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Abstract 

Experimental and GEANT4 simulated Compton camera images and results are pre

sented. This thesis aims to assess the contrasting performance of two seperate detector 

configurations which include a two germanium Compton camera (GeGe) and a ger

manium caesium iodide (GeCsI) Compton camera. GEANT4 software has previously 

been validated. All images were reconstructed using an existsing image reconstruc

tion algorithm which utilises a simple back projection method. 

A range of experimental data were collected using a number of radioactive sources to 

assess the current limitations of such a device. These included, a 0.267 MBq 0.662 

Me V 137 Cs gamma-ray point source and a 0.060 MBq 1.173 Me V and 1.332 MeV 6OCO 

gamma-ray point source. The results presented in this thesis show that the image 

FWHM of 137CS improves in X and Y as a function of detector separation from 26.9 

± 5.0 mm and 25.5 ± 5.0 mm at 30mm detector separation to 17.5 ± 5.0 mm and 

16.7 ± 5.0 mm at 100mm detector separation. The image FWHM in X and Y of 6OCo 

improves from 34.8 ± 5.0 mm and 35.3 ± 5.0 mm to 21.9 ± 5.0 mm and 21.9 ± 5.0 

mm at 100mm detector separation. The gamma-ray point sources were positioned 

across at the top left corner of the detector face and an assymetrical shape was seen 

throughout the images. 137CS improves from 32.1 ± 5.0 mm and 32.6 ± 5.0 mm at 

30mm detector separation to 28.1 ± 5.0 mm and 23.9 ± 5.0 mm at 100mm detector 

separation. The image FWHM in X and Y of 6OCO improves from 41.6 ± 5.0 mm and 

45.4 ± 5.0 mm to 29.6 ± 5.0 mm and 28.6 ± 5.0 mm at 100mm detector separation. 

It was not understood whether this was due to the physics due to detector and source 

positioning or attributed to the experimental analysis. 

GEANT4 simulated data were taken to replicate and assess the two detector configu

ration performance for the GeGe system to compare with experimental results. The 

CeCe results and Compton images show an improved image FWHM as a function of 

detector separation for 0.662 MeV and 1.332 MeV. For 0.662 MeV the image FWHM 



in X and Y improves from 18.1 ± 2.0 mm and 18.8 ± 2.0 mm at 30mm detector 

separation to 12.6 ± 2.0 mm and 12.8 ± 2.0 mm at lOmm. For 1.332 MeV the image 

FWHM in X and Y improves from 18.8 ± 2.0 mm and 20.6 ± 2.0 mm at 30mm 

detector separation to 12.5 ± 2.0mm and 13.5 ± 2.0 mm. The image FWHM values 

are lower than that of the experimental values due to the interaction positions within 

the detector being exactly defined. Experimentally the image FWHM is higher, this 

is attributed to not knowing the exact interaction positions within the detectors. 

This could be rectified in the future by introducing the method of parametric pulse 

shape analysis. Further GEANT4 simulated data were taken to directly compare the 

perform ace of a GeGe and a GeCs! configuration over a range of energies. These 

were 0.662 MeV to 6.130 MeV. The image FWHM and Compton efficiency of GeGe 

and GeCs! Compton cameras have been compared as a function of increasing detec

tor separation. The Compton efficiency measurements show that a GeCs! Compton 

camera system is consistently more efficient as the detector separation increases. At 

0.662 MeV the number of 1:1 events for GeCs! at 30mm detector separation is 30,016 

compared to 14,956 for GeGe, to 10,817 for GeCs! at 100mm compared to 3,751 for 

GeGe. The image resolution over the range of gamma-ray energies does not signif

icantly degrade when comparing GeCs! to GeGe but at much higher energies and 

30mm and 50mm detector separation the image FWHM performance of GeCs! is not 

as similar in X and Y, seen by the assymetrical shape of the images. For 6.130 MeV 

the image FWHM in X and Y is 28.8 ± 2.0mm and 19.9 ± 2.0 mm at 30mm detector 

separation and 12.6 ± 2.0 mm and 18.9 ± 2.0mm at 50mm detector separation. 
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Chapter 1 

Introduction 

The main focus of this thesis is to examine the performance of High-Purity Germa

nium (HPGe) and Caesium Iodide (CsI) detectors in the area of Compton Imaging 

over a range of gamma-ray energies. Semiconductor devices have been widely used 

in nuclear imaging and in particular, homeland security [Vet07]. This thesis will 

assess the potential of a HPGe Compton Camera system and directly compare its 

performance with a HPGe - CsI Compton Camera. 

1.1 Nuclear Imaging 

Over the past two decades a lot of work has been done trying to develop new Compton 

imaging systems with improved energy and image resolution for homeland security 

and nuclear imaging applications. Work by [Vet07] [Mih09] shows the latest devel

opments in this area using HPGe and Silicon (Si) semiconductor systems, yet are 

only imaging up to 2.6 MeV. Due to their unparalleled energy resolution, HPGe and 

other semiconductor detector systems have been utilised, yet the development of a 

Compton imaging system is limited by their efficiency at high energies. Significant 

work has also been done with Cadmium-Zinc-Telluride (CZT) detectors by [Leh03j, 

[DuOl], [Wahll], with the ability to image up to 3 MeV yet are once again limited by 

the efficiency at high energies. Earlier work by [Gur95j and [Gur96j uses scintillator 
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detector systems for Compton imaging, using Sodium Iodide (Nal) and Caesium Io

dide (CsI) in their work, showing increased sensitivity but only look at energies up to 

810 keV and 1 MeV respectively. The increased efficiency of a CsI detector in Comp

ton imaging is highly desired and key for the work in this thesis. What isn't known 

experimentally is the ability of such a device at energies beyond 1 MeV. Throughout 

this thesis, energies between 0.662 MeV and up to 6.130 MeV are discussed and the 

ability of such a device to image these energies is tested. 

1.2 The Distinguish project 

The detection and identification of hazardous materials has become increasingly im

portant in the last decade. The Distinguish collaboration aimed to develop a tech

nique which is capable of detecting and imaging illicit substances such as explosives 

or narcotics hidden in luggage and vehicles in transit. Current systems such as X

ray imaging devices which are used in airports provide the user with a high level 

of shape and density information of objects contained within luggage or cargo yet 

do not provide the user with any nuclide identification. Figure 1.1 shows a typical 

X-ray image at an airport which shows limited specificity. Distinguish would utilise 

neutron interrogation of the substances under investigation exploiting the inelastic 

scattering of the neutrons and after neutron activation characteristic gamma rays are 

emitted. Pulsed fast neutron analysis (PFNA) [Vou01] [Ryn99] is utilised by using a 

collimated beam of 14MeV fast neutrons to excite the nuclei of common elements in 

the materials under investigation. The neutrons will interact via inelastic scattering 

with Carbon, Oxygen and Nitrogen which stimulates the emission of the characteris

tic gamma rays. The energies which correspond to the light elements are, (Oxygen -

E"Y = 6.130 MeV, Carbon - E"Y = 4.430 MeV, Nitrogen - E"Y = 1.640 MeV, 2.31OMeV 

and 5.110 MeV) [Goz94]. These are normally used as primary components of explo

sive materials. Current systems that are able to image gamma rays of such energies 

are gamma cameras which are based on the principle of the Anger camera. [Ang64]. 
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The main focus of this research was to: 

• Asess the Compton efficiency and image resolution of an experimental semicon

ductor Compton imaging device using the current image reconstruction algo

rithm. 

• Investigate the image reconstruction limitations. 

• Assess the Compton efficiency and image resolution of a simulated semiconduc

tor - scintillator Compton imaging device and directly compare with simulated 

results of a semiconductor Compton imaging device using the current image 

reconstruction algorithm. 

1.4 Chapter content 

Chapter 2 discusses the principles of radiation detection which gives a good under

standing of the work done in this thesis. Chapter 3 discusses the detailed principle 

of Compton Imaging and covers the limiting factors that contribute to detector per

formance and image resolution, the ability of an analytical reconstruction algorithm 

and the projection method used. Chapter 4 outlines the experimental work which 

is needed to understand the performance of an existing system, including a detailed 

report of all experimental results using a range of radiation sources over a range of 

distances and an increasing detector separation. Chapter 5 introduces the GEANT4 

simulation toolkit and discusses the results of simulated Compton imaging devices at 

lower energies, comparing the performance of a HPGe - HPGe system with a HPGe 

- CsI system. Chapter 6 discusses the Compton imaging of intermediate gamma ray 

energies. Chapter 7 discusses the Compton imaging of high energy gamma rays and 

finally Chapter 8 concludes the thesis including the future prospects of the project. 
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Chapter 2 

Principles of radiation detection 

The operation of many gamma-ray detectors is based on the production of an electrical 

signal that is proportional to the energy deposited in the detector. Fundamental 

knowledge of the interaction mechanisms of gamma rays is needed to understand the 

detector response. This chapter will detail the mechanisms in which gamma-rays 

interact with matter, detector response and the parameters used to establish the 

detector performance in both semiconductor and scintillator detector devices. 

2.1 Photon interactions with matter 

Photons interact with a material by the transfer of part or all of their energy to 

atomic electrons. There are three main interaction processes through which this 

occurs. They are photoelectric absorption, Compton scattering and pair production. 

These mechanisms dominate in the energy range of "" 10 ke V to "" 10 MeV. 

2.1.1 Photoelectric absorption 

A gamma ray interacts via photoelectric absorption when the incident photon trans

fers all of its energy to a bound electron. This electron is ejected from the atom and 

termed the photoelectron creating an ionised absorber atom with a vacancy usually 

in its K-shell. This vacancy is quickly filled by the capture of a free electron from the 
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medium that the interaction took place, or by a rearrangement of the electrons from 

the outer orbitals in the atom. The gamma-ray energy is entirely absorbed in this 

process. The photoelectron appears with an energy given by Equation 2.1, 

(2.1) 

where Ee is the energy of the photoelectron, Eb is the binding energy of the atomic 

electron and K, is the energy of the incident photon. This process is schematically 

illustrated in Figure 2.1. The cross section for a gamma ray undergoing photoelectric 

absorption is dependent on the Z value of the absorber atom and the energy of the 

gamma ray and is given by Equation 2.2, 

(2.2) 

where n is dependent on the incident gamma-ray energy and varies between 4 and 5, 

k is a constant and m is 3.5 [KnoOO]. 

Figure 2.1: Schematic illustration depicting photoelectric absorbtion. The incoming 

gamma ray interacts with a bound electron creating a photoelectron. The gamma-ray 

energy E-y is entirely absorbed. 
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2.1.2 Compton scattering 

Compton Scattering is the process by which a gamma ray gives up part of its energy 

by interacting with an atomic electron within a material [KnoOO]. The recoil electron 

is ejected and the scattering of the photon will range from 00 to 1800
• The amount 

of energy which is transferred to the electron from the incident photon is related 

to the scattering angle. The cross section of Compton scattering per atom of the 

absorber material depends on the number of electrons available as scattering targets 

and therefore will increase linearly with Z. The relationship between the incoming 

photon energy (E...,), the photon energy after scattering (E...,,) and the scattering angle 

is given by Equation 2.3, 

E, 
E..." = ----r,----------

1 + ~ ( 1 - cosB) , moc 

(2.3) 

where B is the scattering angle, E.., is the incident photon energy, E.." is the energy 

of the photon after the interaction with the electron and rnoc2 is the rest mass of the 

electron. Compton scattering is illustrated schematically in Figure 2.2. 
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Figure 2.2: Schematic illustration depicting Compton scattering. The incoming gamma 

ray E-y interacts with an atomic electron. A recoil electron Ee- is ejected and the photon 

scatters through an angle (J depositing part of its energy. The amount of energy deposited 

is related to the scattering angle. 

The differential Compton scattering cross section can be described via the Klein

Nishina distribution [KnoDO]. This is used to predict the angular distribution of 

scattered gamma rays at given energies, 

d(] _ Z 2 ( 1 )2 (1 + cos20) ( (}'2 (1 - COSO)2 ) 

dO - TO 1 + (}' (1 - cosO) 2 1 + (1 + cos20)[1 + (}' (1 - cosO)] , 
(2.4) 

where TO is the classical electron radius, Z is the atomic number and (}' = hv jmoc2. 

The differential Compton scattering cross section is illustrated by the polar plot in 

Figure 2.3. It is clear to see that as the energy of the incident photon increases there 

is a greater likelihood of forward scattering. 

2.1.3 Pair-production 

Pair production is energetically possible when gamma rays have a minimum energy of 

1.022 MeV [KnoOO]. In this process the gamma ray interacts in the Coulomb field of 

the nucleus and a complex set of interactions occur. The gamma ray is converted into 

matter in the form of an electron-positron pair that has a rest mass of 1.022 MeV. 
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Figure 2.3: Polar plot showing the Compton scattering cross section against scattering 

angle over a range of gamma-ray energies. Forward scattering is shown to be more likely at 

higher energies [KnoDOj. 

The electron-positron pair share any additional energy of the gamma ray as kinetic 

energy. The positron annihilates with a bound electron producing two back to back 

5IlkeV photons. This is given by equation 2.5 and illustrated in Figure 2.4. 

(2.5) 

Figure 2.5 shows the relative importance of each of the three main interaction 

processes. The curve (J = T indicates the energy at which photoelectric absorption 

and Compton scattering are equally as likely as a function of Z. The (J = K curve 

shows the energy where Compton scattering and pair production are equally likely. 

The energy range which Compton scattering dominates in germanium is between 

",150keVand 1"V9MeV, as illustrated by the dotted lines in Figure 2.5 at Z=32. This 

is important as germanium is used as the scattering medium in this work and the 
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Figure 2.4: Schematic illustration depicting pair production. After initial interaction, an 

electron-positron pair is created. The positron annihilates with a bound electron which 

produces two back to back 511 keY photons. 

120 

I • 
15 
~ 

5 10 

Figure 2.5: Illustration of the relative importance of photoelectric absorption, Compton 

scattering and pair production as a function of energy and Z. The dotted line is for Germa

nium (Z=32) [KnoOOj. 

energy range of interest in this work is between 0.662 MeV and 6.130 MeV. 
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2.2 Gamma-ray detectors 

Solid state det ction sy t rns offer many advantag ov r th ir gas bas d count rparts 

in the measurement of high energy electrons and gamma ray. Th density of solid

state semiconductors and scintillator is som thou and tim s gr at r th n for a gas 

resulting in a larger topping power. This section will di cu s th prop rti of both 

semi onductor and cintilla tor d te tor devi whi h featur in this th i. 

2.2.1 Semiconductor det ctors 

The band structur of permitt dI e ron n rgi within m trial i 

for its electrical haracteristics. Th structur an b at goris d into th ondu tion 

band, valence band and th n th band-gap. Th 
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th band-gap in a cmi ondu tor i 
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igur 2.6: S h mati illu trati n f an in ul ator, intrin i mi ndu t r and a ndu tor. 
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Semiconductors are used as detectors as only a small amount of energy is required 

to make an electron-hole pair, allowing a precise measurement of the energy deposited 

by any incident radiation. To create one electron-hole pair in germanium only 2.geV 

is required (77K) and the resulting high statistics leads to good energy resolution. 

This creation energy is small when comparing with the energy required for scintilla

tors (",100 eV). If small amounts of impurities are added to the semiconductor the 

properties can change quite drastically. This process is discussed in the next section. 

2.2.2 Doping 

Adding small amounts of impurities to a semiconductor material can alter its elec

tronic properties. The band-gap structure of a semiconductor is modified by the 

addition of impurity atoms, introducing additional energy levels in the tradition

ally forbidden region between the valence and conduction band. These impurities 

(dopants) are either donors (atoms with an extra electron) or acceptors (atoms with 

one less electron). Adding impurities with acceptor (donor) atoms is known as p

type (n-type) doping and hence the detector device is said to be a p-type (n-type) 

semiconductor, having an abundance of extra holes (electrons). In a p-type (n-type) 

semiconductor, the majority charge carriers are holes (electrons) with the minority 

charge carriers being electrons (holes). Group III atoms (acceptor) will add a hole to 

the valence band whereas when a Group V atom (donor) is added, an extra electron 

is made available in the conduction band. Occupancy within the band gap is per

mitted through the addition of electrons or holes to the conduction or valence bands 

[Sze02]. As sufficient thermal energy exists to ensure that all impurities are ionised, 

the number of charge carriers can be described by equations 2.6 and 2.7, 

(2.6) 

and 

n= Nv , (2.7) 
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where A and D are the a ceptor and donor cone ntrations re p ctively. 

Typical dopants in germanium are boron (p-typ ) and Ii hium (n-type). Th subtl 

difference between an n-type and p-typ semiconductor is illustrat d in Figur 2.7. 
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Figure 2.7: Sch matic illustration of th 

tors. 
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current flow and the applied bias voltage across the p-n junction is illustrated in 

Figure 2.8. 

Forward Bias 

Breakdown 

v 
Reverse Bias 

Figure 2.8: An illustration of the relationship between current flow and the applied bias 

voltage across the p-n junction. 

A reverse bias applied accross the material makes it less likely for any excess charge 

to cross the depletion region. Typically the operating voltage of a radiation detector 

is larger than that of the depletion voltage in order to ensure complete saturation of 

the charge carrier drift velocity and optimise the charge collection performance. The 

width of the depletion region d is dependent on the impurity concentration N, the 

dieletric constant (r and the applied bias V. Given by Equation 2.8, 

d = V2crV 
eN . (2.8) 

The charge within the detector is spread through the p and n-type regions of dopant 

concentration. The outer regions are charge neutral and positive space-charge accu

mulates in the n-type region and negative space-charge accumulates within the p-type 

region due to the migration of holes and electrons respectively. This is illustrated in 

Figure 2.9. 
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holes, J1h is variable for different materials according to their mobility J1. 

(2.10) 

and 

(2.11 ) 

where € is the electric field component and v is the net average drift velocity. 

As the electric field strength is increased the drift velocity increases proportionally 

until the drift velocity saturates, typically around 107 cm/s. The drift velocity of 

electrons differs to the drift velocity of holes. In germanium, electron drift velocity 

saturation occurs at an electric field strength of the order of 103cm/s in comparison 

to a much higher electric field strength to saturate the drift velocity of holes. The 

properties of germanium are listed in Table 2.1. 

Atomic Number, A 

Atomic Weight, Z 

Atoms 

Density 

Dielectric Constant, ir 

Intrinsic Carrier Concentration (300 K) 

Energy Gap (300 K) 

Energy Gap (0 K) 

Ionisation Energy, (77 K) Epair 

Electron Mobility (300 K) 

Hole Mobility (300 K) 

32 

72.6 

4.4 x 1022 cm3 

5.32 g/cm-3 

16.2 

2.0 x 1013 cm-3 

0.67eV 

0.75eV 

2.96eV 

3900 cm2V;'s 

1900 cm2 /V.s 

Table 2.1: Properties of germanium [KnoOO]. 
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2.2.5 The preamplifier 

To be able to extract any signal generated by a gamma-ray interaction within a semi

conductor, a charge sensitive preamplifier is required. The function of the preamplifier 

is to integrate the induced charge which results in a charge pulse with a magnitude 

that is proportional to the energy deposited within the detector by the gamma ray. 

This signal is processed using a Field Effect Transistor (FET). The output signal from 

the preamplifier is dependent on the charge collection characteristics of the detector 

where the decay time is determined by the time constant RfCf . These values are the 

feedback resistance and feedback capacitance which are typically IGO and IpF re

spectively. To maximise the signal-to-noise from the detector system the preamplifier 

is located as close as possible to the detector. This minimises capacitive loading in 

connecting cables. A schematic illustration of a charge sensitive preamplifier is given 

by Figure 2.10. 

Rf 
~ -------W --------, 
, 

Cf , , , 

,.. ~ ~ 

V 
Vi n Ci Vo ut 

,.. 
~ .... 

Figure 2.10: Schematic diagram which depicts the structure of a charge sensitive pream

plifier. The induced charge is stored in the capacitor Ci and discharged proportional to 

R,C,. 
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2.2.6 Scintillator detectors 

Scintillator detectors have been used thoroughly in radiation imaging systems since 

the invention of the Anger camera in the 1960's [Ang64]. Scintillation devices are 

still popular today due to their high efficiency, excellent light yield and short decay 

times. An ideal scintillation material for radiation detection applications requires the 

following properties [KnoOO]. 

• A high scintillation efficiency from the ability to convert kinetic energy of 

charged particles into detectable light. 

• A linear light yield which should be proportional to the deposited energy, over 

as wide a range as possible. 

• The material should be of the best optical quality and be manufactured in large 

enough sizes appropriate for practical radiation detection applications. 

• It should be transparent to the wavelength of its own emission wavelength for 

good light collection. 

• Short decay time for fast electric signal generation. 

• The refractive index should be similar to that of glass (1.5) which would allow 

efficient coupling of the scintillation light to a photomultiplier tube. 

Detecting ionising radiation by scintillation light produced in particular materials is 

a very old method dating back to the early 1900's. The incident radiation raises 

electrons of the scintillator material from their ground state to higher lying excited 

states. The electrons that have moved to an excited state move back to a lower 

state and eventually de-excite back to the ground state. This de-excitation causes an 

emission of light. An ideal scintillator will have a high efficiency for converting the 

incident energy into light; the yield from the scintillator should be proportional to 

the incident photon energy. The light emitted from the scintillator can be detected 

in a light sensitive detector called a photomultiplier tube (PMT). The photocathode 
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of the PMT converts the ligh into photoele trons and th se ar a cel rat d by an 

electric field towards the dynodes of the PMT wh r 1 ctron multiplica ion an tak 

place. The electron is focused to a dynode , is absorbed and r - mits many mor 

electrons. These new lectrons are focused on th n xt dynod and th pro s i 

repeated throughout th array of dynodes. At th base of h photomultipli r tub 

is an anode which attracts th final larg lu t r of 1 ron and onv rt th minto 

an electrical pulse which can be later analysed. A simpl illu tra ion f th pr s 

within a PMT is given by Figure 2.1l. 

Photocathode Anode 

Incident 
photon 

Electrons 
Electrical 

r.=====;, A------+-------~__.... connectors 

Light 
photon Dynode 

Figur 2.11: Schemati iIlu tration d pi ting th pro 

from incident photon to the all ction f 1 tro at th 
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Imaging systems, whether for nuclear medicine or security imaging have typically used 

thallium doped sodium iodide detectors, NaI(TI). This thesis investigates the use of 

a thallium doped Caesium Iodide, CsI(TI) scintillator detector for use in a radiation 

imaging system. Through a direct comparison of the properties of both NaI(Tl) and 

CsI(TI) detectors it is clear to see why a CsI(TI) detector is favourable in this thesis. 

The properties of both detectors are listed in Table 2.2. 

Detector NaI(TI) CsI(Tl) 

Atomic Weight, Z 354.3 464.2 

Density 3.67 g/cm-3 4.51 g/cm-3 

Emission wavelength (nm) 415 550 

Light yield (Photons/MeV) 38,000 65,000 

Decay constant (J.LS) 0.23 0.68,3.34 

Refractive index 1.85 1.80 

Table 2.2: Properties of Sodium Iodide and Caesium Iodide [KnoOO]. 

2.3 Detector performance parameters 

The performance of a gamma-ray detector system can be quantified using the detector 

efficiency and the energy resolution. It is very important to understand these param

eters as they are of significance when wanting to directly compare the performance 

of the detector systems discussed throughout this thesis. 

2.3.1 Detector efficiency 

The counting efficiency of a gamma-ray detector is defined by three primary metrics: 

Absolute efficiency, intrinsic efficiency and relative efficiency. 

The absolute efficiency is given by the relationship between the count rate and the 

gamma disintegration rate of a particular nuclide (NemmiU) and is dependent on the 

source and detector geometry. This is given by Equation 2.12, 
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N det 
fabs = --, 

Nemitt 
(2.12) 

Intrinsic efficiency is given as the number of photons detected relative to the number 

of incident photons on the detector (Nine) and is dependant on the physical properties 

of the detector as well as the energy of the incident photons and the detector geometry. 

This is given by Equation 2.13, 

(2.13) 

Relative efficiency is quoted as the efficiency of any given detector relative to a 3x3 

inch Sodium Iodide detector (Using a 6OCo point source 25cm from the front face of 

the detector). Relative efficiency is calculated using Equation 2.14, 

fabs 
{rei = -1-. 2-4-=*~1~0---3 . (2.14) 

2.3.2 Energy resolution 

The precision with which a detector can identify the energy deposited is given by the 

energy resolution. The overall energy resolution is determined by three important 

factors. The energy resolution W T is given by Equation 2.15. 

(2.15) 

where W x represents incomplete charge collection in a semiconductor and light loss 

in a scintillator detector system, WE is the contribution of electronics noise and W D 

arises from any statistical fluctuation in the number of charge carriers created for 

every interaction event Npair and is combined with the Fano factor F (typically 0.08 

for germanium [KnoOO]) given by Equation 2.16. 

W 2 _ 2.352 F 
D- . 

NJKlir 
(2.16) 
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The Fano factor accounts for the deviation from Poisson statistics of the observed 

statistical fluctuation in the number of charge carrier pairs produced. At lower en

ergies the contributions from electronic noise and charge collection dominate while 

the broadening due to carrier statistics starts to dominate at higher energies. The 

contribution of all of the above factors is illustrated in Figure 2.12 as a function of 

energy. 

25 

2.0 

> 1.5 ., .-.. 
:2 
::E: 10 :. 
~ 

05 

EnerQY, (keV) 

Figure 2.12: Graphical illustration of the variation in W T , including the variations in W x, 

WE and W D as a function of energy for a semiconductor detector. [KnoOO]. 
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Chapter 3 

Compton Imaging 

Since its inception in 1974 by Todd et al. [Tod74] Compton imaging has been utilised 

in a number of fields including Astrophysics [Sch93], medical physics [HarlO] [Len08] 

and security imaging [Vet07]. A lot of work in security imaging [VetOO] [Vet07] [Mih091 

[DuOl] [Leh03] [Wah11] has looked at improving detector system image resolution by 

using detector systems with improved energy resolution but not looked at utilising 

systems with a higher absorption effieney. Chapter 5 of the current simulated work 

investigates the use of a CsI(TI) scintillator as the absorber detector. 

3.1 Compton camera operation 

The basic concept of a Compton camera is that any single incident photon must 

undergo a minimum of two interactions in the detector system, via Compton scatter

ing and photoelectric absorption. The simplest event sequence is a single Compton 

scatter followed by photoelectric absorption. Throughout this thesis, two energy and 

position sensitive detectors are used, with two different configurations. (one in Chap

ter 4 and the other in Chapter 5). The detectors are denoted the scatter detector, 

closest to the radioactive source and the absorber detector which is positioned directly 

behind the scatter detector as shown in Figure 3.1. A Compton camera requires a 

photon with energy Eo to Compton scatter through the scatter detector depositing 
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a part of its energy E1, where the remaining energy E2 is fully absorbed within the 

absorber detector via photoelectric absorption, given by Equation 3.1. 

(3.1 ) 

Utilising the conservation of energy and momentum of the deposited gamma ray, an 

image can be reconstructed. A cone is produced for each gamma-ray interaction by 

calculating three important features. The cone apex position that is defined by the 

interaction positions within the scatter detector, the cone apex angle, which is twice 

the angle of the Compton scattered gamma ray, and the cone axis which is given by 

the vector difference, determined by the interaction positions in both detectors. The 

radiation source is determined to be located in the area where there is a maximum 

overlap of cones. This is depicted in Figure 3.2 and each image illustrates a slice of 

the cone through the imaging axis (Z). Compton kinematics are used to reconstruct 

the cones. The cone angle, () is calculated by introducing Eo and El into Equation 

2.3 which we can rearrange to give Equation 3.2 

El 
cos(} = 1 - a(Eo _ E

1
) 

(3.2) 

where a = m( ,moC2 is the rest mass of an electron (O.51lMeV) and Eo is given by 

Equation 3.1 

Figure 3.1 illustrates how a cone can be reconstructed from a single gamma ray. 
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detector and the absorber detector reduces the uncertainty in the scattering angle 

as the solid angle between the first and second interaction position decreases. In

creasing the detector separation distance also decreases the solid angle between the 

scatter detector and absorber detector which decreases the imaging efficiency for a 

given position determination. 

3.2.2 Energy Resolution 

Energy deposited in the scatter detector, EJ is used to calculate the angle in which 

the photon has scattered. Any uncertainty in scattering angle is therefore governed 

by the uncertainty in the energy deposited. The origins of the energy resolution of 

a typical detector are discussed in Chapter 2. More details of the energy resolution 

obtained in this work are in Chapters 4 and 5. 

3.2.3 Position Sensitivity 

Locating the exact interaction positions within a detector system comes with its 

uncertainties. Being able to reconstruct cones is dependent on being able to define 

the position and direction, relative to the axis in which the cone is oriented. A 

clearer definition of the interaction positions within the detector system allows for an 

improved resolution in the final image. Each of these parameters is discussed in the 

experimental results throughout Chapter 4. 

3.2.4 Doppler broadening effects 

In Compton imaging an assumption is made that any electron from which gamma 

rays scatter has zero momentum, which simplifies the relationship between the energy 

deposited in the scattering detector and the scattering angle. In reality, the electron 

moves and is bound to an atom in the scattering material which results in a non-zero 

electron momentum. The electron momentum is specific to the detector material 

properties and produces an angular uncertainty in the Compton scattering angle 
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[Ord97]. To ensure that this effect is incorporated, all simulations will be carried out 

using Geant4 version 4.9.2. 

3.3 Image reconstruction 

There are a number of reconstruction methods available, known as analytical or itera

tive algorithms. The most commonly used analytical method is the Filtered Back Pro

jection (FBP). Analytical imaging methods are computationally efficienct but there 

is the issue of poorer image qualities as experimental characteristics of the detector 

properties used are not taken into account. Iterative methods estimate the source dis

tribution over a system matrix and the detector properties are considered. Iterative 

techniques are known to give better image quality but due to the processing power 

required are typically computationally expensive to run. The reconstruction method 

used throughout this work utilises an analytical algorithm and is simple Back Pro

jection (BP) where no filters or iterative techniques have been applied. For detailed 

information on the aforementioned imaging algorithm types the reader is referred to 

[ZenDI]. A cone beam reconstruction algorithm has been developed in house by Dan 

Judson [Judl1] which can create Compton camera images by processing events where 

a gamma ray interacts in the scatter detector (Compton scattering) and deposits the 

rest of its energy in the absorber detector (photoelectric absorption). As discussed in 

section 3.1 a number of key features including the detector interaction positions and 

the apex angle are required to generate a coherent image. 
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3.4 The analytical imaging algorithm process 

3.4.1 Previous algorithms 

The previous analytical imaging algorithm developed by [Scr07] used a 2D grid of 

10,000 points for every event. This grid is then converted into a 3D conical shape. 

The 3D cone is rotated around the Theta and Phi angles and projected into the X, Y 

and Z imaging space. Once all cones are projected into the 3D space a 'slice' is taken 

at a particular depth, Z, where projections in the X and Y profiles are produced, as 

an intensity profile. This algorithm was written using Matlab [MATLAB] and was 

computationally slow due to the complex mathematics needed to generate an image. 

The current analytical imaging algorithm developed by Dan Judson [Judll] replaces 

the 3D cones to 2D projections of the cone using C++. This process simplifies the 

mathematics overall making it computationally quick. The 3D to 2D method is given 

by Figure 3.3. 

20 P!ojedIonI 01 cone 

Figure 3.3: Schematic illustration showing the process of converting the 3D cone projections 

into 2D. 

If a cone was projected perpendicular to the detector face then the intersection of 

the cone with the imaging plane generates a perfect circle, the size of which can be 

deduced by using Equation 3.3. This simple mathematical process is illustrated by 

Figure 3.4. 
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r = Ztan(J (3.3) 

z 

Figure 3.4: Schematic illustration of how the circle is generated using the intersection of a 

cone with the imaging plane. 

The computationally slow process of generating the 3D transforms of the Matlab 

code are replaced in the C++ code using triginometry. The size and position of the 

2D conics are calculated when a cone is sliced at a given angle and distance in Z. 

The conics are then projected onto a 2D imaging plane to produce the 2D images. 

The trigonometric calculations to generate the cone projections using the circle and 

projection lines are given by Equation 3.4, Equation 3.5, Equation 3.6 and the process 

is illustrated shematically in Figure 3.5 with all projection points indicated. 9.cat is 

the scattering angle of the incident gamma ray after interacting with the scatter 
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detector. (Jz is the cone apex angle. 

EAF = (}acat (3.4) 

AFE = (}z (3.5) 

FY = AFTan(}scat (3.6) 

A 

y 

E ~---+----t C 

x 

Figure 3.5: Schematic illustration of all the projection points used in the trigonometry 

calculations. 

These features of the projections can be calculated by knowing the energy deposited, 

and the X, Y and Z positions within the detectors. The algorithm requires data 

input in the form (Xsc, Yac , Zsc, Esc) and (Xab, Yab, Zoo, Eab). These are the energy 

deposition and X, Y and Z positions in the scatter detector and the absorber detector, 

respectively. Cones are reconstructed in a 20 matrix of 800mm(X) x 800mm(Y) at the 

points of maximum intensity in X and Y, where any range of image slices are created 

through Z space (Z slices) and are defined by the user. As previously mentioned the 

source location is identified as the area of with the greatest overlap of the Compton 
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conics, therefore the Z-slice that corresponds to the correct source location, the image 

FWHM will be minimal. Throughout this thesis, all source positions in Z were known 

and hence input as such into the algorithm. 
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Chapter 4 

Experimental Compton imaging 

A Compton imaging system has been experimentally tested. Using radiation sources 

available in the laboratory a range of data were taken and analysed to assess the 

performance of the detector system. This chapter discusses how the image resolution 

changes as a function of detector separation and also discusses the limitations in the 

ability to reconstruct images when a radioactive source is placed away from the centre 

of the scatter detector face. 

4.1 The detectors 

The detectors used in the experimental configuration were two identical planar double 

sided High Purity Germanium (HPGe) detectors. Germanium is widely used as a 

radiation detector due to its excellent energy resolution. Its properties are discussed 

in Chapter 2. A planar detector consists of a wafer of material which has electrical 

contacts on the outer surfaces. Both detectors have an active volume of 60 x 60 

x 20mm, contained within a 50mm deep Aluminium case with 12 AC and 12 DC 

contacts in an orthogonal configuration giving a strip pitch of 5mm, providing position 

interaction information. (Each voxel has a size of 5 x 5 x 20mm). Each contact is 

coupled to its own charge sensitive preamplifier which provides an output to the 

pulse processing chain (discussed in section 4.2.2). The detectors are surrounded by 
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CFD was 35keV meaning data where any event in the AC strips with an energy of 

35ke V or above would trigger the acquisition. A Phillips 794 quad gate and delay 

generator was used to join the outputs of the CFDs. The gate applied was that of a 

logic pulse, which was adjusted to allow any pulses from the spectroscopy amplifier to 

be processed in the data aquisition depending on whether they fell within the range 

of the gate. Both gate and delay output signals were connected to a coincidence 

unit which was then output to the ADC as an external trigger. This means that the 

system is triggered if there is any coincident event between the two detectors. The 

analogue electronics setup is illustrated by Figure 4.3. 

Gate & Delay 
Generator 

IOns 
delay T I 

Constant Fraction Trigger 
Discriminator ~ CAEN Spec -

1 
Amplifier 

Timing Filter AC DC 
Amplifier Detector I 

I Coincidence CAEN ADC 

I hx 
Unit 

Timing Filter Detector 2 

1 Amplifier AC 

IOns 1 
DAQ 

delay 
Computer 

Constant Fraction CAEN Spec 
II"-

Discriminator ----. Amplifier 

1 
Trigger 

I 
Gate & Delay 

Generator 

Figure 4.3: Schematic of the electronics setup used for the experiments. 

4.2.3 Calibrating the detectors 

All experimental data were collected using MIDAS [Midas]. Calibration data were 

taken for both detectors in singles mode (where only one detector is setup in the 

trigger at a time with the output of the gate and delay unit going to the ADC) using 
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• Energy deposited in the absorber detector (Ea) 

• AC strip number in the absorber detector (ACa ) 

• DC strip number in the absorber detector (DCa) 

which is analysed using the reconstruction algorithm discussed in section 3.3. 

4.3 Results 

As no exact interaction position information can be calculated it is assumed that 

the interactions in both the scatter and absorber detector are in the centre of each 

AC and DC strip configuration. Each voxel has a pitch of 5 x 5 x 20mm and all 

interaction positions are assumed to be at 2.5 x 2.5 x lOmm within the strip. When 

reconstructing any images it is important that the correct Z slice is used to get the 

best image FWHM as this is the true representation of the source position in Z. All 

images in this chapter have been reconstructed using the correct Z slices. The 137 Cs 

and 6OCO point sources were positioned 45mm from the scatter detector AC face. 
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4.3.1 Experimental images 

4.3.2 Point sources positioned at the centre of detector face 

A 137CS and seperately a 6Oeo point source were positioned at the centre ofthe scatter 

detector face (30mm,30mm) and 45mm away from the scatter detector in Z. A second 

set of experiments was undertaken with the two point sources separately positioned at 

the top left hand side of the scatter detector face (lOmm,50mm) and 45mm away in Z. 

An assumption is made that for all source positions in all experiments, human error 

should be accounted for in the positioning of the source, as well as the error in the 

exact detector crystal placement within the cryostat. A further error is the definition 

of the interaction positions within the detectors. After the combination of these 

uncertainties, an assumption is made that all image FWHM values and reconstructed 

position values will have an error of ±5mm. The positions of the sources across the 

front of the scatter detector face are illustrated in Figure 4.6. 

All energy and position information is input into the reconstruction algorithm and 

an ellipse at a distance of 45mm from the scatter detector face is created. Im

ages have been created by the projection of 20,000 events from a 137CS point source 

and separately a 6OCO point source as a function of detector separation. The image 

FWHM(mm) in the X and Y projections is calculated for every image. Every recon

structed image is translated 300mm in X and 300mm in Y and the detector position 

is defined by the black box in every image. All X and Y projections are fitted using 

a Lorentzian peak fit and quadratic background fit using 300 channels, utilising a 

least squares minimisation fit. All image FWHM values arc calculated from the fits 

as is the final reconstructed position in X and Y. This is consistent for all imaging 

results throughout this chapter and Chapter 5. The image FWHM for the X and Y 

projections which give us the images are given by Table 4.1. The image FWHM in 

both X and Y improves as a function of detectors separation as expected. It can be 

seen in Table 4.1 that the image FWHM in X and Y of 0.662 MeV improves from 

26.9 ± 5.0 mm and 25.5 ± 5.0 mm at 30mm detector separation to 17.5 ± 5.0 mm 
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Energy Sep(mm) X(mm),Y(mm) Rec X(mm) Error(mm) Rec Y(mm) Error(mm) 

0.662MeV 30 30,30 32.5 5.0 28.5 5.0 

50 30,30 34.3 5.0 31.3 5.0 

100 30,30 32.9 5.0 28.8 5.0 

1.332MeV 30 30,30 32.6 5.0 28.8 5.0 

50 30,30 33.1 5.0 28.6 5.0 

100 30,30 31.0 5.0 28.6 5.0 

Table 4.2: Reconstructed positions(mm) for 137CS and 6OCO point sources positioned 

at the centre (X = Y = 30mm) of the scatter detector face at differing detector 

separations. 

These image FWHM im provements as a function of detector separation can be vi

sualised in Figure 4.7. The reconstructed images of both the 137 Cs and 6OCO point 

sources positioned at the centre of the detector face are shown in Figure 4.8. The X 

and Y projections of 137CS and 6OCO are shown in Figures 4.9 and 4.10 respectively. 

The reconstructed positions in X and Y of each of the point sources is given by Table 

4.2. 
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4.3.3 Point sources positioned at top left of detector face 

A 137CS and seperately a 6OCo point source were positioned at the top left hand 

side of the scatter detector face (lOmm,50mm) and 45mm away in Z. Similar to the 

previous experimental measurements. data were collected over a range of detector 

separations of 30mm. 50mm and 100mm. With the sources positioned at centre, the 

image FWH~1 improved as a function of detector separation. This experiment shows 

an improvement in the image FWHM for both the imaging of 137CS and 6OCo photons 

as a function of detector separation. The image FWHM for the X and Y projections 

are given by Table 4.3. The image FWH~f in both X and Y improves as a function 

of detectors separation. It can be seen in Table 4.3 that the image FWHM in X 

and Y of 137CS improves from 32.1 ± 5.0 mm and 32.6 ± 5.0 mm at 30mm detector 

separation to 28.1 ± 5.0 mm and 23.9 ± 5.0 mm at 100mm detector separation. The 

image FWHM in X and Y of 6OCO improves from 41.6 ± 5.0 mm and 45.4 ± 5.0 mm 

to 29.6 ± 5.0 mm and 28.6 ± 5.0 mm at 100mm detector separation. 
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Energy Sep(mm) FWHMX(mm) Error(mm) FWHMY(mm) Error(mm) 

0.662MeV 30 32.1 5.0 32.6 5.0 

50 28.6 5.0 25.4 5.0 

100 28.1 5.0 23.9 5.0 

1. 332MeV 30 41.6 5.0 45.4 5.0 

50 34.1 5.0 34.9 5.0 

100 29.6 5.0 28.6 5.0 

Table 4.3: Image FWHM(mm) for 137CS and 6OCO point sources positioned at the top 

left side (X = 10mm, Y = 50mm) of the scatter detector face at differing detector 

separations. 

These image FWHM improvements as a function of detector separation can be vi

sualised in Figure 4.11. The reconstructed images of both the 137CS and 6OCO point 

sources positioned at the top left side of the detector face are shown in Figure 4.12. 

The X and Y projections of 137CS and 6OCO are shown in Figures 4.13 and 4.14. The 

reconstructed positions in X and Y of each of the point sources is given by Table 4.4. 

The reconstructed position deviations can be seen in table 4.2 and 4.4. for X = Y = 
30mm and X = lOmm and Y = 50mm respectively. They are illustrated by Figure 

4.20. 
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Energy Sep(mm) X(mm),Y(mm) Rec X(mm) Error(mm) Rec Y(mm) Error(mm) 

0.662~leV 30 10,SO 15.3 5.0 46.5 5.0 

50 10,50 13.2 5.0 50.0 5.0 

100 10,50 11.8 5.0 49.3 5.0 

1.332~feV 30 1O,SO 16.4 5.0 44.5 5.0 

50 10,50 13.8 5.0 47.4 5.0 

100 10,50 9.5 5.0 51.1 5.0 

Table 4.4: Reconstructed positions(mm) for 137CS and 6OCO point sources positioned 

at the top left corner (X = lOmm, Y = 50mm) of the scatter detector face at differing 

detector separations. 

4.4 Imaging limitations 

Compton imaging of a single point source positioned either at X = Y = 30mm or X 

= lOmm and Y = 50mm across the scatter detector face has shown an improvement 

in image FWHM as a function of detector separation. Source localisation has proved 

to be very succesful when the source is positioned along the detector face but it does 

not give us any information on the imaging limitations of such a Compton imaging 

system. The next experiment looks at the ability of the HPGe-HPGe system to 

succesfully reconstruct an image by moving a 137CS point source laterally away from 

the centre of the detector face in the X direction. 

4.4.1 Source position offset in the X direction 

A 137Cs point source was positioned at X = Y = 30mm and 45mm away in Z, at X = 
80mm, Y = 30mm and finally X = 130mm, Y = 30mm to assess the image FWHM 

as we move the source further away from the centre of the detector face. When the 

source is offset from X = 30mm by 50mm and lOOmm it is positioned 95mm away in 

Z. The source positions across the scatter detector face are illustrated by Figure 4.15. 
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X(mm),Y(mm) Rec X(mm) Error(mm) Rec Y(mm) Error(mm) 

30,30 32.5 5.0 28.5 5.0 

80,30 83.4 5.0 32.2 5.0 

130,30 132.2 5.0 35.0 5.0 

Table 4.6: Reconstructed positions(mm) of a 137CS point source positioned at X = Y 

= 30mm, X = 80mm, Y = 30mm and X = 130mm, Y = 30mm. 

4.5 Summary of experimental imaging 

4.5.1 Point source imaging 

Compton images have been successfully reconstructed for 137CS and 6OCO point sources 

positioned at X = Y = 30mm and separately X = lOmm and Y = 50mm. For both 

source positions the image FWHM improves as a function of detector separation. This 

is due to a reduction in the cone apex angle governed by the interaction positions in 

both detectors and here significantly in the absorber detector. There is a consistent 

symmetry for all X = Y = 30mm positions which is to be expected with the source 

located at the centre of the scatter detector face. All of the X and Y projections are 

fitted using a Lorentzian peak fit and quadratic background fit. This symmetry in 

the images is helped by their being a nice symmetrical shape to the projections before 

any fit is applied, however there is an issue with the fit not taking into account the 

whole of the peak. This can be adjusted by reducing the number of channels that is 

applied in the fit. This application of reducing the number of channels for the fit is 

done throughout the remaining chapters. This cannot be said for the images and X 

and Y projections for the source positioned at X = lOmm and Y = 50mm. There is 

an improved image FWHM as a function of detector separation but there is a clear 

asymmetry in the images, and X and Y projections, particularly at a larger detector 

separation. The images at X = Y = 30mm are shown in Figure 4.8 and X = lOmm, 

Y = 50mm are shown in Figure 4.12. The X and Y projections at X = Y = 30mm 

are shown in Figure 4.9 and 4.10. The X and Y projections for X = lOmm and Y 
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= 50mm are hown in Figure 4 .13 and 4. 14. Th lu f imag · WHM nd h ir 

rrors for X = Y = 30mm ar giv n in Tab I 4. 1. Th f imag WHM nd 

t h ir errors for X = 10mm and Y = 50mm ar giv n in T bl 4. 3. 

It has not been po ible to det rmin wh h r hi mm r i du x-

peri mental eff ct and h n th xp rim ntal m nt will I r plic l d I y 

out wi th a 137C point at 

ty of positions to as. wh t h r thi u r. nsi t ntl a n I is 11 t ju t n 
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Although there is a significant degradation in the image FWHM in the X and Y 

projections it can be seen that producing a reconstructed image is possible, and its 

positioning can be reconstructed very well. The reconstructed positions and their 

associated errors are given in Table 4.6. The images at X = 80mm and X = 130mm 

are shown in Figure 4.17 along with the respective X and Y projections. 

4.6 Reconstruction position deviation 

It can be seen in Table 4.2, Table 4.4 and Table 4.6 that for every source position, 

there is a reconstructed position deviation for the X and Y projections. The position 

deviation is illustrated by Figure 4.20 for the source positions a.t X = Y = 30mm 

and X = 10mm and Y = 50mm. Figure 4.19 illustrates the reconstructed position 

deviation when the source is moved laterally in X to 80mm and 130mm. These 

Figures show that there is a small deviation for every position. This deviation could 

be a feature of the ± 2.0 mm human error in positioning the source in exactly the 

correct position. All experimental reconstructed positions have an associated error of 

± 5.0 mm. 
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Chapter 5 

G EANT4 Compton imaging 

A two germanium (GeGe) detector configuration and a germanium caesium iodide 

(GeCsI) configuration have been simulated using GEANT4 [Ago03]. GEANT4 is an 

object-oriented toolkit which implements the use of Monte-Carlo techniques and is 

programmed using C++. GEANT4 is used to simulate detailed particle interactions 

in matter. As GEANT4 can be customised to any application it is benificial to validate 

it for its purpose with experimental data. GEANT4 has been validated using a planar 

germanium detector across the energy range 0.08 MeV and 1.40 MeV by Harkness 

[HarlOJ and Oxley [OxllOJ. 

5.0.1 Detector geometry 

This chapter compares the performance of two different detector configurations. The 

aim of this chapter is to quantify whether using a pixellated scintillator detector as the 

absorber material causes significant degradation to the image FWHM and how the 

1: 1 Compton efficiency compares to that of the two planar GeGe configuration. The 

planar detectors are simulated to match in geometry the detectors used in Chapter 

4. 
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5.0.2 Simulation physics list 

The low energy physics package [Cha04] is used in all the simulations. This package 

was chosen as it has been validated by the GEANT4 collaboration over the energy 

range 250 eV to 100 GeV and the energies of interest in this work are 0.662 MeV to 

6.130 MeV. Gamma rays, electrons and positrons have been declared for the simula

tion and the low energy physics package reproduces the electromagnetic interactions 

at the energies of interest. These are Photoelectric absorption and Compton scatter

ing which have been discussed in detail in Chapter 2. 

5.0.3 Generating the radiation source 

The General Particle Source (GPS) package has been used to generate the source of 

radiation. GPS allows the user to define whether the radiation is emitted isotropically, 

the source dimensions, the emission particle and the energy of the source. GEANT4 

version 4.9.2 was used to produce 200 million primary gamma rays for each photopeak 

energy and is located at Z = 45mm from the scatter detector face in each simulation. 

A list of energies used in these simulations is given in Table 5.1. The 0.662 MeV and 

1.332 MeV gamma-ray energies were discussed in Chapter 4 and the remaining ener

gies represent those associated to the characteristic gamma rays of Oxygen, Carbon 

and Nitrogen. 

5.0.4 Data collection and data processing 

Data were collected at any time that radiation interacted in time coincidence with 

firstly the scatter detector and then the absorber detedor. The gamma-ray energies 

used for the GEANT4 Compton efficiency simulations are 0.662 MeV, 1.332 MeV, 

1.640 MeV, 2.310 MeV, 4.430 MeV, 5.110 MeV and 6.130 MeV. Each gamma ray and 

electron interaction within the detector materials was output into a data stream and 

contained the following information: 

• Radiation type (gamma ray or electron) 
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• Energy deposited in the medium 

• Delta energy (energy lost by the particle in any given interaction) 

• Event number 

• Track ID (particle origin) 

• Pixel number (only for the absorber detector when it is CsI) 

• AC and DC strip information (For the germanium detectors) 

• X,y,z position information 

64 



5.1 A GeGe detector configuration 

The detector geometry is replicated as close as possible in the simulation to that in 

the experiment. Experimentally the AC and DC electronic segmentation allows us to 

determine the interaction positions of the gamma rays within the detector. Electronic 

segmentation is not simulated but determining the AC and DC positions can be done 

offline by defining the electronic segmentation in the data analysis. The simulated 

geometry is as follows: 

• The active volume of the detector 

• The aluminium can 

• The dead layer 

• The guard ring that surrounds the detector material 

but the simulation does not include the following: 

• Any AC and DC contact segmentation (this is implemented offline) 

• Preamplifiers and any other associated electronics 

• The cold finger 

5.1.1 GeGe Compton efficiency 

GEANT4 simulated data were collected for a number of point source energies which 

include 0.662 MeV, 1.332 MeV, 2.310 MeV, 4.430 MeV, 5.110 MeV and 6.130 MeV. 

Each of these energies were simulated over a 30mm, 50mm and 100mm detector 

separation. The number of 1: 1 events for every 200 million primary gamma rays over 

a different detector separation is given by Table 5.2. 

It can be seen in Table 5.2 that as a function of detector separation the number of 1: 1 

Compton events reduces significantly. For the CeCe configuration, efficiency curves 
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Energy (MeV) Sep(mm) Events ± Sep(mm) Events ± Sep(mm) Events ± 

0.662 30 14956 122 50 9473 97 100 3751 61 

1.332 30 5582 75 50 3305 57 100 1234 35 

1.640 30 4170 65 50 2427 49 100 841 29 

2.310 30 2225 47 50 1291 36 100 474 22 

4.430 30 787 28 50 494 22 100 128 11 

5.110 30 490 22 50 156 12 100 77 

6.130 30 123 11 50 61 8 100 25 

Table 5.1: The number of 1:1 Compton events as a function of detector separation 

for GeGe. Energy range of 0.662 MeV - 6.130 MeV. 

have been generated and are illustrated by Figure 5.1 with a closer look at 4.430 MeV 

to 6.130 MeV illustrated by Figure 5.2. 

Chapter 4 concludes that the image FWHM improv(,'S with increased detector sepa

ration but at a cost to the efficincy of the imaging system. It is dear from Figure 5.1 

that the efficiency of the GeGe system decreases as a function of energy and detector 

separation, where the efficiency is significantly lower at higher energies. While it is 

important to reconstruct the best possible image with the smallest image FWHM, it 

is key to have a system that is as efficient as possible. 
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Energy (~leV) Sep(mm) Events ± Sep(mm) Events ± Sep(mm) Events 

0.662 30 30016 173 50 18488 136 100 10817 

1.332 30 13628 117 50 8055 90 100 3146 

1.640 30 9070 95 50 5549 74 100 2272 

2.310 30 4689 68 50 2868 54 100 1090 

4.430 30 1823 43 50 1251 35 100 161 

5.110 30 1513 39 50 312 18 100 104 

6.130 30 229 15 50 129 11 100 35 

Table 5.2: The number of 1:1 Compton events as a function of detector separation 

for GeCsI. Energy range of 0.662 ~leV - 6.130 ~teV. 

significantly. For the GeCsI configuration, efficiency curves have been generated and 

are illustrated by Figure 5.4 with a closer look at 4.430 MeV to 6.130 MeV illustrated 

by Figure 5.5. 
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5.3 Geant4 simulations of experimental energies 

Thus far. this chapter has compared the 1:1 Compton efficiencies of both the GeGe 

and GeCsI systems over a range of energies as a function of detector separation. As 

would be expected, the efficiency degraded as the detector separation increased. The 

GeCsI system is shown to be consistently more efficient than the GeGe configuration, 

yet the efficiency is still very low at the higher energies. Before any Geant4 simulated 

images can be reconstucted, it is important that the simulated data is representative 

of the data obtained in the experiments. 

5.3.1 Adding energy resolution 

The precision with which a detector is able to identify the energy deposited is given 

by the energy resolution. The energy resolution is one of the key contributors of the 

final image FWHM of any Compton image. Geant4 software does not account for 

energy resolution in any detectors and so this must be applied to all simulated data 

before any image can be reconstructed. This seftion will now discuss the method by 

which the energy resolution and % energy resolution is calculated and added to the 

simulated data. 

5.3.2 Calculating the energy resolution 

The energy resolution of a 0.662 MeV photopeak is quoted as 10% [SCIONIX] in 

a CsI detector built to the spedfications of the simulated CsI detector. Work by 

[Gas09] suggests that the % energy resolution of a CsI detector a.., a function of 

energy deposited follows a rule of equation 5.1. 

1 
%=~ E ..., 

(5.1) 

U sing equation 5.1 over all of the energies used in this chapter we can calculate the % 

energy resolution for every energy deposited in the CsI detector and also calculate an 

energy resolution value as a function of energy. The % energy resolution a.'I a function 
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of energy for this CsI detector is illustrated by Figure 5.6 and the energy resolution 

of the CsI detector as a function of energy illustrated by Figure 5.7. 
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Graph of FWHM (keV) as a function of energy (MeV) for esl 
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Experimentally. the energy resolution of the planar Ge detector has been measured up 

to 1.408 MeV. Using the rule of equation 5.1. and inputing the % energy resolution 

values. it is possible to calculate the % energy resolution values over the range of 

energies we are interested in for the simulations. Once all of the energy resolution 

values are calculated then the information is entered into the data analysis process and 

every energy deposited in the Ge and CsI detectors over both geometries is subject 

to an applied energy resolution value. The % energy resolution for a Ge detector as a 

function of energy is illustrated in Figure 5.8, and the energy resolution is illustrated 

in Figure 5.9. The data points at lower energies represent experimental values. 
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Figure 5.8: Plot showing % energy r('SOlution of a Ge detector as a function of energy 
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Graph of FWHM (ke V) as a function of energy (Me V) for Ge 
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5.3.3 GEANT4 simulation analysis 

During the experimental data analysis, the lorentzian fit over a quadratic background 

was done with 300 channels. It is seen in the experimental X and Y projections 

that the fit doesn't include the entire of the peak under analysis. For the simulated 

work throughout the rest of this thesis the results have been compiled using a 200 

channel fit. This lowers the amount of background and allows the lorenztian fit over 

a quadratic background to analyse more of the peak height. Compton images of a 

0.662 MeV point source and the respective X and Y projections have been generated 

to compare the results for a 300 channel fit and a 200 channel fit for the CeCe 

configuration and are given by Figure 5.12. It is seen that the image FWHM improves 

from 22.2 mm to 18.1 mm in X and 22.3 mm to 18.8mm in Y when a 200 channel fit 

is applied. This allows an assumption of a ± 2.0 mm error on the image FWHM for 

all simulated results throughout the rest of this thesis. No other errors are attributed 

to the simulated image FWHM or reconstructed positions as every source position 

and interaction position within the detectors is exact. 
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5.3.4 0.662 MeV Compton imaging 

A 0.662 MeV point source was positioned at X = Y = 30mm across the scatter de

tector face and 45mm away in Z for both CeGe and Geesl over a differing detector 

separation. All energy and position information is input into the reconstruction al

gorithm and an ellipse at a distance of Z = 45mm from the scatter detector face 

is created. Images have been created by projecting 14500 events at 30mm detector 

separation, 9000 events at 50mm and 3750 at 100mm. The image FWHM (mm) in 

the X and Y projections is calculated for every image for Z = 45mm. Every image is 

translated 300mm in X and 300mm in Y and the detector position is always defined 

by the black box. The final reconstructed source position in X and Y along with their 

errors is calculated. The image F\VHM for the X and Y projections which give us 

our images are given by Table 5.3. 

Detector Sep(mm) FWH~fX(mm) Error(mm) FWHMY(mm) Error( mm) 

GeGe 30 18.1 2.0 18.8 2.0 

50 15.4 2.0 15.6 2.0 

100 12.6 2.0 12.8 2.0 

GeesI 30 20.6 2.0 19.9 2.0 

50 16.5 2.0 16.8 2.0 

100 12.7 2.0 13.7 2.0 

Table 5.3: Image FWHM(mm) for the 0.662 MeV point source positioned at the 

centre (X = Y = 30mm) of the scatter detector face at differing dctt'Ctor separations 

for GeGe and GeCsl. 

In Table 5.3 it can be seen that the image FWHM in X and Y of 0.662 MeV improves 

from 18.1 ± 2.0 mm and 18.8 ± 2.0 mm at 30mm detector separation to 12.6 ± 2.0 mm 

and 12.8 ± 2.0 mm at 100mm detector separation for CeCe. The image FWHM in X 

and Y improves from 20.6 ± 2.0 mm and 19.9 ± 2.0 mm at 30mm detector separation 

to 12.8 ± 2.0 mm and 13.7 ± 2.0 mm at 100mm detector separation for CeCsl. These 

improvements in image FWHM for both the GeGe and GeCsI configurations as a 
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Detector Sep(mm) X(mm),Y(mm) Rec X(mm) Error(mm) Rec Y(mm) Error(mm) 

GeGe 30 30.30 30.1 2.0 29.9 2.0 

50 30.30 30.0 2.0 30.0 2.0 

100 30,30 30.2 2.0 29.7 2.0 

GeesI 30 30,30 34.4 2.0 34.4 2.0 

50 30.30 34.0 2.0 34.0 2.0 

100 30,30 32.5 2.0 32.3 2.0 

Table 5.4: Reconstructed positions(mm) for a 0.662 MeV point source positioned 

at the centre (X = Y = 30mm) of the scatter detector face at differing detector 

separations. 

5.3.5 1.332 MeV Compton imaging 

A 1.332 MeV point source was positioned at X = Y = 30mm across the scatter de

tector face and 45mm away in Z for both GeGe and GeesI over a differing detector 

separation. All energy and position information is input into the reconstruction al

gorithm and an ellipse at a distance of Z = 45mm from the seatter detector fac:e 

is created. Images have been created by projecting 5500 events at 30mrn detector 

separation, 3300 events at 50mm and 1200 at 100mm. The image FWHM (mm) ill 

the X and Y projections is calculated for every image for Z = 45mm. Every image is 

translated 300mm in X and 300mm in Y and the detector position is always defined 

by the black box. The final reconstructed source position in X and Y along with their 

errors is calculated. The image F\VH:VI for the X and Y projections which give us 

our images are given by Table 5.5. 
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Detector Sep(mm) FWH~1X(mm) Error(mm) FWH~1Y(mm) Error(mm) 

GeGe 30 18.8 2.0 20.6 2.0 

50 14.3 2.0 14.6 2.0 

100 12.5 2.0 13.5 2.0 

GeesI 30 21.1 2.0 17.9 2.0 

50 16.7 2.0 16.9 2.0 

100 13.4 2.0 12.7 2.0 

Table 5.5: Image FWHM(mm) for the 1.332 ~1eV point source positioned at the 

centre (X = Y = 30mm) of the scatter detector face at differing detector separations 

for GeGe and GeCsI. 

In Table 5.5 it can be seen that the image FWH~I in X and Y of 1.332 MeV improves 

from 18.8 ± 2.0 mm and 20.6 ± 2.0 mm at 30mm detector separation to 12.5 ± 2.0 mm 

and 13.5 ± 2.0 mm at 100mm detector separation for GeGe. The image FWHM in X 

and Y improves from 21.1 ± 2.0 mm and 17.9 ± 2.0 mm at 30mm detector separation 

to 13.4 ± 2.0 mm and 12.7 ± 2.0 mm at 100mm detector separation for GeCsl. These 

improvements in image FWH~1 for both the GeGe and GeCs! configurations as a 

function of detector separation can be visualised in Figure 5.17, The reconstructed 

images for 1.332 MeV along with their associated X and Y projections are given by 

Figures 5.18 (30mm), 5.19 (50mm) and 5.20 (lOOmm). The reconstructed positions 

for the 1.332 MeV point source positioned at the centre (X = Y = 30mm) of the 

scatter detector face at different detector separations for both detector configurations 

are given in Table 5.6. 

88 



25 

..--. 
E 20 
E --
~ 
I 
~ u.. 
Q) 
0> 
ctI 
E 

15 

10 

5 

o 
o 

~ ,/ ~ 

) ~ r"-

2 

* FWHM X GeGe 

• FWHM YGeGe 

X FWHM X GeCsl 
X FWHM Y GeCsl 

~ , 
~~ F 

~ ~ j ~ 
F 
~ 

1 1 

4 6 8 10 

Detector separation (em) 

F igur 5.17: Imag FWHM (mm) C r th X nd Y pr j 'li ns f th 

confi guration . Giv n v r th 30mm, 50mm and 1 111111 d t t r S parali Il S. 

anel 

poin ur n rgy is 1.332 

T h r on t rue fun i n p ra i 11 r th 1." 

pint ur ar giv n by 1 a bl .. Figur 

d viati n from th X = Y = 3 

G Ge and Ge l al d it m unt 

from 30mm 0 100mm d r n. n thing 

12 

sl 

h 

SllI 11 

d viat ion in both X nd Y in th m impr wi h 

larg r det r par 1 n. 

9 



[a] 

[ ] 

[ ] 

XY slice through Z = 155 

Fit to X allc. through Z • 155. V • 329 Ch~OOF .23834 

3~C------------------------------' 

300 

200 

100 

50 

350 

300 

200 

150 

100 

FWHMX . 19mm 
0.111 

- ToIIIIFIt 
- Peek til 
-- Back round lIt 

240 260 280 300 320 340 3&0 380 400 420 
X (mm) 

Fit to Y ahcethtough Z. 155. X. 328. ChISq/OOF. 27140 

FWHM r . 21 mm 
o.t. 

- TOIIIIFIt 
- Peekllt 
- s.cJc round til 

240 2eO 280 300 320 340 360 380 . 00 420 
Y(mm) 

[b] 

[d] 

[f] 

XY slice through Z = 135 

x(mm) 

Fit 10 X ala mrougn Z • 13 Y. 3304 C"'$QfOOF. 1 7 0' 

FWHMX . 21",," 
• o.t. 
-- TO,.,Fl, 
-- PHllfII 
-- s.c9!!!.und fit 

140 :/eo 280 300 310 :140 380 3eo '00 . 10 
X(mm) 

300 

1~ 

100 

Fit to Y 111(.. through 1. '3 . X - 33 Ch.SQIOOf -'3 00 

FWHM r . IImm 
DItta 

- Tol.,F" 
- PHkllt 
-- s.ckground lit 

Figur 5.1 : Simulat d imag f 1.332 M p 111 ur p 5i 5mm fr tn 

th s att r d t ctor wi h X = Y = 30mm with a d parati 11 f Omm . 

ompton imag [a], X [ ] and Y [ ] 51 mpt n lIn g [b] X [d] Y [f]. 

90 



[a] 

250 

200 

150 

[ 1 

250 

200 

150 

100 

50 

[ ] 

XY slice through Z = 155 

Fd to X slice through Z . 155, V . 330. Ch~OOF. 231 eo 

FWH/IIX . I4mm 
0.1. 

- Tot.IFlt 
- PMkIlt 
- s.ck round fir 

420 

Flilo Y she. through Z. 155. )( .330. ChISq/OOF. 224 

FWH/II r . 15mm 
0.1. 

- ToI.'FII 
- PHkflt 
- s.ck round 1/1 

240 280 280 JOe 320 340 300 380 400 420 
V (mm) 

[b] 

[ell 

[f] 

Figur 5.19: f a 1.332 M 

ISO 

100 

50 

o 140 

150 

100 

50 

XY slice through Z = 160 

x(mm) 

FIt to X allC. ttwough Z • 1 eo v. 334 ChI$q, oor • 164 

FWH/IIX . I7mm 
• 0.", 

- To/.IF" 
- PHkflr 
- Bltek round III 

r 10 V aht. '"".10" Z • 110. ~. 337 C 

• 0.1. _'. "om I 
- Tor.,FII 

PM. fit 
- BltCkllround III 

pm . ur p siti \1 mm fr m 

r WI h X = Y = 30mm with a d l par 1\ f r.:Omm. 

mp on Imag [] , X [ 1 and Y [ 1, sl mp n 1m g [b] X [d]. [fl· 

1 



[a] 

14() 

120 

00 

[e] 

140 

120 

100 

20 

tel 

XY slice through Z = 185 XY slice through Z = 210 

• 

II ... 
I 

FWHMX . t3mm 
• - De,. 

- TOIIIIFlt 
- PNkllt 
- 8M:1e round lit 

240 260 280 300 320 lAO 360 310 400 "20 
X (rnm) 

F. 10 Y $lOGO ltwough Z • 115. X • 321. ChoSolOOF • 230 ~ 

FWHMY . I3mm 
-. o.r. 
- Tot.'FI1 
- PNkflt 
- 8M:ic round /It 

+ 
240 260 280 300 320 340 360 360 400 420 

V (mm) 

[b] 

[ I] 

(f] 

imulat d imag f a 1.332 M 

:0 ., 

l~ .. 
.. 

5" 

.. 
I .. .. ... 

x(mm) 

F to X ate. trwoughZ.2 O. Y.l3. C 'OOF.211~ 

160 

40 

120 

100 

60 

60 

40 

>0 

o 2 

160 

1>0 

100 

20 

r'""-• 0", • 
- TOI., Flt 
- "..lellt 
- 8IJckground 

8
WHMY

•
t
,]m • DIll. 

- Tot., FIt 
"..iclll 

- 8IJcic round III 

o 240 :zeo 210 300 320 34() 300 310 400 420 
Ylmml 

pll1 s ur P SI mmfr m Figur 5.20: 

h sa t r d or wlh = Y = 30mm wilh r s para i Omm . 

ompton imag [a], X (] nd Y [ ], mp II IInag (b] (f] . 

2 



Detector Sep(mm) X(mm).Y(mm) Rcc X(mm) Error(mm) R.ec Y(mm) Error(mm) 

GeGe 30 30.30 29.8 2.0 29.9 2.0 

50 30,30 29.9 2.0 29.9 2.0 

100 30,30 29.6 2.0 29.6 2.0 

GeesI 30 30.30 35.2 2.0 34.8 2.0 

50 30,30 34.8 2.0 34.3 2.0 

100 30.30 32.8 2.0 32.5 2.0 

Table 5.6: Reconstructed positions(mm) for a 1.332 MeV point source positionro 

at the centre (X = Y = 30mm) of the scatter detector face at diif('ring detedor 

separations. 
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5.3.6 Detector grid imaging 

Section 4.3.3 discusses the improving image FWHM as a function of detector separa

tion of two experimental measurements, including the positioning of 0.662 MeV and 

1.332 ~1eV point sources at X = 10mm and Y = 50mm across the scatter detector 

face. It was found that even though there was an improvement in the image FWHM 

as a function of detector separation there seemed to be an asymmetry in the final 

Images. This asymmetry is visually more prominent at the detector separation of 

100mm. This section will discuss the effects on the imaging and image FWHM at 

100mm detector separation of a 0.662 MeV point source positioned across the scatter 

detector face in a number of different X and Y locations. This assesment is to clarify 

whether asymmetry is an experimental effect. 

A 0.662 MeV point source was positioned across the scatter detector face over a num

ber of different locations at Z = 45mm. These locations are given in Table 5.8 along 

with all of the reconstructed positions. The source positions are illustrated in Figure 

5.22. 

X(mm),Y(mm) FWH~l X(mm) Error(unu) FWHM Y(mm) Error(mm) 

10,50 18.2 2.0 16.8 2.0 

30,50 15.1 2.0 15.0 2.0 

50,50 17.1 2.0 17.5 2.0 

10,30 15.4 2.0 14.4 2.0 

30,30 12.6 2.0 12.8 2.0 

50,30 14.9 2.0 14.1 2.0 

10,10 17.4 2.0 18.1 2.0 

30,10 16.2 2.0 15.7 2.0 

50,10 16.1 2.0 18.2 2.0 

Table 5.7: Reconstructed image FWHM(mm) for a 0.662 MeV point source posi

tioned across the scatter detector face over a number of different locations. Detector 

separation = 100mm. 
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The reconstructed source po.o;;itions are given below by Table 5.8. It can be seen 

that there isn't much deviation from the original source position. The reeonstructed 

position deviations of a 0.662 ~leV point source using CeCe over a range of different 

source positions is illustrated by Figure 5.26 and Figure 5.27. 

X(mm),Y(mm) Rec X(mm) Error(mm) Rec Y(mm) Error(mm) 

10,50 10.5 2.0 49.5 2.0 

30,50 29.5 2.0 49.7 2.0 

50,50 49.5 2.0 49.2 2.0 

10,30 10.3 2.0 29.9 2.0 

30,30 30.2 2.0 29.7 2.0 

50,30 49.5 2.0 29.9 2.0 

10,10 10.4 2.0 10.7 2.0 

30,10 30.2 2.0 10.2 2.0 

50,10 49.4 2.0 10.2 2.0 

Table 5.8: Reconstructed positions for a 0.662 ~leV point source positioned across 

the scatter detector face over a numbpr of different locatiolls. Det(~tor separation = 

100mm. 

100 



[a] 

[ 1 

[ 1 

» 

" 
II 

j • 

! : 
II 

" 
». 

• , 
• 

1 • 
• L 
• , 
" 
• 

" 

I · 

R.coorauucIed posibOO devuooa for ( I Omm. ~) 

n 

II '" .. .. ................. 1_. 

o • ..::M. ... x .. ~ 

u 

lO 

~ po.<ibOO devuooa for (1Omm. lOmm) 

~ 
1 

1 
~ 

o '~V)C " Y 

, 10 OJ » 1< .. U .. 
~--- .,- , 

RtconwucIed posibOll cIcviauon for (3Omm. I Omm) 

! :t---~~------- 0 

" 
" 
·~' ~~--~I~. --~I~' --~»~~U~~"~-- ~ ~ ......................... ,-, 

[b] 

[eI ] 

[f] 

Figur tru n p si i 11 I vi 

>II 

I. ~ • • .!) 

II 

i • 
j : r-- o 

" .. 
~~~1<~~"~~»~~"~-7.U~~lO~-+'''~~~ 

~_"""""'I-) 

R.«onIInlcI<d """,bOO dcvtallOll fot (~ lOmm) 

" 

I . 

j : 
II 

» 

II 

J • 
__ 0 

-----------------0----

1/ .. 
». 10 so .. _ .. 

IlS ov r r ng 2M V 

soure positions. lOmm 50rnm [a], 30mm SOmm (b] 1 mm ,30mm [ ], 

50mm 30mm [d] 30mm lOmm [] and SOmm] mm [f]. 

101 



Reconstruction position deviation for lOmm 30rnm and sOmm in X & y 

16 o 0 662MtV (SOIMl. SOlllm' 

o 
12 

8 

I 4 

,2 o ~------~--------------~---------------.~----~ 
;:; 0> 
a -4 

-8 

-12 

-16 

P ilion n detect r face 

102 



40mm. Th recon t ruc d imag a nd t h X and p r j ·ti n a r g iv 11 b Figur 

5.2 . Figure 5.2 show t hat t h ri a ma ll amoul1 

has been po it ioned pa r way betwe n t h 

detector face . This would ugg 

pos it ion of a sourc from X = Y = 30mm. Th r 

t ry wh n th ur 

f t h : 'aL r 

h fur h r aw y t h 

dim g F HM a X = 
20mm and Y = 40mm i cal ulat d as 14. 1 ± 2.0 m m in X /lei 1 .6 ± 2. mm . 

XV slice through Z = 185 

[a] x(mm) 

[d] 

FWH"' ";.'7",,"~ • ..... • II 
- T .... RI - _ to 
-"k~ 

[g] 

Figur 5.2 R 

r pe tive X and Y proj 

[r] .h 

[hj j. 

XV slice through Z = 185 

,." ... ..-...., .. '. JI.1 

[':-...::. "- }l 
- """FH .... ,. 

foe_," 

XV slice through Z • 185 

[ .j .(mm) 

[ f] 
I."" '1 • .U' " 

til 

mpt n tmag S f a O. 2 1 pint s ur all \ lh ir 

ns a r X = lOmm 

X = 20mm Y = 40mm [b),[ ],[h] and X = = 30mm [ ],[f] til . 

103 



5.4 Summary of lower energy simulated point source 
• • ImagIng 

Simulated Compton images have been successfully reconstructed for 0.662 MeV and 

1.332 ~leV point sources at X = V = 30mm for detector separations of 30mm, 50mm 

and 100mm. For both sets of simulations it is seen that the image FWHM improves 

as a function of detector separation. This is due to a reduction in the cone apex 

angle which is governed by the interaction positions in both detectors. At X = V 

= 30mm there is a consistent symmetry in the images and X,V projections. All X 

and V projections are fitted using a Lorentzian peak fit and quadratic bac:kground 

fit. A 0.662 MeV point source was positioned across the scatter detector face over a 

number of different locations to assess whether the image and X.V ssymmetry was an 

experimental effect. It can be seen in Figure 5.23 and Figure 5.28 that when the source 

is positioned away from X = V = 30mm there is an obvious asymmetry. This shows 

that it is not an experimental effect and that it is governed by the source and detector 

positions throughout the experiments and the simulations. The reconstruct(~d images 

can be seen in Figure 5.23 and Tahle 5.8 for all sourC(! positions a<:ross the scatter 

detector face. 
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Chapter 6 

Intermediate energy GEANT4 

Compton imaging 

The 1:1 Compton effiency of both GeGe and GeCsI detector configurations as a 

function of detector separation, has been discussed in Chapter 5. The number of 1: 1 

Compton events for every 200 million primary gamma rays can be sc<'n in Table 5.2 

for GeCe and Table 5.3 for GeCs!. The GeCsI system is consistently more (~ffident 

than the GeGe system yet at higher encrgiffi and in particular with larger <h,tcctor 

separations the number of 1: 1 events is inherantly low in both systems. In chapter 

3, Figure 3.2 shows that to reconstruct a good enough image then thef(~ should be 

~ close as possible to 1000 1:1 Compton events. The number of 1:1 ('vents yield(!<i 

from the 200 million gamma ray simulations has heen ASSC&'!cd and it was concluded 

that a lot of the simulations needed a lot more primary gamma rays to he ahlc to 

generate enough 1: 1 events to reconstruct any images. Most simulations were subjed 

to 1 billion primary gamma rays and the cfficiency of the syst(~ms at intermediate 

energies produced enough 1:1 events for reconstruction. Simulations of 4.430MeV -

6.130MeV at the larger detector separations were run with 2hillion primary gamma 

rays as the efficiency of 1: 1 events is so low. 

Geant4 has an inbuilt limit of the number of events that a simulation can run for 

at any time. This number is just above 2billion events. That being said, a number 
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of the simulations at larger detector separations yielded less than 1000 1: 1 Compton 

events. This chapter discusses the intermediate energy range from 1.640 ~leV to 4.430 

~feV and the Compton imaging results as a function of detector separation. To have 

a direct comparison between the performance of the GeGe system with the GeCsI 

system then the same number of events must be reconstructed in both. The number 

of events reconstructed for each energy at each detector separation is given in Table 

6.1 

Energy (~leV) Sep(mm) No of events 

1.640 30 4000 

50 2400 

100 1700 

2.310 30 2200 

50 1250 

100 1090 

4.430 30 1650 

50 1250 

100 902 

5.110 30 1500 

50 1500 

100 603 

6.130 30 1000 

50 820 

100 281 

Table 6.1: The number of events reeonstructed for both detcdor configurations for 

all energies at each detector separation. 
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6.1 1.640 MeV - 4.430 MeV Compton imaging 

Every point source with its own independant energy was positioned at X = Y = 30mm 

across the scatter detector face. 45mm away in Z for both GeGe and GeesI over 

30mm. 50mm and 100mm detector separations. All energy and position information 

was input into the reconstruction algorithm and an ellipse at a distance of Z = 45mm 

from the scatter detector face is created. Images have been reconstructed projecting 

the number of events for each energy and each separation listed in the Table 6.1. 

The image F\VH~1 (mm) in the X and Y projections has been calculated for every 

image for Z = 45mm. Every image has been translated 30mm in X and 300mm in Y 

and the detector position is always defined by the black box. The final reconstructed 

source position in X and Y is calculated for both GeGe and GeesI and given by Table 

6.4 and Table 6.5 respectively. For the intermediate energies of 1.640 MeV - 4.430 

~leV, the image FWHM for the X and Y projections is given by Table 6.2 for GeCe 

and Table 6.3 for Geesl. The reconstructed image FWH~1 as a function detector 

separation for 1.640 MeV can be visualised in Figure 6.4. The image FWHM of the 

GeGe system for 1.640 MeV improves from 19.6 ± 2.0 mm and 19.6 ± 2.0 mm at 

30mm to 12.5 ± 2.0 mm and 13.8 ± 2.0 mm at 100mm. The image FWHM from the 

GeCsI system for 1.640 MeV improves from 26.4mm±0.9mm and 25.0mm±O.8mm at 

30mm to 12.5mm±0.5mm and 16.1mm±0.6mm at 100mm. For the CeGt! system at 

2.310 MeV the image F\VHM improves from 17.5 ± 2.0 mm and 21.4 ± 2.0 mm at 

30mm to 13.0 ± 2.0 and 12.4 ± 2.0mm at 100mm. For the GeesI system at 2.310 

MeV the image FWHM improves from 21.9 ± 2.0 mm and 23.0 ± 2.0mm at 30mm 

to 11.1 ± 2.0 mm and 12.5 ± 2.0 mm at 100mm. For the GeGe system at 4.430 MeV 

the image FWHM improves from 15.5 ± 2.0 mm and 17.7 ± 2.0 mm at 30mm to 10.7 

± 2.0 mm and 12.8 ± 2.0 mm at 100mm. For the GeCsI system the image FWHM 

improves from 19.3 ± 2.0 mm and 20.9 ± 2.0 mm at 30mm detector separation to 

11.1 ± 2.0 mm and 11.0 ± 2.0 mm at 100mm detector separation. 

All reconstructed images, along with their respective X and Y projections as a function 

of detector separation are given by the following Figures: 
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• Images and X Y projections of 1.640 ).leV = Figure 6.1. Figure 6.2, Figure 6.3 

• Image F\VH).1 (mm) of 1.640 )'1eV = Figure 6.4 

• Images and X Y projections of 2.310 ).leV = Figure 6.5, Figure 6.6, Figure 6.7 

• Image F\VH).1 (mm) of 2.310 ).feV = Figure 6.8 

• Images and X Y projections of 4.430 ).leV = Figure 6.9, Figure 6.10, Figure 

6.11 

• Image FWHM (mm) of 4.430 ~1eV = Figure 6.12 

The reconstructed source positions for GeGe and GeesI are given by Table 6.4 and 

Table 6.5 respectively. It can be seen there is some reconstructed position deviation 

from the original position of X = Y = 30mm. The reconstructed position deviation 

for both detector configurations as a function of detector separation is given by Figure 

6.13. 

Energy (~leV) Sep(mm) FWH~1 X(mm) Error(mm) FWHM Y(mm) Error(mm) 

1.640 30 19.6 2.0 19.6 2.0 

50 20.3 2.0 17.8 2.0 

100 12.5 2.0 13.8 2.0 

2.310 30 17.5 2.0 21.4 2.0 

50 13.9 2.0 13.4 2.0 

100 13.0 2.0 12.4 2.0 

4.430 30 15.5 2.0 17.7 2.0 

50 17.1 2.0 15.9 2.0 

100 10.7 2.0 12.8 2.0 

Table 6.2: GeGe Reconstructed image FWHM(mm) for 1.640 MeV - 4.430 MeV 

point sources positioned at the centre (X = Y = 30mm) of the scatter detector face 

at differing detector separations. 
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Energy (MeV) Sep(mm) FWHM X(mm) Error(mm) FWHM Y(mm) Error(mm) 

1.640 30 19.5 2.0 19.3 2.0 

50 14.3 2.0 14.5 2.0 

100 11.2 2.0 13.1 2.0 

2.310 30 21.9 2.0 23.0 2.0 

50 16.6 2.0 14.9 2.0 

100 11.1 2.0 12.5 2.0 

4.430 30 19.3 2.0 20.9 2.0 

50 13.6 2.0 15.4 2.0 

100 11.1 2.0 11.0 2.0 

Table 6.3: GeesI Reconstructed image F\VH~1(rnm) for 1.640 MeV - 4.430 MeV 

point sources positioned at the centre (X = y = 30111111) of the scatter detector fl\('e 

at differing detector separations. 
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Energy (~I('V) St>p(mm) R('(' X(mlll) Error(mm) R('(~ Y ( nun) Error( 111m) 

1.640 30 30.2 2.0 29.7 2.0 

50 30.3 2.0 29.6 2.0 

100 29.6 2.0 30.03 2.0 

2.310 30 29.1 2.0 29.4 2.0 

50 30.4 2.0 30.2 2.0 

100 29.9 2.0 30.6 2.0 

4.430 30 29.5 2.0 29.8 2.0 

50 30.6 2.0 30.1 2.0 

100 30.1 2.0 29.6 2.0 

Table 6.4: CeCe Reconstructed positions(mm) for 1.640 ~leV - 4.430 ~leV point 

sources positioned at the centre (X = Y = 30mm) of the scatter detector face at 

differing detector separations. 
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Energy (~leV) Sep(mm) R.ec X(mm) Error(mm) Rec Y(mm) Error(nun) 

1.640 30 34.3 2.0 34.3 2.0 

50 34.1 2.0 34.1 2.0 

100 32.7 2.0 32.7 2.0 

2.310 30 33.8 2.0 33.7 2.0 

50 34.3 2.0 33.3 2.0 

100 33.2 2.0 32.6 2.0 

4.430 30 34.3 2.0 34.7 2.0 

50 34.4 2.0 43.0 2.0 

100 32.1 2.0 33.0 2.0 

Tahle 6.5: GeesI Reconstructed positiorUi(rnm) for 1.640 MeV - 4.430 MeV point 

sources positioned at the centre (X ::: y := 30mrn) of the scaU('r ci('h'C'tor fRC:t, at 

differing detector separations. 

123 



[a] 

[b] 

Reconstructed position deviation for (30mm,3Omm) GeGe 

16 

12 

8 

I 4 

MeV X 
I MeV Y 
2.310MeV X 

• 2 3 10MeV Y 
4.430Me X 
4 .-l30MeV Y 

.~ 0 1------~--~r---------_fj_--___1 
';: 

"> o -4 

-12 

- 16 

10 20 30 40 50 60 70 80 120 
Dete tor SepafUuon (mm) 

Reconstructed po ilion deviation for 30mm 3Omm) I 

I 
.~ O~-------------------------------~ 
~ 
> o -4 

-8 

- 12 

- 16 

60 
Det.cct r Seplll'ati n (mm) 

n d viati n fun ·t r . par ti 11 ( r 

1.640 M V 4.430 1 

d p 

f r [a] nd I [b]. 

124 



Chapter 7 

High energy GEANT4 Compton 
• • ImagIng 

7.1 5.110 MeV - 6.130 MeV Compton imaging 

Images have been reconstructed projecting the number of (,Vl'nts for eaeh energy 

and each separation listed in Chapter 6. The image FWHM (nnn) in th(l X and Y 

projections for both 5.110 MeV and 6.130 MeV have been calculated for e\'(~ry image 

for Z = 45mm over 30mm, 50mm and 100mm detector S('Iuuntions. Evt'ry image luy.; 

been translated 300mm in X and 300mm in Y and thp d('tedor position is defined 

by the black box. The final reconstructed sourc(' positions in X and Y are cakulated 

for both GeGe and GeCsI and given by Table 7.3 and 7.4 rcspedivcly. 'I'll(! image 

FWHM for the X and Y projections is given by Table 7.1 and Tahle 7.2 ret;peetively. 

It can be seen from Table 7.1 that agin the image FWHM improves lUI a function of 

detector separation for both energies. The reconstructed image FWHM fLO; a functioll 

of detector separation for both GeGe and GeCsI can be visualised in Figure 7.4. The 

image FWHM of the GeGe system for 5.110 MeV improves from 18.3 ± 2.0 mm and 

18.1 ± 2.0 mm at 30mm to 10.6 ± 2.0 mm and 11.3 ± 2.0 mm at 100mm. The image 

FWHM from the GeCsI system for 5.110 MeV improves from 20.5 ± 2.0 mm and 17.9 

± 2.0 mm at 30mm to 11.2 ± 2.0 mm and 14.4 ± 2.0 mm at 100mm. For the GeGe 
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system at 6.130 MeV the image FWH~l improves from 19.2 ± 2.0 mm and 18.2 ± 
2.0 mm at 30mm to 8.4 ± 2.0 and 11.0 ± 2.0mm at 100mm. For the GeCsI system 

at 6.130 MeV the image FWHM improves from 28.8 ± 2.0 mm and 19.9 ± 2.0mm at 

30mm to 13.4 ± 2.0 mm and 12.1 ± 2.0 mm at 100mm. 

All reconstructed images, along with their respective X and Y projections as a 

function of detector separation are given by the following Figures: 

• Images and X Y projections of 5.110 MeV = Figure 7.1, Figure 7.2, Figure 7.3 

• Image FWHM (mm) of 5.110 MeV = Figure 7.4 

• Images and X Y projections of 6.130 ~leV = Figur(' 7.5, Figure 7.6, Figure 7.7 

• Image FWHM (mm) of 6.130 MeV = Figure 7.8 

The reconstructed source positions for GeGe and GeCsI are given by Tabh' 7.3 and 

Table 7.4 respectively. It can be seen as with thE' lower CJl('rgy simulations that there 

is some small reconstructed position deviation from the original position of X == Y ::: 

30mm. The reconstruction position deviation for 5.110 MeV and 6.130 MeV is given 

by Figure 7.8. 
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Energy (~leV) Sep{mm) FWHM X{mm) Error(mm) FWHM Y(mm) Error(mm) 

5.110 30 lS.3 2.0 lS.l 2.0 

50 15.9 2.0 12.S 2.0 

100 10.6 2.0 11.3 2.0 

6.130 30 19.2 2.0 lS.2 2.0 

50 14.5 2.0 14.7 2.0 

100 S.4 2.0 11.0 2.0 

Table 7.1: GeGe Reconstructed image FWHM(mm) for 5. 110MeV - 6.130MeV point 

sources positioned at the centre (X = Y = 30mm) of the scatter detector face at 

differing detector separations. 

Energy (MeV) Sep(mm) FWHM X(mm) Error ( mm) FWHM Y(mm) Error(mm) 

5.110 30 20.5 2.0 17.9 2.0 

50 17.5 2.U 16.8 2.0 

100 11.2 2.0 14.4 2.0 

6.130 30 28.8 2.0 19.9 2.0 

50 12.6 2.0 18.9 2.0 

100 13.4 2.0 12.1 2.0 

Table 7.2: GeesI Reconstructed image FWHM(mm) for 5.110 MeV - 6.130 MeV 

point sources positioned at the centre (X = y = 30mm) of the H<:atter detector face 

at differing detector separations. 
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Energy (~leV) Sep(mm) Rec X(mm) Error(mm) Rec Y(mm) Error(mm) 

5.110 30 28.7 2.0 30.9 2.0 

50 29.9 2.0 30.7 2.0 

100 30.4 2.0 30.1 2.0 

6.130 30 28.7 2.0 29.7 2.0 

50 29.6 2.0 29.2 2.0 

100 29.6 2.0 30.2 2.0 

Table 7.3: GeGe Reconstructed positions for 5.110 MeV - 6.130 MeV point sources 

positioned at the centre (X = Y = 30mm) of the scatter detector face at differing 

detector separations. 

Energy (MeV) Sep(mm) R.ec X(mm) Error(mm) Rec Y(mm) Error( nun) 

5.110 30 34.0 2.0 35.2 2.0 

50 33.8 2.0 33.6 2.0 

100 33.2 2.0 32.6 2.0 

6.130 30 33.7 2.0 35.2 2.0 

50 33.0 2.0 33.8 2.0 

100 32.1 2.0 32.4 2.0 

Table 7.4: GeesI Reconstructed positions for 5.110 MeV - 6.130 MeV point sources 

positioned at the centre (X = Y = 30mm) of the scatter detector face at differing 

detector separations. 
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7.2 Summary of intermediate and high energy sim

ulated point source imaging 

Simulated Compton images have been successfully reconstructed for 1.640 MeV -

6.130 MeV point sources at X = Y = 30mm for detector separations of 30mm, 50mm 

and 100mm. For all simulations it is seen that the image FWHM improves generally as 

a function of detector separation for both GeGe and GeCs!. The interaction positions 

within the scatter and absorber detector governs the size of the cone apex angle 

and the image FWHM improvement is due to this. At the intermediate energies of 

1.640 MeV - 4.430 MeV the images show a typically symmetrical shape throughout 

the varying detector separations with no significant degredation in image FWHM 

between the GeGe and GeCsI systems. The higher energies of 5.110 MeV - 6.130 MeV, 

particularly at shorter detector separation show a varying and asymmetric image 

FWHM. This is due to the lack of statistics at such high energies. An improvement 

in the image FWHM symmetry would be expected were there a larger number of 

events. 
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Chapter 8 

Conclusions and future work 

The main aims of this thesis were to assess the experimental image FWHM of a semi

conductor Compton imaging device using the current image reconstruction algorithm, 

to investigate the image reconstruction limitations. Predominantly, the focus was a 

performance assessment of a novel Compton imaging device, where features such as 

Compton efficiency, event reconstruction and image resolution were determined exper

imentally. A deeper investigation was made possible by use of a dedicated GEANT4 

simulation of the setup, where the performance of image reconstruction algorithms 

could be assessed and optimised. 

8.1 Experimental results 

Experimental images have been produced of 20,000 events using a simple back projec

tion cone beam reconstruction algorithm, that has been developed by [Judll]. This 

reconstruction code processes data faster than other existing Compton reconstruction 

codes.. It incorporates a fitting routine for a Lorentzian peak fit with a quadratic 

background fit, utilising a least squares minimisation fit to give a total peak fit for 

all X and Y projections throughout this work. The image FWHM of 0.662 MeV 

and 1.332 MeV point sources has been assessed as a function of increasing detector 

separation and it is concluded that it consistently improves but at a cost to efficiency. 
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The point sources were separately positioned at X = Y = 30mm across the scatter 

detector face. Both the point sources were also separately positioned at X = lOmm 

and Y = 50mm. Although there is an improvement in the image FWHM at both 

source positions as a function of detector separation, an image asymmetry was seen, 

more significantly at 100mm detector separation. It was not understood whether 

this was an experimental effect and so the same experimental source positions were 

carried out through Geant4 simulations. A 0.662 MeV point source was placed at 

X = Y = 30mm, X = 80mm and X = 130mm to assess the image reconstruction 

limitations and see how the image FWHM would vary as the source was positioned 

further away from the central position in X. The detectors were separated by 30mm 

and the source was positioned 95mm in Z from the scatter detector. It was found 

that as a function of position in X the image FWHM increased in both X and Y. The 

Compton images have been successfully reconstructed in the correct source positions 

and despite degradation of the X and Y projections' image FWHM, the images retain 

good clarity. The degradation in image FWHM in X and Y is due to a large pos

sibility of scattering angles through the scatter detector which leads to an increased 

cone apex angle in producing any reconstructable images. This result suggests that 

the performance of the Compton imaging device is governed by the positioning of the 

source above the scatter detector. These results demonstrate show that not only is it 

possible to image successfully and efficiently a simple point source positioned in the 

centre of the scatter detector face, but also to reconstruct each of the sources in the 

correct positions when positioned across the scatter detector face. 

8.2 Comparison to GEANT4 simulations 

Dedicated GEANT4 simulations were performed to enable a more precide investiga

tion of the GeGe experimental system. The system geometry was simulated to repli

cate the experimental geometry as closely as possible. A comparison of the Compton 

imaging performance when imaging with a 0.662MeV point source has been carried 
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introducing larger uncertainties and in turn, degrading the final image FWHM. 

8.3 Simulated results 

A 0.662MeV point source was placed across the scatter detector face at a number 

of different positions in X and Y. GEANT4 simulations were carried out to assess 

whether the asymmetry seen in the experiment was related to a systematic error 

within the experimental setup, or rather a physical feature. These simulations show 

an asymmetry in the reconstructed images and the final image FWHM revealing that 

the asymmetry is not an experimental effect but an effect of the positioning of the 

detectors and the source across the scatter detector face. A further simulation at a 

position between X = Y = 30mm and X = lOmm and Y = 50mm at X = 20mm and 

Y = 40mm exhibited a small amount of asymmetry even at narrow angles, indicating 

that the asymmetry is not restricted to events obtained when positioning the source 

at the outer extremities of the detector face. The efficiency of both GeCs! and GeGe 

detector geometries has been calculated as a function of energy (0.662 MeV to 6.130 

MeV) and a function of detector separation (30mm, 50mm and 100mm) and it was 

clear to see that the GeCs! geometry is consistently more efficient. Simulated images 

have been reconstructed using a simple back projection reconstruction algorithm. As 

previously discussed, the GeCsI system was systematically more efficient throughout 

the simulations. These simulated results of image FWHM and reconstruction images 

show that even though the energy resolution of a CsI detector is worse than that of a 

Ge detector, it can be used as an absorber detector without too much degredation to 

the final image. It has been shown that images can be reconstructed at higher energies 

and the reconstruction position deviation is very minimal even at very low Compton 

efficiencies. At higher energies of 5.110 MeV and 6.130 MeV the image FWHM for 

both the GeGe and GeCs! systems show an asymmetry, (visible in the images) sug

gesting that there is a need for greater statistics to help improve the image quality. 

The GEANT4 simulated imaging results, comparing the GeGe and Gees! systems 
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allow a conclusion that the GeCsI system is the preferred device for the project. 

8.4 Future work 

Higher statistic simulations need to be investigated at higher energies to be able to 

assess the full imaging ability of a GeCsI Compton imaging system. An in depth 

simulation of the different event types needs to be carried out and an assesment of 

the possible increase in Compton efficiency from 1:1 Compton events to 1:2 Compton 

events needs to be addressed and how these events affect the image FWHM per

formance. Another prospect could be to use GEANT4 event biasing. [GEANT4]. 

The image FWHM performance in experimental imaging shows there is a need for 

improvement when trying to identify as closely as possible the exact interaction po

sitions within the scatter and absorber detectors. This can be developed by utilising 

parametric Pulse Shape Analysis (PSA) which will help define more accurately the 

interaction positions within a semiconductor device. Further simulations of recently 

developed scintillator materials such as LaBr [KurlO] and GYGAG(Ce) [Chell], along 

with a full array imaging system as opposed to just one single imaging device. 
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