spectra from the fast (blue) and slow (black) LaBr;:Ce detector signals.
A ??Na source was used for measurements and the gamma emission peaks have been
labelled. The sum peak contribution at ~ 1460.0 keV was attributed to the 3®Ba contribu-
tion, a daughter isotope of 3%La [67].

3.2.2 Intrinsic Internal Radioactivity

LaBr;:Ce detectors have a relatively high intrinsic background radiation, up to two orders
of magnitude greater than that of Nal(Tl) detectors, which restricts its use in experiments
with low counting rates [68]. The internal radiation within LaBr;:Ce crystals arises from two
primary sources: the naturally occurring radioisotope *3®La and the impurity 7 Ac. These
isotopes can reduce the detection sensitivity for gamma rays with energies up to ~ 2.5 MeV.
Understanding the self-activity of these isotopes was crucial for designing accurate experi-

ments.
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Natural radioactivity of *38La: 3La is the only naturally occurring radioactive isotope
of lanthanum, with an abundance of 0.09% and a long half-life of 1.02 x 10'! years. From Fig.
3.2.4, it can be seen that *3¥La decays through two main processes, contaminating the energy
spectrum below 1.5 MeV [67]. The dominant process, EC, causes 138La to decay to 138B,,
emitting the characteristic 1435.8 keV gamma ray and the X-rays of barium ranging from
31.0-38.0 keV. This background peak is labelled in Fig. 3.2.3 and can obscure photopeaks of
interest in the region. In the second process, ~ 34.4% of 3®La undergoes beta decay, resulting
in a maximum beta energy of 263.0 keV, and adding to the overall 3-continuum of the region.

This is labelled in Fig. 3.2.6 where the peak is seen to have high intensity.

1.05 x101'y
e Sla g
34.4%

2+ 2+

© 1435.81keV 788.74keV |
llOO%
100% stable 0"

8 Ce

stable 0* QES =1052(4)

138
s Ba
Q §C= 1742(3)

Figure 3.2.4: The decay level scheme of '33La. Data was obtained from [69].

Contamination by ?*?Ac: Due to its chemical similarity to lanthanum, the LaBr;:Ce de-
tector crystal can contain **7Ac crystals as a contaminant. This isotope has a half-life of 21.77
years, and its decay chain contributes to background in the measured detector spectrum via
several alpha and beta emitters, as seen in Fig. 3.2.5. The decay of **’Ac, its daughter and
granddaughter nuclei result in a higher energy background due to alpha particle emissions
and contributes to a beta continuum up to ~ 1400.0 keV from the beta decays of >''Pb and
27Tl [24, 67], labelled in Fig. 3.2.6.
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Figure 3.2.5: The actinide decay chain where the data, obtained from [69], is half life, energy of high
intensity alpha and gamma rays, and the nuclide beta minus decay end-point.




44 CHAPTER 3. INSTRUMENTATION AND METHODOLOGY OF CCx DETECTORS

s F

! I 35.5 keV

> /

. i

AT 5 continuum

g |\

S \ \ j“ keV sta 788.7 KeV & J

e | “ er 138) 0 & YK

S M e

i I ) ( a particles

10

i/
e I\L_IH

L | L L L 1 L L Al 1 ! il L b
500 1000 1500 2000 2500 3000
Energy (keV)

T —H"H:r»

._.
©

Figure 3.2.6: Background spectrum of the 2"x2" LaBr;:Ce detector obtained from a 10-minute measure-
ment. The labelled peaks arise due to the intrinsic internal radioactivity of the detector
due to the material make-up of the detector.

3.2.3 Signal Processing and Data Acquisition

LaBr;:Ce detectors are often used with conventional analogue acquisition systems, but this
work employs them alongside high-speed digital readout electronics. Digital pulse process-
ing (DPP) modules offer on-board processing capabilities, including pulse pileup detection,
energy filtering, timestamp recording, coincidence triggering, and pulse shape analysis. The
emission of scintillation light from excited states in a crystal directly influences the timing
resolution, and the short decay time of LaBr;:Ce detectors ensures they are not significantly
affected by dead time, even at high count rates.

3.2.3.1  Pixie-16 500 MHz Data Acquisition System

In the past decade, advancements in hardware have enabled fast sampling rates of 500 MHz
and above, with bit depths typically 14-bits or greater. Fast-timing scintillation detectors,
such as LaBr;:Ce, produce small amplitude fast signals, usually in the tens of millivolts over
a range of 20.0-40.0 ns. To handle this digitised data, a powerful digital signal processing
unit, typically operating at clock frequencies exceeding 100 MHz, is necessary. This setup
must support parallel pipelining of data and possess sufficient processing capacity to extract
spectroscopic information, such as energy signals. Additionally, it must provide a precise
timing reference with a granularity significantly finer than the sampling frequency. This can be
achieved through methods such as constant-fraction discriminator (CFD) (see Section 3.2.3.2)
or leading-edge discrimination, where the sampling rate greatly surpasses the detector’s time

resolution.

The XIA Pixie-16 module is a 16-channel all digital signal processing unit, which accepts
the input signals from the detector PMT. The data acquisition of each of the 16-channels
were independently gated by the channel gate inputs (o-15) [70]. Data movement within
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the hardware starts at the analogue front end, where incoming signals undergo analogue
signal conditioning before digitisation. Analogue-to-digital converters (ADCs) then digitise
these signals and the digitised data was sent to a signal processing field programmable gate
array (FPGA), which performed real-time analysis. The FPGA calculates the signal’s energy,
arrival time, and charge-to-digital converter (QDC) sums, which form the header of the record.
Additionally, the FPGA can store a copy of the incoming data stream, referred to as the trace.
The combination of the header information and the trace constitutes a complete record. Each
channel was self-triggered, with data being independently read out per channel. Refer to
Section 3.2.3.6 for a more detailed description on the list mode data readout.

The module continuously samples signals from the detectors and uses several digital
filters to extract timing and energy information from the detector pulses. Three primary
filters were utilised: a digital CFD, a fast trapezoidal filter, and a slow trapezoidal filter. A
detailed description of the filters used in this work follows:

3.2.3.2 Constant Fraction Discrimination

The CFD filter was used to accurately determine the time of arrival of individual pulses. This
was a critical piece of information, as it enabled the precise measurement of the time difference
between the delayed and non-delayed sums, providing the zero-crossing point (ZCP). Figure
3.2.7 shows how the CFD filter operates. The initial waveform (solid blue line) represents the
attenuated version of the original signal, while the delayed and inverted waveform (dotted
blue line) is shifted to coincide with the CFD peak. The zero-crossing point (ZCP) is marked
by the intersection of the attenuated and delayed signals, providing a consistent trigger point
for time-of-arrival determination, independent of the pulse amplitude. This method enhances
timing precision by aligning the crossing point (black dot) with the signal peak, resulting in
improved timing accuracy across variable pulse amplitudes [71].
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Figure 3.2.7: The digital constant fraction discriminator technique.
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To improve the quality of the timing signal in fast-timing measurements, variations in the
amplitude and rise time of the incoming logic signal must be minimised. These variations,
which cause the output pulse to shift in time relative to the input pulse, are known as time
“walk”, and severely degrades the timing signal. Another factor that negatively impacts the
timing signal quality is jitter. This arises from noise and statistical fluctuations in the detector
signal. Achieving a signal that accurately corresponds to the event time is challenging. A
critical development in this area is creating a trigger that activates at the optimal fraction
of the input height, regardless of the signal’s amplitude. The CFD effectively performs this
function, ensuring precise and reliable timing.

The 500 MHz modules have unique characteristics compared to the 100 and 250 MHz
modules due to their parameter adjustment capabilities. In the 500 MHz modules, the ADC
data is reduced by a factor of 5 when entering the FPGA, effectively achieving a processing
rate of 100 MHz, or every 10 ns. Within the 10 ns window, the FPGA captures five 2 ns
ADC samples and determines the CFD trigger point by summing and calculating differences
between delayed and non-delayed samples to find the zero crossing/trigger point. However,
the FPGA in the 500 MHz modules lacks the resources to build sums for all five ADC samples
in parallel with variable delays. Consequently, the CFD algorithm for these modules uses a
set of fixed CFD parameters, where w =1, B =5, D =5 and L = 1, determined to be the best

parameters for LaBr;:Ce detectors. The CFD algorithm is as follows:

k+L k—B+L k—B-+L k—D
CFD(k)zW-(Z ali)— ) a(i))( > al)- ) a(i)) (3.2.1)

i=k—-D i=k—D—-B

where the ADC trace data is given by a(i), the index is k, and w, B, D and L are CFD

parameters.

The CFD time provided by the 500 MHz modules consists of two components: a shift
within the five ADC samples and a fractional time between two ADC samples where the CFD
zero-crossing occurs. The shift within these five ADC samples is represented by a 3-bit CFD
trigger source represented by [2 : 0]. This fractional time is calculated by:

CFD;

FDfpe = ————+
FDfrac CFD; + CFDs

(3.2.2)

where CFD; and CFDy are the absolute values of the CFD filter before and after the ZCP
respectively. Making the assumption that the CFD filter has a linear trend between these
values, the ZCP can be calculated:

CFD
tzep = ( 8193“ +1)x2ns (3-2.3)
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3.2.3.3 Trapezoidal Filter

The fast trapezoidal filter was used to generate the trigger signal that initiates the DAQ process.
This filter is designed to detect the leading edge of the pulse and output a signal with a fast
rise time, allowing for the rapid collection of data. The slow trapezoidal filter, on the other
hand, was used to measure the height of the pulse. Overall, the combination of these filters
with the CFD filter enables the Pixie-16 DAQ module to provide accurate and high-speed

measurements of radiation signals, making it a critical component [72].

The trapezoidal shaping algorithm used in signal processing is an approximation of the
output waveform obtained from a resistor-capacitor (RC-CR) circuit driven by an idealised
delta function (delta wave). In practical radiation detectors, when a radiation signal is de-
tected, the output signal typically resembles a pulse with a fast rise and a slow exponential
decay, similar to the response of an RC circuit to a delta function input. The trapezoidal

shaping algorithm is designed to approximate this behaviour by shaping the detected signal.

The fast trapezoidal filter:

n n—f.—f¢
Fo= Y ai)— )  ald (3.2.4)
i=mn—"1, i=n—2f,—f¢

where f,. denotes the risetime of the trapezoid and ff indicates the flattop duration of the
trapezoid. A trigger is generated when the output of this trapezoidal filter exceeds a user-
defined threshold.

The slow trapezoidal filter:

n n—e,—es n—e,—es

E, =pl Z a(i) + Z a(i) +po0 Z a(i) — (pOer +er+pley)b (3.2.5)
i=n—e, i=n—e,—es i=n—2e,—es
efer/’c
1
pl = Te—e/t—1 (3.2.7)

where e, and ey are the trapezoidal filter set risetime and flattop, respectively, and measured
in ADC ticks. These variables are discussed in more detail relevant to this study in Section
3.2.3.4. The variable T is the decay constant of the tail, assuming exponential decay, and b is

the signal baseline value measured as the average ADC ticks in the absence of detector pulses.

In conclusion, the accurate CFD time value is obtained by merging the integer timestamp
with the fractional time derived from ADC samples surrounding the ZCP. This technique
guarantees precise time measurements within the 100 MHz sampling rate limitations of the
ADC in the Pixie-16 module.
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3.2.3.4 Digital Data Acquisition System

For this study, data collection was conducted using the multi-instance data acquisition system
(MIDAS) software, which formed part of the digital data acquisition system (DDAS), and was
installed on a Linux PC [73]. This software facilitated access to all data readouts from the
hardware electronics via the PCI. The DDAS software allows user control over optimisation
parameters used in the moving-window deconvolution (MWD) used to shape the digitised
data. Figure 3.2.8 shows a photograph of the graphical user interface where the parameters
were set in the software. The relevant parameters to this study are detailed below:
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Figure 3.2.8: A screenshot of the PC window hosting the DDAS, interfaced through the MIDAS GUI
and showing the parameters that can be set by the user for each channel. The parameters
on the right-hand side (and before the CFD parameters) are measured in microseconds,
for which the granularity was controlled using the fast and slow filter ranges.

o Trigger threshold The trigger threshold sets the minimum amplitude level a signal must
reach to be considered a valid trigger. The waveforms were continuously captured. When
a fast signal from the detector exceeds this threshold, a timestamp was recorded for that
trigger, alerting the DAQ to store the waveform information. Setting an appropriate
trigger threshold was critical to avoid recording noise or irrelevant low-amplitude signals,
thereby reducing the data size and improving the overall signal-to-noise ratio. If the
threshold was not set outside the noise, the MWD mistakenly amplified the noise. The
top plot of Fig. 3.2.2 shows a fast signal. The threshold gated on the amplitude of this
pulse.

o Fast filter parameters: Overall, the fast filter was controlled by the fast risetime and flat
top parameters individually and was used to detect the arrival time of gamma rays with
great precision. The fast risetime parameter forms part of the fast trapezoidal shaping
described in Eq. 3.2.4, represented by f.. It was used to determine how quickly the pulse
leading edge of the incoming signal should be sampled and digitised. A shorter risetime
allows for capturing the early portion of the pulse with higher time resolution. This was

particularly important for signals with fast risetimes, such as the scintillation detectors in
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this study. By accurately capturing the fast rise, the system can provide precise timing

information about the signal.

The risetime can be affected by the type of particle causing the signal. For example,
alpha particles being heavier and more massive tend to create denser ionisation tracks
in the detector material, leading to faster signal risetimes. In contrast, beta particles
and gamma rays, being lighter and less massive, produce more extended and less dense
ionisation tracks, resulting in slower signal risetimes. Ballistic deficit, a phenomenon
observed particularly in semiconductor detectors, also affects the risetime. It refers to
the time delay introduced in the signal due to the finite velocity at which charge carriers
(electrons and holes) drift within the detector material. When a particle deposits energy
in the detector, charge carriers are created and must drift to the detector electrodes to
produce a measurable electrical signal. This drifting process takes time and introduces a

delay in the signal’s risetime.

The fast flat top parameter controls form part of the fast shaping described in Eq. 3.2.4,
represented by f¢. This parameter controls the duration over which the signal was digi-
tised after the fast risetime window. It defines the time interval during which the signal
amplitude was expected to remain relatively constant. For the fast signal, there was not
enough time for the flat top to be truly flat. As such, it can be considered as a fall
time. This parameter was essential for signals that exhibit a plateau-like behaviour. By
capturing the flat top, the system obtains accurate information about the signal’s energy
deposition or amplitude. A fast detector will have a faster risetime. LaBr;:Ce fast signal
is ~ 400 ps, whereas a germanium detector is in the order of ~ 200 ns. For the slower
risetime, a longer energy flat top value was required to give the integration sufficient

time to obtain a good energy resolution out of the trapezoid.

o Slow filter parameters: The slow filter was used for the measurement of energy with
good energy resolution and was controlled through the risetime, flat top and peak sample
parameters. Figure 3.2.9 depicts the trapezoidal fitting.
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Figure 3.2.9: An illustration of the energy shaping trapezoid, labelled with the shaping parameters.
The risetime parameter, described in Eq. 3.2.4 and represented by e, refers to the dura-

tion it takes for the pulse to rise from the baseline at a time determined by the trigger
threshold. It is a measure of how fast the detector’s output signal increases when an
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signal is triggered. A shorter risetime typically indicates a faster response of the detector
to incoming pulses. The energy risetime is an important factor for systems that require
accurate timing information and have high count rates.

The energy flat top parameter represents the duration for which the pulse remains at its
maximum amplitude. It is the time interval between the leading edge and the trailing
edge of the pulse when the signal remains constant at its peak value. A longer flat top
indicates that the pulse retains its amplitude for a more extended period, providing better

energy resolution and reducing pulse pile-up effects in high count rate situations.

Peak sample refers to the sample after trigger of the ADC sample that corresponds to
the peak amplitude of the pulse, seen as the region between the dotted lines of Fig.
3.2.9. The peak sample is used to determine the pulse height (energy) of the detected
radiation signal. Accurate peak sample determination is crucial for obtaining precise
energy measurements and improving the system’s energy resolution. The peak sample
should be in range of risetime + 0.2x(flat top) to risetime + 0.8x(flat top). If the peak
sample is varied within this range and the flat top is indeed flat, then any peak should
not move channels. The peak sample should be preferred to be towards of the end of the
flat top as this provides a better integration range, but this depends on the shape of the

input signal.

Peak Separation: Peak separation is the minimum time interval required between two
consecutive pulses for them to be resolved as separate signals. It is an essential param-
eter for pulse processing in systems with a high event rate. The peak separation time
should be optimised to avoid pile-up effects, where two or more pulses overlap, leading
to inaccurate energy measurements. A suitable peak separation value allows the system
to handle a higher count rate without losing resolution.

Decay Constant: The decay constant is associated with the shaping time of the pulse
processing electronics. It determines the time it takes for the pulse to decay from its peak

value back to the baseline. It resembles an exponential decay (as seen in Fig. 3.2.13).

3.2.3.5 QDC Integration

Eight QDC sums, seen in Fig. 3.2.10, for which the user may set a different length to individual
sums, are calculated in the FPGA of a Pixie-16 module for each channel. If enabled by the
user in the DDAS software (see Section 3.2.3.4), these sums can be included in the list mode
output data. The process begins at a waveform point specified by the trace delay, occurring
just before the trigger point, which is determined by either the CFD trigger or the channel
fast trigger, depending on the CFD trigger mode’s status. The eight QDC sums are computed
sequentially without overlap and are completed when all intervals have been processed.
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Figure 3.2.10: The eight QDC sums (labelled Q1-8) of a triggered signal.

3.2.3.6 List-Mode Data Structure

Recording measurements using list-mode enables free-running data collection, capturing en-
ergies, timestamps, pulse shape analysis values, and waveforms. The list-mode data output
buffer was organised into three main sections: the buffer header, data headers for each sig-
nal, and channel headers accompanied by possible waveform data for each active channel, as

illustrated in Fig. 3.2.11.

Buffer header: It was composed of six 32-bit words and includes information on the

number of words in the buffer, module number, run type, and start time of the run.

Signal header: Each signal header was composed of three 32-bit words and contains data
on the hit pattern (indicating which channels were read out), and the arrival time of each

signal. Signals were recorded sequentially based on their detected arrival times.

Channel header: Each channel header includes nine 32-bit words and contains details on
the number of 32-bit words for that channel, fast trigger time, energy, and pulse shape analysis
values. This information was followed by any waveform data recorded for that channel, where

each 32-bit word consists of two 16-bit trace data samples.

Event header Event header Possible waveform
Buffer header > > 1,2 m 1,2 m
. For event n 5 L eee 35y
(6 32-bit words) For event n For event n

(9 32-bit words) (16 bit+16-bit words)

Figure 3.2.11: A diagram representing how the list mode data was recorded for signal n, where signal
n provides data to m channels.
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3.2.3.7 Data Sorting

The list mode data output was sorted using a C++ code adapted from the base code written
by Dr. Pete Jones to suit the requirements of this study. The code was designed to process
and sort list mode binary data measured by the Pixie-16 DAQ and generate ROOT files for
subsequent analysis (for information on the ROOT software, see the website: ROOT v6.32
[74]). The code was adapted for handling data from two detectors and operates with a user-
defined 7 ns time window to sort signals based on their timestamps and then calibrate energy
readings. The code increments through the number of files associated with the run number
of interest. The extraction of timestamp, ADC data, and channel identity from the binary
data involves parsing specific bits of the 64-bit data words read from the list mode binary file.
Each signal data word was read from the buffer header and was processed to extract these

components. The data structure is explained in Section 3.2.3.6.

The data variable, which holds the second 32-bit part of the 64-bit data word, was ex-
amined to determine the type and content of the data. The channel identity of the Pixie-16
module was extracted from the data variable by masking and shifting bits: ident = (data
& 0x0fff0000) » 16. This operation masks the lower 16 bits and then shifts the remaining
bits to the right by 16 positions, yielding the identifier value which indicates the channel or
type of data. The ADC data was obtained by masking the lower 16 bits of the data variable.
This isolates the ADC data value from the rest of the bits. The timestamp was composed of
two 32-bit parts: the bottom part of the timestamp (TSbot) and data. The TSbot value was
directly read from the buffer, and data was used to complete the timestamp. The purpose of
this was to reduce the handling of large amounts of data unnecessarily, as the first part of the
timestamp remained largely unchanged during a run. The timestamp was then reconstructed
by combining these two parts.

For the readout of the fast timing channels, timing information was extracted through
a combination of FPGA processing and CFD techniques (described in Section 3.2.3.2). The
FPGA parses the ADC data to obtain the timing components necessary for accurate signal re-
construction. Specifically, the “tock” value, derived from bits 13-15 of the ADC data, provides
coarse timing information within a 2 ns sampling window. The “tick” value, obtained from
the lower 13 bits, represents the fine time difference between consecutive 2 ns samples. This
tick value was then converted into a precise time measurement in nanoseconds using a scaling
factor of 16384 for the 500 MHz module. The calculated time was adjusted by combining it
with the previously recorded timestamp and stored in a vector if it meets certain criteria (the
ZCP location cannot have created an invalid trigger). This process ensures that the timing
information was accurately recorded and can be used for detailed analysis, taking advantage
of the high sampling rate of the module to achieve precise timing resolution.

The slow channel readout focused on obtaining good energy resolution from the ADC
energy. A predetermined polynomial calibration was applied (see Section 3.3.3 to the ADC
value). The sorting of the raw data results in a ROOT file containing fast and slow channel
time, and calibrated slow channel energy information for each detector of interest. The fast
and slow times were both saved in the output file for the analysis performed in Section 3.3.6.
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The ROOT file also contains time and energy information from the square-wave STM pulse
sent from the Polaris detector in 2 s intervals, as described in Section 3.1. In the case of the
proton beam experiment that was performed, the file also contains the time information of the
beam-bunched cyclotron radio-frequency signal, for which more information can be found in
Section 3.4.

3.2.4 Operating Procedure

The two detectors used in this work were powered by a HV and LV power supply, and the
signals generated by the PMT’s cathode (slow) and first dynode (fast) were read out. These
signals were then digitised at 500 MHz by the 16-channel Pixie-16 all digital signal processing
unit. The readout was performed from detector PMT via RG58 coaxial cables (low loss and
good shielding characteristics) with BNC-to-SMB connections to a 14-bit, 500 MHz Pixie-16
digital data acquisition module, ensuring minimal to no dead-time [70]. This module continu-
ously samples signals from the detectors and uses several digital filters to extract timing and
energy information from the detector pulses. The module was placed in a crate which allows
for power, computer control from the back-plane (e.g. compact PCI, peripheral component
interconnect (PCI), etc.), data readout and (dependent on the back-plane) clock distribution.
The system was read out by a PC over a single PCI bridge (PXI-8360). The data acquisition
of each of the 16-channels were independently gated by the channel gate inputs (0-15), with
data being independently read out per channel. A simplified flow diagram of this process
is illustrated in Fig. 3.2.12. The HV value was set to -1200 V for the source measurements
described in Section 3.3, and -1050 V for the beam-time measurements described in Section

3.4. Refer to Section 3.2.3.6 for a more detailed description in the list mode data readout.
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Figure 3.2.12: A diagram of the operation of the 2” x 2” LaBr;:Ce detector. All electronics were housed
in a crate and NIM bin.

All 16 channels (both the fast and slow signals) were terminated with 50 ) to prevent
internal reflections in the cable that degrade the quality of the measured signal. Photographs
of the Tektronix TDS 3034B digital oscilloscope in Fig. 3.2.13(b) show the improvement in
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the signal quality after the termination has been added, such that the signal demonstrates
the expected exponential decay without the additional structures seen in 3.2.13(a) originating
from internal reflections in the cable (likely due to termination on only one end of the cable).
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Figure 3.2.13: Photographs taken of the digital oscilloscope: (a) the unterminated signal, and (b) the 50
Q terminated signal. The x-axis time scale is 100 ns/division and the y-axis amplitude
scale is 200 mV /division in both photographs.

The DDAS software parameters (see Section 3.2.3.4) used in the data acquisition were
optimised twice. The first iteration of the optimisation was implemented for the beam mea-
surements described in Section 3.4. The parameters were then further improved upon in an
attempt to achieve an ~ 3% energy resolution at 661.7 keV. The parameters used are discussed
in detail in Section 3.3.2.

3.3 SOURCE CHARACTERISATION OF CC1 DETECTORS

A series of measurements with radioactive sources were conducted to assess the detector sys-
tem and determine its suitability for imaging PGs emitted during PT. All measurements were
performed at iThemba LABS in Cape Town, South Africa, and using the resources provided
by the laboratory, except for the Polaris detector and a number of low-activity gamma-ray
sources that are the property of the Department of Physics at the University of Cape Town,
South Africa.

The peak fitting software used to obtain the centroid bin and sigma values for use in
the energy resolution and calibration calculations, as well as the peak area values used in the
efficiency calculations was Radware (refer to the website for comprehensive information on
this interactive gamma spectroscopy tool: Radware [75]). The nonlinear fitting of one peak
(nf) function was chosen to fit each peak in the spectra of interest, as it allows the user to
adjust several key parameters to optimise the fit. The nf -1 function typically models gamma-
ray peaks using a Gaussian function or a Gaussian-Lorentzian hybrid, which represents the
response of the detector. The Gaussian component models the statistical fluctuations in the
detector response, and the Lorentzian component (if used) can account for natural broadening

effects in nuclear transitions. The user has control over the initial guesses for the parameters,
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as well as constraints set, e.g., fixing the width or centroid to known values). The user can
also choose the fitting function (Gaussian, Gaussian-Lorentzian hybrid, etc.). For each peak,
the constant or linear background under the peak was subtracted to isolate the peak’s area
accurately. An example of the peak and background fit is graphically shown on a spectrum,

as seen in Fig. 3.3.1, where the residual is the undulating line.
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Figure 3.3.1: An example of a Gaussian peak fit performed using the Radware software gf3 option
and the non-linear peak fitting function. The three black line fits to the spectrum (red)
are the Gaussian fit, the background estimation (curve under the peak), and the residual.

3.3.1  Decay Constant

The decay constant of the LaBr;:Ce detector needed to be characterised for input into the
DDAS software. A longer decay constant can reduce noise but may sacrifice energy resolution,
while a shorter decay constant can improve energy resolution but may increase noise. Setting

the incorrect decay constant will distort the shape of the trapezoidal function.

In excess of 10000 signal traces of 8000 ns length were stored for the slow and the fast

t/T where

signal. These traces exhibit an exponential decay characterised by the function ~ e~
T represents the decay constant, the physics of which is explained in Section 2.1.2. By fitting

an exponential function to each trace, the T value can be determined.

The fitting procedure is illustrated in Fig. 3.3.2 for the slow signal, and Fig. 3.3.3 for
the fast signal. The process began with the recording of the signal trace from the detector, as
shown in Fig. 3.3.2(a) and Fig. 3.3.3(a). Next, in Fig. 3.3.2(b) and Fig. 3.3.3(b), a constant
function was fitted to the base of the trace to determine the constant offset, which was then
subtracted from the original trace. The resulting trace, shown in Fig. 3.3.2(c) and 3.3.3(c), was
then fitted with the exponential decay function to extract the amplitude (A) and the decay

constant (7).

This fitting process was applied to each of the 10000 recorded traces, resulting in a corre-
sponding set of T values. These T values were then binned into intervals of 2 ns, producing
the distribution shown in Fig. 3.3.4(a) for the slow signal and (b) for the fast signal. The most
frequently occurring T value for the slow signal (1) was identified from this distribution, pro-
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Figure 3.3.2: The fitting procedure used to determine the decay constant T for the 2” x 2” LaBr;:Ce
slow signal involves several key steps: (a) a typical slow signal trace is displayed, (b) a
constant function was fitted to the data to establish the value of the constant offset, and
(c) the trace was adjusted by subtracting the constant offset, and an exponential fit was
applied to the corrected trace to extract the decay constant 7.

viding the optimal T setting for achieving the best energy resolution. This value of Ts was
determined to be 49.25(308) us for the slow signal and 22.50(14) ns for the fast signal. These

measurements were performed using a '37Cs source.
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Figure 3.3.3: The fitting procedure used to determine the decay constant T for the 2” x 2” LaBr;:Ce fast
signal involves several key steps: (a) a typical fast signal trace is displayed, (b) a constant
function was fitted to the data to establish the value of the constant offset, and (c) the
trace was adjusted by subtracting the constant offset, and an exponential fit was applied
to the corrected trace to extract the decay constant . This last step was performed after
inverting the signal to have a positive amplitude for more convenient fitting and because
the DDAS software does not prescribe signal polarity.
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Figure 3.3.4: The decay constant T for: (a) the slow signal, for which the most frequent value was
measured to be 49.5(836) us, for which the energy resolution was at a desired minimum,
and (b) the fast signal, for which the most frequent value was measured to be 22.5(14) ns.
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3.3.2 Energy Resolution

In gamma-ray spectroscopy, energy resolution is a critical factor in distinguishing closely
spaced energy peaks and obtaining high-quality spectra. The energy resolution of a detec-
tor is dependent on the material of the detector as well as the energy of the incident photon.
It is expressed as the FWHM of the photopeak, normalised to the calibrated centroid energy
(Gy), as shown in the following equation:

FWHM
AE/E = C (3-3.1)
0

The superior energy resolution of LaBr;:Ce scintillator detectors can be largely attributed
to their high light yield, ranging between 47000 and 63000 photons/MeV [76]. This high light
output contributes to better energy resolution by increasing the number of detected photons,

which reduces statistical fluctuations in the detected signal.

The energy resolution (AE/E) of a PMT-coupled scintillator system can be expressed as a
combination of several factors:

AEJE = /o2, + 02y + 03 (3:3-2)

The intrinsic resolution (oint) reflects inhomogeneities in the scintillator crystal itself,
such as variations in the crystal lattice that affect light production and collection [77].

The transfer resolution (oan) relates to the optical coupling between the scintillator and
the PMT. This includes factors such as the quantum efficiency of the photocathode, the
transmission of light through the coupling medium (self-absorption, opaqueness, etc.),
and the optical alignment of the system.

The statistical resolution (o) is influenced by the number of photoelectrons produced at
the photocathode and their collection efficiency at the first dynode of the PMT [78]. The
statistical uncertainty follows a Poisson distribution, leading to the well-known relation-
ship between energy resolution and incident photon energy:

1
AE/E x ﬁ
As the energy of the incident gamma ray increases, the number of detected photons also
increases, reducing the relative statistical fluctuation and improving the energy resolu-
tion. However, this improvement diminishes with increasing energy, as the number of
photoelectrons saturates due to detector limitations, optical losses, and noise. Plotting
the detector energy resolution versus 1/+v/E should yield a linear relationship [79].

To better understand the contributions to energy resolution, it is important to consider
that LaBr;:Ce detectors, while highly efficient, also experience effects from electronic noise
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and environmental factors. For instance, mechanical vibrations and electronic noise from the
signal processing electronics can introduce additional broadening of the photopeak, affecting
the overall energy resolution.

A 137Cs source was used to measure the energy resolution of LaBr;:Ce detectors at the
661.7 keV photopeak. Both the fast and slow signals from the LaBr;:Ce detector underwent
the trapezoidal filtering described in Section 3.2.3.3, where the parameters were controlled in
the DDAS software. Figures 3.3.5(a) and 3.3.5(b) show the energy resolution of the 661.7 keV
photopeak as a function of trapezoidal rise time and flat top for the fast and slow detector sig-
nals, respectively, measured in units of us. It was seen that a minimal resolution of 4.233(77)%
was produced by setting the rise time to 0.12 ps and flat top to 0.14 us for the fast signal, and
4.073(85)% by setting the rise time to 0.3 ps and flat top to 1.3 us for the slow signal.
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Figure 3.3.5: Matrices showing the effect of varying the DDAS parameter settings for energy filter rise
time and flat top on energy resolution for the 2” x 2” LaBr;:Ce detector: (a) the fast signal,
and (b) the slow signal.

The optimised trapezoidal fitting parameters were applied, and a 10-minute measure-
ment was performed using a combination of 52Eu,*37Cs and ®Co sources positioned 10 mm
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away from the centre of the detector face. The energy resolution for each of the following pho-
topeaks in the spectra was measured, where the first 11 peaks originate from the '>*Eu source,
the 661.7 keV peak from the '37Cs, and the final two from the spectrum of Co: 41.1, 121.8,
244.7, 344.3, 411.12, 443.98, 778.9, 867.4, 964.1, 1099.0, 1408.0, 661.7, 1173.2, and 1332.5 keV. Fig-
ure 3.3.6(a) shows the approximately linear relationship between energy resolution and 1/+vE
for Polaris, where the equation of the fit was R(E) = M\fg%) —1.52(42) for the LaBr;:Ce
detector. The quality of the fit was measured as the chi-squared per degrees of freedom and
the fit was poor in the very low energy region (<150.0 keV), which was not of significance.
Note that the detector crystals are non-linear at low energies, which might affect the energy
resolution if estimated after the calibration. Figure 3.3.6(b) shows the linear relationship be-
tween energy resolution and 1/v/E, where the relationship between the two parameters was
characterised by R(E) = %\/(gzz) —0.16(5). The energy resolution of the Polaris detector was
excellent, with a resolution of 1.38(25)% at 661.7 keV. There was no energy resolution optimisa-
tion technique onboard the Polaris DAQ. The spectra of both CC1 detectors are plotted on the
same axes in Fig. 3.3.7, where the energy resolution performance difference between the two
detectors is seen clearly at 511.0 keV. The ~ 1460.0 keV peak observed in the gamma spectrum
background originates from the natural radioactive decay of 4°K, a naturally occurring isotope
of potassium. This peak is not observed in the energy response of the Polaris detector as the
detector has a smaller geometry, and the size of the detector affects the efficiency according
to the Bethe-Bloch formula seen in Eq. 2.1.6. The user-defined functions described in Section
3.2.3.1 were fine-tuned to maximise energy resolution, with the typical values presented in

Table 3.3.1.

| Parameter | Slow signal (us) | Fast signal (us) |

Fast risetime 0.1 0.02
Fast flat top 0.1 0.01
Energy risetime 0.9 0.14
Energy flat top 0.9 0.12
Peak sample 1.36 0.2
Peak separation 2 0.1
Decay constant 55.87 0.02
CFD delay 0.01 0.01

Table 3.3.1: The parameters adjusted for the 2" x 2" LaBr3:Ce detector, chosen to achieve the best
energy resolution.

The manufacturer specifies an energy resolution of 2.1% at 1332.5 keV for 2” x 2” LaBr;:Ce
detectors, while the optimised resolution achieved in this work was 3.24(19)% at the same
energy [79]. The experimental results suggest that external factors, such as noise and imperfect
calibration, may degrade the performance. The noise could be induced by a number of factors
such as cable impedance, length, power supply, etc. A guaranteed source of background
originated from a switched-mode uninterrupted power supply (UPS) module, operating at
~ 200 kHz and situated quite near to the experiment area. This frequency was seen as a
constant background on the oscilloscope with continuous 20 ns bunches and 6 mV amplitude.
Additionally, variations in light collection efficiency and coupling between the scintillator and

PMT can account for the discrepancies in energy resolution.
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Figure 3.3.6: Energy resolution curves obtained using '5?Eu,’37Cs and ®°Co sources placed 10 mm
from the detector face for the: (a) the 2"x2" LaBr;:Ce detector, and (b) the Polaris detector.
The fit used for each detector is labelled on the plot.

3.3.3 Energy Calibration

Energy calibration was carried out for the slow signal of the LaBr;:Ce detector. The Polaris
detector does not require the user to manually calibrate it, but rather undergoes re-calibration
by the manufacturer every two years. This calibration process involved using radioactive
sources with well-known gamma-ray emission energies, and matching the resulting energy
photopeaks to specific channels in the spectrum. The well-defined gamma and x-ray peaks
in the energy spectrum of '>>Eu were employed to calibrate the energy spectrum: 41.1, 121.8,
244.7, 295.9, 344.3, 411.12, 443.98, 778.9, 867.4, 964.1, 1099.0, 1408.0 keV, ensuring the accuracy
of the detector across a broad energy range. This is particularly important in CC applications,

where accurate energy measurements are critical for reconstructing gamma-ray interactions,
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Figure 3.3.7: The labelled gamma-ray energy spectrum for a **Na source for the Polaris (black) detec-
tor and LaBr;:Ce (red) detector plotted on the same axes.

aiding in determining the detector’s ability to distinguish between close-lying energy peaks.
The peaks were fitted after background subtraction (see Section 6.3.1) and using the Radware

software gf3 option.

To obtain the calibrated energy spectrum, the goodness of fit for each detector was mea-
sured by fitting first, second, and third order polynomials to a plot of the channel number
versus known peak energy. The residual energy was calculated as the difference between the
known peak energy and the calculated energy from the obtained polynomial fit parameters.
The uncertainty in the residual energy calculation was calculated to account for the uncertain-
ties involved in both the measured channel centroids and the polynomial fit as follows:

The residual for each point was calculated as:
ReSiduaIi = Eknown,i - Efit,i (333)

where Eynown,i is the known energy value, and Eg; ; is the energy value obtained from the fit
for the i-th channel.

The uncertainty on the fitted energy value Eg; can be propagated from the uncertainties
in the channel centroid and the uncertainties in the polynomial coefficients. For a polynomial
fit of the form:

Eqe(x) = ap 4+ arx+ axx? + -+ anx™

the uncertainty in Egi(x) due to the fit can be calculated using the covariance matrix

Cov(a), where a = [ag, ay, ..., an]. The variance in the fitted energy (7%:%“i is:

n

> Z OEge(xi) 0Fg(xi)

Og... =
fit,i aa. a(l
j,k=0 j K

Cov(aj, ay)
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Since Eg;(x) is a polynomial:

n
2 j+k ,
OFy, = g x; ' Cov(aj, ax)
j,k=0

The total uncertainty on the residual Ogesiqual, is given by combining the uncertainties

from the centroid position and the fit:

OResidual; — \/O—Eknown,i + 0-Eﬁt,i

Since the known energy values Ey,own have negligible uncertainty, this simplifies to:

OResidual; ~ OEg;

If the channel centroid x; has an associated uncertainty oy, the uncertainty in the fitted

energy due to the centroid uncertainty needs to be included:

2
0t (xi)
— 2
GEcentroid,i - \/( axl Gxi + O‘Eﬁ(ﬁ

This gives the final uncertainty on the residual:

OEg(xi)  \*
OResidual; = \/O%ﬁt,i + <ﬁt10'x-l) (334)

aXi

Figure 3.3.8 shows the obtained residual energy values and uncertainties for a first, sec-
ond and third order polynomial plotted for each energy value in the spectrum of '>*Eu. A grey
shaded region between -1.0 and 1.0 keV has been added to the plot to guide the eye toward
lower and higher obtained residual values. The median residual energies and their associated
uncertainties are included in a box underneath the figure. The second order polynomial fit
was determined to be the most suitable calibration, as it demonstrates the highest agreement
with the known energy values. This was the calibration used in Fig. 3.3.9. The polynomial
fit was applied to the channel values, and the resulting energy value was then smoothed by
adding a random noise value. This noise was generated by extracting random values from
a Gaussian distribution, where the standard deviation was determined based on the scaling
factor between the uncalibrated channel values and the known energy values for the photo-
peaks. This approach ensured that the energy values reflected both the calibration process
and inherent uncertainties, thereby providing a more accurate representation of the detected

energy.
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Figure 3.3.8: The obtained residual energy values and uncertainties for a first, second and third order
polynomial fit to the channel versus energy values is plotted for each energy value in
the spectrum of >?Eu. The median values of each fit and their associated uncertainties
are included in the box underneath the legend. The second order polynomial fit was
determined to be the most suitable calibration.
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Figure 3.3.9: The calibrated and labelled energy spectrum of the 2” x 2” LaBr;:Ce detector, measured
with a '5?Eu source. The labels encompass gamma and x-ray peaks, as well as the domi-
nant background 3¥La contribution originating from the detector internal radioactivity.

3.3.4 Efficiency

When detecting uncharged radiation, such as gamma rays, it is commonly observed that the
efficiency of a detector is significantly less than 100%. This is primarily because uncharged
radiation has a much lower interaction probability compared to charged particles such as
alpha and beta particles, which interact through the long-range Coulomb force [24]. The

absence of this force in uncharged radiation results in a lower likelihood of interaction within
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the detector. The full-energy peak efficiency percentage (FEPE) can be calculated from gamma-

ray spectroscopy measurements using the following equation [24]:

Np

erep(Ey)(%) = Ac xtxI,(Ey)

x 100 (3-3-5)

where E, is the energy of the emitted gamma ray, N, represents the total number of
counts in the photopeak corresponding to the energy E,, A. is the current activity of the ra-
dioactive source, t is the measurement duration, and I, (E,) denotes the gamma ray intensity
per decay at energy E,, for which the value was obtained from the NUDAT database [69].

The uncertainty in FEPE is calculated by propagating the uncertainties associated with
each variable in the equation. The uncertainty in the total counts N, is obtained from the
Radware effit, assumed to follow Poisson statistics, where the uncertainty is given by the
square root of N,,. The uncertainty in source activity A. is determined from the calibration
certificate of the source (taken in this work to be 10% for all sources), while the uncertainty
in the gamma-ray intensity I, (E,) is obtained from the NUDAT database [69]. These uncer-
tainties are combined using standard uncertainty propagation methods to estimate the overall

uncertainty in the FEPE.

The FEPE was calculated for both of the CC1 detectors. Since the FEPE relies on knowing
the current activity of the measurement source with a reasonable degree of certainty (typi-
cally 10%), a sanity-check was performed between an iThemba LABS (Cape Town) owned
52Eu 119.56 kBq source and an assortment of UCT-owned (**Na,'37Cs,%°Co, 57Co and 54Mn)
sources placed 30 mm from the 2”7 x 2” LaBr;:Ce detector face. The sources were set in
plastic containers, and the point source was assumed to be located at the geometric cen-
tre of each container. The energy spectra for which the peak areas were obtained for these
measurements are seen in Figs. 3.3.9 and 3.3.10, however, background subtraction was first
performed using background spectra obtained for the same measurement duration (see Sec-
tion 6.3.1). The FEPE vs energy spectrum of the LaBr;:Ce detector for this comparison is
shown in Fig. 3.3.11 where good agreement was seen between measurements with the two
different sources, where the combined data was fitted with a logarithmic-polynomial function
(In(e(E)) = ap+ a1 In(E) + az(In(E))? + a3 (In(E))3). The activities of the sources used can be
found in Table 3.3.2

[ Source [ Manufactured date (dd/mm/yyyy) | Manufactured activity (kBq) | Current activity (kBq) |

57Co 01/10/2020 37(4) 1.18(12)
22Na 01/10/2020 37(4) 13.80(138)
57Cs 01/10/2020 37(4) 33-97(340)
54Mn 01/10/2020 37(4) 1.83(18)
%Co 01/10/2020 37(4) 22.74(227)
152Eu 06/01/2004 343.6(364) 119.56(1196)

Table 3.3.2: Table detailing the sources used in the detector efficiency measurements and their activi-
ties.

The FEPE was calculated at four different source-to-detector distances for the Polaris and
LaBr;:Ce detectors, seen in Fig. 3.3.12(a) for the 2"x2" LaBr;:Ce detector, which was fitted by
the logarithmic-polynomial function In(e(E)) = ap + aiIn(E) + a2(In(E))? + a3(In(E))3) and
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Figure 3.3.10: The 2” x 2” LaBr;:Ce detector measured gamma-ray energy spectrum of **Na, '37Cs,
60Co, 57Co and 54Mn sources placed 30 mm from the detector face.

Fig. 3.3.12(b) for the Polaris detector, best fitted with the same function with an additional
term (In(e(E)) = ag+ aiIn(E) + az(In(E))% + a3 (In(E))3 + as (In(E))*). The LaBr;:Ce detector
efficiency was in agreement with the work published by Msebi et al. [57].
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Figure 3.3.11: The FEPE vs energy plot demonstrating a good agreement between the 2” x 2” LaBr;:Ce
detector measured full-energy peak efficiencies at 30 mm source-to-detector distance for
UCT sources (**Na,'37Cs,%°Co, 57Co and 54#Mn) and iThemba LABS *52Eu source.
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Figure 3.3.12: The FEPE measured using a '>?Eu source placed at four different distances from
each detector: (a) 2” x 2” LaBr;:Ce detector (fit equation: In(e(E)) = ap + ajln(E) +
a>(In(E))? + a3(In(E))3), and (b) the Polaris detector (fit equation: In(e(E)) = ap +
a1 n(E) + az(In(E))2 4+ az(In(E))3 + az (In(E)H).

3.3.5 Timing Resolution

The timing resolution of the Polaris detector is discussed in Section 3.1. As only one Po-
laris detector was available for measurements at the time of this study, coincidence timing

measurements could not be performed to ascertain the resolution in more detail.

The timing resolution of the LaBr;:Ce detector fast signal was investigated by using two
2”7 x 2" LaBr;:Ce detectors in a face-to-face coincidence measurement configuration, as seen

in Fig. 3.3.13.

The time difference between energy-gated coincident events between each detector within
the timing window specified in Section 3.2.3.7 was calculated using data obtained from a 30-
minute measurement with a ®°Co source placed 10 mm away from each detector face. The
data within this time window were considered to be one event, although they do not occur
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Figure 3.3.13: A side-view photograph of the geometrical configuration of the coincidence timing res-
olution measurement performed. Two 2” x 2” LaBr;:Ce detectors were placed face-to-
face, with each detector face situated 10 mm from a ®°Co source.

simultaneously in reality; the gamma-gamma coincidence of the ®Co decay, in particular
the prompt 1173.2 and 1332.5 keV cascade, was used because the decay of 0.9 ps between the
energy states of the isotope is less than the time resolution of our detector and can therefore be
considered effectively coincident. A time resolution with FWHM 218.08(11) ps was measured

for the detector, obtained from the Gaussian fit to the time difference spectrum seen in Fig.

3.3.14(a).

The energy-energy matrices are plotted in Fig. 3.3.14(b) where the top figure shows the
result of a background gate taken from outside the fitted Gaussian peak (from Fig. 3.3.14(a))
and was used to isolate random coincidences or background events. In this matrix, self-
coincidence was observed, meaning some events were detected in the same energy channels
or detectors. This indicates that these events were not true coincidences (from ®Co decay) but
rather background radiation or random noise. These background coincidences could originate
from environmental radiation or detector noise, which does not follow the expected energy

relationships of true nuclear transitions.
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Figure 3.3.14: The time difference between coincident events measured using a ®°Co source: (a) the
Gaussian-fitted time difference distribution (At) between the two 2”7 x 2” LaBr;:Ce detec-
tors measured in nanoseconds, and (b) the top matrix shows the detector energy-energy
matrix when a background gate to the time difference distribution was applied, and the
bottom plot shows the energy-energy matrix obtained by gating on the Gaussian-fitted
peak region.
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3.3.6 Time-Walk Correction

Time-walk refers to the variation in the delay of the discriminator caused by the input signal’s
amplitude, which can degrade the time resolution in fast-timing setups. Correcting for this
phenomenon is important in CC experiments, where accurate timing measurements are cru-
cial. Despite the use of the CFD to mitigate time-walk, residual effects can still be present, seen
in the non-linear time-energy dependence in both source and beam data in the top energy-
time matrices of Figs. 3.3.16 and 3.3.18. Here, the time offset measured in nanoseconds on the

x-axis is the time difference between the slow and fast signal times for the same event.

Correcting for time-walk is essential to achieve optimal time resolution. Time-walk arises
from the inherent non-linearity of the discriminator’s response to varying signal amplitudes,
introduced in this work due to the CFD trigger behaving as a leading-edge discriminator for
small signal amplitudes. This effect causes two signals generated simultaneously but with
different amplitudes to cross the discrimination threshold at different times. Due to time-
walk, a low-energy PG appears to arrive later than a high-energy PG, even though this does
not physically occur.

Methods to mitigate the time-walk were investigated, but it was found that the problem
came down to the set of fixed (suboptimal) CFD algorithm parameters, as discussed in Sec-
tion 3.2.3.2, which were implemented by the manufacturer due to the FPGA in the 500 MHz
module lacking the resources to build sums for all five ADC samples in parallel with variable
delays. These parameters cannot be changed by the user. The optimisation of the parameters
was investigated by Lee et al., where different CFD delay and scale values were suggested to
improve the time resolution of the CFD [80]. Improvements such as this could not be made
to the hard-coded parameters and, as such, the work that follows uses the values set by the
manufacturer. Time-walk can result in degradation of time resolution if not corrected.

Various methods exist for time-walk correction, including higher PMT operation voltage
adjustments and mathematical corrections based on empirical data. For scintillator detectors,
ignoring time-walk can adversely affect time resolution. Therefore, precise correction tech-
niques are necessary. The method described here takes in the output data generated by the
sorting code detailed in Section 3.2.3.7 and

To model the energy-time dependency, the time projection of 50.0 keV energy slices of the
energy-time matrix were extracted, and the distribution was fitted with a Gaussian curve. The
centroid time for the extracted energy slice was determined from the Gaussian fit, where the
uncertainty was represented by the sigma value. The resulting centroid energy-time matrix
was plotted to model the behaviour of the detector and best fitted with the sum of four
exponential functions, as seen in Fig. 3.3.15. As a result, the corrected time-walk adjusted the
bend shape in the data seen in the 2D energy time matrix in Fig. 3.3.16. This correction is seen
in Fig. 3.3.17 in the time distribution of the x-projection of Fig. 3.3.16, where the top shows the
uncorrected walk and the bottom plot shows the Gaussian-fitted time spectrum with 8.272(1)
ns resolution between the fast and slow detector channels.
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Figure 3.3.15: The average arrival time of events as a function of the energy, along with the fit function
(represented by the red solid line) used to model the energy-time relationship to correct
for the walk.

This correction was simpler in application for the source measurement as only one struc-
ture was seen in the data, however, the high count rate introduced more detector effects to the
in-beam data, as seen in Fig. 3.3.18 where a time delay clearly distinguishes the CFD triggered
energy region on the left from the lower energy leading edge discrimination on the right. Fur-
thermore, the time-walk correction was not able to fully correct for the energy region below
200.0 keV for the in-beam data, seen in the matrix as the tail in the low energy. The poorer
time resolution between the slow and fast signals in this region was negligible to this study
as the PG emission lines of interest emerging from the water target, and labelled in Fig. 6.3.2,
do not fall in this low-energy region and, as such, do not form part of the energy-filtered data

used in the CC reconstruction.
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Figure 3.3.16: The time-walk present in *?Na source data. The 2D energy-time matrices with the PG
emission lines labelled. The time-walk is clearly visible in the top matrix before the

correction is applied, and eliminated in the bottom after correction.
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3.3.7 STM Time Synchronisation of Detector DAQs

The synchronisation method offered flexibility and modularity, allowing for a simple way to
communicate events across the two different DAQs. However, it also imposed a limitation on
the timing resolution of events across the two systems, which was restricted by the precision
of the sync pulses’ transmission and recording. If the sync pulses’ timing was accurate only
to microseconds due to Polaris, then the event timing window had to be of the same order,
potentially introducing significant noise into the coincidence files. This issue was encountered
during the work, as the Polaris was not originally designed for high-resolution coincidence

counting.

Data collection for each detector was carried out as described in Sections 3.2.4 and 3.1.3.
When taking measurements with the two detectors in a CC configuration, the LaBr;:Ce de-
tector was set to begin data collection before the Polaris detector. Once the LaBr;:Ce detector
was active, the Polaris “connect camera” function was enabled, allowing the Polaris DAQ to
send STM pulses to channel 15 of the LaBr;:Ce DAQ.

The Polaris detector’s Python GUI allows for the specification of a fixed run time, after
which data collection ceases, and no further STM pulses were sent. Due to this setup, the
outputted LaBr;:Ce data contained more STM pulses than the Polaris data, corresponding to
events recorded before the Polaris detector began collecting data. To address this, all LaBr;:Ce
events that occurred before the first “valid” STM pulse in time were removed. The remaining
events in the LaBr;:Ce data were then synchronised, with the first valid STM pulse marking
the start of the synchronised dataset. Finally, the duration of the remaining LaBr;:Ce events

was checked to ensure that it matched the expected run time.

The process of aligning timestamps between the Polaris and LaBr;:Ce detectors was es-
sential for synchronising data and ensuring accurate event correlation. Initially, data from the
Polaris detector were read and filtered to isolate single scatter events and STM pulses, pro-
ducing filtered Polaris data. Simultaneously, data from the LaBr;:Ce detector were read and
validated to ensure the integrity of the measurements, resulting in validated LaBr;:Ce data.

Next, coordinate transformations were applied to the Polaris data based on pre-defined
transformation matrices specific to each experimental run. These transformations were crucial
in aligning the spatial data collected from the Polaris detector to the same coordinate system
used by the LaBr;:Ce detector. Following the transformations, sync pulses were extracted
from the Polaris data, and their corresponding timestamps were validated. The first valid
sync pulse was identified, and all subsequent sync pulses were used to correct the timing of
the LaBr;:Ce data.

Once both sets of sync pulses were correctly identified and validated, a time synchronisa-
tion process was employed to align the LaBr;:Ce and Polaris data based on these STM pulses.
This synchronisation ensured that events detected by both systems could be accurately cor-
related in time. Finally, the synchronised data from both detectors were merged and sorted,

producing a unified dataset that reflected the combined detector event information, where the
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scatterer and absorber modules were each assigned their own ID, allowing for precise analysis

and interpretation.

3.4 ITHEMBA LABS 66.67 MEV PROTON BEAM MEASUREMENTS

One day of beam time was allocated to this study, during which an experiment was con-
ducted at iThemba LABS in Cape Town, South Africa, to evaluate the potential of CC1 for
detecting PGs emitted during PT. The experimental configuration is shown in Fig. 3.4.1. A
monoenergetic proton beam with an energy of 66.67 MeV and 1 in 5 pulse selections of 300 ns
bunches was directed at a water target (64 x 64 x 162) mm3 encased in high-density polyethy-
lene (HDPE) and positioned isocentric with respect to the beam exit and detectors. Water in a
HDPE holder was considered in this study as a tissue-equivalent material, as generally used
in nuclear medicine experiments, having discrete y emission peaks from the excited nuclei of
12C, 160 and N, the most abundant elements in human tissue. The initial beam energy was
chosen such that the beam would fully stop within the target geometry, information which
was obtained with simulation by scoring the incident proton energy as a function of beam
penetration depth, where the range of 66.67 MeV in water is approximately 4 cm (see Fig
3.4.2). The continuously slowing down approximation (CSDA) range is obtained when one

simply integrates the inverse stopping power of the particle energy to obtain the average range

(rcspa) as seen in Eq 3.4.1.
E.
inc 'l ]

TCSDA = L BﬁdE (3-4.1)

Where S(E) is the stopping power of the particle in that material, and Ei is the energy of
the incident particle. This is an oversimplified view that is based on no other physics being

taken into consideration.
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Figure 3.4.1: Left: Picture of the experiment setup, Right: Schematic of the experiment setup with
geometrical distances.
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Figure 3.4.2: A plot showing proton range in water as a function of energy measured in MeV, as
computed in the CSDA. The 66.67 MeV proton beam stops at ~ 4 cm.

The LaBr;:Ce detector was operated at a HV of -1050 V, supplied by an ISEG unit and
coupled to the R2083 PMT, for which the output signals from the PMT anode (slow) and first
dynode (fast) were transmitted to the 16-channel digital signal processor Pixie-16 500 MHz
module, as described in Section 3.2, and the data was read out via the DDAS software. The
Polaris detector data was read out by the regular process described in Section 3.1.3. Mea-
surements were taken for a duration of 20-minutes, during which the POLARIS DAQ was

configured to send the TSM pulse to channel 15 of the XIA Pixie-16 module every 2 seconds.

3.4.1  Cyclotron Radio-Frequency Guided Background Subtraction

One drawback of the LaBr;:Ce detector is the background introduced as a result of the internal
radioactivity of the detector crystals. This radioactivity is seen in the large peak at 1436 keV
and the continuum of 3 and vy attenuation pictured in Fig. 3.2.6 and discussed in more detail
in Section 3.2.2. This could limit the PG detection in the low energy region between 1.0 -2.0
MeV if the statistics are very low. This LaBr;:Ce internal radioactivity introduces a source of
background to the measured spectra of the experiments.

To mitigate this issue, the time difference between the detected events and the radio-
frequency (RF) signal from the cyclotron was measured. Since the proton beam was not con-
tinuous but delivered in bunches with a specific time structure, this approach was effective.
For the experiment, the beam was structured into 300 ns bunches with a 1 in 5 pulse selection,
ensuring a well-defined time structure, as seen in the banded regions of Fig. 3.4.3(a). The ad-
ditional artefacts preceding the beam bunch are themselves repeating in nature and originate
from the structure of the bunched beam, suggesting an additional current was present and
was omitted from the analysis.

Utilising the cyclotron RF signal, background reduction was achieved through a time-
of-flight (TOF) approach. This method leveraged the time difference between the arrival of
particles at the detector and the RF signal of the proton beam to distinguish signal from back-
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ground events. Specifically, PGs emitted almost simultaneously with the proton interaction at
the target were detected in-sync with the periodicity of the beam structure. In contrast, back-
ground events either originated from beam line components and were synchronised with the
primary protons, or were uncorrelated with the beam structure, such as those from LaBr;:Ce
internal radioactivity, or had a different emission time-scale, such as delayed gammas and

secondary neutrons.

By defining a 2 ns time window centred around the bunch band, synchronised events
were identified, while a shifted time window captured out-of-sync events. Subtracting the
out-of-sync events from the in-sync events allowed the isolation of the PG energy spectrum,
effectively suppressing background noise, particularly that caused by the detector’s internal
radioactivity. The in-sync, out-of-sync and the difference between the two spectra, resulting
in the PG spectrum, is seen in Fig. 3.4.3(b).
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Figure 3.4.3: The cyclotron radio-frequency proton beam was bunched with a 1 in 5 pulse selection
and 300 ns between bunches, seen in: (a) the time-energy matrix, where the time is the
difference between a detected event and the radio-frequency time. The bands of higher
density correspond to regions in time when the proton beam was in-sync (example region
is shaded blue) with the detector, and the out-of-sync regions fall between the 300 ns
bands (example region is shaded red), and (b) the energy spectrum showing the number
of PG events after cyclotron radio-frequency guided background subtraction, obtained
by subtracting the out-of-sync spectrum from the in-sync to obtain the PG events energy
spectrum. The inlay plot shows the log of the y-axis, highlighting the behaviour of the
spectra in the high energy region.




INSTRUMENTATION AND METHODOLOGY
OF CC2 AND CC3 DETECTORS

The second CC investigated in this thesis, referred to as CC2, featured a novel design that in-
corporated the MacroPixel LB-14x25c-SiPM-T scintillation detector assemblies (DAs) in 4 x 2
arrays as the scatterer and absorber layers. These assemblies were pre-coupled high-performance
SiPM readout electronics by the manufacturer, providing significant advantages in low-voltage
operation and modularity. The third CC investigated in this thesis, referred to as CC3, incorpo-
rated the DAs in 6 x 1 array as the scatterer module with the 2” x 2” LaBr;:Ce detector detailed
in Chapter 3 as the absorber layer. These assemblies were pre-coupled high-performance SiPM
readout electronics by the manufacturer, providing significant advantages in low-voltage op-
eration and modularity.

This chapter delves into the design, operation, and characterisation of these DAs, focus-
ing on their application in CC systems. The MacroPixel DAs, specifically LaBr;:Ce and Srl,:Eu
crystals, were thoroughly evaluated for their energy resolution, efficiency, and suitability for
Compton imaging. A detailed analysis of the detector geometries and the advanced signal
processing methodologies used to assess their performance is included, along with the exper-
imental setup and the DAQs employed to measure and analyse detector performance. The
characterisation of gamma-ray sources used for calibration is also discussed. Through these
evaluations, the chapter aims to highlight the potential of these DA modules in advanced

gamma-ray detection systems.

Due to project constraints, only one DA electronics housing was constructed for exper-
imental measurements, as detailed in Section 4.3.1. The CC performance of CC2 and CC3,
which involve up to eight DA modules, were primarily explored through simulation, as out-
lined in Chapter 5. These simulations were essential for understanding the feasibility of the

proposed designs until additional instrumentation becomes available.

As this work seeks to advance CC technology, understanding the interplay between the
MacroPixel DAs was crucial. The high-performance SiPM readout electronics in these detec-
tors offer the potential for enhanced modularity and low-voltage operation, promising signif-
icant improvements in energy resolution and timing capability compared to traditional detec-
tor systems. This chapter thus provides an in-depth examination of how these innovations
contribute to the development of effective CC systems for gamma-ray detection.

81
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4.1 DETECTOR ASSEMBLIES

The MacroPixel DAs are pre-assembled, cuboid scintillator-SiPM detectors manufactured by
CapeScint [81]. These assemblies use a SensL (now Onsemi) MicroC60035 SiPM, a (6 x 6)
mm? photodetector with 22292 microcells at a 35 um pitch and a breakdown voltage of 24.7

V. The high-performance scintillation crystal, measuring (14 x 14 x 25.4) mm3

, was coupled
to the SiPM array and equipped with a serial bus T-sensor, as shown in Fig. 4.1.1. The entire
unit was housed in a hermetically sealed aluminium enclosure with 0.5 mm thick walls. The
detector crystals studied were LaBr;:Ce and Srl,:Eu, each with identical geometry, differing
only in the scintillation crystal material within the DA geometry. The use of SiPM readout
electronics for these scintillation detectors offered a modular design that operated at a lower
voltage than traditional PMTs, with the potential for position sensitivity in the 2 x 2 SiPM

array configuration.

The system was designed to investigate the feasibility of these detectors in a CC system
by measuring the performance of these detectors in terms of Compton efficiency, angular, and
image resolution. Before CC investigation could take place, the characterisation of these newly
acquired detectors was performed by measuring the detector energy resolution response and

efficiency with different gamma-ray sources and at different geometries.

% / 14x14x25.4 mm
Aluminum housing
(0.4 mm thk)
Reflector

SiPM readoul

Figure 4.1.1: The DA in a photograph and a schematic where the labelled components that make up
the detector are visualised.

4.1.1  LaBr3:Ce

The manufacturer indicated an energy resolution of 3% at 661.7 keV. The greatest performance
difference between the cuboid (14 x 14 x 25.4) mm? performance when compared to the 2” x 2
detector was seen in the presence of the background intrinsic radioactivity. This is emphasised
in Fig. 4.1.2 where the background was measured for 10-minutes for each detector in the same
laboratory environment. The DA crystal dimensions were too small to stop the characteristic
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1435.8 keV gamma ray from the 1384 decay to 138Ba. The photon emission wavelength of

LaBr3:Ce is in the range from 320.0-440.0 nm [64].
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Figure 4.1.2: The internal radioactivity measured for a duration of 10-minute for both the 2” x 2” and
SiPM-coupled LaBr;:Ce detectors. It can be seen that there was a reduced contribution
for the DA, particularly in the higher energy region.

4.1.2 Srly:Eu

Strontium iodide was first recognised as a scintillating material by Hofstadter in 1968 [82].
In recent years, there has been renewed interest in Srl, due to its exceptionally high light
output (~ 100000 photons/MeV) and its impressive energy resolution of ~ 3% at 661.7 keV. A
key advantage of Srl,:Eu over other high-resolution scintillators, such as LaCl;:Ce, LaBr;:Ce,
Lu,SiOs5:Ce, and Lul;:Ce, is the absence of naturally occurring long-lived radioactive isotopes
(such as the 3%La in lanthanum, and the 7°Lu in lutetium). This makes Srl,:Eu an attractive

option for various applications, such as for use in a CC.

The orthorhombic crystal structure, belonging to the Pbca space group, consists of 24
atoms per unit cell. This includes eight equivalent Sr atoms and two distinct sets of eight
iodine atoms. Due to the nearly identical ionic radii of Sr** (r = 0.12434 nm) and Eu** (r
= 0.11696 nm in mono-clinic and r = o.11107 nm in rhombic positions), the Eu** ion readily

replaces the isovalent Sr** ion in the crystal lattice [83, 84, 85].

Research by Cherepy et al. demonstrated that SrL,:Eu crystals with high Eu concentra-
tions can achieve or surpass the performance of LaBr;:Ce in terms of both light yield and
proportionality [86]. Despite recent active research into the scintillation properties of these
crystals, their spectroscopic behaviour and the mechanisms of scintillation, along with the en-
ergy transfer processes, remain poorly understood. This gap in knowledge is primarily due to
limited studies in the vacuum UV region across a broad range of temperatures and energies.
Furthermore, the band gap of these crystals has not been accurately determined, partly due
to their highly hygroscopic nature, which complicates even basic investigations. The emission
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spectrum of the crystal features a narrow peak (0.1 eV) centered at 433 nm, whereas the ex-
citation spectrum displays a broad range from 275.0-440.0 nm [87]. The overlap between the
excitation and emission spectra can result in self-absorption of the emitted photons.

Figure 4.1.3 shows the internal radioactivity of the Srl;:Eu DA. The contributions to the
background were identified to primarily originate from the **?Rn decay chain, and not the
detector crystal itself. The Sry:Eu detector demonstrated a very low (negligible) background

contribution.

<160

Ju—
N
S

Counts (keV
®)
S

80
60
40
20
0 ‘ boaak el T IR BRI |
500 1000 1500 2000 2500 3000
Energy (keV)

Figure 4.1.3: The background spectrum of the Sry:Eu DA, measured for 10 minutes. The peaks at
295.0 and 352.0 keV are attributed to well-known gamma lines from **Pb, part of the
222Rn decay chain, a naturally occurring source of background.

4.2 SIGNAL COLLECTION AND DATA ACQUISITION

The XIA Pixie-16 500 MHz DAQ was used to shape, digitise and process the signals from the
DAs. Each channel independently handles digitisation, triggering, and real-time processing
using FPGAs to calculate energy, timing, and charge values (refer to Section 3.2.3.1 for full de-
tails). This system operates with fast-timing scintillators, ensuring precise energy and timing
measurements by employing digital filters such as CFD and trapezoidal filters. The list mode

data collection procedure is described in Section 3.2.11.

4.3 SOURCE CHARACTERISATION OF DETECTORS

In the characterisation of gamma-ray detectors such as LaBr;:Ce, and Srl,:Eu, the use of var-
ious radioactive sources such as '52Eu, °Co, 22Na, and 37Cs plays a critical role in deter-

mining both energy resolution and absolute efficiency. These sources emit gamma rays at




4.3. SOURCE CHARACTERISATION OF DETECTORS 85

well-defined energies, which allows for the precise calibration of the detectors across different
energy ranges.

4.3.1 Instrumentation of the Detector Assemblies

Before investigating the performance of the DA, proper biasing of the detectors was essential.
The manufacturer’s guide, based on Onsemi’s J-Series SiPM datasheet, outlined four biasing
configurations, each addressing the handling of standard and fast signal outputs [81]. While
all configurations supported standard output, only two were recommended for fast signal use.
In this study, the standard signal output was employed for all measurements, but the chosen
bias configuration preserved flexibility for future fast signal work. The selected setup used
positive polarity for both the standard and fast signals with a positive bias voltage, seen in
Fig. 4.3.1. A 10 nF, 50 V low equivalent series resistance ceramic decoupling capacitor was
initially included but later removed due to signal reflections that degraded quality. The final
configuration is shown in Fig. 4.3.2 (right), where the detector was centrally housed within
a Hammond 1590 series aluminium enclosure, securing the biasing and signal electronics.
On the left side of Fig. 4.3.2 a photograph shows the detector crystal extending from the
electronics box.
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Figure 4.3.1: A diagram of the chosen signal and bias configuration for all DAs. Where the abbrevia-
tions used are as follows: Vp;a4: Bias voltage applied to the SiPM, Soyt: standard output
signal, Fout: fast output signal, Rs: load resistor for the standard output, Ry: load resistor
for the fast output, Vs: standard output voltage, Vy: fast output voltage, Rg: quench
resistor (internal to the SiPM), C,: decoupling capacitor [81].
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(b)

Figure 4.3.2: The DA seen in photographs as: (a) the custom in-house built housing and biasing for
the SiPM-coupled detector with labelled output ports and biasing, shown with the cover
removed. The voltage was connected using banana clips and the signal read-out through
SMA connectors, (b) a side view to demonstrate how the DA crystal was situated outside
the electronics box.

4.3.1.1 Bias Voltage of the SiPM

The investigation into varying bias voltages of SiPMs aimed to understand how changes in
overvoltage impacted key performance parameters, including channel gain and energy reso-
lution, and to identify the optimal bias voltage for the detectors. The manufacturer specified
the breakdown voltage at 24.7 V and a maximum operating voltage of 30.7 V [81]. By incre-
mentally adjusting the operating voltage, the corresponding effects on the SiPM’s gain and
PDE were examined. These adjustments ultimately shaped the signal output and influenced
the detector’s ability to resolve distinct energy levels. The LV power supply, provided by a
QL564TP bench top module, supplied power via banana clips, with the detectors drawing a

current between 1.0-2.0 maA.

The relationship between SiPM overvoltage and the detector’s channel response stems
from the combined effects of gain and PDE. Overvoltage, defined as the difference between
the applied operating voltage and the SiPM’s breakdown voltage, directly impacts both. As
overvoltage increases, so does the SiPM’s gain, which scales linearly with the applied over-
voltage [47]. Gain refers to the multiplication of charge carriers within the SiPM after photon
detection, meaning higher overvoltage generates more charge carriers per photon, boosting

the resulting signal.
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PDE, which represents the likelihood of a photon triggering a detectable signal, also
rises with overvoltage but at a slower, non-linear rate. Initially, PDE increases linearly a
few volts above the breakdown voltage, but eventually reaches a plateau, meaning additional
overvoltage yields minimal improvement in photon detection.

The peak position in the detector’s spectrum (the channel number corresponding to a
gamma-ray peak) was influenced by both the number of detected photons and the SiPM
gain. Since the number of detected photons is PDE, and gain increases linearly with over-
voltage, their combined effect results in a parabolic relationship between the peak position
and overvoltage. This parabolic trend arises because while the gain rises steadily, the increase
in detected photons is more modest, leading to a quadratic scaling of the peak position as
overvoltage continues to rise, as illustrated in Fig. 4.3.3(a). Thus, the peak position shifts to

higher channel numbers as overvoltage is increased, following this parabolic trend.
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Figure 4.3.3: The SiPM over-voltage behaviour, measured by the LaBr;:Ce DA for a ®°Co source, seen
in the relationship between: (a) the SiPM over-voltage and channel number as measured
at the 1173.2 keV peak, and (b) the SiPM over-voltage and energy resolution for the 1173.2
and 1332.5 keV peaks.
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As PDE increases, more photoelectrons contribute to the signal, reducing statistical fluctu-
ations in the number of detected photons. This decrease in statistical noise, driven by Poisson
statistics, leads to improved energy resolution. However, once PDE saturates at higher over-
voltage values, further increases in overvoltage have diminishing returns on energy resolution.
Figure 4.3.3(b) illustrates this trend by showing the energy resolution improvement as over-
voltage increases, observed in the two prominent ®*Co gamma peaks.

This enhanced energy resolution is seen in measurements conducted with the SrL,:Eu and
LaBr3:Ce detectors and a '37Cs source in Figs. 4.3.4(a) and (b) respectively. The plots show
that a bias of 30 V (5.3 V overvoltage) yields higher gain across the detector channels, leading
to significantly better energy resolution. Based on these results, an operating voltage of 30 V
was selected for this study, as it optimises energy resolution without pushing into regions of

diminishing returns.
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Figure 4.3.4: The uncalibrated gamma-ray energy spectrum measured for different SiPM bias voltages
by: (a) the Srl;:Eu detector with a *37Cs source, and (b) the LaBr3:Ce detector with 37Cs
and °Co sources.

Beyond 5 V of overvoltage, as shown in Fig. 4.3.3(b), the energy resolution improvements
level off, with further increases providing no significant benefit. Moreover, raising the voltage
beyond 30 V could introduce unwanted effects such as an elevated DCR, caused by higher
gain. At greater overvoltages, the SiPM becomes more sensitive to thermal fluctuations and
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background radiation, which can lead to false signals. According to the manufacturer, the
DCR was ~ 150 kHz/mm? at an overvoltage of 6 V [81].

4.3.2 Detector Signal Shaping

To accurately characterise each detector, the pulse shaping settings were investigated using
the ORTEC 572 amplifier. This amplifier enhances and shapes signals, making them suitable
for further analysis. The key parameters of the amplifier that were adjusted included gain
control, pole-zero (PZ) adjustment, and shaping time.

The Palmtop MCA was employed for this part of the study, interfacing with both the
amplifier and the detector through BNC cables. The Palmtop MCA, a compact device for
acquiring, analysing, and displaying energy spectra, was used to read out the shaped signal.
It digitised the shaped signal, binned it into energy channels, and constructed a spectrum,

allowing for detailed analysis of gamma ray energy distribution.

The process began by routing the standard DA signal to the amplifier’s input. Subse-
quently, the amplifier’s output was connected to the Palmtop MCA for signal analysis. A
critical adjustment was minimising the PZ such that it was carefully tuned to match the de-
cay time constant of the detector signal, crucial for avoiding baseline shifts or undershoots,

especially at high count rates.

Each detector was carefully characterised by varying the shaping times and gain settings
to achieve the best possible energy resolution and spectrum peak shape. This iterative process
ensured that an optimal energy response was measured from each detector. Figure 4.3.5
provides a visual representation of the apparatus and measurement setup used during these
adjustments, illustrating the configuration and work flow employed to refine the detector
performance. Correct PZ correction stabilised the baseline and improved energy resolution.

Ortec 572 Amplifier

Palmtop Software

{ o - ,I_--:

Power sup pl;;

Figure 4.3.5: A labelled visualisation of the measurement process. The signal from the DA was shaped
by the amplifier, after which the unipolar response was measured by the Palmtop MCA.

Gain control was adjusted to ensure the input signal was appropriately amplified for the
MCA, optimising it for analysis. The shaping time was varied among the available settings
(0.5, 1, 2, 3, 6, or 10 us). Shorter shaping times provide faster signals but can increase noise,

while longer shaping times improve energy resolution by filtering out noise, albeit at the
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expense of a slower response. The shaping time was adjusted to strike a balance between op-
timal energy resolution and spectrum peak shape. For improved signal quality, as illustrated
in Fig. 3.2.13 for the 2”7 x 2” LaBr;:Ce detectors, a 50 QO impedance was added using jumpers
to enhance signal shape and energy resolution. Measurements were performed for both the
LaBr;:Ce and Srl,:Eu DA. The manufacturer quoted energy resolution values for these detec-
tors were stated to be 3% at 661.7 keV. Fig. 4.3.6 shows the energy spectrum of the LaBr;:Ce
DA, measured at the optimal shaping time of 1 us and 30 V operating voltage, for which the

energy resolution was 3.12% at 661.7 keV.
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Figure 4.3.6: The energy spectrum of the LaBr;:Ce DA, measured at the optimal shaping time of 1
us, a gain of 10 and 30 V operating voltage, for which the energy resolution was 3.12 %
at 661.7 keV. The measurement was performed for 10-minute using both 37Cs and ®°Co

sources.

The SrL,:Ce DA required a much longer shaping time of 10 us, which was chosen as
shorter shaping times resulted in a prominent tailing effect in the photopeaks. The energy
spectrum response for the 10 ps shaping is seen in Fig. 4.3.7(a) to be 3.41% at 661.7 keV,
and the signal energy resolution response improvement with longer applied shaping times
is seen in Fig. 4.3.7(b). The work of [88] investigated the effect of shaping time on a 1”7 x 1”
Srl,:Ce crystal coupled to a PMT, where it was also found that 10 ps provided the best energy

resolution.
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Figure 4.3.7: The SrL,:Eu DA detector: (a) the gamma-ray energy spectrum measured at the optimal
shaping time of 10 ps, a gain of 37.5 and 30 V operating voltage, for which the energy
resolution was 3.41 % at 661.7 keV, where the measurement was performed for a 10-
minute period using both 137Cs and ®Co sources, and (b) the relationship between signal
shaping time and energy resolution response at 661.7 keV of the detector, which was seen
to improve with longer signal shaping times.

4.3.3 Decay Constant

The decay constants of the DAs were characterised to be input to the DDAS software to
ensure optimal energy resolution performance. A longer decay constant helps reduce noise
but may compromise energy resolution, whereas a shorter decay constant enhances energy
resolution but can increase noise. An incorrect decay constant setting can distort the shape of
the trapezoidal function.

To characterise the decay constant, over 10000 signal traces, each 8000 ns in length, were
collected for both the slow and fast signals. These traces exhibit an exponential decay de-
scribed by the function ~ e /7, where T represents the decay constant (for more details, see

Section 2.1.2). By fitting an exponential function to each trace, the value of T was determined.
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The fitting procedure is illustrated in Figs. 4.3.8 and 4.3.9 for the standard signals of the
LaBr;:Ce and Srl;:Eu DAs. The process begins with the recording of the signal trace from
the detector, as shown in Figs. 4.3.8(a) and 4.3.9(a). The longer shaping time of the Srl;:Eu
detector is observed in the fall time of the detector when compared to the very quick drop-off
of the LaBr;:Ce DA signal. Next, in Figs. 4.3.8(b) and 4.3.9(b), a constant function was fitted
to the base of each trace to determine the constant offset, which was then subtracted from the
original trace. The resulting trace, shown in Figs. 4.3.8(c) and 4.3.9(c), was then fitted with the
exponential decay function (described in more detail in Section 2.1.2) to extract the amplitude
and the decay constant ().
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Figure 4.3.8: The fitting procedure used to determine the decay constant t for the LaBr;:Ce DA stan-
dard signal involves several key steps: (a) a typical slow signal trace is displayed, (b) a
constant function was fitted to the data to establish the value of the constant offset, and
(c) the trace was adjusted by subtracting the constant offset, and an exponential fit was
applied to the corrected trace to extract the decay constant .

This fitting process was applied to each of the 10000 recorded traces, resulting in a corre-
sponding set of T values. Figure 4.3.10 shows the T values for the LaBr;:Ce DA, for which the
most frequently occurring value was identified from this distribution to be 266.50(37) ns. The
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Figure 4.3.9: The fitting procedure used to determine the decay constant T for the Srl;:Eu DA standard
signal involves several key steps: (a) a typical slow signal trace is displayed, (b) a constant
function was fitted to the data to establish the value of the constant offset, and (c) the
trace was adjusted by subtracting the constant offset, and an exponential fit was applied
to the corrected trace to extract the decay constant .

T value for the Srl,:Eu detector was calculated to be 6.50(138) us. These measurements were
performed using a *37Cs source.




CHAPTER 4. INSTRUMENTATION AND METHODOLOGY OF CC2 AND CC3

94 DETECTORS
1400
T=266.50(37) ns
1200
1000
w0
)=
= 800
2
g
3 600
o
400
200
0
250 290
T (ns)
3000
T=6.50(138) us
2500
2000
?
S
)
& 1500
=
=
I
Q
1000
500
0

12

T (ps)

(b)

Figure 4.3.10: The decay constant T for: (a) the LaBr;:Ce DA signal, for in excess of 10000 traces. The
most frequent value was measured to be 266.50(37) ns, for which the energy resolution
was at a desired minimum, and (b) the Srl;:Eu DA signal for in excess of 10000 traces.
The most frequent value was measured to be 6.50(138) ps.

4.3.4 Energy Resolution

Energy resolution (AE/E) of a SiPM-coupled scintillator system can be expressed as a combi-
nation of several factors [89, 9o]:

AE/E = \/Gﬁltr + 05,4 + 0% (4.3.1)

The intrinsic resolution (ojnr) includes the inherent resolution of the scintillator material
and the probability of light transmission from the scintillator to the light-collecting device. The
enhanced energy resolution from the larger array of SiPMs can be attributed to the improve-
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ment in Ojne, resulting from the increased probability of light transmission. The statistical
contribution is inversely related to the number of photoelectrons, while the dark current con-
tribution (0g4ark) increases as the gain rises. Adjusting the SiPM over-voltage influences both
Ostat and Ogak, but in opposite ways. In this case, the improvement in energy resolution at
higher bias voltages is due to the reduction in oyt outweighing the increase in 0.

Further optimisation of the DDAS shaping parameters involved determining which flat
top and rise time parameters were most suitable to the shaping. Measurements with the OR-
TEC preamplifier and Palmtop MCA, as well as the signal trace capturing and T calculations,
showed that the shaping time requirements of the two detector crystals would differ consid-
erably. The energy resolution measurements were performed using the same methodology
detailed in Section 3.3.2.

A '37Cs source was used to measure the energy resolution of the detectors at the 661.7
keV photopeak in the detectors. The LaBr;:Ce detection was measured at various energy flat
top and rise time parameters (detailed in Section 3.2.3.3), controlled in the DDAS software.
Figures 4.3.11(a) and 4.3.11(b) show the energy resolution of the 661.7 keV photopeak as a
function of trapezoidal and triangular shaping, respectively, measured in units of pus. The
triangular shaping was the shaping of the signal with the energy flat top set to zero. The peak
sample region from which the signal was at a maximum was therefore equal to the trapezoidal
rise time. In terms of signal shape, triangular shaping may be preferred over trapezoidal
shaping when a simpler, faster response is needed. Triangular shaping produces a peak that
rises linearly to a maximum and then falls linearly, creating a sharp and well-defined pulse.
This shape was beneficial for reducing pulse pile-up and ensuring that successive signals do
not overlap in time-sensitive applications. Due to the nature of the signal decay constant,
trapezoidal shaping was investigated. It was seen that a minimal resolution of 3.47(23)% was
produced in the trapezoidal shaping by setting the rise time to 0.06 us and flat top to 0.5 ps,
while a slightly lower energy resolution of 3.41(20)% was measured by setting the rise time to
1 us and flat top to o ps (omits the flat top) for the LaBr3:Ce DA.

The triangular shaping was seen not to distort the energy spectrum, as seen in Fig. 4.3.13
for the Srl;:Eu detector, where a 10-minute measurement was performed using *37Cs and oCo
sources. Figure 4.3.13(a) shows that a rise time of 17.92 us and flat top of o us produced the
optimal energy resolution of 3.82(18)% at 661.7 keV, the gamma-ray energy spectrum of which
is shown in Fig. 4.3.13(b). The typical DDAS parameter values for the LaBr3:Ce DA, discussed
in Section 3.2.3.1, are presented in Table 4.3.1.

‘ Parameter ‘ Slow signal (us) ‘
Fast risetime 0.1
Fast flat top 0.1
Energy risetime 1
Energy flat top 0
Peak sample 1
Peak separation 1
Decay constant 12
CFD delay 0.01

Table 4.3.1: The parameters adjusted for the LaBr—3:Ce DA, chosen to achieve the best energy resolu-
tion.
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Figure 4.3.11: Matrices showing the effect of varying the DDAS parameter settings on energy resolu-
tion for the LaBr;:Ce DA: (a) the trapezoidal shaping varying of the energy filter rise
time and flat top values, and (b) the triangular shaping (trapezoidal flat top = o) of the
rise time and the peak sample value.

Investigation into the optimisation of the DDAS energy shaping parameters for the Srl,:Eu
detectors favoured the triangular shaping technique, as trapezoidal shaping of this detector
signal was tricky as the signal began to produce tailing in the photopeaks. The typical values
for the Srl;:Eu DA user-defined functions, as described in Section 3.2.3.1, are presented in
Table 4.3.2.

A 10-minute measurement was conducted with optimised triangular fitting parameters,
using a combination of >*Eu, '37Cs, and °Co sources placed 10 mm from the centre of the
detector face. Energy resolution was determined for the photopeaks in the spectrum, with the
first 11 peaks originating from '5*Eu, the 661.7 keV peak from '37Cs, and the final two peaks
from ®Co. The measured photopeak energies were 41.1, 121.8, 244.7, 344.3, 411.12, 443.98,
778.9, 867.4, 964.1, 1099.0, 1408.0, 661.7, 1173.2, and 1332.5 keV.
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Figure 4.3.12: Energy spectrum of the LaBr;:Ce DA response using triangular signal shaping (rise
time of 0.06 ps and flat top of 0.5 us), showing an energy resolution of 3.41% at 661.7
keV. The measurement was conducted over a 10-minute duration using 37Cs and ®Co

sources.
‘ Parameter ‘ Slow signal (us) ‘
Fast risetime 0.1
Fast flat top 0.1
Energy risetime 17.92
Energy flat top 0
Peak sample 17.92
Peak separation 4
Decay constant 6.5
CFD delay 0.01

Table 4.3.2: The parameters adjusted for the Srl;:Eu DA, chosen to achieve the best energy resolution.

Figure 4.3.14(a) illustrates the approximately linear relationship between energy resolu-
tion and 1/vE, where the fit equation for the Sr:Eu DA was given by R(E) = 84.25(1263) 4

VvE
0.13(41). Similarly, Figure 4.3.14(b) presents the linear relationship for the LaBr;:Ce DA, char-
acterised by the equation R(E) = %\}EZ‘?U +1.31(46). The constant term represents the

constant dark current or noise in the system.
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Figure 4.3.13: Triangular shaping of the Sr;:Eu DA signal: (a) the energy resolution matrix obtained
by varying of the rise time and the peak sample values (trapezoidal flat top = 0), and (b)
the energy spectrum of the Srl;:Eu DA response using triangular signal shaping (rise
time of 17.92 ps and flat top of ous), showing an energy resolution of 3.82% at 661.7
keV. The measurement was conducted over a 10-minute duration using 37Cs and ®Co
sources.
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Figure 4.3.14: Energy resolution curves obtained using *52Eu, *37Cs and ®°Co sources placed 10 mm
from the detector face for: (a) the Srl;:Eu, and (b) the LaBr;:Ce DAs. The fit used for
each detector is labelled on the plot.
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4.3.5 Energy Calibration

The energy calibration for both the LaBr;:Ce DA and Srl,:Eu DA detectors were performed us-
ing radioactive sources with well-known gamma-ray emission energies. This process involved
aligning the energy photopeaks from these sources with specific channels in the spectrum. To
ensure accuracy across a wide energy range, the well-defined gamma and x-ray peaks of '>*Eu
were utilised: 41.1, 121.8, 244.7, 295.9, 344.3, 411.12, 443.98, 778.9, 867.4, 964.1, 1099.0, 1408.0
keV. Accurate energy calibration is critical for CC applications, as it enhances the detector’s
ability to precisely reconstruct gamma-ray interactions. After background subtraction (see
Section 6.3.1), the peaks were fitted using Radware effit.

Figures 4.3.15 and 4.3.16 show the energy calibration residuals for each order of polyno-
mial fit to the detector channel-energy data, plotted for each of the known peak energy values
used in the spectrum of *>*Eu for the LaBr;:Ce and Srl;:Eu detectors, respectively. The median
residual energies and their associated uncertainties are included in a box underneath each of
the Figs 4.3.15 and 4.3.16. A grey shaded region between -1.0 and 1.0 keV has been added
to the plot to guide the eye toward lower and higher obtained residual values. Both detector
responses favour a third-order polynomial fit to convert channel values into energy values, as
this approach minimises residuals. This nonlinearity arises because the incident gamma-ray
energy is not always deposited entirely in a single interaction [24]. Instead, the energy can
be shared among multiple secondary electrons due to single or multiple Compton scattering
events, followed by photoelectric absorption. Additionally, when photoelectric absorption oc-
curs, the remaining excited atom can release its energy through various processes, such as
emitting Auger electrons, which further contribute to the observed variability in the energy
spectra. These combined effects lead to deviations from a perfectly linear response. This is
not unusual, as scintillators can exhibit non-linear responses, especially at higher gamma-ray
energies. The conversion of gamma-ray energy to light output is not perfectly linear in scintil-
lators such as LaBr;:Ce and Srl;:Eu [24]. As energy increases, this non-linearity becomes more
pronounced, requiring higher-order calibration functions, such as a third-order polynomial, to
accurately map energy to channel values [57].
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Figure 4.3.15: The energy calibration residuals and associated errors for each order of polynomial fit
to the detector channel-energy data are shown, plotted for each of the known peak
energy values used in the spectrum of *>?Eu for the LaBr;:Ce DA. A grey shaded region
between -1.0 and 1.0 keV has been added to the plot to guide the eye toward lower and
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Figure 4.3.16: The energy calibration residuals and associated errors for each order of polynomial fit to
the detector channel-energy data are shown, plotted for each of the known peak energy
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-1.0 and 1.0 keV has been added to the plot to guide the eye toward lower and higher
obtained residual values.

4.3.6 Measurements at Detector Side and Face

The orientation and geometry of a detector can significantly influence the gamma spectroscopy
measurements, particularly in the Compton region. The DA dimensions (14x 14 x 25.4 mm?)
mean it has a larger depth along the 25.4 mm axis compared to the 14 mm axes. When
measuring gamma rays from the face (14 x 14 mm?) versus the side (14 x 25.4 mm?), the
effective volume of scintillating material that the gamma rays interact with changes. For side
measurements, gamma rays interact over a shorter depth, which might limit the number of

interactions and thus affect the Compton scattering results. For face measurements, the longer
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depth allows for more interactions, potentially capturing a wider range of scattered gamma
rays.

Further concerns regarding detector measurements with the source incident on the side
of the detector versus the detector face (see Fig. 4.3.17 include the light collection due to
variations in the light path and potential light losses affecting the SiPM performance, and thus
the energy resolution. Measurements were performed with 37Cs and ®Co sources placed at
30.5, 60.5, and 9o.5 mm from the detector face for 10-minute intervals. Of particular interest
was whether the Compton backscatter and edge peaks would appear reduced or distorted
when comparing the geometries, as well as the efficiency and energy resolution performance
comparison of the photopeaks.

Figure 4.3.17: A photograph demonstrating the difference between a detector measurement with the
source incident on the detector face (left), or with the source incident on the detector
side (right).

The energy resolution of the 661.7 keV peak in the uncalibrated spectrum of 37Cs in Fig.
4.3.18(a) was measured to be 3.07(61)% for the side positioning and 3.04(67)% for the face
positioning, indicating that the energy resolution was unaffected by the geometrical change
in the measurements. Further, the Compton distribution shows the equivalent response for
each geometry. The most notable difference observed in Figs. 4.3.18(a) and 4.3.18(b) is the re-
duction in statistics between the two geometries. The source-to-side geometrical configuration
contains just 66% of the statistics of the source-to-face configuration, which was attributed to
the difference in depth of the detector.

The FEPE was measured for both the face and side configurations of the LaBr;:Ce DA at
30.5, 60.5 and 90.5 mm source-to-detector distances for the 1173.2 and 1332.5 keV photopeaks
in the decay of ®Co. The FEPE is plotted for the face (M) and side (e) measurements for
each energy, seen in Fig. 4.3.19. It was observed that the FEPE was ~ 0.1% higher for the
side-to-source than the face-to-source configuration. This was attributed to the greater surface

2

area of the side (14 x 25.4) mm? versus the face (14 x 14) mm? of the detector, increasing the

probability of interactions in the crystal.
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Figure 4.3.18: A comparison of the uncalibrated LaBr;:Ce DA energy response when the source was
positioned 30.5 mm from the face (blue) or the side (red) of the detector: (a) for a *37Cs
source, and (b) for a ®°Co source for 10-minute durations each.
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Figure 4.3.19: A comparison of the LaBr;:Ce DA FEPE response when the source was positioned 30.5
(black), 60.5 (red) and 9o.5 (blue) mm away from the face (M) or side (o) of the detector.
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4.3.7 Efficiency

The efficiency measurements for the SiPM-coupled detectors were performed in the same
manner as those of the CC1 detectors discussed in Section 3.3.4. Radware was used to obtain
the number of counts under each photopeak and subtract the background for the spectrum of
a '5*Eu source. The decay of >?Eu emits multiple gamma-ray energies in the range of 121.8-
1408.0 keV, making it particularly valuable for FEPE measurements and calibration. Its com-
plex decay scheme provides numerous peaks across this wide energy spectrum, which was
ideal for constructing an efficiency curve that accurately represents the detector’s response to

various gamma-ray energies, thereby ensuring precise quantification of the detected signals.

The gamma energy spectrum of the Srl;:Eu DA with the source positioned 10 mm from
the detector face exhibited reduced energy resolution due to pulse pile-up effects. This was
seen in the gamma energy spectrum of the detector at various source-to-detector distances in
Fig. 4.3.20 where the spectrum for the 10 mm distance (black line) suffers degradation in en-
ergy resolution compared to the sources placed further away from the detector. Pulse pile-up
occurs when two or more gamma-ray events happen in rapid succession, causing their signals
to overlap before the system can fully process the first event. In this case, the proximity of
the source to the detector likely increased the event rate, leading to a higher probability of sig-
nals overlapping. When signals overlap, the DAQ system struggles to distinguish individual
pulses, resulting in distorted pulse shapes. This distortion can affect the accurate measure-
ment of the energy deposited by each event, as the system integrates the combined signals
instead of treating them separately. Consequently, this degradation of pulse clarity reduces
the overall energy resolution of the detector. Instead of sharp, well-defined photopeaks, the
spectrum becomes broadened, leading to less precise identification of gamma-ray energies.
For this reason, the 10 mm distance was not included in the FEPE calculations for the Srl,:Eu
DA.
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Figure 4.3.20: The Srl;:Eu detector energy spectrum measured with a *>*Eu source placed at various
source-to-detector distances. At near distances, the detector suffers from pulse pile-up
effects, decreasing the energy resolution considerably.
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The FEPE was calculated at different source-to-detector distances for the DAs, seen in Fig.
4.3.21(a) for the Srl;:Eu DA and Fig. 4.3.21(b) LaBr;:Ce DA, and were each fitted with the
logarithmic-polynomial function In(e(E)) = ap + ajIn(E) + az(In(E))? + az(In(E))3).
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Figure 4.3.21: The FEPE, fitted with the logarithmic polynomial function In(e(E)) = ap + ajIn(E) +
a(In(E))? + a3(In(E))3), and measured using a "?Eu source placed at four different
distances from each detector: (a) the Srl;:Eu DA, and (b) the LaBr;:Ce DA.

4.4 OVERVIEW OF DAS FOR USE IN CC DESIGNS

In early 2024, SiPM-coupled DAs were purchased and characterised to explore their applica-
tion within a CC system. The detector materials under investigation included LaBr;:Ce and
Srl:Eu crystals, each paired with SiPM readouts. These DA systems were tested for their en-
ergy resolution and efficiency, crucial metrics for evaluating their potential in CC applications.
Notably, the LaBr;:Ce and Srl;:Eu crystals demonstrated excellent energy resolution when
trapezoidal shaping was applied to the signal using the XIA Pixie-16 DAQ system. Specifi-
cally, a minimum energy resolution of 3.47(23)% was achieved by setting the rise time to 0.06
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us and the flat top to 0.5 ps. A slightly better energy resolution of 3.41(20)% was observed,
with a risetime of 1 pus and a flat top of o ps. These parameters were optimised to enhance
signal processing for high-precision gamma spectroscopy.

The DA modules were compared against a 2” x 2” LaBr;:Ce detector in terms of FEPE,
as shown in Fig. 3.3.12 and Fig. 4.3.21. Across a range of energies and distances, LaBr;:Ce
consistently exhibited superior performance in FEPE, making it the preferred detector material
in most scenarios. This was particularly evident at lower energies and shorter source-detector
distances, where high PDE is critical for imaging systems such as CCs. The Srl;:Eu and
Polaris CZT detectors, while still viable, generally demonstrated lower efficiency compared to
LaBr;:Ce, indicating that LaBr;:Ce is better suited for applications demanding high sensitivity,
especially at low energies.

4.4.1  CC Design Configurations

A further two CC configurations were proposed and investigated through simulation to assess
the effectiveness of the DA modules in a CC setup. These designs focused on various scatterer-
absorber geometries aimed at optimising the ARM, efficiency, and reconstructed image quality.
The design and geometries investigated for each CC are shown in Fig. 4.4.1, where CC2
and CC3 are the relevant designs for this discussion and CC1 was discussed in Section 3.0.1.
Images of the CCs are seen as taken from the simulation, along with the scatterer and absorber

detectors that make up each design.

CcC1 CC2 Geometry 1 CC2 Geometry 2 CC2 Geometry 3 CcC3
Scatterer  p»yo» LaBr;:Ce LaBr;:Ce DA LaBr;:Ce DA LaBr;:Ce DA LaBr;:Ce DA
Absorber Polaris LaBr;:Ce DA LaBr;:Ce DA LaBr;:Ce DA 2"x2” LaBry:Ce

Figure 4.4.1: A schematic of all CCs simulated and the detectors that make up their scatterer and
absorber modules (not to scale). The yellow star shape is a demonstrative representation
of the gamma-ray source position relative to the scatterer module for each CC design.
The source was moved in the x-z plane.

CC2 utilised 4 x 2 array of MacroPixel LB-14x25c-SiPM-T DA modules as scatterers and
absorber layers each, while CC3 featured a 6 x 1 array of DA modules as scatterers, with a
single 2” x 2” LaBr;:Ce detector from Saint-Gobain as the absorber. Details on these config-
urations can be found in Section 5.2.2, which provides insight into their geometry, energy

deposition, and expected performance in simulation.

Due to the project timeline, only one DA electronics housing (see Fig. 4.3.2) was con-
structed for initial measurements. The proposed CC configurations require up to eight DAs
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to be biased and read out simultaneously, a requirement that currently exceeds available in-
strumentation. As a result, the designs were primarily explored through simulation until
further hardware becomes accessible. These simulations, detailed in Chapter 5, provide key
performance insights such as ARM distribution, FEPE, and image reconstruction capabilities.




MONTE CARLO SIMULATION

This chapter describes the MC simulation techniques used in this work, specifically utilising
TOPAS MC to model the three CC designs, focusing on how different detector configura-
tions impact imaging performance. Key aspects of the simulation include the construction
of realistic materials and geometries, the selection of appropriate physics models, and the
implementation of custom scoring techniques. The methodologies for incorporating detector
resolution effects and image reconstruction algorithms, such as FBP with Wiener filtering and
Octane EM, are explored to enhance the fidelity of reconstructed images. This chapter covers
the detailed setup and execution of simulations, optimisation of reconstruction techniques,
and analysis of simulation performance.

51 TOPAS MC

MC methods are powerful tools for obtaining numerical solutions to problems involving
stochastic processes. These methods rely on probability distributions to model the behaviour
of complex systems, with (pseudo) random numbers used to sample these distributions and
determine quantities of interest. MC simulations are crucial for modelling the interaction
of radiation with matter. While the physics governing radiation interactions is well under-
stood, developing an analytical solution to describe particle transport in a medium remains
impractical [91]. This is where MC methods excel, offering superior accuracy over analytical

approaches, especially in contexts such as radiotherapy CC event tracking.

A bench-marked MC system can play a vital role in evaluating the feasibility of exper-
iments, allowing researchers to compare simulated scenarios with experimental data. Ad-
ditionally, MC simulations enable the exploration of scenarios that may be challenging or
impossible to recreate in a physical experiment. This capability is particularly important in ra-
diation therapy, where ethical considerations prevent using patients as experimental subjects
and experimental beam-time is not always available.

In this study, the TOPAS MC (TOol for PArticle Simulation) (v3.9) tool kit was selected
due to its reputation as a leading software for particle therapy simulations [1, 92]. Released
in 2012, TOPAS enhances the Geant4 MC tool kit by providing a user-friendly interface that
simplifies parameter management [93, 94]. TOPAS is capable of accurately simulating the pas-
sage of ionising radiation through intricate geometries, including patient CT scans, detectors,
and medical instruments. It allows users to activate physical models that describe various par-
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ticle interactions with matter, and it supports the simulation of different particles and physics
processes.

The TOPAS MC software is structured into four main components, namely: Geometry,
Particle Source, Scoring, and Physics. The geometry aims to best reproduce an experimental
set-up. These parameters come together to form the heart of the simulation. Once the experi-
mental geometry has been constructed, the scoring quantity is chosen and physics lists set, the
simulation starts. Particles are tracked until they reach E = o eV. The particle trajectory is the
sum of the particle steps determined by interactions or geometric boundaries. The simulation
environment used in this study was designed to replicate that of the experiment. For a more
general description of the TOPAS capabilities, refer to the website: TOPAS MC [1, 92].

5.2 TOPAS SIMULATIONS

To investigate the feasibility of various detector performances as CC imaging devices, TOPAS
MC was used to simulate three different CCs. The combination of detectors used for each
CC was chosen carefully to maximise on the strengths of each detector as either a scatterer or
an absorber component. Having a reliable model of the experiment and detector geometries
is critical for simulated investigation into the system. It is important to mention that this
study does not account for correlated and non-correlated noise sources such as DCR, cross-
talk, and after-pulsing in the SiPM components of the DAs. The simulation readout for the
DAs was within the detector crystal and not the electrical signals of the SiPMs. Further, the
simulation does not incorporate the intrinsic internal radioactivity of the Srl,:Eu and LaBr;:Ce
detectors. Rather, the background was subtracted from the experiment before comparison
with simulation. Future enhancements to the simulation framework will address these aspects.

The first CC design investigated, CC1, was detailed in Section 3.0.1. The motivation for
this hybrid CC was to balance the strengths of different detector types in an effort to offset
their respective limitations. The CZT detector serves as the scatterer, owing to its superior
energy resolution and high stopping power, as discussed in Section 3.1, while the LaBr;:Ce
detector acts as the absorber placed directly behind it, selected for its rapid timing and high
light output, as detailed in Section 3.2. This research investigates the integration of these
detectors with high-speed digital readout electronics and assesses their potential application
in a clinical setting.

5.2.1  Materials

To construct a material in TOPAS MC, the baseline requirements include specifying the ma-
terial’s chemical composition, density, and fractions of its constituent elements. Additionally,
users can define various optical properties, such as refractive index, absorption length, reflec-

tivity, and scintillation yield, which are essential for simulating how light propagates, reflects,



https://www.topasmc.org/

110

CHAPTER 5. MONTE CARLO SIMULATION

and is absorbed within the material. By setting these properties, TOPAS MC enables the cre-

ation of realistic models that account for the complex optical behaviour of materials used in

radiation detection and imaging systems. Table 5.2.1 comprises all materials used to construct

the various detectors in the simulation. The composition percentages, density, and properties

columns refer to how the material was created in the simulation. The material information

was acquired from the various specification sheets from the detector manufacturers, as well as

correspondence with the companies themselves where necessary. The materials are referred

to by the material name or chemical formula interchangeably in the sections to follow.

H:60

Material Name Chemical  For- | Composition (%) | Density (g/cm>) | Properties
mula
Lanthanum Bro- | LaBr, La:36.69, Br:63.31 | 5.07 -
mide
Cerium-doped LaBr;:Ce (5%) LaBr;:95, Ce:5 5.20 Scintillation
Lanthanum Yield: 63000
Bromide photons/MeV
Aluminium Al Al:100 2.70 Reflectivity: 0.90
Aluminium Composite Al:ig7.2, Cro.2,| 2.70 -
(6061) Cuwo.3, Fe:0.3,
Mg:1, Mn:o.1,
Si:0.6, Ti:o.1,
Zn:o0.2
PTFE (Teflon) (C2F4)n C:24.02, Fi75.98 2.20 Reflectivity: 0.95
(various ener-
gies), Dielectric
material
Plexiglass (CsHgO))n C:62.06, H:8.13,| 1.19 Reflectivity:
(PMMA) 0:29.81 0.90; Absorption
Length: 1.0 m
(600 nm) (various
energies)
SiPM (SensL ]J-| Si Si:100 2.33 PDE: ~ 40 (at 400
Series) [81] nm)
Borosilicate Composite B:g.01, 0O:53.96, | 2.23 Reflectivity: 1.49
Glass Na:2.82, Al:1.16,
Si:37.72, K: 0.33
Optical Grease (C2HgOSi), Si: 10, O:10, C:20, | 0.97 Refractive Index:

1.4, Absorption
Length: 10 cm
(various ener-
gies)

Continued on next page
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Material Name Chemical  For- | Composition (%) | Density (g/cm3) | Properties
mula
Bialkali Material | Composite Sb:33.33, 3 Reflectivity:
Rb:33.33, 1(107%) (at vari-
Cs:33.33 ous energies)
Strontium Io- | Srly Sr:33, L:67 4.20 -
dide
Europium- Srl,:Eu (5%) Srl;:95, Eu:s 4.20 Scintillation
doped Strontium Yield: 80000
Iodide photons/MeV
Ceramic Al O; Al:i47.07, 0:52.93 | 3.97 -
Copper Cu Cu: 100 8.94 -
CZT Cdi4ZnTeq3 Cd:48, Zn:2, Te:50 | 5.78 -
Epoxy Resin 1 C4HsO C:68.42, H:10.53, | 1.16 -
0O:21.05
Epoxy Resin 2 CsH140; C:45, H:10, O:45 1.10 -
Epoxy Resin 3 CH4N C:g0, H:13, Niy7 | 1.16 -
Epoxy Resin Composite Epoxy Resin 1:| 1.19 -
56, Epoxy Resin
2: 24, Epoxy
Resin 3: 20
Silicon Dioxide | SiO; Si:33.33, 0:66.67 | 1.19 -
Tetrabromopheno] C;1HgBrsO4 Cig6.15, H:15.38, | 2.12 -
Br:30.77, O:7.69
FRg Composite Epoxy Resin:38, | 1.8 -
Si0;:55, Tetrabro-
mophenol:7
Nylon (610) CeHi1sN2 C:55.88, 1.14 -
H:8.82,N:35.30
Nylon FR4 Mix Composite Nylon:50, FR4:50 | 3 -
Nylon (12) Cqi2H21NO C:54.50, H:33.30, | 1.01 -
N:10.60, O:1.60
Magnesium Ox- | MgO Mg:60.30, O:39.70 | 3.58 Dielectric mate-
ide rial
Mu-metal Composite Ni:77, Fe:16, | 8.7 -
Cu:s, Cr2

Table 5.2.1: Summary of material compositions and properties used in the simulation.
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5.2.2 Geometry of the Compton Camera Designs

The specific geometries and their materials were defined to match each manufacturer specifi-
cation. Simulating the materials situated behind the detector crystal was crucial for accurately
modelling the performance of a CC system. Gamma rays interacting with materials behind
the crystal can scatter back into the detector, altering the signal. Including these materials in
the simulation ensures that backscattered photons were accounted for, leading to more accu-
rate energy spectra and ARM. Energy can be absorbed or attenuated by the materials behind
the detector, affecting the overall energy resolution and detection efficiency. Simulating these
materials allows for a better understanding of how energy losses occur and how they influence

the detector’s response.

The 2”7 x 2” LaBr;:Ce cylindrical detector (Table 5.2.2) was constructed with an outer
casing of aluminium, which houses a magnesium oxide (MgO) reflector surrounding the
LaBr;:Ce crystal. The detector dimensions was 50.8 mm in diameter, with a height matching
the crystal length. Behind the crystal was the PMT, enclosed in an aluminium casing, optically
coupled by layers of optical grease, a bialkali metal cathode, mu-metal shielding, and borosil-
icate glass. These layers were included in the simulation to account for backscatter effects
and energy losses that occur as gamma rays interact with materials behind the detector. The
Polaris CZT detector (Table 5.2.3) features a cuboid geometry, encapsulated by a plastic cover
made from PA12 material, with an internal aluminium electronics box. The CZT crystals were
housed within a protective structure, which includes nylon and copper plates for shielding
and structural integrity. These geometrical details were essential to model accurately, as the
housing materials may affect the scattering of gamma rays and impact the detector’s energy

response.

In the CC1 setup, the Polaris detector was used as the scatterer and the single 2”7 x 2”
LaBr;:Ce detector as the absorber. The LaBr;:Ce detector was oriented to maximise gamma-
ray interactions and detector efficiency by placing the detector crystal isocentric with CZT
crystal, along the z-axis. The isometric view of the simulated CC design is seen in Fig. 5.2.1.
Both the CZT and LaBr;:Ce crystals are coloured as red within each geometry. The PMT was
enveloped by the mu-metal shield and is not seen in Fig. 5.2.1.

For the MacroPixel DAs, both LaBr;:Ce and Srl,:Eu crystals were contained within alu-
minium casings (Table 5.2.4). These detectors have a cuboid geometry, with the scintillating
crystal encased in a Teflon reflector. The SiPM pixels were mounted behind the crystal, and a
PMMA board provides structural support. These assemblies were compact compared to the
cylindrical LaBr;:Ce detector. For the CC2 design, a different scatterer-absorber design was ex-
plored using the DAs. In this setup, the design employed four DA modules as scatterers and
another four as absorbers. The optimal geometric arrangement of the DAs in the different CC
layers was investigated, allowing for comprehensive analysis of the scatterer-absorber interac-
tions. The LaBr;:Ce DAs were used for both scatterer and absorber modules for the reasons
discussed in the validation of the simulation in Section 6.1. The three geometries investigated
for CC2 are seen in Figs. 5.2.2, 5.2.3 and 5.2.4. The colours of the various parts that make

up the detector geometry are listed in Table 5.2.4, where the scintillating crystals are always
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] Component \ Parent \ HL x R (mm?) \ Material Colour ‘
Casing World 57.5 x57.5 Aluminium Grey
Reflector Casing 56.5 x 56.5 MgO Yellow
LaBr;:Ce Reflector 50.8 x 50.8 LaBr;:Ce Red

Crystal
PMT Casing World 87.75 x 62 Aluminium Grey
Optical Grease PMT Casing 1.0 x 52 Optical Grease Green
Bialkali PMT Casing 1.0 x 51 Bialkali Blue
Cathode Cathode
Shield PMT Casing 52 x 52 Mu-Metal Dark Green
PMT crystal Shield 51 x 51 Borosilicate -
Glass

Table 5.2.2: Summary of materials and geometrical dimensions, as well as the colour assigned to the
detector part in the visualisation, for the 2” x 2” cylindrical LaBr;:Ce detector.

Component Parent HLX x HLY x Material Colour
HLZ (mm)
Plastic Cover World 85 x 106 x 60 PA12 Grey
Electronics Box | Plastic Cover 85 x 104 x 26 Aluminium Grey
(6061)

Nylon Plates Plastic Cover 50 x 50 x 4 Nylon FR4 Mix Yellow
Cu Plate Plastic Cover 50 x 50 x 4 Copper Blue
CZT Crystals Plastic Cover 20 x 20 x 10 CZT Red

Table 5.2.3: Summary of materials and geometrical dimensions, as well as the colour assigned to the
detector part in the visualisation, for the cuboid Polaris detector.

seen as red. The assigned light perspective within the QT visualisation of the simulation is

the reason for the variation in colour intensity across the figures.

Component Parent HLX x HLY x Material Colour
HLZ (mm?)
Casing World 85x85x%x16 Aluminium Grey
Reflector Casing 8.1x8.1x13.48 Teflon Yellow
Crystal Reflector 7x7x127 LaBr;:Ce or Red
SrL:Eu
SiPM pixels Casing 3.88 x 3.88 x Silicon Blue
0.32
PMMA Board Casing 7.95 x7.95 x PMMA White
0.16

Table 5.2.4: Summary of materials and geometrical dimensions, as well as the colour assigned to the
detector part in the visualisation, for the cuboid LaBr;:Ce and Srl,:Eu DAs.

The CC3 setup involved a more complex design where six DAs were used in a matrix as

the scatterer module in combination with a single 2” x 2” LaBr;:Ce detector as the absorber,

seen in Fig. 5.2.5. The number of DA modules was chosen to maximise the scatterer surface

area coverage. The combination of multiple scatterers and one absorber aimed to enhance

detection capabilities and image reconstruction accuracy.
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Figure 5.2.1: A schematic of the simulation geometry of CC1, shown as an orthographic perspective,
which includes front, side, and top views to provide a comprehensive understanding of
the spatial arrangement of components.

I

Figure 5.2.2: A schematic of the simulation geometry for the geometrical configuration 1 of CCz,
shown as an orthographic perspective, which includes front, side, and top views to pro-
vide a comprehensive understanding of the spatial arrangement of components.
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Figure 5.2.3: A schematic of the simulation geometry for the geometrical configuration 2 of CCz,
shown as an orthographic perspective, which includes front, side, and top views to pro-
vide a comprehensive understanding of the spatial arrangement of components.

Figure 5.2.4: A schematic of the simulation geometry for the geometrical configuration 3 of CCz2,
shown as an orthographic perspective, which includes front, side, and top views to pro-
vide a comprehensive understanding of the spatial arrangement of components.

5.2.3 Physics

It is important for users to carefully construct and validate the physics list within TOPAS to
ensure accurate results. In the simulation of a CC, the choice of physics models is critical to
accurately capturing the interactions and transport of particles. The GgRadioactiveDecay model
was employed to simulate the decay processes of unstable nuclei, a crucial aspect when deal-
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Figure 5.2.5: A schematic of the simulation geometry for CC3, shown as an orthographic perspective,
which includes front, side, and top views to provide a comprehensive understanding of
the spatial arrangement of components.

ing with radioactive sources. This model incorporates the decay schemes, energy spectra, and
angular distributions as provided by nuclear databases such as the Evaluated Nuclear Struc-
ture Data File database (ENSDF) [95]. The G4Stopping physics model was also incorporated
as it was essential for accurately simulating the stopping power of ions in materials, ensur-
ing that energy loss and range calculations for charged particles are precise. Equation 2.1.6
was among the key equations used for ionisation energy loss. This is particularly important
in medical physics simulations, where understanding how particles slow down and deposit
energy in tissue is vital [94]. Finally, the GgEmStandardOptiong is a comprehensive electromag-
netic model that includes detailed processes such as Compton scattering, photoelectric effect,

and pair production, as described in Section 2.1.1.

TOPAS uses a step-by-step approach to transport particles. Each particle’s trajectory is
divided into small steps, and at each step, the relevant physics processes are invoked to
determine how the particle interacts with the medium. For each possible interaction, the
probability (cross-section) is calculated to decide whether an interaction occurs during the step.
The outcomes (such as scattering angles, energy loss, or production of secondary particles)
are then determined based on the specific physics model in use. If an interaction produces
secondary particles (e.g., gamma rays, electrons, positrons), these particles are added to the
simulation and transported in the same manner as the primary particles.

5.2.4 Scoring

TOPAS provides flexibility for users to extend its functionality by writing custom C++ scorer
extensions, allowing for the collection of unique simulation data. In this work, a custom
scorer was developed by tailoring the existing “MyNtupleScorer1” extension provided by




5.2. TOPAS SIMULATIONS 117

TOPAS. This custom scorer was specifically designed to meet the unique requirements of a
CC simulation, where precise tracking of single-scatter events and their associated parameters

is crucial for accurate data collection and subsequent image reconstruction.

The primary purpose of the extension was to capture detailed information about the
energy deposition and scattering positions of gamma rays within the detector components.
To achieve this, several modifications and additions were made to the original extension be-
haviour. The custom scorer was configured to record key variables such as the total energy
deposited, smeared energy (accounting for detector resolution as described in Sections 3.3.2,
and 4.3.4), particle identification (PID), event and track IDs, as well as the spatial coordinates
of the scattering events. Additional columns were registered to store the process name respon-
sible for the energy deposition and the volume names where interactions occurred.

These modifications were necessary to accurately characterise the interaction of gamma
rays within different detector materials, such as LaBr;:Ce, CZT, and Srl,:Eu crystals. Each
material’s response was modelled by applying energy resolution functions specific to that
material, which were embedded within the scorer (described in more detail in Section 5.2.5).
The scorer also included logic to selectively store events based on the volume in which they

occurred and the energy thresholds relevant to the CC’s operational parameters.

In addition to the custom scorer, TOPAS includes built-in scorers such as the “Origin-
Count” scorer, which provides a general-purpose tool for tracking the emission of emitted
particles from a source. The “OriginCount” was configured to capture the total number of
gamma rays emitted by the radioactive source. It is important to note that the number of emit-
ted gamma rays recorded by this scorer may differ from the number of histories generated
by the simulation. The reason for this discrepancy lies in the fact that not all histories result
in gamma ray emissions. Some histories may involve interactions where gamma rays are not
produced, or they may involve particles that do not contribute to the gamma-ray count. The
number of emitted particles was then used to compute the CC efficiency described in Section

6.2.1.

5.2.5 Detector Resolution Energy Smearing

Detector energy smearing in a simulation is a technique used to mimic the realistic response of
a detector in a simulated environment. This process introduces random variations or "noise"
into the simulated energy measurements to better replicate how a real detector would behave.
Energy smearing accounts for the fact that real detectors have finite resolution and can pro-
duce measurements with some degree of uncertainty. Different detectors have specific intrinsic
energy resolutions, which can vary with the type of detector, its material, and the energy of

the detected photons. Smearing helps to incorporate these characteristics into simulations.

The simulated detector energy deposition values were smeared with the measured detec-

tor responses, described in Section 3.3.2. Specifically, for each deposited energy E4, random
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noise was introduced by sampling from a Gaussian distribution with mean E4 and a standard

deviation determined by the experimental function:

FWHM(Eq) = 2.35- 0(Eq) = po + (5.2.1)

VEa

To replicate the detector’s response more accurately, the smearing was implemented by
first calculating the energy resolution at each deposited energy using the linear relationship
between the variables:

Eres = % +Po (5.2.2)

where E, is the relative energy resolution, and pp and p; represent energy-independent
(baseline noise) and energy-dependent (statistical fluctuation) contributions, respectively. The
standard deviation, o, was then derived from this resolution by:

_ Eres X Eg

235 (5-2:3)

Finally, random noise was added by sampling from a Gaussian distribution centred at
E4 with the calculated o. The simulations do not incorporate the intrinsic radioactivity of
the LaBr;:Ce or Srl,:Eu detectors. The energy deposition spectrum aligns with experimental
data by factoring in the detector’s intrinsic efficiency through the resolution smearing and
simulating photon interactions within the material.

Further experiment detector effects were not implemented in simulation except for dead-
time triggered event modeling of the Polaris detector. It was ensured that if the time elapsed
between two energy depositions (above the threshold) in either of the two detector crystals did
not exceed 15 ps, the event was not recorded in the simulation. This mimicked the processing
time of the detector, which is a well-quantified value for the Polaris and was quantified by
Maggi et al. [60], where the module’s dead state was seen to vary in duration, ranging from
15.0-300.0 pus, depending on the characteristics of the recorded events. This period represents
the time needed to process and read out the photon event and to reset the detector. After
this interval, the module transitions back to its ready state. Therefore, 15 us represents the
minimum possible dead-time for the detector.

5.2.6 Post-Processing of Simulation Data

During this stage, the event IDs played a pivotal role in organising and analysing the data.
The primary objective was to sort the data into meaningful CC events by applying specific
gating criteria. Each simulated event was assigned a unique identifier, known as the event
ID. This identifier was crucial for tracking the progression and interactions of particles within

the simulation environment. When a primary particle was generated in the simulation, was
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automatically assigned an event ID, which acts as a reference marker for all subsequent in-
teractions and secondary particles produced within that event. This systematic assignment
of IDs enables the precise tracking of particle histories, facilitating detailed analysis of the

simulation results.

The custom scorer used in the simulation was tailored to record single-scatter events
within the CC simulation. This scorer was designed to capture detailed information about
each event, including energy deposits, interaction points, and the associated event ID. To
accurately sort the data into CC events, several gating criteria were applied to filter and group
the data based on their relevance to the imaging process. These gates were designed to isolate
valid Compton scattering events from other types of interactions. The key gating criteria
included:

Energy Windowing: Events need to be selected based on their deposited energies to
exclude those that could impair image quality. The total sum of the deposited energy
across the scatterer and absorber modules must fall within the range E, + 30g, where
E, represents the incident gamma-ray energy, and o is the energy’s standard deviation.
The standard deviation is determined based on the energy resolutions of the scatterer
and absorber detectors obtained from experimental measurements (detailed in Sections
3.3.2 and 4.3.4).

Forward-scattering events (FSE) occur when gamma rays first interact in the scatter layer,
undergoing one or more Compton scatterings, and then the scattered photons interact in
the absorber layer. Conversely, backward-scattering events (BSE) happen when gamma
rays initially undergo Compton scattering in the absorber layer, with the scattered pho-
tons subsequently interacting in the scatter layer via the photoelectric effect. For optimal
image reconstruction, BSE should be minimised or excluded, as they tend to degrade
the image quality [96]. This can be achieved by applying an energy threshold to the de-
posited energy in the scatter detectors (for more detail, see Section 6.2.3). A benefit of
applying energy windowing at this stage of the processing was the data reduction that it

facilitated, allowing for only the relevant energies to be retained.

Sorting of CC events: A gate was applied to check that the eventID of the interaction
in the scatterer and absorber modules are equivalent, to ensure that they originate from
the same incident gamma ray. The TrackIDs represent unique identifiers for each particle
track within the simulation, while the ParentIDs link the interactions to their originating
track, thus maintaining a coherent chain of events from the initial scattering to final
absorption. A further sanity-check was then applied to ensure that the ParentID of the
absorber was equivalent to the TrackID of the scatterer detector for FSE and vice versa
for BSE. This step was crucial to confirm that the interactions recorded are correctly
associated with their respective tracks and that the events are properly linked between
the scatterer and absorber components of the CC. By verifying these IDs, it was ensured
that the integrity and accuracy of event correlation, which was essential for reliable data
analysis and image reconstruction.

Subsequently, the sorting of the CC events was conducted as detailed in Section 2.4.
For each event in the scatterer module that met the ID and energy gate criteria, it was
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verified that the physics process was Compton scattering. A search was then carried out
to identify subsequent interactions in the absorber module where the gamma ray was
completely absorbed via the photoelectric effect. These FSEs were stored as Compton
cones in a ROOT file, formatted as (E1, x1, y1, 21, E2, X2, y2, z2) for further analysis.
BSEs were collected and stored similarly, though the physics processes were filtered to
ensure that a Compton interaction in the absorber preceded a photoelectric absorption
event in the scatterer temporally.

5.2.7 Image Reconstruction Algorithms

5.2.7.1  Filtered Back Projection with Wiener Filtering

This image reconstruction code was self-developed for the purposes of this CC investigation.
The procedure focuses on reconstructing an image from CC data using the method of FBP, and
subsequently refining the image resolution using Wiener filtering to generate 2D CC source
images from double scatter Compton cones [97]. This algorithm can be applied to individual
events, enabling real-time measurements. It offers improved image resolution compared to
the simple back-projection method, though it encompasses a slightly increased computational
expense, as was compared in the work of Xu et al. [98].

1. Identification of Scatter Events: Using either an experimental dataset or data obtained
through simulations, the algorithm identifies the positions and angles of the double scat-
ter events. The double-scatter events yield Compton cones, each defined by the geometry
of the scatter points and their corresponding energies. The Compton cone was deter-
mined by the interaction points of Compton scattering and photoelectric effect, with its
vertex at the Compton scattering interaction point. Each pair of validated events provides
a Compton cone, which represents the locus of possible source positions.

2. Compton Geometry: Using the positions (x1, y1, z1)and (x2, y2, z2) and energies deter-
mined, the Compton scattering angle 0. was calculated using the Compton Scattering
Equation (see Section: 2.4).

3. Radon Canonical Reconstruction: The Radon conical method is an extension of the tra-
ditional Radon transform used for reconstructing images from projection data [99, 100].
The Radon transform was invented by the Austrian mathematician Johann Radon in 1917.
Radon introduced this mathematical technique in his paper titled “On the determination
of functions from their integrals along certain manifolds” [101]. This work laid the foun-
dation for the mathematical framework behind tomography, which is now widely used
in medical imaging techniques such as CT scans. Haefner et al. effectively connected 2D
Compton 47 imaging to a 3D Radon transform, utilising a known solution [102].

In the context of CCs, instead of integrating along straight lines (as in CT), integration is
performed along the surfaces of cones due to the physics of Compton scattering. Each
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scattering event defines a cone (through the scattering angle and interaction positions),
and the image is reconstructed by superimposing these conical surfaces.

After filtering, the Radon canonical transformation method was applied to the data to
generate an initial image. This process involves projecting the Compton cones onto an
image plane.

The cone surface is defined by:

My(x —x1) + 1y Yy —y1) +nz(z—21)1% = (cos 0 )?[(x —x1)* + (y —y1)* + (z—21)?]

(5.2.4)

where (x1,Y1,21) is the vertex of the cone, 0. is the cone’s opening angle, and (1., ny, n;)

is the unit vector along the cone’s axis.

The intersection of the Compton cone with the image plane z = z¢ results in an ellipse.
This is because the projection of a cone onto a perpendicular plane is an ellipse. The
ellipse can be described by:

)2

(xcosO +ysin® —t (xsin® —y cos 0)?2

a? b2

=1 (5.2.5)

where a and b are the semi-major and semi-minor axes of the ellipse, and 0 is the projec-
tion angle.

In practice, the Radon transforms for discrete data can be approximated as:

Pi(0) = Y f(i,j)w(i,j, ) (5.2.6)
j

where P;(0) is the projection data for angle 6 and w(i, j, 0) is the weight of a pixel (i,j) in
the projection.

The code checks if the intersection point lies on the conical surface formed by the di-
rection vector n and scattering angle 6.. If so, this point contributes to the final image
reconstruction.

4. Image Formation: The resulting image was stored in a 2D histogram (x-y), where each
bin represents a pixel in the image plane. If the condition for lying on the cone was

satisfied for a pixel, its corresponding bin was incremented.

5. FBP with Wiener Filtering: The initial image from the Radon transform was then pro-
cessed using FBP. The FBP method reconstructs the image by back-projecting the filtered
projections. The Wiener filter was applied to the projections to suppress noise and im-
prove the reconstructed image quality by minimising the mean squared uncertainty be-
tween the filtered image and the original image.

The Wiener filter function is given by:

S(u,v)

Hwv) = S(w,v) + N(u,v)

(5.2.7)
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where H(u,v) is the Wiener filter function, S(u,v) is the power spectrum of the signal,
and N(u, V) is the power spectrum of the noise.

The FBP reconstruction formula is:

T

flxy) = | R(O1)-glt,0) a0 (529
0
where R(, t) is the projection data and g(t,0) is the filter function applied to these pro-

jections.

The filter used is a non-local means denoising [103]. It is based on the principle that
similar image patches should contribute similarly to the denoising process, regardless of
their location in the image. The idea is that an image patch can be denoised by comparing
it with similar patches from the entire image, rather than just its local neighbourhood. It
removes noise while preserving edges by comparing each pixel to its neighbours.

For a given pixel (i,j) in the image, the denoised pixel value I(1,j) is calculated as:

T Z(k,l)EwindowW(i/j;k/ 1) -1(k, 1)

I(i,j) = — (5.2.9)
Z (k,1)ewindow W(l, ) k/ 1)
where w(1,j; k, 1) is the weight for the patch centred at (k,1) and is calculated as:
. 1(i,§) — Ik, VI
w(i,j; k, 1) = exp <—H ) = | (5.2.10)
Here, || - || denotes the norm of the difference between patches, and h is the parameter

controlling the strength of the filtering.

There was some user control at this stage of the filtering, where one has the ability to
change various parameters with the aim of improving the resolution of the output image.
For each pixel in the image, extract a local patch around it. The size of this patch was de-
fined by the templateWindowSize 1(k, 1)) and the patch comparison compares the extracted
patch with patches from the entire image within a searchWindowSize window. The compar-
ison was performed based on a similarity measure, using the Euclidean distance between
patches. A weighted average of similar patches was then computed, where the weights
are determined by the similarity between patches; more similar patches are given higher
weights. The weight of the current pixel was then updated with the weighted average
computed from similar patches.

After filtering, the filtered data was used to generate the image. This enhances the quality

of the reconstructed image, reducing noise and improving resolution.

5.2.7.2 Octane EM

This code, developed by Dennis Mackin of MD Anderson Cancer Centre, implements an imag-
ing reconstruction algorithm known as Octane EM which utilises cones and spatial analysis
to reconstruct images of the gamma-ray source through a CC geometry. Images of energy-
window filtered gammas that double scattered in the CC were reconstructed using the Octane
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EM algorithm. The Octane EM method was specifically developed for PG imaging applica-

tions, and the calculation steps followed by the image reconstruction are detailed as follows.

1. Identification of Scatter Events and Cones Using either an experimental dataset or data
generated through simulations, the algorithm identifies the positions and angles of the
double scatter events. The double-scatter events yield Compton cones, each defined by
the geometry of the scatter points and their corresponding energies. The algorithm treats
each event as a cone, which represents the possible locations of the gamma-ray source.

Each double scatter event can be represented as a cone defined by the scatter points S;
and S, and their corresponding energies. The cone equation in 3D space can be described
as:

C(r;S1,S2) =1"Ar+2b'r+c =0 (5.2.11)

where r is the position vector in the imaging space, A is the matrix representing the cone’s
curvature, b is the vector describing the conic’s orientation, and c is a constant term.

2. Distance of Closest Approach and Point of Closest Approach: For each cone, the algo-
rithm calculates the distance of closest approach (DCA) to a given point in space. This
metric helps identify the proximity of the cone to potential source locations. Additionally,
the algorithm calculates the point of closest approach (PCA) on the cone, which is the
nearest point on the cone to the given point in space.

For a point P in space, the DCA to the cone is given by the perpendicular distance from
P to the cone:

|AP +b||
DCA(P;C) = *———" 2.12
) A (5.2.12)

The PCA Ppca on the cone can be found by solving;:

Ppca = argmin ||r — P|° subject to C(r;S1,S2) =0 (5.2.13)
T

The DCA cut is a threshold value used to filter octants based on their proximity to the
cones. Octants with a DCA below this threshold are considered more likely to contain
the gamma-ray source. By adjusting the DCA cut, users control the balance between
computational efficiency and image accuracy. A lower DCA cut means the algorithm is
more inclusive, potentially capturing more detail, while a higher cut reduces the number
of considered octants.

3. Subdivision of Imaging Space into Octant Segments: In a Cartesian coordinate sys-
tem, the imaging space can be defined as a cuboid, which is then divided into a spec-
ified number of voxels. A voxel (short for “volume pixel”) represents a small, discrete,
three-dimensional element of the imaging space, analogous to a pixel in two-dimensional
images. This cuboid imaging space is divided into smaller segments or “octants”. The
centre of each octant is calculated, and the DCA and PCA are evaluated for each octant




124

CHAPTER 5. MONTE CARLO SIMULATION

centre relative to the cones. This allows the algorithm to refine the search for the likely
gamma-ray source location by focusing on octants where the DCA is minimal.

The imaging space is divided into voxels, each with centre coordinates x;;y:

Xijk = (xi,yj,zk) where x; =1-Ax, y; =j- Ay, zx = k- Az (5.2.14)

with i, j, and k ranging from 1 to N, Ny, and N respectively, and Ax, Ay, Az being the
voxel dimensions.

Each voxel is subdivided into smaller octants. The centre of each octant is recalculated,
and the DCA and PCA are evaluated for each octant relative to the cones:

| ’ AoctantXoctant + Poctant | |

DCAoctant = (5.2.15)

T
AoctantAOCtant

Recursive Octant Refinement: The algorithm recursively refines the octant segmentation,
breaking down the imaging space into progressively smaller segments in a number of
iterations defined by the user. For each segment, the DCA was recalculated. If a segment’s
DCA was below a specified threshold, the segment was further divided, and the process
continues until the octants are small enough to yield precise localisation of the gamma-

ray source.

The algorithm refines octants recursively based on the DCA values:

If DCAgctant < threshold, then divide octant and recompute DCA. (5.2.16)

This process continues until the octants are small enough to provide accurate localisation.
The number of octant iterations determines how many times the algorithm refines the
octant segmentation. Adjusting the number of octant iterations allows users to control the
trade-off between computational effort and image resolution. More iterations typically

yield a higher-quality image but require more processing time.

Density Estimation and Image Reconstruction: Once the octants with the smallest DCA
values are identified, the algorithm uses a density estimator to aggregate the likely origin
points from all cones. The weighted contributions of these origin points form a density
matrix, which represents the reconstructed image. This matrix was then visualised to pro-
duce the final image of the gamma-ray source. The initial binning of the histogram was
important for the density estimation process. By varying the binning, users can adjust
the trade-off between image detail and noise. Finer binning improves spatial resolution,
but may require more sophisticated noise reduction techniques and higher computational
time. The bin width was also an important parameter that was user-controlled and de-
termines the size of each bin in the histogram, affecting the granularity of the density
estimation. Adjusting bin width allows users to manage the resolution of the image and
computational load. Smaller bin widths offer more detail but can increase processing
time and noise, while larger bin widths simplify the image but may smooth out impor-
tant features.
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The density matrix p(x) is computed as:

p(x) = Z wj - Gaussian(x — xi; 0y) (5.2.17)
i
where w; is the weight of the contribution from the i-th cone, x; is the location of the

contribution, and o is the standard deviation of the Gaussian distribution.

6. Image Reconstruction: The final reconstructed image was visualised using the density

matrix p(x), representing the probability distribution of the gamma-ray source’s location.

5.2.7.3 Optimisation of Filtered Back Projection with Wiener Filtering Reconstruction

The FBP Wiener filter required optimisation before it was evaluated for use as an image recon-
struction technique in this work. The parameters described in Section 5.2.7.1 were varied for
a set search window size of 21. This refers to the size of the window around the pixel being
processed, where the algorithm searches for similar patches to compute the weighted average.
A larger window allows the algorithm to find more similar patches, leading to better noise re-
duction, especially in areas with repetitive patterns. However, it also increases computational

cost. A size of 21 was considered to be mid-range for 100 pixels.

In Wiener filtering, the threshold was applied to the power spectra (S(u,Vv)) of the signal
and noise (N(u,V)) in the frequency domain of Eq. 5.2.7. The threshold controls the balance
between preserving the signal and suppressing the noise by adjusting the ratio %,
resulting in a higher suppression of noise because the filter function (H(u,v)) approaches 1
in areas where the signal-to-noise ratio was high and approaches zero where the noise was
dominant. This adjustment helps in minimising the mean squared uncertainty between the

filtered image and the original image while effectively reducing noise.

The threshold value was incremented from o to 50, and the dataset obtained by simulating
a '37Cs source (0,0,10) mm from the face of CC1 was evaluated for each threshold setting, as
seen in Fig. 5.2.6. Increasing the threshold value in Wiener filtering can improve the image
quality up to a certain point by better balancing the trade-off between noise suppression and
signal preservation. The effect of the noise suppression is clear when comparing Figs. 5.2.6(a),
(b) and (c) for threshold values of 10, 20 and 30 respectively. The threshold value of 30 shows
increased source localisation in comparison to the threshold of 10. However, it was observed
that increasing the threshold beyond 40 began to degrade the image resolution, suppressing
parts of the signal along with the noise, thereby entering a range of diminishing returns. This
can lead to loss of important image details and reduce overall image quality. A threshold

value of 30 was chosen as optimal.

The Wiener filter strength parameter, h, plays a crucial role in determining the balance
between noise reduction and detail preservation, as it controls the aggressiveness of the noise
suppression applied to the image. This parameter influences how the filter distinguishes
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Figure 5.2.6: The 2D x-y image matrix of CC1 shown for different threshold settings in the Wiener
filtering of the back-projection reconstruction. The reconstruction was performed on the
Compton cone data to investigate the quality of the image resolution for threshold setting
values of: (a) 10, (b) 20, (c) 30, and (d) 50.

between signal and noise components, as described by Eq. 5.2.10. The value of h must be
chosen based on the noise level in the image. Higher noise levels necessitate larger h values
for effective noise filtering, while lower noise levels benefit from smaller h values to preserve
image details. The challenge lies in striking the right balance to achieve both optimal noise
reduction and image clarity.

Figure 5.2.7 illustrates the impact of adjusting h across a range of scaling factors from
3 to 24. As seen in Fig. 5.2.7(a), an h value of 3 allowed residual noise artefacts from the
FBP reconstruction, visible as the elliptical patterns originating from the Radon canonical
transformation (Eq. 5.2.4). A moderate h value of 6, shown in Fig. 5.2.7(c), provided the
best compromise, significantly reducing noise while maintaining clarity in the reconstructed
image. However, further increasing h beyond 10, as seen in Fig. 5.2.7(d), resulted in excessive
blurring, with the image losing fine details. Thus, h = 6 was selected as the optimal value for
balancing noise reduction and preserving the structure of the source.

The third Wiener filter parameter optimised was the template window size; the region
around each pixel used to compare its neighbourhood with other neighbourhoods in the
search window. The similarity between patches, represented by the weights w(i,j; k, 1) as
calculated by Equation 5.2.10, determines how much influence neighbouring pixels have on

the denoising process. In this study, a search window size of 21 x 21 pixels was employed.
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Figure 5.2.7: The 2D x-y image matrix of CC1 shown for different filter strength settings in the Wiener
filtering of the back-projection reconstruction. The reconstruction was performed on the
Compton cone data to investigate the quality of the image resolution for filter strength
setting values of: (a) 3, (b) 6, (c) 12, and (c) 24.

As illustrated in Figure 5.2.8, increasing the template window size from 3 x 3 pixels to
10 x 10 pixels shows a notable trade-off between noise suppression and the preservation of
fine details. A smaller patch, such as the 3 x 3 pixel window in Fig. 5.2.8(a), retains image
sharpness but struggles with noise suppression, particularly in areas with lower signal-to-
noise ratios at the periphery of the source. In contrast, a larger window, such as the 10 x
10 pixels in Fig. 5.2.8(d), reduces noise but introduces over-smoothing, as seen in the loss of
finer details. The most balanced result was achieved with a 7 x 7 pixel window, as shown in
Fig. 5.2.8(b) and (c), offering an optimal compromise between preserving critical image details
and reducing noise. This informed the selection of a 7 x 7 pixel template window as the final

setting. The optimised Wiener filter parameters for FBP are summarised in Table 5.2.5.

Noise Threshold (arb) Filter Strength (arb) Template Window Size (x
x y) (pixels)

| 30 | 6 | 7 %7 |

Table 5.2.5: The optimal Wiener Filter settings used in the FBP method for a search window size of
21 x 21 pixels.
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Figure 5.2.8: The 2D x-y image matrix of CC1 shown for different template window size settings in the
Wiener filtering of the back-projection reconstruction. The reconstruction was performed
on the Compton cone data to investigate the quality of the image resolution for template
window sizes of: (a) 3 x 3, (b) 5 x5, (c) 7 x 7, and (d) 10 x 10 pixels.

5.2.7.4 Optimisation of Octane EM Reconstruction

The number of iterations controls how many times the Octane EM algorithm refines the seg-
mentation of the imaging space into smaller octants. With each iteration, the algorithm be-
comes more precise in localising the gamma-ray source, enhancing image accuracy. However,
increasing the number of iterations also raises the computational load and processing time,

making it less feasible for real-time applications.

As seen in Figure 5.2.9, the impact of running 10, 50, and 100 iterations on image re-
construction was evaluated. The results showed only subtle improvements in image quality
beyond 50 iterations. When comparing the reconstructions from 50 and 100 iterations, both
produced nearly identical results across different simulation environments. Given this mini-
mal difference, it was determined that 50 iterations offered the optimal balance between image
quality and computational efficiency, providing high-quality images while significantly reduc-
ing processing time compared to 100 iterations.

The most impactful optimisation in the Octane EM algorithm was the adjustment of
the bin width in the histogram, a parameter that directly influences the granularity of the
density estimation during image reconstruction. By fine-tuning the bin width, the algorithm
can effectively balance image detail with smoothness. Smaller bin widths improve spatial
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Figure 5.2.9: The 2D x-y image matrix of CC1 shown for a different number of iterations of the Octane
EM reconstruction. The reconstruction was performed on the Compton cone data to
investigate the quality of the image resolution for: (a) 10, (b) 50, and (c) 100 iterations.

resolution by capturing finer details of the gamma-ray source, as demonstrated in the x and
y profiles in Fig. 5.2.10. In Fig. 5.2.10(a), a bin width of 5 mm produces a coarser image,
whereas reducing the bin width to 2 mm in Fig. 5.2.10(b) significantly sharpens the source
localisation but increasing the computational time. The reduction in bin width resulted in a
notable improvement, with the FWHM decreasing by over two-thirds, leading to more precise

reconstruction of the gamma-ray source.
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Figure 5.2.10: The x and y projections (sliced at the maximum y-z and x-z values respectively) of CC1
shown for different bin width in the Octane EM reconstruction. The reconstruction was
run for 100 iterations. The reconstruction was performed on the Compton cone data to
investigate the quality of the image resolution for: (a) 5 mm, and (b) 2 mm bin with
values. The dotted blue line represents the actual source location. The distribution was
fitted with a Gaussian function (red), and the FWHM of the Gaussian is shown in green
and labelled with uncertainty.
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5.2.7.5 Comparison between Reconstruction Algorithms

The advantages of a 3D FBP image reconstruction, especially when making use of the maxi-
mum intensity projections to extract dimensional profiles, are striking when compared with
the 2D FBP method. This difference is illustrated in Fig. 5.2.11, where the x-y reconstructions
of both algorithms are shown at the top, with their corresponding x profiles below. The 2D
FBP, which incorporates Wiener filtering, reconstructs only the projections of Compton cones
onto the x-y plane. While the Wiener filter effectively reduces noise and sharpens the image,
the method was inherently limited to two dimensions, allowing for the extraction of profiles
solely in the x and y directions. This restriction prevents the recovery or analysis of vertical
(z-dimension) information, meaning 3D spatial distribution or depth localisation of sources
remains out of reach.
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Figure 5.2.11: A comparison of the optimised results from two different image reconstruction algo-
rithms: (a) the x-y source image matrix using the FBP Wiener filter method, (b) the x-y
source image matrix using the Octane EM method, (c) the x-projection from the FBP
Wiener filter method, and (d) the x-projection from the Octane EM method. The dotted
blue line represents the actual source location. The distribution was fitted with a Gaus-
sian function (red), and the FWHM of the Gaussian is shown in green and labelled with
uncertainty.

The Octane EM algorithm, unlike traditional 2D methods, operates in a fully 3D space,
allowing for the extraction of profiles along the x, y, and z axes. By employing cone analysis
and recursive segmentation of the imaging volume, it significantly enhances spatial resolution
across all three dimensions. This approach enables the identification of maximum intensity

profiles, which results in more precise localisation of gamma-ray sources, particularly along
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the depth (z-axis). As shown in Fig. 5.2.12(c), the reconstruction at maximum y-z intensities
reveals the source position more accurately compared to images taken at arbitrary z distances
for a source centred at (0,0,10) mm. When the maximum intensity was not used, the over-
all accuracy of the reconstruction was reduced. These images offer deeper insight into the
effectiveness of 3D reconstruction and demonstrate the algorithm’s ability to improve source
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Figure 5.2.12: The x-y matrix of CC1 shown at different z slice values for the same Octane EM recon-
struction. The reconstruction was run for 100 iterations and a bin width of 2 mm bins.
The reconstruction was performed on the Compton cone data to investigate the quality
of the image resolution for: (a) an arbitrary slice at z = 41.5 mm, (b) an arbitrary value
of z = 20.7 mm, (c) a slice at maximum z intensity (z = -0.8 mm), (d) an arbitrary slice
at z = -20.7 mm, (e) an arbitrary value of z = -41.5 mm.

The superiority of this 3D approach is evident in Fig. 5.2.11(b), where the Octane EM
reconstruction is shown, compared to the 2D FBP reconstruction with Wiener filtering in
Fig. 5.2.11(a). The 2D FBP results were fitted with a Voigt function (a Gaussian-Lorentzian
hybrid) to account for tailing effects caused by compressing the z-dimension, which reduces
the ability to distinguish sources. In this comparison, the FWHM of the 2D reconstruction
measures 7.19(167) mm, whereas the 3D reconstruction achieves a far sharper 3.20(1) mm.

Therefore, the 3D algorithm not only offers a more comprehensive view of the gamma-ray
source distribution but also provides greater insights into the interactions within the CC. The
ability to extract profiles along all three dimensions significantly improves the accuracy of the
reconstructed image, revealing details or artefacts that would otherwise go undetected in a
2D analysis. Additionally, the 3D approach is better suited for advanced studies, such as DOI

analysis or handling more complex source geometries.
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5.2.8 Simulations Performed

All simulations were run, and image reconstruction performed using the resources provided
by the University of Cape Town Physics department’s server. Access to this resource decreased
the computational time required when compared to using PC, as simulations were able to be
multithreaded over 50 cores. Further, the Octane EM code was also parallelised to run using
the server’s GPU over 50 cores. All simulations performed were run for 2(10°) initial histories
for each source. Each simulation took in excess of 26 hours to run, and the Octane EM image
reconstruction averaged ~ 11 hours for most simulations.

The choice of the number of initial histories to generate in the simulation was decided two-
fold. The performance of a CC is best characterised when there exist at least 10000 Compton
cones in the reconstruction, however, there exists a reasonable upper limit to the simulation
run time and, a such, the resources required to compute the simulation. The number of
Compton cones is dependent on a number of factors, including the detector geometry and
material composition. It was decided that a reasonable normalisation would be to provide
the same environment in to each CC investigated, such that each simulation was generated
for the same number of histories, although this results in some CC configurations suffering
orders of magnitude fewer statistics than their competitors for reasons mentioned, seen in
Figs. 5.2.13(a) for CC1 and (b) for CC2 where each measurement involved a "37Cs source
placed (0,0,10) mm away from the detector scatterer. The efficiency is seen to fluctuate in
Fig. 5.2.13(a), but with an overall increasing trend, however, the CC3 results in Fig. 5.2.13(b)
show an overall decreasing trend as more run histories are accumulated. This decrease was
less than a quarter of an order of magnitude when the number of events was increased by an

order of magnitude. As such, it was not seen as a decreasing efficiency overall.

Table 5.2.6 details the simulations designed to be reasonable baseline comparisons be-
tween each CC configuration in terms of the performance metrics elaborated on in Section

2.4.1.
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CC Configuration Source/s Source to Scatterer Scatterer to
Distance (x,y,z) Absorber Distance
(mm) (x,y,z) (mm)

CC1, CC2 (all 137Cs (0,0,10) (0,0,0.1)
geometries), CC3

CC1, CC2 (all 22Na (0,0,10) (0,0,0.1)
geometries), CC3

CC1, CC2 (all 137Cs (0,0,100) (0,0,0.1)
geometries), CC3

CC1, CC2 (all 137Cs (0,0,10) (0,0,10)
geometries), CC3

CC1, CC2 (all 137Cs, 137Cs (-1,0,10), (1,0,10) (0,0,0.1)
geometries), CC3

CC1, CC2 (all 22N]a, °Co (-4,0,10), (4,0,10) (0,0,0.1)
geometries), CC3

CC2 (geometry 2 & 22Na, **Na (-16,0,10), (16,0,10) (0,0,0.1)

3), CC3

CC1, CC2 (all 22Na, *2Na (-8,0,10), (8,0,10) (0,0,0.1)
geometries), CC3

CC1 22Na, 2Na (-11,0,10), (11,0,10) (0,0,0.1)

Table 5.2.6: Table detailing the simulation sources and geometries investigated in the work, designed
to be reasonable baseline comparisons between each CC configuration. Each simulation
was run with 2 x107 initial histories for each isotropic source present in the simulation.
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Figure 5.2.13: Plots showing how CC efficiency is influenced by the number of initial histories gener-
ated by the simulation for a '37Cs source placed 10 mm away from: (a) CC1, and (b)
CCs.




RESULTS AND DISCUSSION

This chapter concludes the investigation into the development and evaluation of three CC
prototypes aimed at advancing gamma-ray detection technology for clinical applications. The
first prototype, CC1, integrates a CZT Polaris-] detector as the scatterer with a 2” x 2” LaBr;:Ce
detector as the absorber, combining the high energy resolution and stopping power of CZT
with the superior timing resolution of LaBr;:Ce. This hybrid design was rigorously tested
through a series of experiments involving gamma-ray sources and a 66.67 MeV proton beam,
as well as MC simulations using TOPAS MC. These efforts provided valuable insights into the

system’s performance in terms of FEPE, timing accuracy, and image resolution.

The second and third prototypes, CC2 and CC3, explored novel detector configurations
with MacroPixel LB-14x25¢c-SiPM-T scintillation DAs, focusing on their potential for enhanced
modularity and low-voltage operation. The CC2 and CC3 designs were primarily assessed
through validated simulations, with experimental validation of CC results pending additional
instrumentation. This chapter summarises the key findings from both experimental and simu-
lated results, highlighting the key achievements and limitations of each prototype, and offers

recommendations for future research and development.

The investigated designs were (as seen in Fig. 4.4.1):

CC1: A prototype with a scatterer made of CZT Polaris detector and an absorber of
2”7 x 2” LaBr;:Ce crystal. Performance metrics were obtained from both simulations and

experimental measurements conducted with source and beam-time data.

CC2: A prototype with a featuring both the scatterer and absorber made from a 4 x 2
array of LaBr;:Ce MacroPixel LB-14x25c-SiPM-T DAs. Results are based on simulation
data.

CC3: A prototype with a scatterer made of a 6 x 1 array of LaBr;:Ce MacroPixel LB-
14x25¢-SiPM-T DAs and an absorber of 2”7 x 2” LaBr;:Ce crystal. Results are based on

simulation data.

The chapter encompasses various performance metrics, including timing accuracy, effi-
ciency, ARM, and image resolution, with a focus on how well each prototype reconstructs the
source position.

135
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6.1 VALIDATION OF SIMULATION

Comprehensive TOPAS simulations of each detector, as discussed in Chapter 5, were con-
ducted to verify the energy deposition and efficiency curve by comparing the simulated re-
sults with experimental data. The simulated geometry and corresponding materials that make
up each detector were implemented in the simulation to reflect the specifications reported by
the manufacturers.

Validating the FEPE and energy deposition is critical for accurate modelling of the CC
systems. The FEPE ensures that the simulation correctly predicts the fraction of gamma rays
that deposit their entire energy in the detector, a key parameter for both the sensitivity and
the accuracy of the CC.

Additionally, validation of energy deposition ensures that the interaction physics mod-
elled in the simulation accurately reflects real-world interactions, such as Compton scattering
and photoelectric absorption. This was essential for reconstructing gamma-ray trajectories
and determining the source of radiation with high spatial resolution. The validation process
was fundamental for confirming the reliability of the simulation results and for optimising the

detector’s configuration for real-world applications.

The energy deposition of charged particles within each of the detectors was simulated
for 2 x107 TOPAS histories and scored within the detector crystals. To reflect the physical
detector resolution performance, energy smearing was applied in the simulation. Further,
the threshold measurable energy of each detector was included in the simulation. The only
detector for which dead-time effects were modelled was the Polaris detector, as significant
timing delays were encountered in experiment. It was ensured that if the time elapsed between
two energy depositions (above the threshold) in either of the two detector crystals <15.0 ps,
the event was not recorded in the simulation [60]. This mimicked the processing time of the
detector, which is a well-quantified value for the Polaris. However, it represents the minimum
possible dead-time for the detector.

6.1.1  Physics

The validation of the simulation physics and each detector response energy smearing was
evaluated by overlaying the simulated spectrum of each detector with the experimental mea-
surement for a >*Eu source placed 10 mm from the detector face, except for Srl:Eu, for
which the measurements were performed at 30 mm due to the effect of high count rates on
the crystal.

It was observed that the total counts in the simulated spectra were, on average, 20% lower
than those in the experimental spectra, as quantified by the integrated area under the energy
curves. This discrepancy, although somewhat unusual (since simulations often overestimate

due to idealised conditions), may be attributed to several factors:
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¢ Unaccounted experimental effects: Effects such as detector dead time, pile-up rejec-
tion algorithms, and intrinsic noise in the experimental electronics can artificially reduce
recorded counts. These are not explicitly modeled in the simulations.

e Source activity or geometry uncertainty: While care was taken to replicate the experi-
mental geometry, small deviations in the simulated source activity, emission isotropy, or
collimation may contribute to reduced fluence at the detector face in simulation.

e Simplified modelling of environmental scattering: Experimental setups inherently in-
clude room-scattered photons and support structures that may contribute to additional
low-energy counts, whereas these were omitted in the simulation geometry.

To facilitate direct comparison of spectral shape and validate the detector response func-
tions, the simulated energy distributions in Figs. 6.1.1-6.1.4 were normalised by a factor of
5. This normalisation improves the visibility of signature peaks and allows a more reliable

comparison of energy smearing and spectral structure.

Background subtraction was applied to the experimental spectra prior to comparison. The
resulting overlays, such as that for the 2" x 2" LaBr;:Ce detector in Fig. 6.1.1, demonstrate
good agreement in both detector resolution and peak positions, confirming the accuracy of the

implemented physics models and response functions within the TOPAS simulation toolkit.
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Figure 6.1.1: The energy spectra from a ">?Eu source showing the comparison between simulation
(red) and background-subtracted experiment (grey) for the 2” x 2” LaBr;:Ce detector.
The statistics of the simulation have been increased by a factor of 5 for the purpose of
visual comparison of the physics and energy smearing response.

Figure 6.1.2 shows the comparison for the Polaris detector. When comparing MC sim-
ulations to experimental measurements for CZT crystals, the discrepancy caused by charge
build-up can lead to notable differences in results, particularly in terms of energy resolu-
tion. The experimental spectrum contains less structure for low intensity peaks such as the
367.79, 678.0 and 668.67 keV characteristic emissions that should appear in the spectrum for
a detector of such high energy resolution. These low-intensity peaks are absorbed into a con-
stant charge-trapping induced background continuum. In simulations, the charge collection

process is idealised, and effects such as charge trapping, incomplete charge collection, and
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excess charge build-up at the base of photopeaks are not naturally included unless explicitly
modelled. Consequently, simulated photopeaks are generally narrower and have better reso-
lution compared to experimental data [104, 105]. However, in experiment, the charge build-up
broadens the photopeaks, which reduces the detector’s ability to distinguish between closely
spaced energy peaks. This discrepancy can result in overestimating the performance of the de-
tector in simulations, as the experimental resolution was artificially degraded by the physical
processes that TOPAS does not account for by default.

10°
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Figure 6.1.2: The energy spectra from a ">*Eu source showing the comparison between simulation (red)
and background-subtracted experiment (grey) for the Polaris detector. The statistics of
the simulation have been increased by a factor of 5 for the purpose of visual comparison
of the physics and energy smearing response.

Recent advancements have addressed this issue by implementing DPP and improved
electrode designs for CZT and other detector materials affected by the same effect. These
approaches include correcting for charge trapping and drift effects by using algorithms that
compensate for the incomplete charge collection. A recent study characterised the trapping
effect as a function of interaction depth, revealing significant effects of intrinsic electron and
hole trapping on the spectroscopic performance of segmented Germanium detectors and al-
lowing for an improvement in the energy resolution [106]. For the purposes of this work, it
was decided that correcting for the charge build-up in the experiment would be unnecessary
as the timing of the Polaris detector posed a greater challenge.

Figures 6.1.3 and 6.1.4 show the simulated and experiment results of the LaBr;:Ce and
Srl:Eu DAs each. Overall, the agreement between simulation and experiment across the 0.0—
1500.0 keV energy range was satisfactory, with the most notable discrepancies occurring in the
0.0-300.0 keV energy range for each detector. The LaBr;:Ce DA shows greater agreement in the
low energy, with any differences attributed to uncertainties in the detector energy smearing,
as the fit displayed more deviation in the low energy region (see Section 4.3.4). The observed
differences for the Srl:Eu detector, while not great, were attributed to a combination of the
energy smearing response function and the loss of low-intensity peaks from pulse pile-up in
the experiment.
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Overall, the simulation was able to reproduce the physics seen in experiment, indicating
that the material properties and geometries implemented in the simulated environment were
in close agreement with the physical detectors.
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Figure 6.1.3: The energy spectra from a '>*Eu source showing the comparison between simulation (red)
and background-subtracted experiment (grey) for the LaBr;:Ce DA. The statistics of the
simulation have been increased by a factor of 5 for the purpose of visual comparison of
the physics and energy smearing response.
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Figure 6.1.4: The energy spectra from a *>*Eu source showing the comparison between simulation (red)
and background-subtracted experiment (grey) for the Srl,:Eu DA. The sharp drop off in
the simulated spectrum below 50 keV originates from setting the minimum detectable
energy of the detector to 50 keV. The statistics of the simulation have been increased by
a factor of 5 for the purpose of visual comparison of the physics and energy smearing
response.

6.1.2 Detector Full-Energy Peak Efficiency

Further validation of the simulation was required to ensure that the detector efficiencies were
in agreement between simulation and experiment. Experimental measurements were con-
ducted at various source-to-detector distances using a *>?Eu source, detailed in Sections 3.3.4
and 4.3.7, due to the wide range of distinct gamma-ray emissions in its spectrum. Two such
energies in the spectrum of '>>Eu decay were chosen to compare the FEPE of simulation and
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experiment of each detector. The 344.28 and 964.08 keV gamma-ray peaks were chosen be-
cause they occur at lower and higher energies within the region of interest and due to their
relatively higher intensity in the spectrum, guaranteeing accurate measurements across the
different detector resolutions. The FEPE was calculated using the following equation:

N p
N emitted

€cc =

In experiment and simulation, N}, is a measure of the number of counts under the photo-
peak. The Nemitteq is calculated in experimental measures by multiplying the source activity
by the live time and branching ratio of the gamma-ray peak of interest, described in Section
3.3.4. In simulation, it is the number of emitted gamma rays. Section 5.2.4 explains how the

simulation calculates the quantity.

Validation of the simulation involves the simulated data reproducing the trend and values
of the experimentally calculated FEPE data within some uncertainty. The sigma agreement
between two independent, normally distributed quantities with uncorrelated uncertainties

can be calculated using the following equation:

~ |A-B
o= GA) T (3B (6.1.1)

for trivial A +8A and B =+ 8B, where the o refers to the size of the uncertainty; or more
specifically, it represents the 68% confidence interval in a normal distribution. For agreement
values within 10, the difference between values is small compared to their uncertainties. This
is typically considered excellent agreement because the likelihood of a true difference is very
low. Agreement within 20 means the difference is within a reasonable range of uncertainty,
often considered good agreement but leaves a slightly higher chance (about 5%) that the dif-
ference could be significant. If the difference exceeds 20, the agreement becomes questionable.
The FEPE values and uncertainties for each detector at gamma-ray energies of 344.38 and

964.08 keV are listed with agreement in Tables 6.1.1-6.1.4.

Referring to the 344.28 keV results, Table 6.1.1 shows the results of the 2” x 2” LaBr;:Ce
detector. The simulated and real detector responses for different source-to-detector distances
were each within 20 agreement of one another, with the most overlap seen at the 100 mm
source-to-detector distance where simulation measured 0.737(74)% and experiment measured
0.627(7)%, compared to at 10 mm where simulation measured 4.32(48)% and experiment mea-
sured 3.89(10)%. Therefore, the FEPE of this detector showed satisfactory agreement between
simulation and experiment, with the FEPE agreement between datasets were within 10 at
964.08 keV. The improvement in FEPE agreement at higher energy is due to the energy smear-
ing of the simulated detector energy response (Fig. 3.3.6), which demonstrated non-linearity
in the low-energy region due to the intrinsic non-proportionality of light yield in the crystal.

Table 6.1.2 shows the comparison for the Polaris detector. Good agreement was shown

within uncertainty, with the simulation showing the most deviation at 100 mm, where the
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result was 0.042(5)%, nearly half the experiment value of 0.080(4)% and no agreement was
present, with a o value of nearly 6. The Polaris efficiency was well characterised overall,
with an agreement of <1o for both the 344.28 and 968.08 keV energy peaks. Interestingly, the
charge build-up effects due to trapping within the detector in the experiment did not affect
the FEPE comparison between simulation and experiment, as the effect causes tailing of the
energy peak, such that the FWHM was unaffected.

Table 6.1.3 shows the detector response for the LaBr;:Ce DA. The LaBr;:Ce DA simulation
showed good agreement, with o values below 2 for all measurements, with most simulated
responses falling within 10 of the experiment value. The most disagreement between results
for this detector FEPE was at 30 mm source-to-detector distance at 964.08 keV, where the
simulation measured 0.123(31)% while the experiment measured 0.078(21)%. The low-energy
response rendered simulated results consistently higher than the experiment.

The Srl,:Eu detector FEPE comparison is shown in Table 6.1.4. The simulation and exper-
iment show no agreement for the 344.28 keV peak until 100 mm source-to-detector distance.
The simulated result at 30 mm was 0.045(6)%, while the experiment measured 0.060(34)%.
FEPE measurements could not be shown at 10 mm due to pulse pile-up effects at near-source
distances, discussed in Section 4.3.7, as the high rates flooded the detector and the peak was
washed out, making Gaussian fitting of the peak not possible. The effect of this washout was

shown in Fig. 4.3.20.

The Srl,:Eu detector FEPE results at 964.08 keV showed better agreement with experiment
than the 344.28 keV peak. The uncertainty in experimental measures was large due to the high
Chi-squared value in peak-fitting for this detector, caused by the low statistics in the gamma-
ray spectrum, rendering large statistical uncertainty in the Radware fitting tool. This problem
could be overcome by a longer measurement time. For the purposes of this work, the simu-
lation of the Srl, detector was decided to be non-physical for realistic investigation into CC
behaviour due to the difficulty with the pulse pile-up effects in the low energy region. Work
has been performed to simulate these detector effects; however, the TOPAS simulation has not
been adapted for pulse shape analysis and investigations into correcting for this phenomenon
would involve future work [107, 108].

Overall, it was seen that the FEPE decreased with the increasing gamma-ray energy for all
detectors. The agreement between calculated and measured values was good for the 2”7 x 2”
LaBr3:Ce, Polaris and LaBr3:Ce detectors. These three detectors were investigated further for
their feasibility for use in two-layer CCs.
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. 344.28 keV 968.08 keV
Distance (mm)

€EXP,FEPE €SIMU,FEPE | Agreement €gxpFEPE €sIMU,FEPE | Agreement
(%) (%) (o) (%) (%) (o)

10.0 4.32(48) 3.89(10) 0.87 0.974(119) | 0.849(51) | 0.97

30.0 2.73(28) 2.25(20) 1.40 0.884(90) | 0.789(49) | 0.93

50.0 1.85(19) 1.48(20) 1.34 0.631(64) | 0.541(72) | 0.93

100.0 0.737(74) | 0.627(7) 1.48 0.274(28) | 0.282(36) | 0.18

Table 6.1.1: Comparison of experimental and simulation results for the 2” x 2” LaBr;:Ce detector ab-
solute full-energy peak efficiencies and associated uncertainties for gamma-ray energies
344.28 keV and 968.08 keV at various source-to-detector distances.

. 344.28 keV 968.08 keV
Distance (mm)

€EXPFEPE €siMU,FEPE | Agreement €gxprepE €simuFEPE | Agreement
(%) (%) (0) (%) (%) (0)

10.0 0.463(57) | 0.456(22) | 0.12 0.087(22) | 0.075(4) 0.54

30.0 0.227(26) | 0.254(13) | 0.93 0.034(9) 0.029(7) 0.44

50.0 0.115(13) | 0.120(10) | 0.31 0.015(4) 0.008(7) 0.87

100.0 0.042(5) 0.080(4) 5.94 0.006(3) 0.013(9) 0.74

Table 6.1.2: Comparison of experimental and simulation for the Polaris detector absolute full-energy
peak efficiencies and associated uncertainties for gamma-ray energies 344.28 keV and
968.08 keV at various source-to-detector distances.

. 344.28 keV 968.08 keV
Distance (mm)

€EXPFEPE €SIMU,FEPE Agreement €EXP,FEPE €SIMU,FEPE Agreement
(%) (%) (o) (%) (%) (o)

10.0 1.38(19) 1.50(10) 0.56 0.223(63) | 0.196(13) | 0.42

30.0 0.332(142) | 0.449(90) | 0.70 0.123(31) | 0.078(21) | 1.20

50.0 0.141(16) | 0.204(53) | 1.14 0.042(39) | 0.039(12) | 0.074

100.0 0.043(7) 0.044(9) 0.088 0.009(17) | 0.009(10) | O

Table 6.1.3: Comparison of experimental and simulation for the LaBr;:Ce DA absolute full-energy
peak efficiencies and associated uncertainties for gamma-ray energies 344.28 keV and
968.08 keV at various source-to-detector distances.

. 344.28 keV 968.08 keV
Distance (mm)
€EXP,FEPE €SIMU,FEPE | Agreement €gxprepE €sIMU,FEPE | Agreement
(%) (%) (o) (%) (%) (o)
30.0 0.282(87) | 0.480(11) | 2.26 0.053(10) | 0.043(6) 0.86
50.0 0.124(15) | 0.196(9) 4.12 0.031(15) | 0.019(3) 0.79
100.0 0.045(6) 0.060(34) | 0.43 0.011(3) 0.010(5) 0.17

Table 6.1.4: Comparison of experimental and simulation for the Srl,:Eu DA absolute full-energy peak
efficiencies and associated uncertainties for gamma-ray energies 344.28 keV and 968.08
keV at various source-to-detector distances.

6.2

TON CAMERAS

COMPARISON OF THE SIMULATED PERFORMANCE OF THE COMP-

The feasibility of using the CC designs investigated for use in a clinical setting, such as for

range verification during charged particle therapy, was investigated by measuring the CC
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response using various sources. The impact of varying the distance between the source and
the CC on efficiency, ARM, and image resolution was also investigated. The three CC detector
configurations that form the focus of this study are shown in Fig. 4.4.1. Images of the CCs
are seen as taken from the QT simulation, along with the scatterer and absorber detectors that
make up each CC design.

6.2.14 Compton Camera Efficiency

Several factors influence the efficiency of a CC design, where the CC efficiency is a measure of
the number of imageable Compton cones divided by the number of emitted gamma rays. The
distance between the gamma-ray source and the detector affects the efficiency, as increased
distance leads to geometric attenuation and higher probabilities of scattering. The FOV of
the scatter layer, which is the solid angle subtended by the source, should be maximised to
enhance efficiency; this was achieved by enlarging the surface area of the scatter layer. The
probability of Compton scattering occurring within the scatter layer also impacts efficiency
and depends on the material properties (in particular, the density) and thickness of the de-
tector. Additionally, the likelihood that a scattered photon will escape from the scatter layer
without being absorbed is influenced by the photon energy and the material’s self-absorption

characteristics.

The CC efficiency was evaluated by placing the source at different distances to the CC
scatterer face. For all simulations, the source was placed so that the x and y positions were
isocentric with respect to the crystal so that the source was at the centre of the detector face
for homogeneity in comparison between configurations. Table 6.2.1 shows the CC efficiency
results for a 37Cs source placed 10 mm and 100 mm away from the scatterer face for each
CC design and geometry. CC3 exhibited the highest efficiency due to the greater material
thickness of the absorber module, which effectively enhances photon capture and reduces
losses due to scattering. High efficiency was measured at both distances for CC2 geometry 3,
attributed to its larger scatterer surface area. The CC2 geometry 1 CC efficiency demonstrated
lower performance than the other CC2 geometries due to the low scatterer surface area relative
to the source position, decreasing the probability of a photon interacting with the detectors
in a CC behaviour. The CC1 design exhibits the lowest efficiency overall, attributed to the
geometry of the Polaris detector CZT crystals. The placement of the CZT crystals within
the detector posed a design constraint that could not be overcome due to the nature of the
detector electronics setup. Improved geometrical set-ups for the detector combination were
explored, but this design was the optimal outcome. For the CC1 geometry, when the scatterer
and absorber modules were at their nearest positioning, the face of the CZT detector crystals
were situated 88 mm apart.

Table 6.2.2 presents the simulated CC efficiency as a function of the distance between
the scatterer and absorber layers for distances of 0.1 mm and 10 mm. The data revealed
that efficiency was significantly higher when the scatterer and absorber layers were closer

together (0.1 mm) compared to when they were further apart (10 mm). It shows that increasing
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CC Configuration (0,0,10) (mm) (0,0,100) (mm)
CCz 1.20 x107° 3.13 x1078
CCz geometry 1 9.83 x107° 4.36 x10~7
CCz geometry 2 3.13 x107° 9.45 x10~7
CC2 geometry 3 4.35 x107° 1.31 x107°
CCs3 8.57 x107> 2.49 x107°

Table 6.2.1: Simulated CC efficiency as measured at source-to-scatterer distances of (0,0,10) mm and
(0,0,100) mm for each CC detector and geometry investigated. As the distance between the
source and detector increases, the efficiency declines roughly in proportion to the inverse
of the distance squared. All simulations were performed with 2 x10 initial histories.

the distance between these layers generally leads to a decrease in efficiency. At a shorter
distance (0.1 mm), the efficiency was higher because the probability of a scattered photon
being absorbed by the detector was increased, resulting in more detected events. This decrease
in efficiency with increased distance (10 mm) was due to the higher likelihood of photons
escaping without interaction, reducing the overall number of imageable Compton cones. CC3
consistently demonstrated the highest efficiency across both distances, indicating an effective
design in capturing and processing scattered photons. In contrast, CC1 shows lower efficiency,
highlighting its less optimal design for maximising photon capture in this setup. Geometries
2 and 3 of CCz performed well for detectors of their size, with geometry 3 achieving notably

high efficiency.
CC Configuration (0,0,0.1) (mm) (0,0,10) (mm)
CC1 1.20 x107° 9.58 x10~7
CCz geometry 1 9.83 x107° 5.56 x107°
CCz geometry 2 3.13 x107° 1.57 x107>
CCz geometry 3 4.35 x107° 2.16 x107°
CC3 8.57 x107> 5.19 x107°

Table 6.2.2: Simulated CC efficiency as measured for a 37Cs source at scatterer-to-absorber distances
of (0,0,0.1) mm and (0,0,10) mm for each CC detector and geometry investigated. All
simulations were performed with 2 x107 initial histories.

In Table 6.2.3, the efficiency of the CCs was compared for two different gamma-ray
sources: 22Na and '37Cs, both measured at a source-to-scatterer distance of 10 mm. The *2Na
source emits gamma rays at two distinct energies: 511.0 keV and 1274.5 keV, while 7Cs emits
gamma rays at 661.7 keV. The differences in efficiency between these two sources arise from

their distinct gamma-ray energies and interaction probabilities within the detector materials.

The efficiency for *?Na was notably higher than that for '37Cs across all detector configu-
rations. This higher efficiency was attributed to the notably higher possible gamma rays per
decay present in the**Na isotope, which emits photons at 511.0 keV and 1274.5 keV. The 511.0
keV photons were also more likely to be fully absorbed within the detector due to their lower
energy, leading to a higher likelihood of interaction. In contrast, the 661.7 keV photons from
137Cs have a higher chance of escaping the detector or undergoing incomplete interactions,
resulting in lower overall efficiency. The results show that CC3 and CC2 geometry 2 achieved
the highest efficiency for both **Na and '37Cs, further highlighting their effective design in cap-
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turing and processing a broad range of gamma-ray energies. In contrast, CC1 demonstrates
lower efficiency for both sources, reflecting the constraints of its design and material proper-
ties in managing different gamma-ray energies. This analysis underscores the importance of
tailoring detector designs to the specific energy characteristics of the gamma-ray sources to
optimise overall performance.

CC Configuration ™7Cs 22Na

CC1 1.20 x107° 4.72 x107°
CCz geometry 1 9.83x107° 2.80 x107°
CCz geometry 2 3.13x107° 1.07 x1074
CCz geometry 3 4.35x107° 1.53 x10~4
CC3 8.57 x107° 3.04 x10~%

Table 6.2.3: Simulated CC efficiency measured at a source-to-scatterer distance of (0,0,10) mm for the
sources *?Na and "37Cs for each CC detector and geometry investigated. All simulations
were performed with 2 x 107 initial histories.

6.2.2 ARM

The key idea behind using ARM as a performance metric for CC comparison was to assess the
camera’s ability to precisely reconstruct the Compton scattering angle, 6cc, which was critical
for producing accurate images. The ARM is typically evaluated through metrics such as the
FWHM of the ARM distribution, which quantifies the deviation between the reconstructed
and true scattering angles. A CC with a smaller ARM value can more precisely identify the
location of gamma-ray sources. This is especially important in applications such as medical
imaging, astrophysics, and security, where accurate source identification is crucial. Figure
6.2.1 shows the comparison of CC1 and CC3 ARM for a '37Cs source placed 10 mm from
the scatterer faces, each. The geometry of the CCs was such that the scatterer and absorber

modules were placed as near to one another as reasonably possible (0.1 mm).

For the CC1 geometry, when the scatterer and absorber modules were at their nearest
positioning, the face of the CZT detector crystals were 88 mm apart due to the nature of the
Polaris detector housing. The ARM measurements between CC1 and the results of CC2 and
CC3 were therefore difficult to compare due to the increased distance that cannot be overcome
due to the detector design. As the distance between the scatterer and absorber layers increases,
the ARM generally improves. Larger distance between the two detectors allows for a more
precise measurement of the geometric angle, reducing the uncertainty in the position of the
interaction points. Consequently, the difference between the Compton scattering angle and
the geometric angle becomes smaller, enhancing the ARM. Table 6.2.4 further demonstrates
this phenomenon where the ARM is shown for each CC when the layers were very near and
after the distance between layers was increased to (0,0,10) mm. It can be seen that for CC2
and CC3, increasing the distance between the layers, while seen in Table 6.2.2 to decrease
the CC efficiency, improves the ARM of the CC. This trade off was further investigated in
the image resolution in Section 5.2.7. Table 6.2.4 shows that the ARM of CC1 decreased
when the scatterer-absorber layer distance was increased by 10 mm. This was because the
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improvement introduced by increasing the layer distance may eventually reach a limit, as
larger distances could introduce other uncertainties, such as detector alignment or position
resolution uncertainties.

CC Configuration (0,0,0.1) (mm) (0,0,10) (mm)
CCx 1.87(4) 1.99(4)

CCz geometry 1 1.85(3) 1.47(13)

CC2 geometry 2 2.37(4) 1.78(2)

CCz geometry 3 2.25(4) 1.83(2)

CC3 3-30(9) 3.26(8)

Table 6.2.4: Simulated ARM distributions as measured at scatterer-to-absorber distances of (0,0,0.1)
mm and (0,0,10) mm for each CC detector and geometry investigated.

The comparison of ARM between the results of CC2 and CC3 indicates that the CC2 geom-
etry 1 design achieves the most narrow ARM, as seen in Fig. 6.2.2. While this design shows
lower FEPE, its advantage lies in the thickness of the scatterer and absorber modules (25.4
mm). The increased thickness provides more material for gamma rays to interact with, partic-
ularly for the 661.7 keV gamma ray. The thicker design allows more energy to be deposited
within the detector, enhancing its ability to accurately measure the energy and positions of
interactions. As a result, the CC can more precisely reconstruct the source position by reduc-
ing uncertainties in the interaction positions and angles. Despite the reduced efficiency, the

improved accuracy in source localisation makes this design better in terms of ARM.




6.2. COMPARISON OF THE SIMULATED PERFORMANCE OF THE COMPTON

CAMERAS

147

350

300

Counts (1/2°)
=) ] 8 3
(=] o o o

w
(=]

14000

12000

10000

8000

Counts (1/2°)
2
S

4000

2000

FWHM = 1.87 +/-0.04 °
——Gaussian

20 30
FWHM = 3.30 +/- 0.09 ° Il
[ ——Gaussian
0 20 30
ARM (°)
(b)

Figure 6.2.1: The ARM measurements simulated using a "37Cs source placed 10 mm away from the
centre of the detector face for each detector: (a) CC1, and (b) CC3. The measurements
were taken with the scatterer and absorber modules placed as 0.1 mm away from one

another.




148 CHAPTER 6. RESULTS AND DISCUSSION

30001 FWHM = 1.85 +/- 0.03 °
——Gaussian

2500

%]
o
o
o
T

Counts (1/2°)
%]
o
(=]

1000}
500]
ST =20 =10 0 10 20 30

ARM (°)
(a)

8000

FWHM = 2.37 +/-0.04 °
70001+ ——Gaussian
6000}

w

(=]

(=]

o
T

Counts (1/2°)
8 3
o o
o o

2000

T

1000

10 20 30

FWHM = 2.25 +/-0.04 *
——Gaussian
10000+

8000

6000

Counts (1/2°)

4000

2000

—30 —20 -10 0 10 20 30
ARM (°)
(c)

Figure 6.2.2: The ARM measurements simulated using a "37Cs source placed 10 mm away from the
centre of the detector face for the CC2 detector: (a) geometry 1, (b) geometry 2, and
(c) geometry 3. The measurements were taken with the scatterer and absorber modules
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6.2.3 Influence of BSE on Image Reconstruction

Backscattering creates signals that mimic legitimate events, but they do not accurately repre-
sent the path of the original gamma ray. This misrepresentation introduces artefacts and noise
in the final image, reducing sharpness and the overall ARM. To mitigate this issue, energy re-
gions corresponding to high BSE must be excluded from analysis in experiments. This means
applying energy thresholds to reject these events based on their energy deposition patterns.

In the case of a 661.7 keV gamma-ray source (*37Cs), simulations reveal that BSE in the
scatterer were concentrated around a peak at 200.0 keV, as shown in Fig. 6.2.3 and Fig. 6.2.7
for the CC1 and CC3 geometries respectively. Figures 6.2.4, 6.2.5, and 6.2.6 show the energy
distributions of the BSE for the CC2 design geometries 1, 2 and 3 respectively. Gamma rays
depositing energy above this peak often undergo multiple Compton scatterings within one or
both layers, which can obscure the original direction of the gamma ray. To counteract this,
setting an energy threshold (e.g., excluding events with energy deposits above 170.0 keV in
the scatterer) helps improve image quality by filtering out BSE and multi-scatter interactions
that would otherwise introduce artefacts into the reconstructed image. These energy gate
regions, established through simulations, ensure that the BSE photons, which degrade image
resolution, were excluded, resulting in better experimental outcomes.

The BSE results for CC1 in Fig. 6.2.3 indicate that due to the greater distance between
the scatterer and absorber layers, the impact of BSE was minimal. In this particular design,
BSE show negligible contributions to image degradation, making energy gating unnecessary
in practice. In contrast, the FSE and BSE energy distributions in CC3 and the CC2 geometries
exhibit a significant contribution from BSE, as shown in the shaded green regions of each CC
layer, within 30 of the Gaussian peaks. These results highlight the importance of applying
energy gates in the scatterer between ~ 170.0-220.0 keV and 640.0-660.0 keV, and in the ab-
sorber layer between 440.0-500.0 keV, for a '37Cs source. Implementing these energy gates in
experiment would be an essential practise to maintain high image reconstruction quality by ex-
cluding BSE-related noise. In simulation, energy-gating on BSE is unnecessary because these
events can be distinguished from CC events using the physics processes and other simulation
parameters; however, in experimental data, where only energy, time, and position information
are available, energy-gating on BSE is essential. However, since the results to follow are sim-
ulated results, energy-gating on BSE was not necessary but, rather, provide insight for future

experiments.
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Figure 6.2.3: The simulated energy deposited in (a) the scatter layer, and (b) absorber layer of CC1
when gamma rays interact in both layers and deposit a total energy of 661.7 keV is
shown. FSEs (red) and BSEs (blue) are displayed. Events correspond to single Compton
scattering in each layer.




6.2. COMPARISON OF THE SIMULATED PERFORMANCE OF THE COMPTON
CAMERAS 151

~ 600F
% I- ==FSE
i ==BSE
< 500} +- 30
w
—
g
2 400f
S

300}

200}

100}

0= 100 200 300 400 500 600 700 800
Energy (keV)
(a)

% =—=FSE
= 5001 ==BSE
S +/- 30
3
= 400}
=
=]
o

300}

200}

100}

N

0 100 200 300 400 500 600 _ 700 _ 800
Energy (keV)

(b)

Figure 6.2.4: The simulated energy deposited in (a) the scatter layer, and (b) absorber layer of CC2
geometry 1 when gamma rays interact in both layers and deposit a total energy of 661.7
keV is shown. FSEs (red) and BSEs (blue) are displayed, and the regions of high BSE
influence are shaded green. Events correspond to single Compton scattering in each
layer.
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Figure 6.2.5: The simulated energy deposited in (a) the scatter layer, and (b) absorber layer of CC2
geometry 2 when gamma rays interact in both layers and deposit a total energy of 661.7
keV is shown. FSEs (red) and BSEs (blue) are displayed, and the regions of high BSE
influence are shaded green. Events correspond to single Compton scattering in each
layer.
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Figure 6.2.7: The simulated energy deposited in (a) the scatter layer, and (b) absorber layer of CC3
when gamma rays interact in both layers and deposit a total energy of 661.7 keV is
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6.2.4 Image Reconstruction Comparison of 22Na and '37Cs Sources

Comparing the image reconstruction performance of a CC for different radioactive sources,
such as **Na and "37Cs, offers critical insights into the system’s ability to handle varying pho-
ton energies and scattering scenarios. These two sources differ significantly in their gamma-
ray emissions: **Na emits photons at 511.0 keV and 1274.5 keV, whereas 37Cs primarily emits
photons at 661.7 keV. These differences make them ideal candidates for evaluating the CCs
performance across a spectrum of energies and assessing its capability to handle different
image reconstruction challenges.

Higher-energy photons, such as the 1274.5 keV from ?2Na, tend to produce larger forward
scatter angles, which can introduce image artefacts or blurring. This makes reconstructing ac-
curate images more challenging, especially compared to the lower-energy photons of '37Cs,
which have less pronounced scattering angles. As such, the comparison helps in benchmark-
ing the performance of the CC in terms of resolution, FEPE, and overall accuracy across

varying energies.

In the results presented, Fig. 6.2.8 shows the results for *?Na, and Fig. 6.2.9 shows the
reconstruction for 37Cs for CC1. Figures 6.2.10, 6.2.12 and 6.2.14 show the results of **Na
source for CC2 geometries 1, 2 and 3 respectively. Figures 6.2.11, 6.2.13 and 6.2.15 show
the results of "37Cs source for CC2 geometries 1, 2 and 3 respectively. The single source
measurements for **Na and '37Cs are shown for CC3 in Figs. 6.2.16 and 6.2.17, respectively.
The results shown in these figures demonstrate a consistent pattern across the CC systems:
the image resolution (represented by the FWHM of the Gaussian fit) tends to be better for
137Cs compared to **Na.

For example, in Fig. 6.2.9, the FWHM for '37Cs was approximately 1 mm smaller than
that of >Na in Fig 6.2.8. This was because 37Cs only has a single prominent energy peak at
661.7 keV, simplifying the reconstruction process. In contrast, **Na, with two distinct energy
peaks (511.0 keV and 1274.5 keV), adds complexity to the reconstruction, as the system must
differentiate between these overlapping photons.

The performance of the different Compton camera designs is summarised in Table 6.2.5.
While it was initially anticipated that CC1, with its Polaris detector, might perform worse due
to geometric constraints, the superior energy resolution and high material density of CZT
helped to mitigate these limitations. However, CC1 suffers from significantly fewer detected
statistics compared to CC2 and CC3 designs, attributed to its geometry, which impacts its
overall performance. In summary, the comparison of these two sources illustrates that *37Cs
generally provides better image reconstruction results due to its single energy peak. Mean-
while, the presence of multiple energies in **Na introduces additional challenges for the CC,
leading to a slight reduction in image quality. CC2 geometry 1 achieved the best reconstruc-
tion ability with a FWHM of 3.36(1) mm for a *37Cs source placed at (0,0,10) mm from the CC
scatterer face.
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Figure 6.2.8: Reconstructed images of CC1 for the simulated gamma emission of a ?2Na source. The
source was placed at (0,0,10) mm from the CC scatterer face, where (a) shows the x-y
image slice at the maximum z intensity, and (b) shows the x profile of the distribution,
where the dotted blue line represents the actual source location. The distribution was
fitted with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in
green and labelled with uncertainty.

CC Design FWHM (mm), 37Cs FWHM (mm), **Na
CC1 3.20(1) 4.18(2)
CC2 Geometry 1 3.36(1) 4.04(1)
CC2 Geometry 2 3.51(1) 4.15(1)
CCz2 Geometry 3 3.43(1) 4.26(1)
CC3 3.71(1) 3.71(1)

Table 6.2.5: Table showing the performance comparison of CC designs for a '37Cs source placed at
(0,0,10) mm from the CC scatterer face.
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Figure 6.2.9: Reconstructed images of CC1 for the simulated gamma emission of a '37Cs source. The
source was placed at (0,0,10) mm from the CC scatterer face, where (a) shows the x-y
image slice at the maximum z intensity, and (b) shows the x profile of the distribution,
where the dotted blue line represents the actual source location. The distribution was
fitted with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in
green and labelled with uncertainty.
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Figure 6.2.10: Reconstructed images of CC2 geometry 1 for the simulated gamma emission of a *?Na
source. The source was placed at (0,0,10) mm from the CC scatterer face, where (a)
shows the x-y image slice at the maximum z intensity, and (b) shows the x profile of
the distribution, where the dotted blue line represents the actual source location. The
distribution was fitted with a Gaussian function (red), and the FWHM of the Gaussian
is seen shaded in green and labelled with uncertainty.
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Figure 6.2.11: Reconstructed images of CC2 geometry 1 for the simulated gamma emission of a '37Cs
source. The source was placed at (0,0,10) mm from the CC scatterer face, where (a)
shows the x-y image slice at the maximum z intensity, and (b) shows the x profile of
the distribution, where the dotted blue line represents the actual source location. The
distribution was fitted with a Gaussian function (red), and the FWHM of the Gaussian
is seen shaded in green and labelled with uncertainty.
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Figure 6.2.12: Reconstructed images of CC2 geometry 2 for the simulated gamma emission of a *?Na
source. The source was placed at (0,0,10) mm from the CC scatterer face, where (a)
shows the x-y image slice at the maximum z intensity, and (b) shows the x profile of
the distribution, where the dotted blue line represents the actual source location. The
distribution was fitted with a Gaussian function (red), and the FWHM of the Gaussian
is seen shaded in green and labelled with uncertainty.
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Figure 6.2.13: Reconstructed images of CC2 geometry 2 for the simulated gamma emission of a '37Cs
source. The source was placed at (0,0,10) mm from the CC scatterer face, where (a)
shows the x-y image slice at the maximum z intensity, and (b) shows the x profile of
the distribution, where the dotted blue line represents the actual source location. The
distribution was fitted with a Gaussian function (red), and the FWHM of the Gaussian
is seen shaded in green and labelled with uncertainty.
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Figure 6.2.14: Reconstructed images of CC2 geometry 3 for the simulated gamma emission of a *?Na
source. The source was placed at (0,0,10) mm from the CC scatterer face, where (a)
shows the x-y image slice at the maximum z intensity, and (b) shows the x profile of
the distribution, where the dotted blue line represents the actual source location. The
distribution was fitted with a Gaussian function (red), and the FWHM of the Gaussian
is seen shaded in green and labelled with uncertainty.
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Figure 6.2.15: Reconstructed images of CC2 geometry 3 for the simulated gamma emission of a '37Cs
source. The source was placed at (0,0,10) mm from the CC scatterer face, where (a)
shows the x-y image slice at the maximum z intensity, and (b) shows the x profile of
the distribution, where the dotted blue line represents the actual source location. The
distribution was fitted with a Gaussian function (red), and the FWHM of the Gaussian
is seen shaded in green and labelled with uncertainty.
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Figure 6.2.16: Reconstructed images of CC3 for the simulated gamma emission of a **Na source. The
source was placed at (0,0,10) mm from the CC scatterer face, where (a) shows the x-y
image slice at the maximum z intensity, and (b) shows the x profile of the distribution,
where the dotted blue line represents the actual source location. The distribution was
fitted with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in
green and labelled with uncertainty.
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Figure 6.2.17: Reconstructed images of CC3 for the simulated gamma emission of a *37Cs source. The
source was placed at (0,0,10) mm from the CC scatterer face, where (a) shows the x-y
image slice at the maximum z intensity, and (b) shows the x profile of the distribution,
where the dotted blue line represents the actual source location. The distribution was
fitted with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in
green and labelled with uncertainty.
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6.2.5 Image Reconstruction for Increased Source to Scatterer Distance

As the distance between the source and scatterer increases, the scattered photons spread out
more before reaching the absorber. This spreading results in a broader and less distinct im-
age, diminishing the spatial resolution and making the reconstructed image less clear. With
a greater source-to-scatterer distance, fewer photons reach the scatterer due to the inverse-
square law, which describes how FEPE decreases with distance. This reduction in photon
flux leads to lower statistics and a poorer signal-to-noise ratio, further degrading image qual-
ity and increasing uncertainty in the reconstruction. As the distance increases, the number
of detected photons may decrease, increasing the noise level relative to the signal, a factor
that would need to be taken into account in experiment. This can further obscure details in
the reconstructed image and make it more challenging to differentiate between signal and
background noise.

To illustrate this, the CC image reconstruction performance was investigated for a 7Cs
source positioned at (0,0,100) mm from the scatterer face. This setup was compared with
results from a source placed only (0,0,10) mm away, as detailed in Section 6.2.4, for which the
results are seen in Table 6.2.6. Figure 6.2.18 presents the x-y reconstructed image matrix for
CCi1, along with the x profile extracted at maximum y-z intensity below. Due to the 88 mm
separation between the CC layer crystals in CC1, increasing the distance to the detector led to
notably low Compton cone statistics (<2 overlaps) and poor source localisation. The predicted
source position was offset by 30.13 mm from the true location, with a FWHM of 3.35(59) mm.
For CC3, the increase in source distance resulted in a 1 mm increase in the FWHM of the
image reconstruction, as shown in Fig. 6.2.22. However, the source was still predicted to be
at the correct position. Among CCz2 designs, CC2 geometry 1 exhibited the least sensitivity to
the increased distance, as illustrated in Fig. 6.2.19 when compared to Figs. 6.2.20 and 6.2.21.
At the further distance, the FWHM remained below 4 mm, demonstrating its robustness to
changes in source-to-scatterer distance. Each of the CC2 geometries performed well at an
increased distance.

FWHM (mm)
CC Design (0,0,10) mm (0,0,100) mm
CC1 3.20(1) 3-35(59)
CC2 Geometry 1 3.36(1) 3.91(2)
CCz2 Geometry 2 3.51(1) 4.27(1)
CC2 Geometry 3 3.43(1) 4.56(1)
CC3 3.71(1) 4-70(2)

Table 6.2.6: Table of the effect of increasing the source-to-scatterer distance for a *37Cs source for each
CC design.
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Figure 6.2.18: Reconstructed images of the simulated gamma emission of '37Cs for CC1. The source
was placed at (0,0,100) mm from the CC scatterer face, and the distance between the
scatterer and absorber modules was <1 mm, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribution was fitted with
a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green and
labelled with uncertainty.
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Figure 6.2.19: Reconstructed images of the simulated gamma emission of '37Cs of CC2 geometry 1.
The source was placed at (0,0,100) mm from the CC scatterer face, and the distance
between the scatterer and absorber modules was <1 mm, where (a) shows the x-y image
slice at the maximum z intensity, and (b) shows the x profile of the distribution, where
the dotted blue line represents the actual source location. The distribution was fitted
with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green
and labelled with uncertainty.
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Figure 6.2.20: Reconstructed images of the simulated gamma emission of '37Cs of CC2 geometry 2.
The source was placed at (0,0,100) mm from the CC scatterer face, and the distance
between the scatterer and absorber modules was <1 mm, where (a) shows the x-y image
slice at the maximum z intensity, and (b) shows the x profile of the distribution, where
the dotted blue line represents the actual source location. The distribution was fitted
with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green
and labelled with uncertainty.
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Figure 6.2.21: Reconstructed images of the simulated gamma emission of '37Cs of CC2 geometry 3.
The source was placed at (0,0,100) mm from the CC scatterer face, and the distance
between the scatterer and absorber modules was <1 mm, where (a) shows the x-y image
slice at the maximum z intensity, and (b) shows the x profile of the distribution, where
the dotted blue line represents the actual source location. The distribution was fitted
with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green
and labelled with uncertainty.
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Figure 6.2.22: Reconstructed images of the simulated gamma emission of '37Cs for CC3. The source
was placed at (0,0,100) mm from the CC scatterer face, and the distance between the
scatterer and absorber modules was <1 mm, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribution was fitted with
a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green and
labelled with uncertainty.




172 CHAPTER 6. RESULTS AND DISCUSSION

6.2.6 Image Reconstruction for Increased Scatterer to Absorber Distance

Increasing the distance between the scatterer and absorber in a CC can have a profound impact
on image reconstruction quality. As scattered photons travel further to reach the absorber,
they spread out over a larger area, leading to a broader and less distinct spatial resolution.
This can introduce more noise into the system and complicate the FBP process, which relies
on precise measurements of photon interactions to reconstruct accurate images. Typically,
a larger scatterer-to-absorber distance can introduce geometric distortions, making it more
challenging to produce high-resolution images.

The gamma emission from a '37Cs source was simulated 10 mm away from the scatterer
face. For CC1, seen in Fig. 6.2.23, the resulting image showed significant distortion, with the
source reconstructed at (-48.8, -48.75) mm in the x-y plane instead of its true location at the
origin position (0,0,0). Given that the scatterer and absorber were already 88 mm apart, this
resulted in a total evaluation distance of 188 mm, leading to a significant source localisation
uncertainty of ~ 50 mm. Such large deviations illustrate how increasing the distance between
the camera components can cause degradation in image quality, particularly when the source
was farther from the scatterer. Since the scatterer-absorber distance of CC1 was 88 mm to
begin with, the results of Fig. 6.2.9 for a "37Cs source at (0,0,10) mm from the scatterer face,
and the nearest geometrical scatterer-absorber distance of 88 mm, can be compared to the
results for the other CC systems as the 88 mm is more comparable to 10 mm than the 188
mm measurement above. For this measurement, the source was located 0.05 mm from its true

position, with a FWHM of 3.20(1) mm.

The analysis of other systems, CC3 (Fig. 6.2.27) and CC2 (Fig. 6.2.24, 6.2.25, 6.2.26 for
geometries 1, 2, and 3 respectively), revealed a trend, as listed in Table 6.2.7. Increasing the
scatterer-to-absorber distance by 10 mm led to a slight improvement in image resolution across
multiple configurations. For instance, in CC3 Fig. 6.2.27, the x-projection FWHM improved
from 3.71(1) mm to 3.61(2) mm, and in CC2 geometry 1, the FWHM improved from 3.36(1)
mm to 3.33(1) mm. Similarly, CC2 geometry 2 showed a slight improvement from 3.51(1) mm
to 3.39(1) mm. These subtle gains in resolution, despite the increased distance, suggest that
certain geometrical configurations can counterbalance the negative effects typically associated

with increased distances.

One possible explanation for this improvement could be the reduction of edge effects
and better delineation of the Compton cone projection. As the distance increases, the scat-
tered photons may experience less interference from edge effects, allowing for more accurate
projections onto the image plane. Additionally, the increased separation between scatterer
and absorber may improve the system’s ability to differentiate between photon interactions,
leading to a clearer and more precise image reconstruction. Ultimately, while increasing the
scatterer-to-absorber distance can introduce some challenges, such as reduced photon statis-
tics and higher noise levels, the results demonstrate that careful optimisation of this distance
can lead to improvements in image resolution, as seen in the comparison shown in Table
6.2.7. This finding underscores the importance of balancing geometry and photon dynamics

to enhance the performance of CCs in experimental imaging.
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FWHM (mm)
CC Design (0,0,0.1) mm (0,0,10) mm
CC1 3.20(1) 3.44(2)
CC2 Geometry 1 3.36(1) 3.33(1)
CC2 Geometry 2 3.51(1) 3.39(1)
CC2 Geometry 3 3.46(2) 3.49(1)
CCs 3.71(1) 3.61(2)

Table 6.2.7: Table of the effect of increasing the scatterer-absorber distance of the CC designs for a
137Cs source placed at (0,0,10) mm from the CC scatterer face.
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Figure 6.2.23: Reconstructed images of the simulated gamma emission of '37Cs for CC1. The source
was placed at (0,0,10) mm from the CC scatterer face, and the distance between the
scatterer and absorber modules was 10 mm, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribution was fitted with
a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green and
labelled with uncertainty.
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Figure 6.2.24: Reconstructed images of the simulated gamma emission of '37Cs of CC2 geometry 1.
The source was placed at (0,0,10) mm from the CC scatterer face, and the distance
between the scatterer and absorber modules was 10 mm, where (a) shows the x-y image
slice at the maximum z intensity, and (b) shows the x profile of the distribution, where
the dotted blue line represents the actual source location. The distribution was fitted
with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green
and labelled with uncertainty.




6.2. COMPARISON OF THE SIMULATED PERFORMANCE OF THE COMPTON
CAMERAS 175

1750

1500

1250

1000

y (mm)

Number of Overlaps

ol
[=]
[=]

250

X (mm)

(a)

----Actual = 0.00 mm

E 1750 F —Gaussian = 0.05 mm
E FWHM = 3.39(1) mm
= 1500
()
S’
3]
a2 1250
=
g 1000
3
=}
- 750
=}
1<
@ 500
E

250
=)
Z

ok
—-40 -20 0 20 40
X (mm)
(b)

Figure 6.2.25: Reconstructed images of the simulated gamma emission of '37Cs of CC2 geometry 2.
The source was placed at (0,0,10) mm from the CC scatterer face, and the distance
between the scatterer and absorber modules was 10 mm, where (a) shows the x-y image
slice at the maximum z intensity, and (b) shows the x profile of the distribution, where
the dotted blue line represents the actual source location. The distribution was fitted
with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green
and labelled with uncertainty.
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Figure 6.2.26: Reconstructed images of the simulated gamma emission of '37Cs of CCz2 geometry 3.
The source was placed at (0,0,10) mm from the CC scatterer face, and the distance
between the scatterer and absorber modules was 10 mm, where (a) shows the x-y image
slice at the maximum z intensity, and (b) shows the x profile of the distribution, where
the dotted blue line represents the actual source location. The distribution was fitted
with a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green
and labelled with uncertainty.
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Figure 6.2.27: Reconstructed images of the simulated gamma emission of '37Cs for CC3. The source
was placed at (0,0,10) mm from the CC scatterer face, and the distance between the
scatterer and absorber modules was 10 mm, where (a) shows the x-y image slice at
the maximum z intensity, and (b) shows the x profile of the distribution, where the
dotted blue line represents the actual source location. The distribution was fitted with
a Gaussian function (red), and the FWHM of the Gaussian is seen shaded in green and
labelled with uncertainty.
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6.2.7 Image Reconstruction of Multiple Sources: ’Na

In practical applications such as medical imaging, environmental monitoring, or nuclear se-
curity, multiple radiation sources may be present at the same time. Accurately distinguishing
between these sources is crucial for correct diagnostics, detection, or threat assessment. To test
the ability of the CC to differentiate between multiple sources, a simulation was conducted
using two 22Na sources placed at symmetric points relative to the scatterer face—specifically
at coordinates (8,0,10) mm and (-8,0,10) mm. These placements allowed for the evaluation
of how well the CC designs could spatially resolve two distinct sources that were positioned
close together, a challenging task that simulates real-world complexities.

Figures 6.2.28 and 6.2.32 illustrate the results from the CC1 and CC3 designs, respectively.
In both designs, each 2?Na source was given the same simulated activity, ensuring that the
statistical weight assigned to each source was balanced. CC1 performed exceptionally well,
accurately reconstructing the position of both sources with FWHM values of 4.24(114) mm
and 4.12(108) mm for the sources at (8,0,10) mm and (-8,0,10) mm, respectively. This indicates
that the CC1 design, which consists of a CZT Polaris-] detector as the scatterer and a 2” x 2”

LaBr;:Ce crystal as the absorber, was capable of resolving the two sources with high precision.

In contrast, the results from CC3, as shown in Figs. 6.2.32, were less consistent. While the
source at (8,0,10) mm was reconstructed with a FWHM of 4.98(120) mm, the source at (-8,0,10)
mm showed poorer resolution with a FWHM of 5.36(177) mm, and only 70% of the simulated
statistics were associated with this second source. The larger FWHM and lower statistical
confidence in the reconstruction of the second source suggest that CC3, which uses a larger
6 x 1 array LaBr;:Ce MacroPixel scatterer combined with a 2” x 2” LaBr;:Ce absorber, had
more difficulty in resolving both sources equally. This asymmetry in performance indicates
potential issues in the camera’s sensitivity to sources placed at different positions.

The results from CC2, illustrated in Figs. 6.2.29, 6.2.30, and 6.2.31 for geometries 1, 2 and
3 respectively, show the performance of three different geometries for this design, which uses
a 4 x 2 array LaBr;:Ce DAs in each the scatterer and absorber. The results are summarised
in Table 6.2.8. CC2 geometry 1 produced the best overall results, with both sources recon-
structed. Each geometry rendered similar statistics, with ~ 300 overlaps seen in each image.
However, across all geometries of CC2, as well as in the CC3 design, the source at (-8,0,10)
mm consistently displayed poorer reconstruction than the source at (8,0,10) mm.

FWHM (mm)
CC Design (8,0,10) mm (-8,0,10) mm
CC1 4.24(114) 4.12(108)

CC2 Geometry 1 4.68(137) 4.55(115
CC2 Geometry 2 4.85(156) 4.65(116
CCz2 Geometry 3 4.96(150) 4.89(119
CCs 5.26(177) 4.98(120

Table 6.2.8: Table of the results for two *?Na sources, placed at (8,0,10) and (-8,0,10) mm from the CC
scatterer face.
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Figure 6.2.28: Reconstructed images of the simulated gamma emission of two #*Na sources for CCi.
The sources were placed at (8,0,10) and (-8,0,10) mm from the CC scatterer face, where
(a) shows the x-y image slice at the maximum z intensity, and (b) shows the x profile of
the distribution, where the dotted blue line represents the actual source location. The
distributions were fitted with Gaussian functions (red and blue), and the FWHM of the
fits are shaded in red and blue and labelled with uncertainty.
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Figure 6.2.29: Reconstructed images of the simulated gamma emission of two *?Na sources for CC2
geometry 1. The sources were placed at (8,0,10) and (-8,0,10) mm from the CC scatterer
face, where (a) shows the x-y image slice at the maximum z intensity, and (b) shows
the x profile of the distribution, where the dotted blue line represents the actual source
location. The distributions were fitted with Gaussian functions (red and blue), and the
FWHM of the fits are shaded in red and blue and labelled with uncertainty.
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Figure 6.2.30: Reconstructed images of the simulated gamma emission of two *?Na sources for CC2
geometry 2. The sources were placed at (8,0,10) and (-8,0,10) mm from the CC scatterer
face, where (a) shows the x-y image slice at the maximum z intensity, and (b) shows
the x profile of the distribution, where the dotted blue line represents the actual source
location. The distributions were fitted with Gaussian functions (red and blue), and the
FWHM of the fits are shaded in red and blue and labelled with uncertainty.
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Figure 6.2.31: Reconstructed images of the simulated gamma emission of two *?Na sources for CC2
geometry 3. The sources were placed at (8,0,10) and (-8,0,10) mm from the CC scatterer
face, where (a) shows the x-y image slice at the maximum z intensity, and (b) shows
the x profile of the distribution, where the dotted blue line represents the actual source
location. The distributions were fitted with Gaussian functions (red and blue), and the
FWHM of the fits are shaded in red and blue and labelled with uncertainty.
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Figure 6.2.32: Reconstructed images of the simulated gamma emission of two #*Na sources for CC3.
The sources were placed at (8,0,10) and (-8,0,10) mm from the CC scatterer face, where
(a) shows the x-y image slice at the maximum z intensity, and (b) shows the x profile of
the distribution, where the dotted blue line represents the actual source location. The
distributions were fitted with Gaussian functions (red and blue), and the FWHM of the
fits are shaded in red and blue and labelled with uncertainty.
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6.2.8 Image Reconstruction of Multiple Sources: 9Co and a >?Na Source

The ability of the CC designs to distinguish between two gamma-ray sources with different
energies, °®°Co and 2?Na, placed symmetrically along the x-axis was studied. Each source was
positioned 10 mm away from the scatterer surface, at coordinates (4, o, 10) for 60Co and (-4, o,
10) for 22Na. Despite both sources being simulated with identical activity, the reconstructed
images exhibited differences in intensity, as shown in Fig. 6.2.33 and 6.2.37 for CC1 and
CC3, and Figs. 6.2.34, 6.2.35, and 6.2.36 for the CC2 geometries 1, 2, and 3. The results are
summarised in Table 6.2.9.

Several factors contribute to this variation in intensity between the two sources. ©°Co
emits higher-energy gamma rays (1332.5 keV and 1173.2 keV), whereas 2?Na primarily emits
gamma rays at 511.0 keV (annihilation radiation) and 1274.5 keV. These differences in energy
impact how the gamma rays interact within the CC’s scatterer and absorber.

Higher-energy gamma rays from ®°Co were more likely to undergo Compton scattering,
which enhances the number of detectable Compton scatter events, seen in Table 6.2.9. This
increased scattering leads to a more intense reconstructed image for ®°Co compared to the
lower-energy 511.0 keV gamma rays from *’Na. Additionally, 511.0 keV gamma rays have a
higher probability of being absorbed via the photoelectric effect, which reduces the number
of valid Compton scatter events for 22Na, further lowering its image intensity.

Despite the differences in intensity, all CC designs successfully reconstructed both sources
with high accuracy. However, CC1 (Fig. 6.2.33) and the geometry 1 configuration of CC2
(Fig. 6.2.34) demonstrated the best performance in reconstructing the intensity profile of the
22Na source. These designs also achieved the most precise FWHM for the x-profile of the

reconstructed image, indicating superior resolution in these configurations.

FWHM (mm)
CC Design (4,0,10) mm  (-4,0,10) mm
CC1 3.51(178) 3-34(95)

CC2 Geometry 1 3.83(217) 3.60(100)
CC2 Geometry 2 4.03(254) 3.71(101)
CC2 Geometry 3 4.17(297) 3.78(102)

)

CCs 4.52(394) 3.91(105

Table 6.2.9: Table of the results for two different sources: ®°Co placed at (4,0,10) and 2*Na at (-4,0,10)
mm from the CC scatterer face.
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Figure 6.2.33: Reconstructed images of the simulated gamma emission of ®Co and 22Na sources
placed at (4,0,10) and (-4,0,10) mm from the scatterer face for CCi. The plots show
(a) the x-y image slice at the maximum z intensity, and (b) the x profile of the distribu-
tion, where the dotted blue lines represent the actual source locations. The distributions
were fitted with Gaussian functions (red and blue), and the FWHM of the fits are shaded
in red and blue and labelled with uncertainty.
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Figure 6.2.34: Reconstructed images of the simulated gamma emission of ®Co and 22Na sources
placed at (4,0,10) and (-4,0,10) mm from the scatterer face for CC2 geometry 1. The
plots show (a) the x-y image slice at the maximum z intensity, and (b) the x profile of
the distribution, where the dotted blue lines represent the actual source locations. The
distributions were fitted with Gaussian functions (red and blue), and the FWHM of the
fits are shaded in red and blue and labelled with uncertainty.
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Figure 6.2.35: Reconstructed images of the simulated gamma emission of ®Co and 22Na sources
placed at (4,0,10) and (-4,0,10) mm from the scatterer face for CC2 geometry 2. The
plots show (a) the x-y image slice at the maximum z intensity, and (b) the x profile of
the distribution, where the dotted blue lines represent the actual source locations. The
distributions were fitted with Gaussian functions (red and blue), and the FWHM of the
fits are shaded in red and blue and labelled with uncertainty.
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Figure 6.2.36: Reconstructed images of the simulated gamma emission of ®Co and 22Na sources
placed at (4,0,10) and (-4,0,10) mm from the scatterer face for CC2 geometry 3. The
plots show (a) the x-y image slice at the maximum z intensity, and (b) the x profile of
the distribution, where the dotted blue lines represent the actual source locations. The
distributions were fitted with Gaussian functions (red and blue), and the FWHM of the
fits are shaded in red and blue and labelled with uncertainty.
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Figure 6.2.37: Reconstructed images of the simulated gamma emission of ®*Co and 22Na sources
placed at (4,0,10) and (-4,0,10) mm from the scatterer face for CC3. The plots show
(a) the x-y image slice at the maximum z intensity, and (b) the x profile of the distribu-
tion, where the dotted blue lines represent the actual source locations. The distributions
were fitted with Gaussian functions (red and blue), and the FWHM of the fits are shaded
in red and blue and labelled with uncertainty.




190 CHAPTER 6. RESULTS AND DISCUSSION

6.2.9 Image Reconstruction of Multiple Sources: Closely Spaced '3’Cs Sources

The ability of the CC designs to distinguish between two closely spaced '3”Cs gamma-ray
sources was studied by placing the sources symmetrically along the x-axis, 10 mm from the
scatterer surface. The sources were positioned at coordinates (1, o, 10) mm and (-1, o, 10)
mm, each designed as a cylinder with a height and diameter of 1 mm, effectively placing the
sources 1 mm apart when accounting for their radii. Due to this close spacing, none of the
CC designs were able to resolve the two sources as separate peaks, instead combining them
into a single peak. This behaviour is demonstrated in Figs. 6.2.38 and 6.2.42 for CC1 and CC3
each, and in Figs. 6.2.39, 6.2.40, and 6.2.41 for the different geometries of CC2.

The FWHM values of the combined peak from the two sources were similar to the FWHM
values from a single source placed at (0,0,10) mm, as shown in Table 6.2.10. The merging of
two closely spaced sources should cause significant broadening of the peak in the x-profile,
interpreting the source as being 2 to 3 times its true width. However, the FWHM values
did not reflect such a large increase, while the uncertainties in the fits for the two-source
peaks suggest a reasonable disagreement with the single-source measurements. Achieving
sub-millimetre precision in such experimental setups would be challenging, especially with
the current lack of segmentation in the individual CC2 DA modules. For a Compton Camera
to be viable in PT, the ability to handle high count rates while maintaining sub-millimetre

precision is crucial and would need to be measured in experiment in future work.

FWHM, (mm)

CC Configuration Single Source at (0,0,10)mm Multiple Source at (-1,0,10) and
(1,0,20) mm

CC1 3.20(1) 3.72(393) and 3.66(367)
CCz geometry 1 3.36(1) 4.24(469) and 4.11(381)
CCz geometry 2 3.51(1) 3.72(393) and 3.66(367)
CCz geometry 3 3.43(1) 3.91(419) and 3.85(368)
CC3 3.71(1) 3.99(430) and 3.92(367)

Table 6.2.10: Comparison of the reconstructed FWHM values obtained from the simulations of one
and two 37Cs sources of the same geometry placed 10 mm from the detector scatterer
faces.




6.2. COMPARISON OF THE SIMULATED PERFORMANCE OF THE COMPTON
CAMERAS 191

o)
[=]

60

y (mm)

Number of Overlaps

T
r ----Actual nt
FWHM = 3.72(393) mm
FWHM = 3.66(367) mm

—
(=}

o
©

e
=)

<
'S

Number of Overlaps (1/mm)
o

o
=]

—40 ~20 0 20 10 60 80
X (mm)

(b)

Figure 6.2.38: Reconstructed images of the simulated gamma emission of a '37Cs source placed at
(1,0,10) and (-1,0,10) mm from the scatterer face for CC1. The plots show (a) the x-y
image slice at the maximum z intensity, and (b) the x profile of the distribution, where
the dotted blue lines represent the actual source locations. The distributions were fitted
with Gaussian functions (red and blue), and the FWHM of the fits are shaded in red
and blue and labelled with uncertainty.
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Figure 6.2.39: Reconstructed images of the simulated gamma emission of a "37Cs source placed at
(1,0,10) and (-1,0,10) mm from the scatterer face for CC2 geometry 1. The plots show (a)
the x-y image slice at the maximum z intensity, and (b) the x profile of the distribution,
where the dotted blue lines represent the actual source locations. The distributions were
fitted with Gaussian functions (red and blue), and the FWHM of the fits are shaded in
red and blue and labelled with uncertainty.
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Figure 6.2.40: Reconstructed images of the simulated gamma emission of a '37Cs source placed at
(1,0,10) and (-1,0,10) mm from the scatterer face for CC2 geometry 2. The plots show (a)
the x-y image slice at the maximum z intensity, and (b) the x profile of the distribution,
where the dotted blue lines represent the actual source locations. The distributions were
fitted with Gaussian functions (red and blue), and the FWHM of the fits are shaded in
red and blue and labelled with uncertainty.
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Figure 6.2.41: Reconstructed images of the simulated gamma emission of a "37Cs source placed at
(1,0,10) and (-1,0,10) mm from the scatterer face for CC2 geometry 3. The plots show (a)
the x-y image slice at the maximum z intensity, and (b) the x profile of the distribution,
where the dotted blue lines represent the actual source locations. The distributions were
fitted with Gaussian functions (red and blue), and the FWHM of the fits are shaded in
red and blue and labelled with uncertainty.
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Figure 6.2.42: Reconstructed images of the simulated gamma emission of a '37Cs source placed at
(1,0,10) and (-1,0,10) mm from the scatterer face for CC3. The plots show (a) the x-y
image slice at the maximum z intensity, and (b) the x profile of the distribution, where
the dotted blue lines represent the actual source locations. The distributions were fitted
with Gaussian functions (red and blue), and the FWHM of the fits are shaded in red
and blue and labelled with uncertainty.
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63 RESULTS OF EXPERIMENT

Experimental measurements were conducted for the CC1 design, making use of both beam
and source measurements. The beam time was allocated early in the project, approximately
two months into its initiation, providing an opportunity to assess the performance of the
CC1 design. A 66.67 MeV proton beam, supplied by iThemba LABS in Cape Town, South
Africa, was employed for these measurements. This beam, generated by the separated sector
cyclotron, was structured in time with an interval of 300 ns and a selection rate of 1 in 5 pulses.
This specific time structure was requested to facilitate the integration of the beam’s RF signal
with the DAQ system. This time structure allowed signals correlated with the proton beam’s
RF to be clearly identified and attributed to beam interactions with the target. As such, signals
out of sync with the RF were gated as background, enabling effective discrimination between
true beam-induced events and noise.

The Pixie-16 DAQ, operating at 500 MHz and detailed in Section 3.2.3.1, was used to
interface with the LaBr;:Ce detector absorber of CC1. It was configured to receive the RF
signal from the cyclotron, in addition to the STM pulses from the Polaris scatterer, as discussed

in Section 3.3.7.

The experimental setup of CC1, as described in Section 3.4, involved positioning the
camera isocentric with respect to the beam and the water target along the z-axis. The water
target was specifically designed to ensure complete stopping of the proton beam within its
volume, allowing for the deposition of all its energy in the BP region. This setup enabled the
detection of PG radiation correlated with the RF time of the beam. The investigations into the
application of CC1 as a PG imaging device for medical purposes were primarily focused on

event tracking and detector timing.

6.3.1  Sources of Background in Experiment

There was no significant source of background radiation in either the source or the beam
experiment. The internal radioactivity of the LaBr;:Ce detectors, discussed in detail in Section
3.2.2, did not contribute significantly to the background spectrum.

Figure 6.3.1(a) shows the full spectrum (red) of a *>*Eu source for a 10-minute measure-
ment with the 2” x 2” LaBr;:Ce detector, plotted with the background (black) obtained in
the absence of sources for the same measurement duration. It can be seen that the inter-
nal radioactivity of the detector crystal is present in the background spectrum. Background
subtraction for source measurements was straightforward, as the background was deducted
from the counts of the full spectrum for the same measurement duration for measurements
performed on the same day. This was seen as effective in omitting the internal radioactivity
contribution and improving the peak structure of the 1408.0 keV '>?Eu emission line. Figure
6.3.1(b) shows the same source and background measurement for the Polaris detector. The

background subtracted spectrum is shown in blue, with the background in black.
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The cyclotron radio frequency guided background subtraction performed for the beam-
time measurements is detailed in Section 3.4.1. This method was found to be effective for the
low-energy background contribution originating from random out-of-sync emissions from the
source and surrounding materials in the experiment vault, as well as eliminating the internal
radioactivity contribution of the 2” x 2” LaBr;:Ce detector used in beam-time experiment as
the CC1 absorber.
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Figure 6.3.1: Measured gamma energy spectra of a '>*Eu source where the full energy spectrum is seen
in red, background and detector intrinsic activity in black, and background subtracted
spectrum in blue for each: (a) 2” x 2” LaBr;:Ce detector and (b) Polaris detector.

6.3.2 CC1 Beam Measurements

Figure 6.3.2 shows the CC1 gamma-ray energy spectrum of the interaction of the proton beam
with the water target, where the Polaris detector is plotted in red and the LaBr;:Ce detector
in black. The plot is separated into the lower 0.0-2000.0 keV energy region above and the
2000.0-7000.0 keV region below to improve the appearance of the peaks. Labelled in units of
MeV are the PG emission lines and their single and double escape peaks, originating from
the interaction of the 66.67 MeV proton beam with the water target. It can be seen that the
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Polaris detector has a poor range (<3.0 MeV) caused by the efficiency dropping off because the
detectors are thin, such that the PG emission lines were not visible in the spectrum of Polaris
in the bottom plot. Due to the nature of how early beam-time was acquired for the project,
the energy trapezoidal DDAS shaping parameters (discussed in Section 3.2.3.4) were not fully
optimised, seen in the poor energy resolution in the LaBr;:Ce detector energy spectrum.
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Figure 6.3.2: Background subtracted energy spectra from Polaris (red) and LaBr;:Ce (black), where the
low energy (0.0-2000.0 keV) region is seen above and the higher energy (2000.0-8000.0
keV) region is situated below for viewing clarity. Labelled in units of MeV are the PG
emission lines and their single and double escape peaks, originating from the interaction
of the 66.67 MeV proton beam with the water target.

6.3.3 Coincidence Measurement Event Time Window Investigation

The analysis of the beam-time data required a detailed understanding of the event time offset
in the Polaris detector, which was introduced by the detector’s processing electronics. When
the detector recorded an energy deposition exceeding the threshold value, it entered a “trig-
gered” state, during which no new events could be processed for up to 15 us [60]. Due to the
high event rates encountered during beam-time, it became apparent that time synchronisation
using STM pulses alone was insufficient for confidently tracking double scatter events across
the CC detectors. Attempts to resolve this by subtracting 15 us from the Polaris event times
and aligning them with the fast timing resolution of the LaBr;:Ce detector did not demonstrate

an improvement in timing accuracy.

Coincidence timing measurements were then necessitated, using a face-to-face configura-
tion between the Polaris and LaBr;:Ce detectors, as shown in Fig. 6.3.3, with a low-activity
**Na source (13.80(138) kBq) placed between the detectors, 10 cm from each face. The mea-
sured energy spectra for each detector are seen plotted on the same axes in Fig. 6.3.4. A
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10-minute measurement was performed, with the goal of identifying a consistent timing pat-
tern in the Polaris detector by tracking the annihilation photons between the two detectors.
This would allow for the determination of a predictable time offset between events, enabling
the Polaris events to be shifted backward in time to facilitate accurate double scatter tracking
in the CC.
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Figure 6.3.3: A photograph of the coincidence timing experimental setup of the Polaris and the 2” x 2”
LaBr;:Ce detector with a low activity 13.80(138) kBq 22Na source placed (0,0,10) cm from
each detector face.
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Figure 6.3.4: The energy spectra of a low activity **Na source shown for the Polaris detector (blue)
and the LaBr;:Ce detector (red) for a 10-minute measurement.

The analysis focused on identifying coincident annihilation photon events between the
Polaris and LaBr;:Ce detectors. The first step was to gate on single-scatter events in the Polaris
detector, followed by energy gating to retain only those events within + 76.65 keV of the 511.0
keV energy peak. This gating process was critical to ensure that only annihilation photons
were analysed. Prior to applying the energy gate, the ratio of LaBr;:Ce to Polaris events was
0.769. After filtering for events in the 511.0 keV region, this ratio increased significantly to a
value of 2. This indicated that the energy gating successfully isolated the events of interest
and emphasised that the LaBr;:Ce experienced little to no DAQ dead-time compared to the

Polaris detector, seen in there being twice as many events.

Next, the analysis focused on calculating the time difference between events in the two
detectors. The goal was to find instances where a coincident event occurred, meaning that

an event in the Polaris detector happened within a specific time window of an event in the




200 CHAPTER 6. RESULTS AND DISCUSSION

LaBr;:Ce detector. It was assumed that the faster LaBr;:Ce detector would trigger the coin-
cidence event first, followed by the slower Polaris detector due to the inherent difference in

processing times.

The likelihood of coincidence events between the Polaris detector and LaBr;:Ce detector
were calculated by analysing the temporal relationship between detected events. Initially, data
from both detectors were filtered, sorted, and processed based on energy windows to isolate
potential coincidence events around the 511.0 keV range. For each Polaris event, the time
difference with preceding LaBr;:Ce events were calculated and stored. These time differences
were then grouped into predefined time windows, and the number of coincidences in each
window were plotted, seen in Fig. 6.3.5. The time window with the highest number of
coincidences was identified as situated between 50 and 60 ps, and the Polaris and LaBr;:Ce
event energies within this window were further analysed in Fig. 6.3.6. The analysis provided
insights into time-correlated events, crucial for studying interactions between gamma rays in
both detectors. By focusing on time windows with the most coincidences, this method aimed
to isolate events that were likely to be in coincidence. Fig. 6.3.6 showed that there was a
slightly higher concentration of coincidence events in the range of the 511.0 keV peak region.
It is important to note that duplication of events did not occur in the alignment of coincidence

events.
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Figure 6.3.5: The time difference between energy-gated (£ 5% of 511.0 keV) LaBr;:Ce and Polaris
events measured in a coincidence face-to-face geometry using a low activity *>Na source.
The time difference was calculated between a LaBr;:Ce event and a Polaris event that
occurred after it in time. The y-axis represents the probability of a coincidence within
each of the time difference windows.

6.3.4 CC1 Source Measurement

Low activity 137Cs (33.97(340) kBq) and ®°Co (22.72(227) kBq) sources were placed on top of
one another, 10 cm away from the centre of the Polaris scatterer module crystal positions
of CC1. The distance between the physical layers of CC1 was 1 mm, as near as possible,

and a measurement was taken for a 10-minute period. The STM pulses were used to align
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Figure 6.3.6: The 2D energy matrix of coincident events between Polaris and LaBr;:Ce detectors mea-
sured using a low activity **Na source placed (0,0,10) mm. The scatterer and absorber
axes represent the energy recorded in the Polaris and LaBr;:Ce detectors, respectively,
kept consistent with CC1. The coincidences were isolated by grouping LaBr;:Ce events
with a Polaris event that occurred 55(5) us after it in time. No energy filtering was ap-
plied.

the timestamps of each DAQ, as described in Section 3.3.7. Further time synchronisation
involved grouping LaBr;:Ce events with a Polaris event that occurred 55(5) us after it in
time, determined in Section 6.3.3 as the most frequent time delay experienced by the Polaris
DAQ. The CCz1 results are shown, where Fig. 6.3.7(a) is the 2D energy matrix of coincident
events between Polaris and LaBr;:Ce detectors measured using °Co and 37Cs sources placed
(0,0,10) mm from the CC1 detector face. It was anticipated that with the correct event timing
synchronisation applied, distinct diagonal CC events would emerge with a higher intensity
than the surrounding events, as was demonstrated by Fig. 2.4.2. These events were expected
to have this relationship in the CC due to how gamma rays from the source interact with
the camera via Compton kinematics. The relationship between the scatterer energy and the
absorber energy for a given gamma-ray energy depends on the scattering angle 6;. When
plotting the energies against each other, the points will fall along a line whose slope and
intercept are determined by the gamma-ray energy and the scattering angle. Figure 6.3.7(a)
should produce these diagonal lines at each of the strong PG emission lines: 661.7, 1173.2 and

1332.5 keV.

Further reason to believe that the event timing was not accurate was seen in Figure 6.3.7(b).
In the plot of scatter angle (01) versus energy deposited in the scatterer (E1) for gamma-ray
sources °°Co and '3”Cs, distinct patterns should emerge. For ®°Co, two separate curves
for each emission line should have appeared, each corresponding to one of the gamma-ray
energies. These curves should have started from E; = 0 at 67 = 0° and increased, reaching
higher E; values as 07 approached 180°, with the curve for the higher energy (1332.5 keV)
lying above the one for the lower energy (1173.2 keV). The '37Cs source, emitting a single
gamma ray of 661.7 keV, should have displayed a single curve that was positioned lower on
the Eq axis compared to the curves for ®°Co, reflecting the lower gamma-ray energy. Overall,
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the results of Fig. 6.3.7(b) revealed a shape inconsistent with the Compton scattering process,

displaying no variations in vertical positioning based on gamma-ray energy.
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Figure 6.3.7: (a) The 2D energy matrix of coincident events between Polaris and LaBr;:Ce detector
events, measured using 60Co and 37Cs sources placed (0,0,10) mm from the CC1 detector
face. The scatterer and absorber axes represent the energy recorded in the Polaris and
LaBr;:Ce detectors. The coincidences were isolated by grouping LaBr;:Ce events with a
Polaris event that occurred 55(5) s after it in time, and (b) the relationship between the
scattering angle (01) and the scatterer module, calculated using the Compton scattering
equation (Eq. 2.1.2)

The data was further refined by using the CLF to exclude non-physical scattering events
in the data seen in Fig. 6.3.7, such as those not resulting from double or triple scatter gamma
rays. The application of CLF helps to isolate and identify these “good” scatter events, which
align with theoretical Compton scattering predictions by excluding 07 values that do not obey
the physical principles, and gating on scatterer and absorber energies that obey the energy
relationship of the equation. The Compton relation for the energy deposited in the initial
scatter (E1) as a function of the scatter angle (01) can be derived from rearranging Eq. 2.1.2,

resulting in:
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Eoox(1 —cos9q)

F_ =
! 1+ (1 —cosBq)

where o = Eg/mec?.

This was performed to ensure that non-physical events were not obscuring CC behaviour
in the data. Figure 6.3.8 shows the result of applying CLF to Fig. 6.3.7. It can be seen that the
CLF seems to force the Compton scattering behaviour to emerge in the data.
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Figure 6.3.8: (a) The CLF 2D energy matrix of coincident events between Polaris and LaBr;:Ce detec-
tors measured using 60Co and 137Cs sources placed (0,0,10) mm from the CC1 detector
face. The scatterer and absorber axes represent the energy recorded in the Polaris and
LaBr;:Ce detectors. The coincidences were isolated by grouping LaBr;:Ce events with a
Polaris event that occurred 55(5) ps after it in time, and (b) the relationship between the
scattering angle (81 and the scatterer module after CLF was applied, calculated using the
Compton scattering equation (Eq. 2.1.2)

For completeness, the same time offset and filtering technique was applied to the beam-
time data. The need for CLF in event discrimination was underscored in previous works such
as [53], where a Polaris CZT CC was used to track gamma-ray interactions from a water target.
The study demonstrated how advanced filtering techniques are crucial for refining imaging
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results. Further findings were reported by [56], where a multi-stage Polaris CZT CC was used

to track gamma rays from a water target.

In previous studies, gamma-ray emission lines from carbon and oxygen have been strongly
linked with proton depth-dose distributions, making them highly valuable for PG applications
[109, 53]. These emission lines, crucial for PG, arise from inelastic proton interactions with
nuclei such as oxygen. However, in this analysis, the plot of E1 values against the calculated
scattering angle, 01 (Fig. 6.3.9), revealed certain challenges. Figure 6.3.9 shows the identified
key emission lines, where label 1 (5240.0 keV) represents a typical emission from inelastic
proton scattering with 5O nuclei, potentially involving higher-order escape peaks. Label 3
(4438.94 keV) corresponds to interactions with "*C nuclei, while label 5 (2741.5 keV) indicates
a 10 prompt emission. These represent interactions with oxygen and carbon nuclei but lack
the distinctive Compton scattering signatures necessary for precise imaging. The application
of CLF (+/- 10%) around the 2741.5, 4438.94, and 5240.0 keV PG emission lines was performed
in an attempt to identify valid scatter events consistent with theoretical Compton scattering
predictions. Prior to CLF, the data points exhibited linear trends inconsistent with Compton
scattering models, emphasising the need for accurate event classification. Figure 6.3.9 shows
how the CLF forces the Compton scattering kinematics trend in the beam data; however, no
distinct CC behaviour was distinguishable in the top plot (For reference, refer to Section 2.4.2,
where the kinematic behaviour of the CLF was discussed). This was due to the high count rate
(~ 4000/s) during beam irradiation, and the long DAQ processing time of the scatterer detec-
tor, making it challenging to track double scatter events. The high in-beam rates increased the
likelihood of two or more different PGs undergoing simultaneous detection, creating noise
that further mask the CL in the data.

Label 2 in Fig. 6.3.9 appears as a line beginning at ~ 30°, crossing the 511 keV point
around 60°, and gradually rising toward go°. This line corresponds to events in which a PG
Compton-scattered photon (E1) and a 511 keV gamma-ray (E,) were detected simultaneously.
Label 6 depicts the interaction of simultaneous 511.0 keV gamma rays (E; and E,) from the
water target. The line at a constant energy of ~ 3400 keV is observed across all angles, seen
as label 4. This line represents a pair production event involving a 4438.94 keV photon (E; =
4.44 - 1.022 MeV) detected simultaneously with another gamma-ray (E,). These three labels
involve interaction types which do not have the shape of the CL kinematics as they are not

true coincident Compton scatters.

Overall, the extensive timing synchronisation, offset correction and filtering techniques
applied could not correct for the variable timing problem introduced by the Polaris DAQ into
the CC1 design. This prevented CC events from being tracked across the detector geome-
tries. The results suggest that this CC design would not produce a feasible CC. The imaging
challenges highlight the necessity for precise event classification, whether it’s through timing

adjustments in coincidence detection or energy-based filtering in proton imaging.
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Figure 6.3.9: Top: Scatter plot of E1 values versus the calculated scattering angle 07 illustrating the
characteristic emission lines associated with various interactions. Bottom: The applica-
tion of CLF (+/- 10% around each PG emission line: 2741.5, 4438.94, and 5240.0 keV)
assists in identifying valid scatter events consistent with theoretical Compton scattering
predictions.

6.3.5 Final Timing Investigation

To refine the analysis, the coincidence data were examined by evaluating the time offset of the
Polaris events. For each LaBr;:Ce event, the time difference to the subsequent Polaris event
was iterated, adjusting the Polaris event times by adding up to 300 ps in 10 ps increments.
After each time adjustment, the coincidence events between the two detectors were re-assessed.
A 2D matrix of energies recorded by both detectors was constructed for each time offset to
visualize the presence of coincidences. The aim was to identify a strong peak around 511.0
keV in the matrix for both detectors, which would indicate successful coincidence detection

following the correct time offset.

The 2D energy matrices are shown in Figure 6.3.10, with the scatterer and absorber axes
corresponding to the CC1 geometry (Polaris and LaBr;:Ce, respectively). As the time off-
sets were applied and visualised, it became evident that a 15 ps offset produced no 511.0 keV
coincidences. Moreover, as the time offset increased, up to and beyond 35 us, there was no sig-
nificant improvement in detecting coincidence events. While more statistics were introduced
with increasing time shifts, no distinct coincidence pattern emerged, making it impossible to
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definitively identify true coincidences. This behaviour suggests why the 50.0-60.0 us event

offset correction returned no feasible CC results.
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Figure 6.3.10: The 2D energy matrices of coincident events between Polaris and LaBr;:Ce detectors as
a function of varying time offsets (15-125 ps). The scatterer and absorber axes represent
the energy recorded in the Polaris and LaBr;:Ce detectors, respectively. Time shifts are
applied to the Polaris events in increments as indicated in each matrix title. No distinct
511.0 keV coincidence peak was observed across the matrices, with changes in intensity
attributed to statistical fluctuations rather than true coincidences.




INTERPRETATION OF RESULTS

In this study, the feasibility of three CC designs were investigated for potential application
in medical imaging. The performance of these designs were assessed by simulating and
experimentally measuring their responses to different gamma-ray sources. The CC1 design
was also investigated using the PG response of a 66.67 MeV proton beam incident on a water

target.

7.1 SUMMARY OF SIMULATION FINDINGS

This study implemented the use of comprehensive TOPAS simulations to verify the perfor-
mance of various detector CC prototypes. Simulations were compared with experimental
measurements to assess energy deposition and FEPE performance. The physics of the experi-
ment was well reproduced by the simulated physics lists as all known peaks in the spectrum
of '5>Eu were present in the simulated gamma-ray spectrum. However, discrepancies were
noted for the Polaris detector due to charge build-up effects, which were not modeled in the
simulation. This led to narrower simulated photopeaks in the simulated energy deposition
spectrum of the '>*Eu source compared to the broader and tailed peaks observed experimen-
tally, but which were not seen to affect the FEPE calculations. The FEPE simulations reflected
the detector specifications accurately, showing agreement below 20 with experimental results
for the 2” x 2” LaBr;:Ce, Polaris and LaBr;:Ce DA detectors. The simulation FEPE results for
the higher-energy 964.08 keV peak were consistent with experimental data, while the lower-
energy 344.28 keV peak showed some differences due to threshold and pulse pile-up effects.

The simulation demonstrated satisfactory performance for most detectors, confirming
the effectiveness of the TOPAS framework in replicating physical interactions and validating
detector efficiency and energy deposition. Further work is suggested to address pulse shape
analysis and corrections for detected imperfections. The simulated Sr;:Eu FEPE response was
unable to reproduce experimental measures for the 344.28 keV peak for source-to-detector
distances of 10, 30, and 50 mm, and was not investigated further for use in a CC as the

simulation did not model the pulse pile-up effects seen in experiment.
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7.1.1  Comparison of the Simulated Performance of the Compton Cameras

7.1.1.1  Compton Camera Efficiency

The efficiency of a CC is defined as the ratio of the number of imageable Compton cones
to the total number of emitted gamma rays. This efficiency is influenced by several factors,
including the distance between the gamma-ray source and the detector, the FOV of the scatter
layer, and the material properties of the detectors. Increasing the distance between the source
and the scatterer leads to geometric attenuation and higher scattering probabilities, which
generally reduces efficiency. The efficiency also depends on the size of the scatter layer and
the material’s density and thickness. The simulations, summarized in Table 6.2.1, revealed
that CC3 achieved the highest efficiency, recording 8.57x10~> and 2.49x10~° cones/history at
source-to-scatterer face distances of 10 mm and 100 mm, respectively. Despite its smaller size,
CC2 geometry 3 demonstrated competitive performance, with efficiencies of 4.35x107> and
1.31x107° cones/history at the same distances. This design benefited from a larger scatterer
surface area, enhancing photon capture. Conversely, CC1’s lower efficiency was attributed to
its smaller scatterer surface area and the large distance between the CC layers, enforced by
the physical constraints of the Polaris detector box geometry, which decreases the likelihood
of photon interactions. Notably, the efficiency decreases as the distance between the scatterer
and absorber layers increases, with CC2 geometry 3 maintaining the highest efficiency across
different distances among CC2 designs. This design is favoured over that of CC3, taking
advantage of the SiPM readout in both the scatterer and absorber layers and modularity of
the design.

The efficiency results also varied with different gamma-ray sources, seen in Table 6.2.3.
The efficiency for **Na (emitting gamma rays at 511.0 keV and 1274.5 keV) was higher com-
pared to 37Cs (emitting at 661.7 keV) across all CC configurations. This was expected, as the
lower energy photons of **Na were more likely to be absorbed fully by the detectors. CC2 ge-
ometry 3 consistently demonstrated superior efficiency for both sources among CC2 designs.
CC3 again exhibited the highest efficiency, measuring 8.57x107> and 3.04x10~* cones/his-
tory for '37Cs and **Na, respectively, while CC1’s efficiency was lower due to the inherent

constraints of the design.

7.1.1.2 ARM

The ARM is a crucial metric for evaluating the performance of a CC, as it measures the
precision in reconstructing the Compton scattering angle, 0cc. Lower ARM values indicate
more accurate source localisation, which is essential for applications requiring precise imaging.
The ARM was assessed by analysing the FWHM of the ARM distribution.

Figures 6.2.1 and Table 6.2.4 revealed that ARM improves with increased distance between
the scatterer and absorber layers. This was attributed to the larger distance allowing for

more precise angle measurements, reducing uncertainty. However, there was a trade-off, as
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increasing this distance can decrease efficiency, which was observed in the efficiency data for

different distances.

CC2 geometry 1 achieved the highest ARM due to its thicker scatterer and absorber
modules, which provide more material for gamma-ray interactions. Despite having lower
FEPE, this design’s enhanced accuracy in source localisation makes it advantageous in terms
of ARM, highlighting the possibility that an ideal CC design would encompass a trade-off in
parameter optimisation. On the other hand, CC1’s ARM decreased with increased scatterer-
absorber distance, indicating potential limits to the improvement offered by larger distances.

7.1.1.3 Influence of Backscattering Events on Image Reconstruction

BSE can introduce noise and artefacts into reconstructed images, which reduces sharpness and
ARM. Simulations showed that for a *37Cs source, BSE were concentrated around 200.0 keV, as
illustrated in Figures 6.2.3-6.2.7. To mitigate these effects, energy thresholds would be applied
to these regions of high contribution in experiment post-processing to filter out high BSE and
to improve image outcomes. In the case of CC1, BSE had minimal impact due to the greater
distance between the scatterer and absorber layers. However, CC3 and CC2 designs showed
significant contributions from BSE, necessitating energy gating to improve image quality in

experimental measures.

7.1.1.4 Image Reconstruction for Different Gamma-Ray Sources

The image reconstruction performance of ?*Na and *37Cs sources was compared to assess how
different gamma-ray energies affect image quality. The results indicated that *37Cs, with a sin-
gle prominent energy peak, provided better image resolution compared to **Na, which has
two distinct peaks. Across various CC designs, the FWHM was smaller for 37Cs, reflecting
better image quality. For instance, CC1 had a FWHM of 3.20 mm, while CC2 and CC3 designs
exhibited slightly larger values. Despite geometric constraints, CC1’s superior energy resolu-
tion with CZT mitigated some of the limitations, though it still had fewer detected statistics
compared to other designs. In summary, '37Cs yielded better image reconstruction results due
to its single energy peak. In contrast, the two energy peaks in the spectrum of **Na introduce
additional challenges, leading to slightly reduced image quality. The findings underscore the
importance of optimising detector designs and energy settings for improved performance in

specific imaging applications.
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7.1.1.5 Impact of Distance on Image Reconstruction

Source-to-Detector Distance Effects:

The 88 mm separation between the crystals in CC1 resulted in poor source localisation as the
distance increased, with the predicted source position deviating by 30.13 mm from the true
location, and a FWHM of 3.35(59) mm. In contrast, CC3 exhibited a 1 mm increase in FWHM
with increased distance, but still accurately predicted the source position. CCz geometry
1 showed robustness to increased distance. The FWHM remained below 4 mm, indicating
minimal degradation in image quality with distance. This suggests that CC2’s geometry 1

effectively mitigated the negative impacts of increased source-to-scatterer distance.

Impact of Scatterer-to-Absorber Distance:
For a "37Cs source 10 mm from the scatterer, CC1’s image reconstruction was significantly
distorted, with a source localisation uncertainty of ~ 50 mm. CC3 and CCz exhibited a slight
improvement in resolution with increased distance, with FWHM values improving slightly
(e.g., CC3 from 3.71(1) mm to 3.61(2) mm). This counter-intuitive result may be due to re-
duced edge effects and better delineation of the Compton cone projection. Increased distance
between the scatterer and detector generally degrades image quality due to broader spatial
resolution and geometric distortions. However, certain geometrical configurations (e.g., CC2)

can maintain or even improve resolution under these conditions.

7.1.1.6  Reconstruction of Multiple Sources

22Na Sources:

Simulation results with two **Na sources (at (8,0, 10) mm and (—8,0, 10) mm) tested the ability
of different CC designs to resolve closely spaced sources. CC1 achieved excellent resolution,
with FWHMSs of 4.24(114) mm and 4.12(108) mm. In contrast, CC3 had more difficulty, with
a larger FWHM and poorer statistical confidence for the second source. CC2 geometries

performed well, with the best results from geometry 1.

6°Co and **Na Sources:
For a combination of ®Co and #*Na sources, the higher energy contribution of ®°Co decay
resulted in more intense images due to increased Compton scattering and coincidence detec-
tions, whereas the lower energy and single photon emission of **Na led to a less intense image.
Despite these intensity differences, CC1 and CC2 geometry 1 performed best in reconstructing
both sources with high accuracy and resolution.

The results of the simulations highlighted two notable contenders for high-performance
CC designs: CC2 geometry 1 and CC1. CC2 geometry 1 displayed exceptional ARM due
to its thicker scatterer and absorber modules, making it highly accurate in source localisation,
though it had slightly lower efficiency. CC1, while constrained by its smaller scatterer area and
larger source-to-scatterer distance, showed superior image resolution for specific sources and
scenarios, such as closely spaced **Na sources. Despite its geometric challenges, CC1’s energy
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resolution and detection capabilities made it a strong competitor, especially when attributed

to its CZT material scatterer.

7-2 SUMMARY OF EXPERIMENTAL FINDINGS

The experiments performed for the CC1 design involved both beam and source measurements
to evaluate its performance. Two months into the project, a 66.67 MeV proton beam from the
separated sector cyclotron at iThemba LABS in Cape Town, South Africa was provided. This
beam, structured with a 300.0 ns interval between pulses and a 1 in 5 pulse selection rate, was

chosen to facilitate synchronisation with the DAQ for effective background subtraction.

Significant background radiation in both source and beam experiments primarily stemmed
from the internal radioactivity of the LaBr;:Ce detectors. This background, due to naturally
occurring 13%La and impurity %7 Ac, notably affected the sensitivity for detecting gamma rays
up to about 2.5 MeV. The 3¥La decay, especially the peak around 1460.0 keV, was a promi-
nent background contributor, obscuring photopeaks of interest. Comparisons between 2” x 2”
and SiPM-coupled detectors highlighted that larger detectors exhibited higher background

contributions due to increased crystal volume.

Background subtraction techniques proved highly effective in mitigating internal radioac-
tivity in both source and beam measurements, allowing for improved peak clarity. The back-
ground subtraction performed for the beam measurements made use of the proton beam RF
by correlating PG emissions that were in-sync and out-of-sync with the beam pulses, allowing
for effective background subtraction, primarily in the low-energy region. This allowed for
only PG statistics to be used in the CC event tracking, reducing the likelihood of non-physical
double scatter contributions from the LaBr;:Ce detector. The correction of the time-walk in
both the source and beam measurements allowed for the use of the fast timing (measured in
this study to have a time resolution with FWHM 218.08(11) ps) signal in conjunction with the
slow energy signal (optimised in source measurements to have energy resolution of 4.073(85)%
at 661.7 keV), maximising on the strengths of the LaBr;:Ce detector capabilities and further

reducing timing uncertainty in the detector.

7.2.1 Beam Measurements

The gamma-ray energy spectra from the CC1 design, showing interactions of the proton beam
with the water target, revealed key insights. The Polaris detector exhibited poor dynamic
range and lacked visibility of the PG emission lines. The early acquisition of beam-time data
with unoptimised DDAS shaping parameters resulted in subpar energy resolution for the
LaBr;:Ce detector.
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7.2.2 Coincidence Measurement and Timing Investigation

Detailed analysis of beam-time data revealed challenges in timing synchronisation due to the
Polaris detector’s processing onboard electronics, which introduced significant event time off-
sets. Attempts to correct this first involved the use of correlating DAQ clock times with the use
of 2 s interval STM pulses, followed by adjusting Polaris event times by an offset determined
from coincidence measurement, which did not significantly improve accuracy. Coincidence
timing measurements using a **Na source in a face-to-face detector configuration aimed to
identify consistent timing patterns, facilitating accurate double scatter tracking. The analy-
sis of time differences between detectors identified a peak coincidence window between 50.0
and 60.0 us, which aimed to provide a more accurate representation of coincidence events.
Further investigations with low-activity 37Cs and ®°Co sources revealed that this timing off-
set between Polaris and LaBr;:Ce events was insufficient to produce the expected Compton
behaviour. The sources were placed close to the Polaris scatterer module, with timing syn-
chronisation achieved by grouping LaBr;:Ce events with Polaris events occurring 55(5) us
later. The expected diagonal patterns in the 2D energy matrix, representing interactions of
gamma rays with the CC1 detector, were not clearly visible. The lack of distinct patterns

suggested inaccuracies in event timing.

Further filtering using the CLF technique aimed to isolate valid Compton scatter events
from non-physical ones. The application of CLF improved alignment with theoretical Comp-
ton scattering predictions, although distinct Compton scattering behaviour was not observed.
The results indicated that the CC1 design struggled with precise event tracking, underscoring
the need for a better understanding of the Polaris processing electronics and how massive the
timing delay introduced should be. To refine the analysis, time offsets were adjusted incremen-
tally up to 300.0 us to reassess coincidence events. Despite these efforts, the challenges with
timing synchronisation persisted, highlighting the difficulties in achieving accurate tracking
across detector geometries with this combination of detectors.

The ability to track events across a CC where one layer has 218.08(11) ps timing resolution
and the other suffers possibly greater than 10.0-100.0 us event delays provides a potentially in-
surmountable challenge as the confidence in the events, even once a timing offset was applied,

was not promising.

The timing challenges encountered in CC1 design would not be encountered for CC2
and CC3 in experimental measures. A benefit of the experimental implementation of these
designs lies in the detector instrumentation. The detectors would all be instrumented using
the Pixie-16 500 MHz DAQ, ensuring fast timing capabilities and clock time synchronisation
of the detectors. It is reasonably assumed from literature that the LaBr;:Ce DA modules will
demonstrate a time resolution in the order of ~ 300 ns, as it is consistent with the crystal type

and SiPM coupling [110, 111, 112, 113].
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7-3 SUMMARY OF FINDINGS

CC1 showed great promise in the results of the MC simulation. The inherent geometrical
constraints of the design posed limitations to the CC efficiency; however, the simulated ARM
(1.87(4) °) and image reconstruction FWHM values consistently demonstrated excellent perfor-
mance across a variety of source and geometrical configurations. The limitations of the design
became apparent in the form of timing delays introduced by the Polaris detector onboard
electronics module. Efforts were undertaken to ensure event timing synchronicity between
the Pixie-16 DAQ employed by the LaBr;:Ce CC1 absorber and Polaris scatterer DAQ sys-
tems. RF-guided background subtraction was performed on the LaBr;:Ce absorber events to
remove events that were not correlated to the timing structure of the cyclotron beam. Back-
ground subtraction was also performed on source measurement data of both CC1 modules by
removing the background measured during the same time duration, obtained under the same
experimental conditions. The removal of background contamination allowed for greater CC
event confidence. To ensure that the LaBr;:Ce detector was operating optimally, the time-walk
between the fast channel used for <300.0 ps timing resolution and the slow channel used for
~ 3% energy resolution was corrected for. Further, a **Na source coincidence timing investiga-
tion was undertaken to quantify the processing delay in the Polaris system once an event had
been detected; however, a coincidence window that produced the expected CC behaviour was

not isolated.

The tracking of double scatter events across the CC1 hybrid design was unsuccessful due
to the timing challenges encountered. A further constraint in these timing measurements
was encountered as one of the two Polaris-] detectors proposed for the project suffered an
irreparable electronics failure. Had this detector been available, a double coincidence timing
measurement would have been performed to measure a Polaris detector in coincidence with
another Polaris detector and the LaBr;:Ce detector with the aim of gaining deeper insight into
quantifying the delay to allow for image reconstruction to be performed from the valuable
source and beam-time data obtained. For these reasons, the CC system was not found to be

clinically viable.

Among the other CC designs investigated, geometry 1 of CC1 showed great performance
in simulation, as mentioned above. The benefits of this CC design include the low-voltage
power supply (30 V) bias and the modularity of the DA modules that make up the CC lay-
ers. The modular design provides a unique flexibility in its scalability. This configuration
allows for the continuous expansion of the detection system by adding more detector units,
thus increasing the position sensitivity, efficiency, and overall resolution of the system. As
more detectors are integrated, the camera’s ability to accurately track and image gamma radi-
ation improves. This flexibility enables the camera to be customised for various applications,
ranging from small-scale setups for focused imaging tasks to larger arrays for high-resolution
imaging in medical or environmental monitoring. For optimal in vivo range verification, it is
necessary to gather sufficient data during the delivery of a small portion (e.g., < 20%) of the
dose for each treatment field in a daily session, necessitating a high efficiency in the CC design

[5]. This data should enable precise localisation of the beam range within a margin of 1.0-2.0
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mm. [5]. In a clinical setting, imaging needs to be fast enough to be practical. This means the
CC should achieve a high rate of valid cones per second, typically corresponding to a FEPE
that can handle the emitted gamma rays without needing prolonged acquisition times. The
results of the MC simulation and experiment suggest that the CC2 geometry 1 design would

be a suitable candidate for further investigation in terms of clinical viability.

It is worth noting that the simulated image reconstruction using the Octane EM method
produced FWHM and ARM values that were highly ideal due to the nature of position res-
olution scoring in the simulation. Benchmarking of the simulation results for CC2 geometry
1 against current literature suggests that the values were better than what would be experi-
mentally achievable. In a CC study performed by [10], an array of 22 x 22 GAGG crystals
coupled to an MPPC SiPM array was used as the scatterer module and a monolithic LaBr;:Ce
detector coupled to 64-channel PMT was used as the absorber. The obtained ARM value for
a %°Co source was 6° from simulated data and nearly double for images from experimental
data. Recent PG imaging systems can detect differences of about 2 mm for low-energy proton
beams (<50.0 MeV) and ~ 3 mm for higher-energy beams (120.0—150.0 MeV). Most research
has been conducted using homogeneous phantoms, with accuracy varying based on the num-
ber of primary particles [114, 115]. The simulations performed give valuable insight into the
CC performance and can be endlessly adapted to incorporate more information as it becomes
known. Further instrumentation of the design will involve the coupling of more SiPM to the

geometry to introduce greater position sensitivity and pixelation, as discussed in 8.1.




CONCLUSIONS

This work has evaluated the performance of three CC designs (CC1, CC2, and CC3) mak-
ing use of different detector configurations and geometries to enhance gamma-ray imaging
capabilities. The primary objectives were to assess detection efficiency, energy resolution,
timing accuracy, and image reconstruction performance through both MC simulations and ex-
perimental validations to gain understanding into the feasibility of using these CC detection

systems in a PT treatment scenario.

The simulation results demonstrate that CC2 geometry 1 emerged as the most promising
design based on simulation and very limited experimental performance. This configuration
showed superior ARM and efficient gamma-ray detection, although it exhibited slightly lower
efficiency compared to other designs. The CC2 geometry 1’s modular design and low-voltage
operation offer flexibility and scalability, making it suitable for high-resolution imaging appli-
cations.

The MC simulations, conducted using TOPAS MC toolkit, accurately reflected the per-
formance of the detector systems, particularly for the LaBr;:Ce detectors and the Polaris de-
tector. The simulations provided valuable insights into detector performance, though some
discrepancies, particularly for high and low-energy peaks in the performance of the Sr;:Eu
and Polaris detectors, highlighted the need for further refinement in pulse pile-up and charge
build-up modeling.

The study found that increasing the distance between the scatterer and absorber layers im-
proved ARM but often at the expense of detection efficiency. CC2 geometry 1 balanced these
parameters effectively, maintaining a high ARM while offering robust performance across var-
ious source-to-detector distances. In contrast, the CC1 simulations demonstrated excellent
image resolution in specific scenarios, such as closely spaced *?Na sources, despite its geomet-

rical constraints and timing synchronisation challenges.

The Polaris detector, used in the CC1 design as the scatterer, exhibited significant timing
synchronisation challenges. This issue stemmed from the limitations in the detector’s elec-
tronics, which affected the precision with which double scatter events could be tracked. In a
CC system, accurate timing synchronisation between the scatterer and absorber detectors is
crucial for determining the correct interaction positions and energy deposition of gamma rays.
The Polaris detector’s electronics struggled with this synchronisation, leading to difficulties
in distinguishing double scatter events. This timing issue resulted in an ability to accurately
reconstruct the gamma-ray source locations, as the system’s resolution was compromised by
the misalignment in timing data. The problem was evident in both source and beam measure-

ments.
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8.1 o0ouTLOOK

8.1.1  Improvement of Simulation

The simulation will model pulse pile-up effects in the Sr;:Eu detector by simulating the tem-
poral behaviour of events, the detector’s signal response, and simulating digital integration of
summed overlapping pulses. Pulse pile-up occurred in the experiment, causing two or more
signals to overlap in time due to long shaping times in the electronics. This was not mod-
elled for in simulation, resulting in a discrepancy between simulated and measured detector
efficiency. Without such adjustments, the simulation could give a falsely optimistic picture of
the detector’s ability to resolve closely spaced photopeaks, potentially leading to inaccurate
conclusions when comparing the efficiency, resolution, or overall performance between the
simulated and real detector systems.

8.1.2 Compton Camera Position Sensitivity

Future work to introduce position sensitivity in the CC1 and CC2 designs for experimental
measures would involve the coupling of recently acquired Broadcom AFBR-S4N44P164M 4 x 4
SiPM array to the face of the DA modules [116, 45]. Work is underway to instrument the
SiPMs for independent read-out of the four SiPM quadrants, with the overarching aim of
ensuring that the detector designs remain compact. The modularity of the DA design allows
the stacking of DA modules to the scatterer and absorber layers to improve CC sensitivity.

The feasibility of adapting the 17 x 17 mm face of the aluminium detector casing can
be explored to see if any small sections could be modified to include optically transparent
materials (e.g., glass, acrylic) as an optical window to directly couple the SiPM array to the
transparent section. The limitation of this method is that it would require modifying the
pre-assembled housing, which might not be possible depending on the assembly’s design

constraints and the hygroscopic nature of the LaBr;:Ce and Srl,:Eu crystals within.

A different approach would involve the use of an optical coupling method, similar to how
optical grease is often used between scintillators and photodetectors. A thin light guide sheet
(e.g., room-temperature-vulcanising material) could be placed between the aluminium casing
and the SiPM array to allow the transmission of scintillation photons that escape the casing.
The light guide would transfer photons from the scintillator within the casing to the SiPM
array. The light guide should be as thin and optically efficient as possible to minimise signal
loss and allow for reasonable photon collection through the aluminium wall. This could
necessitate the need to create a custom housing that aligns the SiPM array tightly against
the detector casing to ensure optimal photon transfer. A limitation of this method is that
aluminium is not highly transparent to scintillation light, so this method might suffer from

significant signal attenuation.
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These two proposed methods to add position sensitivity to the DA detectors would allow
for position measurements in the x and y directions due to the introduction of the Broadcom
SiPM. By using the Broadcom SiPM array on one side of the 14 x 14 x 254 mm DA in con-
junction with the DA pre-assembled single readout SiPM array on the opposite side, timing
to estimate the DOI of gamma rays within the 25.4 mm depth could be employed. When a
gamma ray interacts within the scintillator, the scintillation light is emitted and travels to both
SiPM arrays on opposite sides. The time difference in the arrival of the light signals at the
two arrays can be used to infer how deep in the 25.4 mm dimension the interaction occurred.
By measuring the time difference between the light reaching the two SiPM arrays, an estimate
of the DOI based on the speed of light in the scintillator material can be determined. The
equation to represent this calculation is as follows:

Assuming Vviight is the speed of light in the scintillator material:

d | At X Vijght
DOl = -+ — &
O 2 2

where: d is the total thickness of the scintillator (25.4 mm), and At is the time difference
between the signals from the two SiPM arrays.

The precision of the DOI measurement will depend on how precisely the time difference
can be determined. Time resolution in the range of tens to hundreds of picoseconds is possible
for the LaBr;:Ce detectors, which could allow for reasonable DOI resolution in the detector.
The timing jitter of the SiPMs and associated readout electronics would need to be ensured to

be at a minimum.

Timing-based DOI measurements can enhance the overall spatial resolution of the CC by
adding the third dimension (depth) to the interaction position. This is critical for reducing
parallax errors in Compton imaging. Accurate DOI information allows for better reconstruc-
tion of the gamma-ray interaction point, improving the quality of the reconstructed image and
reducing ambiguity in source localisation. The amount of scintillation light produced, and its
collection efficiency also play a role in ensuring that the timing information is accurate. Lower
light yields may reduce the signal-to-noise ratio, affecting timing accuracy, emphasising the
need for the optimal SiPM-DA coupling method.

Recent work was performed to introduce position sensitivity to 2” x 2” and 3” x 3”
LaBr;:Ce detectors by Liprandi et al. and Agnolin et al. using two different methods [10, 113].
The first method by the Liprandi et al. group investigated the use of a monolithic 3” x 3”
LaBr;:Ce) scintillator coupled to a 64-channel multianode PMT (Hamamatsu H8500C) to de-
termine the position resolution of gamma-ray interactions [10]. A CC arrangement was devel-
oped with the LaBr;:Ce scintillator acting as an absorber and a pixelated GAGG scintillator
array, read by a SiPM-based multi-pixel photon counter, as the scatterer. Tests with 37Cs
and ®Co point sources showed that shifts of 2 mm in source positions could be resolved
with a spatial resolution of 1 mm for the scatterer and less than 3 mm for the absorber. Re-
constructed images showed good agreement between experimental data and MC simulations,
though experimental data displayed higher noise due to unmodeled optical photon propaga-
tion in simulations. The monolithic absorber’s spatial resolution improved with higher ener-
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gies, yielding better performance for the entire CC system. Ultimately, the work demonstrates
successful image reconstruction accuracy, resolving 2 mm shifts in source positions and high-
lighting potential applications in nuclear medicine, such as gamma-PET imaging and range
monitoring in hadron therapy. The coupling of the 2” x 2” detector used in this study to a
multi-anode PMT is a proposed direction that could be taken to introduce position sensitivity
to the detector as a CC absorber.

The second method of introducing position sensitivity in the 2” x 2” LaBr;:Ce detector
would involve the coupling of SiPM arrays to the optical window of the detector by remov-
ing the PMT. Work performed by the Milano group on the GAMMA CC revealed that this
approach shows considerable promise across a wide energy range [113]. The group coupled a
3”7 x 3” LaBr;:Ce:Sr crystal coupled to an array of 144 SiPMs. The detector used an Adaptive
Gain Control system to automatically select the optimal gain for each SiPM channel, allowing
it to maintain excellent resolution across the entire energy range from 80.0 keV to 16.0 MeV
with state-of-the-art energy resolution. Its pixelated nature allowed for position reconstruction

and Doppler broadening correction, as well as per-SiPM analyses of gamma-ray interactions.
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