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ABSTRACT OF THE DISSERTATION 

 

Investigation of scintillation light extraction and sharing for high resolution Positron Emission 

Tomography detectors. 

 

by 

 

Yanisley Valenciaga 

Doctor of Philosophy in Biomedical Physics 

University of California, Los Angeles, 2016 

Professor Arion-Xenofon Hadjioannou, Chair 

 

Positron emission tomography (PET) is a noninvasive imaging technique based on the detection of 

annihilation gammas that provides the spatial and temporal concentration of radiolabeled probes in the 

scanned subject. Following the interaction of a positron and an electron, a pair of gammas is emitted in 

opposite directions. By detecting this gamma pair and tracking back its location of origin, the radioisotope 

distribution can be reconstructed. The main two components of PET detectors are the scintillator crystal 

and the photosensor. The scintillator is responsible for stopping the annihilation gammas while the 

photosensor detects visible light photons generated by the scintillator as a product of a gamma interaction. 

A few of the many challenges on the process of determining the origin of the annihilation gammas will be 

addressed in this manuscript. 

One issue in PET detection comes from lost scintillation light that is unable to exit the scintillator 

crystals. With this in mind a number of crystal geometries and surface treatment configurations were 

compared in terms of the fraction of scintillation light that exits the scintillator. Another problem rises 

from the position assigned to the gamma interaction within the crystal. In traditional detector systems 
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every gamma-crystal interaction is assigned to a specific location in the crystal, usually either the average 

depth or the front face of the crystal, regardless of how deep in the crystal the interaction occurred. This 

method can lead to mispositioning of the origin of the annihilation gammas. With the purpose of 

obtaining more information on the gamma interaction location within the crystal, a slanted crystal 

geometry was evaluated in terms of depth of interaction resolution. The third issue addressed in this work 

refers to the identification of crystals at the edge of the crystal/detector array. Light exiting the edge 

crystals cannot be spread in all directions because there are no detector pixels in all directions at the edge 

of the array. This condition compresses the light information from the edge crystals making it very 

difficult to distinguish an edge crystal from its neighbors. With the goal of reducing the edge effect while 

balancing the cost of our detectors, pixel binning configurations were evaluated in terms of crystal 

resolvability.  

This work explores alternatives to improve the accuracy of the spatial information at the detector 

level. 
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1.1 Introduction to small animal PET imaging 

Pre-clinical molecular imaging techniques allow for non-invasive and in vivo study of 

diseases on a molecular level. With the need for targeting and quantifying more biologic 

processes in the micro scale, there’s a constant effort for improving the performance of these 

imaging modalities. With this need in mind, the goal of this project is to design a high sensitivity 

and high resolution microPET detector. 

 

1.1.1 Small Animal Imaging 

The basis of all diseases occurs at a molecular level therefore it is not surprising that the 

future of patient diagnostic and treatment will rely on our understanding of molecules, genes, and 

signal pathways that take part on the inhibition or promotion of a disease. Small animal models 

allow for the study of diseases in vivo becoming a bridge between in vitro data and clinical 

applications. By the implementation of in vivo techniques, not only the number of animals 

needed is reduced but also, it is possible to repeat measurements and try different potential 

treatments on the same subject. The mouse is the most common mammal used in biomedical 

research [1]. Its success comes from its similar genetic homology with humans, its low 

maintenance cost, its small size (allowing for easier handling and faster screening), and the 

existence of a well-established methodology for genetic manipulation. Gene therapy is a new 

technology that makes possible to study the effect of specific genes in the mouse genome and 

disabling or activating those genes. Also, with the view of developing treatments on the 

molecular level specific to a patient, mice could potentially represent a channel for information 
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and safe treatment by providing the model to reproduce a patient specific molecular environment 

(Fig. 1.1), [2-9]. 

In order to visualize and quantify different biological processes non-invasively and in vivo, 

several imaging modalities have been developed. Among these techniques, are found Positron 

Emission Tomography (PET), Single-Photon Emission Computed Tomography (SPECT), 

bioluminescence and fluorescence imaging, high-frequency ultrasound, Magnetic Resonance 

Imaging (MRI), and Computed Tomography (CT). Each modality provides different information 

based on the principles of operation [10]. The modality used in the scope of this manuscript is 

Positron Emission Tomography (PET). 

 

 

 

 

Figure 1.1. Schematic drawing of the translational research from molecular level to clinical 

environment.  



4 
 

1.1.2 Positron Emission Tomography 

Positron emission tomography (PET) is a noninvasive imaging technique that displays the 

spatial and temporal concentration of positron emitting radioisotopes [11-15]. These 

radioisotopes are attached to a molecule thereby forming a tracer and administered to the subject. 

Depending on the composition of the tracer, its distribution in the subject’s body will describe 

the presence of certain biological processes. Several biological processes can be studied through 

PET scans such as blood and oxygen perfusion, glucose metabolism, cell proliferation, protein 

expression, enzymatic activity [16, 17]. The most common tracer used in PET imaging is 18F-

fluorodeoxyglucose (FDG), (more than 95% of all clinical PET procedures around the world) 

[18-20]. This tracer is a glucose analog, and when imaged in PET the concentration of FDG 

indicates the rate of glucose metabolism. Among the most common uses of PET is to image 

cancer since cancer cells have a high glucose metabolic rate. The physics behind PET imaging 

starts with the decay of the radioisotope in the tracer by emitting a positron. At approximately 

the decay site, the emitted positron interacts with an electron from the surrounding medium. 

Depending on the radionuclide the positron can travel a small distance before interacting with an 

electron (positron range in Table 1.1). From this interaction the energy of the electron and 

positron is converted to a pair of annihilation gamma rays which are emitted at 180˚ from each 

other, allowing for conservation of momentum [21]. Simultaneous detection of these two 

opposing gammas allows the estimation of the location of the annihilation event. 
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Radionuclide Half-life EnergyAvg (MeV) RangeAvg (mm) 

11
C 20.3 m 0.386 1.52 

13
N 9.97 m 0.492 2.05 

15
O 122 s 0.735 3.28 

18
F 109.8 m 0.250 0.83 

62
Cu 9.74 m 1.315 6.21 

64
Cu 12.7 h 0.278 0.97 

124
I 4.17 d 0.818 3.70 

 

 

The detector system is made of two main elements: a scintillation material (crystal) and a 

photo-sensor. The annihilation gammas (~511 keV) deposit part or all their energy in the 

scintillation crystals where this energy is converted into visible light that is further detected by 

the photo-sensors. In order to determine the location where the annihilation event occurred, two 

opposing gammas emitted through the decay process have to be detected in coincidence (on the 

order of nanoseconds [21]) by opposing detectors (Fig 1.2). From every triggered coincidence, 

the annihilation location is restricted to a Line-of-Response (LOR) line, connecting the two 

opposite detectors [22, 23]. Many coincidence LORs are acquired and processed by image 

reconstruction algorithms [24, 25] leading to an estimation of the spatial distribution of the 

positron-decaying radioisotope. 

Table 1.1 Properties of common radioisotopes used in PET imaging: radioactive half-life, average 

energy, and positron range [21]. 
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1.2 PET Detectors 

Typically, PET detectors consist of a scintillator crystal and a photosensor. Ideally, the light 

generated by the interaction of the annihilation photons exits the scintillation material and is 

detected by photo-sensors. Photomultiplier tubes and SiPMs are the most common photo-sensors 

used in PET scanners. In order to detect coincidences between two detectors, a time window (on 

the order of nsec) is opened immediately after the arrival of an annihilation photon to one 

Figure 1.2. Two-dimensional representation of a Line-of-Response (LOR) for a PET system with six 

detector heads. Each detector head in this schematic consists of a photo-sensor (yellow) and six 

scintillation crystals (blue).  The LOR is a geometric volume whose dimensions are defined by the 

front surface of the scintillator crystals at each end of it. 

LOR 
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detector. If a second detector is triggered within this time, the event pair is accepted as a prompt 

coincidence event [21]. 

 

1.2.1 Scintillators 

Annihilation gammas might interact with the scintillator through photoelectric effect or 

Compton scattering. Figure 1.3 shows a coincidence spectrum for a BGO scintillator irradiated 

with a 22Na (Sodium 22) positron emitting source. The regions in the spectrum corresponding to 

Compton scatter and photoelectric interactions can be observed. 

 

In the case of Compton scatter, the annihilation photon interacts with an electron from an 

outer shell of an atom, transferring part of its energy to the electron. This action causes the 

Figure 1.3. Coincidence energy spectum of Bismuth Germanate (BGO) scintillator using a 
22

Na 

positron emitting source.  
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electron to be ejected from the atom and the photon to change its direction. Since the electron 

range is short, its energy is considered to be deposited locally. The energy of the scattered photon 

is determined by equation 1 [21], where θ is the scattering angle of the photon, and E0 and Esc 

are the energy of the original photon and the scattered photon, respectively. 

 cos1
511.0

1 0

0












E

E
Esc

  (1) 

In a photoelectric effect interaction, a gamma ray is completely absorbed by an atom and its 

energy is transferred to an electron from the inner orbits of the atom. This electron will be 

ejected from the atom as long as the energy of the photon is larger than the electron binding 

energy, and characteristic x-rays or an auger electron will be generated. The energy of the 

outgoing electron E can be calculated by equation 2 [26], where L is the electron binding energy. 

In case of 511 keV annihilation photons, the electron will be ejected with a kinetic energy close 

to 511 keV. 

E = hν – L   (2)   

In both processes (photoelectric effect and Compton scattering), electrons will be excited and 

lose this energy in a scintillator, leading to the emission of visible light. This amount of light 

(low energy photons) is subject to the type of scintillation material and the absorbed energy of 

the gamma ray and is given in units of photon yield per megaelectron volt (MeV). Photoelectric 

interactions are desired because the annihilation photons will deposit all their energy at the first 

interaction site. As a result, it is more straightforward to find out the location were the 

annihilation photon was generated. In contrast, determining the location of the first site of 

interaction from photons that undergo Compton interactions is difficult. It becomes a bigger 
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problem when the photons undergo multiple interactions since the locations of all these 

interactions will be averaged and we are interested only on the first interaction site. Typically in 

order to remove the data corresponding to these photons, energy thresholds are applied to the 

measured energy spectra. 

A good scintillator possesses properties that increase the probability of gamma attenuation as 

well as the generation of a large number of light photons per gamma interaction in the shortest 

time and the ability of light photons to exit the scintillation crystal towards the photo-sensor. 

Table 1.2 presents several desired properties for PET scintillator crystals. 

Crystal Property Purpose 

High Density High gamma ray detection efficiency 

High atomic number High gamma ray detection efficiency  

Short decay time Good coincidence timing 

High light output Allows large number of crystal elements per 

photodetector  

Good energy resolution Clear identification of full energy events 

Emission wavelength near 400 nm Good match to photomultiplier tube response 

Transparent at emission 

wavelength 

Allows light to travel unimpeded to photomultiplier 

tube Index of refraction near 1.5 Good transmission of light from crystal to 

photomultiplier tube 

Radiation hardness Stable crystal performance  

Nonhygroscopic Simplifies packing  

Rugged Allows fabrication of smaller crystal elements 

Economic growth process Reasonable cost 

 

 
Table 1.2. Properties of the ideal scintillation crystal for PET [27]. 
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The most common scintillators currently used in PET are shown in Table 1.3. Since there is 

no available scintillator that possesses all the ideal properties, a compromise is made depending 

on the specific primary needs of a given imaging system. Bismuth germanate (BGO) and 

lutetium oxyorthosilicate (LSO) crystals are used throughout this study. Among the benefits 

from using BGO are its high effective atomic number and low self-absorption. Its high atomic 

number increases the probability of photoelectric effect, and therefore the probability of the 

scintillator crystal to fully absorb the annihilation gamma at the first interaction site. 

Consequently, the probability of inter-crystal scatter decreases.  

In addition, the low intrinsic background of BGO crystals is ~7 cps/ml, (35 times lower than 

the LSO intrinsic count rate 241 cps/ml) [28-31]. In the case of PET detectors made of LSO 

crystals, this material provides high energy resolution and a short decay constant. Also, LSO 

generates a high number of scintillation photons per gamma interaction (~25000ph/MeV [27]). 

However, the Lutetium element in LSO produces intrinsic emission, generating a background 

radiation that sometimes cannot be ignored [28-31].  
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Crystal Density(g/cm
3
) Effective atomic 

number 

Hygroscopic Rugged 

CdWO4 7.9 64 No No (cleaves 

easily) 
Lu2SiO5 (Ce) 

(LSO) 

7.4 65 No Yes 

Bi4Ge3O12 

(BGO) 

7.13 75 No Yes 

Gd2SiO5 (Ce) 

(GSO) 

6.71 59 No No (cleaves 

easily) 
BaF2 4.88 53 No Yes 

CsF 4.64 53 Very No 

CsI(Na) 4.51 54 Yes Yes 

CsI(TI) 4.51 54 Slightly Yes 

NaI(TI) 3.67 51 Yes No 

CaF2 (Eu) 3.18 17 No No 

 

 

 

In order to estimate the fraction of gamma rays that interact or are absorbed by the scintillator 

crystal, equation 3 can be used [27]. Where I is the intensity of the gamma rays that pass through 

the scintillator without interacting, I0 is the initial intensity of the gamma rays, μ is the linear 

attenuation coefficient, and x is the scintillator thickness.   

xeII  0
 (3) 

 

1.2.2 Photosensors 

Traditionally, detection of scintillation light is achieved with multi-anode photomultipliers 

that have low noise and high gain but are bulky and have limited quantum efficiency. The new 

Table 1.3. Physical properties of common scintillation crystals [32]. 
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generation of solid state light detectors (SiPMs), offers similar gain with packaging advantages, 

but at the expense of increased device noise per surface area [33-39]. Reliable triggering of solid 

state photodetectors, requires robust identification of a scintillation pulse, above the device dark 

current. 

 

1.2.2.1 Photomultiplier Tubes (PMTs) 

Scintillation photons that escape the scintillator crystal and arrive to the PMTs are absorbed 

by a photocathode where the energy of the light photon is converted into emitting a 

photoelectron, Fig 1.4. The charge of just one electron does not represent a signal with enough 

amplitude for electronic manipulation. To address this issue, the photoelectron is accelerated by 

an electric field, towards a dynode. From the interaction of this high velocity electron with the 

dynode, several more electrons are emitted and directed towards a second dynode producing 

more electrons. This process is known as electron multiplication and is repeated through a chain 

of several dynodes (typically as many dynodes as needed to amplify the charge of the original 

photoelectron by a factor of 10
6
). Finally, the charge that arrives to the last dynode in the chain 

(anode) is converted to voltage, and represents the output of the PMT.  

 
Figure 1.4. Cross-sectional view for a single scintillator crystal coupled to a single channel PMT [40].  
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1.2.2.2 Hamamatsu H9500 PMT 

The Hamamatsu H9500 PMT (Hamamatsu Photonics K.K., Japan), shown in Fig. 1.5 was 

used in some of the experiments in this manuscript (Chapter 6). This device has an area of 49 x 

49 mm
2
 with a multichannel configuration (MCPMT) and an effective area of 89 % [39]. It 

consists of 256 pixels in a 16 x 16 matrix, where each pixel has dimensions 2.8 x 2.8 mm
2
 and a 

pitch of 3.08 mm in x and y direction. This PMT has 256 anode readout pins that are used to read 

the signal from the 256 channels individually. The bi-alkali photocathode has a peak quantum 

efficiency of 18% at a peak wavelength of 400 nm. Each anode signal provides a voltage pulse 

that relates to the number of scintillation photons arriving to the corresponding photocathode in 

the PMT.  In order to read the analog pulse signals from the multichannel PMT, a Nutaq/FPGA 

data acquisition system was used in all the experiments involving this PMT [41]. 

 

 

 

Figure 1.5. Hamamatsu H9500 PMT [39]. 
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1.2.2.3 Silicon Photomultiplier (SiPMs) 

The pixel in a traditional analog SiPM sensor consists of a two dimensional array of 

avalanche photodiodes (APDS) known as cells. Each cell operates in Geiger mode where a 

generated electron-hole pair triggers a cell by initiating an avalanche breakdown. Each diode is 

connected in series with a resistor that suppresses the avalanche breakdown by limiting the diode 

current. A polysilicon resistor quenches the avalanche when the cell capacity has been 

discharged (Fig. 1.6, [42]). If operating outside saturation levels, the number of triggered cells is 

proportional to the number of photons hitting the device [33, 43-45]. In this linear region, the 

photoelectron flux is <<1 photoelectron/cell/recovery time. All the microcells are connected in 

parallel; therefore, avalanche breakdown in a few of them generates a significant output current 

that is shaped into a pulse signal used for photon counting in post-processing [46]. Since not all 

photoelectrons are successful in triggering a cell, the photon detection efficiency (PDE) is lower 

than the quantum efficiency (QE). The PDE depends on the active area of a pixel, the QE, the 

Geiger effect efficiency, and the number of active cells [42].  

 

 
Figure 1.6. Cross-section through the topology of one SiPM cell [42]. 
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1.2.2.4 Philips Inc. Digital SiPM Technology: DPC-3200 SiPM. 

Contrary to the conventional analog SiPM, Philips’ Digital SiPMs contain a 1 bit analog to 

digital converter (ADC) connected to each avalanche photodiode (microcell) on individual chips. 

Consequently, every time an avalanche breakdown occurs in a microcell, an output is generated 

‘1’ by the microcell’s ADC that allows for direct digital photo counting (DPC). Since the 

microcells are on individual chips, it is possible to enable/disable each of them individually. This 

feature allows for a reduction of the dark-count-rate and an improvement of the device signal-to-

noise ratio. A time to digital converter (TDC) is also included in this Philips Inc. device, which 

provides the time of photon arrival and could be of significant use for time of flight PET 

scanners [46, 47]. 

The Philips Inc. digital SiPM DPC-3200 was used in some of the experiments in this 

manuscript (Chapter 3). It contains 16 sensors known as dies (Fig. 1.7) and occupies a total area 

of 32.6 x 32.6 mm
2
. Each of these dies consists of four pixels, and each pixel is made of 3200 

“microcells”, which are 52 x 30 µm
2
 APDs operated in Gieger mode [33, 47]. Each pixel and die 

have dimensions of ~ 3.2 x 3.88 mm
2
 and 7.15 x 7.88 mm

2
 respectively. The Philips Inc. digital 

SiPM introduces a trigger and validation step in their acquisition sequence that allows for 

designing a photodetector device with fast timing performance. The trigger scheme captures the 

event timing while the validation scheme evaluates if the detected event is a good event. These 

features make the Philips Inc. digital SiPM a potential detector for time-of-flight PET scanners. 
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A diagram of the acquisition logic of a Philips Inc. digital SiPM is shown in Figure 1.8. For 

trigger and validation process, each pixel is separated into four sub-pixels (each sub-pixel 

consists of 800 cells), which helps to reduce false event counts originated e.g. from dark-counts. 

SiPMs have high dark count rate (0.2 – 2 MHz/mm
2
 at room temperature), which can be reduced 

by cooling [43]. There are four possible trigger schemes that can be assigned to a pixel. In trigger 

scheme 1, only one photon is needed in any of the four subpixels that belong to a pixel. In the 

case of trigger schemes 2 and 3, two out of four sub-pixels have to detect photons for the pixel to 

trigger. And in trigger scheme 4, each sub-pixel needs to receive photons in order to generate a 

trigger in the corresponding pixel. When the number of detected photons in a pixel exceeds the 

trigger threshold (depending on the trigger scheme used), a time stamp per group of four pixels 

(a die) is generated by a pair of time-to-digital-converters (TDCs) included in every die, and then 

a validation process starts [33, 47].  

Figure 1.7. Die and pixel numbering on a tile sensor of a Philips Inc. DPC-3200 sensor [33]. 
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Similar to the trigger schemes, for the validation process the pixel is subdivided according to 

validation networks. In a more generalized view of this process, the validation threshold defines 

the minimum number of photons detected on a pixel to pass the validation logic and it can be 

configured between the 1st and 8th photon. The validation process can be set to take between 5 

ns and 40 ns. If the event does not pass the validation process, the sensor is recharged. 

Furthermore, if the event passes the validation process, an integration period is started. The 

length of the integration period can be adjust between 0 and 20 microseconds, where the sensor 

waits and counts further photons. During the readout process, the total discharged cells per pixel 

are collected as well as one time stamp per event. Then the cells are recharged and the 

acquisition cycle is repeated [33]. 

The die sensors on the DPC-3200 tile can be configured to force an event acquisition cycle 

on neighboring dies, which is very useful since a light guide is used to spread the light of small 

crystals over multiple sensor pixels. When the master die detects that enough photons are 

detected to pass the trigger/validation criteria, the neighboring dies will be triggered to start the 

acquisition sequence. Also, if a die is busy being recharged, it will ignore the trigger sent by the 

master die [33].  

Figure 1.8. Acquisition sequence of a Philips Inc. DPC-3200 sensor → One event [33]. 
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1.2.3 Photosensor’s light detection efficiency and event positioning 

The ability of the photocathode to convert the incident light photons into photoelectrons is 

known as Quantum Efficiency (QE) and is given by equation 4. In the case of PMTs the QE has 

values in the range of 2-40% [40], and for SiPMs it can reach up to 80–90% depending on the 

wavelength [45]. Spontaneous emission of photoelectrons sometimes occurs in the PMTs or 

SiPMs, which is referred as Dark Current or dark noise and is a function of the photocathode 

temperature. 

PhotonsLightVisibleIncident

EmittedronsPhotoelect
QE

#

#
   (4) 

In most detection systems that use light sharing, the location of the detected light photon is 

determined by equations 5 and 6, where A, B, C, and D, are electric signals read from the four 

corners of the readout circuitry [48]. Moreover, there are newer versions of these devices where 

the user has the capability to read each channel or pixel individually instead of only the four 

corners of the device. In these cases, the center position of the trigger pixel is considered as the 

location of the detected light photon. The position of an attenuated gamma ray is calculated as 

the centroid of the locations of all detected light photons that correspond to the specific gamma 

ray interaction. 
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1.2.4 Performance Parameters 

In PET systems, the two most essential performance parameters are sensitivity and spatial 

resolution. The system sensitivity determines the fraction of detected annihilation events 

(equation 7). The main factors determining the sensitivity are the solid angle coverage and the 

scintillation crystal material and size. The absolute peak sensitivity is given by equation 8, where 

φ is the detector packing factor and ε is the fraction of detected gammas from those passing 

though the scintillator crystal (see equation 3) [49]. 

 

EmittedPositrons

DetectedPairseCoincidenc
ySensitivitSystem

#

#
    (7) 





4

2 


AngleSolid
ySensitivitPeakAbsolute    (8) 

 

The spatial resolution describes how well the event location can be resolved. The detector 

intrinsic resolution is primarily affected by the scintillator crystal size.  The thinner the crystal 

size is, the better the spatial resolution. However, for narrower crystals there is a higher 

probability for the high energy photons to cross to neighboring crystals and affect to accuracy of 

the event position.  

Another significant parameter on the operation of PET systems is the energy resolution, 

which determines how well the photoelectric interactions are distinguished from scattered events. 
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The energy resolution (ER) is described by expression in equation 9, where Eγ  is the energy of 

the annihilation photon, and the FWHM is Full-Width at the Half-Maximum of the photopeak at 

Eγ [26].  Starting from the assumption that the photopeak shape follows a Gaussian distribution 

[26], the FWHM can be calculated by ~2.36*σ, with σ being the standard deviation of the 

Gaussian distribution. 

%100
E

FWHM
ER    (9) 

 

1.3 Monte Carlo Simulation Software: GATE 

Simulations are an essential tool to investigate the influence of design parameters on the 

performance of PET detectors. Monte Carlo based simulations are the method of choice when 

investigating the transport of radiation through matter. Monte Carlo is a stochastic method that 

calculates the most probable outcome from a large random number of possibilities. For instance, 

in the case of an annihilation photon traveling inside a subject, the Monte Carlo method will 

randomly decide where an interaction might occur and what type of interaction (considering of 

course the possible interactions this type of photon can undergo and the maximum distance it 

could travel before stopping). Among the Monte Carlo based simulation packages available, 

GATE has been chosen for this project [50]. GATE uses GEANT4 libraries and it has been 

created specifically for PET and SPECT applications. The user is able to specify the geometry of 

the detector under investigation as well as the physical properties of the radiation source and the 

materials involved. This package makes it possible to output detailed information on the tracking 

of photons from their generation site until their absorption or detection.  
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1.4 Motivation 

This work focuses on improving the performance of preclinical PET by optimizing the 

scintillation light output from the scintillator crystals, the assigned location of gamma 

interactions within the crystals, and the identification of crystals on the edges of the detectors. 

 

1.4.1 Scintillation light output 

Typically, the majority of the scintillation light never exits the crystals, getting trapped or 

absorbed after undergoing multiple reflections on the internal surfaces of the crystals. 

Furthermore, scintillation materials like BGO, which is often used in PET due to its low 

background, high effective Z, and high stopping power, generates considerably less overall 

scintillation light and over a longer time constant than crystals made of LSO and its variants, 

(Fig. 1.9). The peak scintillation photon flux per unit time is ~30 times lower for BGO than LSO. 

At the same time, event position and detector triggering are dependent on both the total amount 

of light collected as well as its time dependence. Therefore, it is crucial that the small amount of 

scintillation light produced by BGO exits the crystal towards the light detector. 
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1.4.2 Depth of interaction (DOI) capability 

In order to simultaneously achieve a high sensitivity and spatial resolution PET scanner, the 

scintillation crystals are designed long and narrow. With the goal of obtaining high sensitivity 

the crystal volume needs to be big enough to stop the annihilation gammas. Consequently the 

crystals are made longer in order to use narrow crystals, while keeping the aspect ratio and 

volume constant. The narrower the scintillator crystal is, the better the spatial resolution. 

However, designing long and narrow crystals introduces another issue known as parallax 

error (Fig. 1.10) [49, 51]. This error is caused from assigning the interaction position of the 

annihilation gamma to a single position in a scintillation crystal, although this interaction can 

Figure 1.9. Typical pulse for detected annihilation events using LSO and BGO crystals. Scintillation 

photons produced in BGO are spread over approximately seven times longer pulse duration than in 

LSO. The peak photon flux for BGO is 30 times lower than for LSO. 
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occur anywhere in the volume of the crystal. Usually the assigned position corresponds to the 

center on the front face of the crystal or the center on the average depth of interaction. When the 

reconstruction software assumes a virtual location inside the crystal at the average depth of 

interaction, the error is smaller than by placing all interactions at the front surface. Nevertheless, 

there is still an error that becomes larger for more oblique lines of response and for longer 

scintillation crystals. In circular scanners the parallax error is not uniformly distributed 

throughout the field of view. In these scanners photons interacting at an oblique angle with 

crystals at the periphery of the scanner field of view will be mispositioned towards the center of 

the scanner field of view [52]. This effect can be reduced or eliminated if information on the 

depth of interaction in the crystal were available. 

 

Figure 1.10. Two-dimensional representation of event mispositioning due to parallax error for a PET 

system with six detector heads. Each detector head in this schematic consists of a photo-sensor 

(yellow) and six scintillation crystals (blue).  The Line-of-Response (LOR) shown in red is a 

geometric volume whose dimensions are defined by the front surface of the scintillator crystals at each 

end of it. 
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1.4.3 Identification of edge crystals 

Besides fixed parameters such as the photodetector’s quantum efficiency and fill factor, there 

are several factors that affect its ability to collect light. One of these factors is the geometric 

mismatch between the base area of scintillation crystals and detector pixels; detector pixels being 

much larger than scintillator crystals [43, 44]. Crystal identification is directly affected by this 

geometric mismatch. At the same time, energy and time resolution are both dependent on the 

total amount of light collected as well as the time in which it was collected.  

A solution to this problem has traditionally been to use a glass slide coupled in between the 

scintillator crystal array and the photodetector. The goal of using a light guide is to spread or 

share the scintillation photons, among several photodetector pixels. Ultimately, to determine the 

location of a generated event after a high energy photon interacts with the scintillation array, the 

weighted mean signal from all the detector pixels is calculated. However, the light guide 

approach introduces an edge effect [53].  In the case of scintillation crystals located close to the 

edges of the crystal array, light cannot be spread in all directions because there are no neighbor 

detector pixels in all directions (Fig. 1.11). Therefore, crystals at the edge, especially the corner 

of the array tend to overlap with each other and are difficult to resolve. 
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1.5 Specific Aims 

Our main goal is to design a detector system that optimizes the number of photons that reach 

the photo-sensor, achieving high spatial resolution. With this goal in mind, this proposal aims at 

the following: 

1. Propose a crystal geometry that increases the fraction of scintillation light that exits the 

scintillator.   

2. Compare rectangular crystals with several surface treatment configurations in terms of 

light output.  

3. Propose a solution for determining depth of interaction. 

4. Evaluate pixel binning configurations in terms of spatial resolution and the ability of 

resolve edge crystals. 

This work uses GATE simulation for particle tracking as well as a solid state photodetector 

(Philips digital-SiPM DPC-3200) and a photomultiplier (Hamamatsu H9500) for measurements.  

Figure 1.11. Generic illustration of light sharing after 511 keV gamma interactions with scintillation 

crystals located towards the center and the edge of a crystal array. 
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Chapter .2 Monte Carlo Simulations with GATE  
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2.1 Optical Photon Tracking Simulations 

Monte Carlo simulations play an important role in research. Due to the cost of the parts 

involved in a detector design and the time it takes to manufacture them, it is essential to obtain 

simulated data that will predict the potential success of the hypothesis in question. Also, some 

experiments would be impossible/very challenging to execute under precise control in the real 

world. In this work, optical photons are generated within scintillation crystals and tracked from 

their generation site until their absorption or detection. In real measurements it would be 

impossible to follow the interactions of individual scintillation photons in a PET detector. For the 

purpose of this study, a Monte Carlo simulation platform known as GATE, which offers a user-

friendly interface and it is based on GEANT4 physics models, has been chosen for all the 

simulations [54, 55].  

Two virtual experiments have been configured in an air volume. In both experiments, 

simulations were compared to measurements in terms of scintillation light output for experiment 

1 and spatial resolution for experiment 2. In the following sections within this chapter, the 

relevant parameters used in the GATE simulations will be explained. Furthermore, the results 

from the simulations are presented in Chapters 3 through 5. 

 

2.1.1 Systems simulated in this project 

Experiment 1: In this virtual experiment, several crystal geometries were simulated and 

evaluated in terms of their ability to guide the scintillation photons out of the crystal, towards a 

light sensor. A single BGO crystal was coupled to a thin glass slab representing the glass 
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envelope of the SiPM which was then coupled to the light sensor (SiPM), Fig. 2.1. Results from 

this experiment are discussed in Chapters 3 and 4. 

 

 

Experiment 2: In this virtual experiment, a 6x6 BGO crystal array was coupled to the face of 

a glass slab representing the glass light guide, the other face of which was coupled to a light 

sensor (Fig. 2.2).  The spatial distribution of the detected light photons was investigated in post-

processing in MATLAB after using different configurations of sensor pixel binning. Results 

from this experiment are discussed in Chapter 5. 

Figure 2.1. Schematic cross-section of a single BGO crystal coupled to a photo-sensor used in GATE 

simulations to study scintillation light output. 
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To run a simulation with GATE, the user needs to define the geometry and materials of the 

detector or scanner system, activate the applicable physics processes, define the source of 

radiation emissions, specify the data output format, and define the start and stop acquisition 

parameters of the simulation.   

 

2.2 Simulation Parameters in GATE 

To simulate the operation of a PET detector, it is essential to describe the physics processes 

taking place as accurately as possible. With this goal in mind, input parameters on the interaction 

of annihilation photons with the scintillation crystals, the transport of scintillation photons, and 

the detection of light photons are defined by the user in the GATE platform. In this section, the 

main parameters used in this study will be discussed. 

 

Figure 2.2. Schematic cross-section of a BGO crystal array coupled to a photo-sensor used in GATE 

simulations to study spatial resolution. 
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2.2.1 Defining the source 

Optical photons are the particles chosen in all the simulations performed within the scope of 

this project. This way, tracking of ionizing gammas is not necessary, and the location of emission 

of scintillation light can be positioned deterministically. Furthermore, when a known number of 

scintillation photons is generated for each gamma “interaction”, it is possible to accurately 

determine the fraction of these photons that are detected. The optical photons were generated 

inside BGO crystals, with isotropic emission in all directions, and energy of 2.58eV. The 

scintillation photon energy E corresponds to the photo-peak wavelength of BGO equal to 480nm 

and can be calculated with equation 2.1 resulting from combining equations 2.1a and 2.1b [21, 

26].  The parameter λ represents the photon wavelength (units of meters), and ν is the frequency 

(units of 1/s), h is Plank’s constant (6.626 × 10
-34

 J·s), and c is the speed of light in vacuum (3.0 

× 10
8
 m/s). In GATE, during source initialization, the activity of a decaying radiation source can 

be defined. However, for the purpose of this project; more accurate results will be obtained by 

defining an exact number of optical photon particles, which is achieved during the initialization 

of the acquisition (see section 2.2.5).  

 


ch
eVE


    (Eq. 2.1) 

 hE   (Eq. 2.1a),   



c

    (Eq. 2.1b) 
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2.2.2 Defining the physic processes 

In GATE, depending on the interactions and particles of interest in a simulation, the user 

needs to activate/allow the physics processes of relevance for those interactions. When working 

with optical photons, as is the case in this project, the main interactions to consider are processes 

at the boundaries and bulk absorption. Boundary processes need to be activated in order to 

include photon interactions such as total internal reflection, refraction and reflection at the 

interface between dielectric materials.  In the case of an interface between a dielectric and a 

metal material, as it is the case of our interface Glue-Reflector (Fig 2.1), the photon could be 

absorbed or reflected depending mostly on the reflectivity properties of the reflector. Our 

reflector VM2000 has a 98% reflectivity independent of the optical photon angle of incidence. 

Bulk absorption processes are responsible for ending the life of the optical photons. In the 

simulations studied here, the absorption can occur by a few different scenarios. For instance, 

when optical photons hit the photo-sensor interface, when they hit the reflector material 

surrounding the crystals, and when they have been traveling inside a material for a cumulative 

distance equal to the absorption length in that material. To make possible an accurate 

representation of these processes, the user needs to input specific physical properties of the 

materials in the simulation setup. 

 

2.2.3 Defining the optical properties of materials 

Boundary processes are dependent on the definition of the surface interface at the boundary, 

as well as physical properties of the materials at the interface. In GATE, the description of 

surfaces is achieved by the UNIFIED model, which is explained in section 2.2.4 of this 
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manuscript. The default representation of an interface between two volumes is as a perfectly 

smooth surface. In this case the index of refraction of the materials at the interface is the only 

relevant physic property for a boundary process. The index of refraction n describes how the 

light photons propagate through a certain material (Eq. 2.2), and it is a function of the speed of 

light in vacuum c and in the medium Vm.   

mV

c
n    (Eq. 2.2) 

The index of refraction is a dominant factor on determining what fraction of the light is 

reflected or refracted at the interface between different materials. The refraction angle θ2 of a 

light photon, after it arrives with an incident angle of θ1 at the interface of two materials with 

index of refraction n1 and n2, can be determined according to the Snell’s law (Eq. 2.3, Fig.2.3). In 

the case that the light is going to a lower index of refraction material at an incident angle larger 

than the critical angle θc (Eq. 2.4), the light undergoes total internal reflection. 

)sin()sin(
2211   nn   (Eq. 2.3) 
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In the case of the simulations discussed along this study, the index of refraction of the 

relevant materials can be seen in Table 2.1. The high index of refraction of BGO (n=2.15) gives 

a critical angle (θc ~ 43°) at the exit face of the scintillator crystal in contact with glue (n = 1.47), 

(Fig 2.1). Consequently, the photon will undergo total internal reflection at angles of incidence 

larger than the critical angle, providing a limitation for the light to exit the scintillator. 

Materials Refractive Index Absorption Length 

BGO 2.15 4.0 m 

Glue 1.47  0.86455 mm 

Epoxy 1.56 0.86455 mm 

Glass 1.50 8.0 m 

Air 1.00 50.0 m 

 

 

Figure 2.3. Schematic of Snell’s law at the interface between two materials with index of refraction n1 

and n2. 

Table 2.1. Refractive index and absorption length used in the simulations. 
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Regarding bulk absorption, the absorption length is probably the most relevant optical 

property. Absorption length is defined as the average distance traveled by a photon before being 

absorbed in the medium. This value depends on the energy of the photon and the material it is 

traveling through. The scintillator in our detector setup is BGO, which has a peak emission at a 

wavelength of 480nm (Fig. 2.4 from [32]). Consequently, the scintillation photons were 

generated with energy of 2.58eV (calculated from eq. 2.1 for 480nm). Therefore, in this work the 

absorption length reported corresponds to a photon of energy 2.58eV. Table 2.1 shows the 

absorption length entered in GATE for every material used in the simulations. 

 

Another relevant optical property is the scintillation yield which is expressed in units of 

1/MeV and represents the number of scintillation photons that is generated per energy absorbed 

in the scintillation material. In this study, scintillation photons were generated in BGO, where 

Figure 2.4. Scintillation emission of BGO [32]. 
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approximately 4500 photons are produced per 511 keV of energy deposited (scintillation yield 

~9000/MeV) [56]. 

 

2.2.4 Defining surfaces in GATE 

The UNIFIED model in GATE uses GEANT4 libraries to model the photon interactions 

when hitting a surface [57-59]. Within this model, the user can choose the type of surface 

“dielectric-dielectric” or “dielectric-metal.” Table 2.2 shows the surface type definition 

corresponding to the geometries simulated here. 

 

Interface Materials Surface Type 

BGO - Glue dielectric_dielectric 

Glue - Reflector dielectric_metal 

Epoxy - Glass dielectric_dielectric 

Glass - SiPM dielectric_metal 

 

In the case of surfaces between two dielectric materials, the boundary process is controled by 

the surface finish and the reflectivity properties. The surface finish could be defined as ground, 

polished, ground-back-painted, polished-back-painted, ground-front-painted and polished-front-

painted. Throughout all the simulations in this study, this parameter was only set to either ground 

or polished. Since ideally smooth surfaces cannot be manufactured, GATE’s unified model 

offers the option of including irregularities. The user can also set a surface roughness and the 

probability for reflection types. A surface is assumed to consist of small micro facets (Fig 2.5). 

Table 2.2. Surface type used in the simulations. 
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The angle α between the normal of these micro-facets and the average surface normal has a 

Gaussian shaped angle distribution. The standard deviation of the Gaussian distribution is 

denoted in GATE as sigma-alpha σα with units of degrees. Following this line of thought, a 

surface with σα equal to zero will model a perfectly polished surface. The method used to 

determine the value of σα corresponding to measurements in our BGO crystals is described in 

section 2.3, which leads to a value of 1.97° and 18.35° for polished and rough crystals 

respectively. With the exception of the BGO surfaces, all other surfaces were considered very or 

perfectly smooth, where σα was given a value of 0.1°. 

 

 

   The user can set the probability values for reflection types with four constants named 

Specular lobe, Specular spike, Backscatter spike and Lambertian (Fig 2.6). The probabilities of 

specular reflection about the surface normal of the micro facet and about the average surface 

normal are given by the specular lobe constant and the specular spike constant respectively. The 

probability of backscatter is higher for very rough surfaces and is given by the backscatter 

constant. The Lambertian probability is implicit, and with this type of reflection the photon could 

Figure 2.5. Schematic cross-section of a single BGO crystal coupled to a photo-sensor used in GATE 

simulations. 
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be reflected in any direction. Since the sum of the reflection probabilities must equal unity 

(conservation of photons), when Lambertian reflection is included, the probability for 

Lambertian or diffused reflection is given by one minus the value of the first three reflection 

constants. In this study, the specular lobe constant was set to 1 for polished surfaces as suggested 

by [60]. In the case of a rough surface the weight of reflectivity probability constants was 

distributed between the specular lobe constant equal to 0.8 and the backscattering constant equal 

to 0.2. Once the UNIFIED model determines whether a photon will be reflected or refracted, 

then the angle of reflection is calculated following Snell’s law in equation 2.3. 

 

 

In the case of dielectric-metal type of surfaces the most relevant parameters are the 

probability of reflection given by the Reflectivity constant and the detection efficiency (in case 

of a detector surface). The reflectivity constant describes the probability for an optical photon to 

be reflected or absorbed at a surface. In our detector setup, the surfaces corresponding to the 

reflector material have a reflectivity equal to 0.98, meaning that 98% of the photons are reflected 

while 2% is absorbed by the material. In the surfaces in contact with the photo sensor (dielectric-

Figure 2.6. Diagram of the different types of reflections in the UNIFIED model showing the incident 

and emitted angles (taken from [61]). 
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metal), the detection efficiency of this sensor should be specified by a constant named 

“efficiency”, which is included in the unified model. When photons are absorbed, they will be 

detected depending on the efficiency parameter (efficiency = zero: none are detected, efficiency 

= 1: all are detected). 

 

2.2.5 Initialize and start the simulation/acquisition 

In order to run a simulation in GATE, the user must input the start time, time slice, and end 

time. At the beginning of each slice the system geometry is updated, and during the time slice the 

simulated system remains static. In addition, the number of primary particles emitted by the 

source can be defined during the initialization of the acquisition. This way the number of 

particles can be distributed among the time slices. The number of runs or slices of the simulation 

is defined by equation 2.5. 

SliceTimeset

StartTimesetStopTimeset
Nrun


   (Eq. 2.5) 

In the simulations discussed in this manuscript, we want to keep the system geometry static, 

and to record particle interactions on the basis of global time for convinience during time 

analysis purposes (in projects not included in this manuscript). Therefore, the local time is 

refered to the global time by making the timeslice very small (10
-11

ns), then the local time is 

approximately equal to the global time. In all the simulations the start time was set to zero, and 

the slice time and stop time were both set to 10
-11

ns. The stop time is not related to how long 

particles are allowed to be alive, it is only related to the time during wich GATE allows 

generation of particles. 
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2.3 Determining the Value of Sigma-Alpha (σα) 

In order to describe the polished and as-cut crystal surfaces in GATE, two BGO crystals with 

dimensions 3 x 3 x 16 mm
3
 (Proteus Inc. Chagrin Falls, OH) were characterized in terms of 

surface roughness. The polished crystal had its sides cut to size by a saw and then all of its faces 

were mechanically polished, while the as-cut crystal did not have its sides polished. Two 50 x 50 

μm areas from four sides of each crystal were scanned (Fig. 2.7) with an atomic force 

microscope (Bruker Dimension Icon Scanning Probe Microscope, Santa Barbara, CA). The scans 

were performed at ScanAsyst in Air mode using a Silicon Nitride cantilever (ScanAsyst-Air, 

Bruker Corporation, USA) at a frequency of 0.25 Hz and a pixel size of 0.098 x 0.098 μm. 

Laplace interpolation was applied to less than ten percent of the pixels in every scan to reduce 

artifacts caused by tip oscillations. Equation 2.6 was used in the interpolation, where r(i) and c(i) 

represent the location (row and column respectively) of the pixel in question and ‘I’ represents 

the value of this pixel. The value of every pixel identified as artifact was replaced by the average 

of four neighboring pixels. 

                         icirIicirIicirIicirIicirI ,1,11,1,
4

1
,   

 (Eq. 2.6) 

From these scans, the angular distribution of the surfaces micro-facets in figure 2.7 from 

pixel to pixel in the x and y direction, was obtained. By fitting a Gaussian curve to the angular 

distribution, the standard deviation σα was found to have a value of 1.97° for the mechanically 

polished crystal and 18.35° for the as-cut crystal. 
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(a) 

 

(b)

 

Figure 2.7. 2D views of a 50 x 50 μm area from BGO crystal (a) polished crystal surface, (b) rough 

crystal surface. Height unit is in nanometers. 
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Chapter .3 Light Output as a Function of Scintillator Crystal 

Shape and Surface Treatment 
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3.1 Scintillation Crystal Geometry and Surface Treatment Configurations 

 

3.1.1 Problem and Approach 

Problem: a significant fraction of the scintillation photons that are produced by the 

interaction of an annihilation gamma with a scintillator crystal, is not able to exit the crystal. 

Most of these photons are trapped by undergoing several internal reflections when hitting the 

orthogonal polished faces of the scintillator crystal. Loosing these photons reduces the amplitude 

and can affect the timing of the scintillation pulse signal corresponding to each gamma event. 

This in turn, affects event triggering and positioning. 

In order to maximize the scintillation light output exiting the crystal, two approaches will be 

examined in this project. 

First approach/ Hypothesis: The first approach consists of modifying the standard rectangular 

crystal geometry to a slanted one. Photons that hit/interact with the slanted side are redirected 

towards the exit face of the crystal. Figure 3.1 illustrates examples of this first hypothesis for 

light photons emitted with two different angles 40° and 320°, in a rectangular (a, c) and a slanted 

(b, d) crystal. In the case of the rectangular crystal, the photons are trapped and undergo several 

internal reflections until they are lost by absorption. In the case of the slanted crystal, the photons 

undergo a few reflections and then exit the crystal towards the detection device. The code used to 

generate these examples was set to stop tracking the photons after they undergo 100 reflections. 
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 (a)   (b) 

  (c)   (d)

 

Figure 3.1. Example of optical photon paths when generated in a rectangular crystal. (a and c) 

compared to a slanted crystal (b and d) at two different emission angles 40º (a and b) and 320 º (c and 

d). When an optical photon interacts with a slanted face, it has a higher probability to be guided 

towards the exit face of the crystal instead of being trapped as is the most likely case in the rectangular 

crystal. Exit face of the crystal is at length position 0 mm. 
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Second approach/ Hypothesis: By replacing the polished surface of a rectangular crystal by 

rougher surface treatment in one or more crystal faces, could randomize the direction of 

scintillation photons and reduce trapping by total internal reflection, while maintaining the 

convenience of the rectangular crystal geometry. Photons hitting a rough (unpolished) face of the 

crystal at a given angle of incidence will interact with different angled slopes of the irregularities 

on that face. The different angled slopes will produce a wide range of possible angles for the 

reflected photon, breaking the orthogonal reflection pattern. A randomization of the reflected 

angles could increase the chances of a given light photon to find its way to the exit face of the 

crystal. Figure 3.2 describes the effect of surface irregularities in the photon angle of reflection. 

Two photons are hitting a surface at the same incident angle (red arrows) with respect to the 

average surface (horizontal black broken line). These photons are interacting with two different 

micro-facets whose normal (purple lines) have different orientation. Therefore, the direction 

towards which the photons are reflected is different in these two cases (green and blue arrows).  

 

 

 

Figure 3.2. Example of reflected rays for a given incidence angle (red arrow) with respect to the 

average surface (black broken line). The micro-facet’s normal is shown in purple. Green and blue 

arrows represent the direction of the reflected rays. 
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3.2 GATE Simulations of Light Output Experiment 

To estimate the fraction of scintillation light detected by the photodetector (SiPM) after a 

number of photons are generated inside a BGO crystal (absorption length 4.0 m), several 

combinations of crystal geometries were simulated using GATE.  In all the simulations, 4500 

isotropic emissions of visible light photons from a point source inside the crystal were generated 

at a wavelength of 480 nm. Each photon was followed starting at the emission site within the 

scintillator crystal, up to its absorption either by loss or via detection. 

The effects of the scintillator geometry where evaluated by placing this point source at several 

locations along the height of the BGO crystals (Fig. 3.3). For every location along the height of 

the BGO crystals, a total of 10
3
 gammas with 511 keV was assumed to interact with a 

photoelectric effect. With each interaction, 4500 scintillation photons were produced inside the 

crystal, assuming a light yield from BGO of ~4500 photons/511 keV [56]. The simulations 

recorded the number of optical scintillation photons that reached the SiPM out of the 4500 

photons emitted inside the BGO crystal assuming 100 % detector quantum efficiency. Setting the 

detector quantum efficiency to 100% during the simulations allows the flexibility to post-process 

the data with a range of different quantum efficiencies depending on the device use for current 

and upcoming real measurements. 
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For all geometries, the exit face of the BGO crystal was 3 x 3 mm
2
 and the volume of the 

crystal was 144 mm
3
. This was selected to match the dimensions of the crystals that were used in 

the physical measurements for validation below (Table 3.1, Fig. 3.4).  

 

Crystal ID Slanted Angle  

 

Length Long Side  Length Short Side  

1 165⁰ 21.60 mm 10.40 mm 

2 145⁰ 18.14 mm 13.86 mm 

3 120⁰ 16.87 mm 15.13 mm 

4 90⁰ 16.00 mm 16.00 mm 

 

 

Figure 3.3. Generic detector setup for GATE simulations. 

Table 3.1. BGO crystal geometries. 
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3.3 Physical Measurement of Light Output 

To validate the results obtained with the simulations, measurements were taken using the 

setup illustrated schematically in Fig. 3.5 and Fig. 3.6.  The same crystal geometries as those 

simulated in GATE for BGO scintillators were used. Coincidence collimation was established 

between the BGO crystal of interest and an LSO crystal (3.0 x 0.61 x 0.48 cm
3
) placed at a 

distance of 7 cm. This electronic collimation was used to control the location of interaction along 

the length of the BGO crystal under investigation. A spherical positron emitting source (22Na) at 

15µCi with an active volume of diameter 0.3 mm was used in all the measurements.  

Figure 3.4. Set of the four different geometries of BGO crystals used here with dimensions shown in 

Table 3.1. 
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In order to control the beam geometry using this setup, the LSO crystal was placed so that the 

narrowest face measuring 0.48 cm (Fig. 3.6) was facing the BGO crystal (z-axis), and the face 

measuring 3.0 cm was placed along the x-axis. The width of the collimated beam interacting 

with the BGO crystal in question was calculated yielding an estimated value between 4.0 mm 

and 5.0 mm.  

 

Figure 3.5. Side-view schematic of the generic detector setup. 

Figure 3.6. Schematic of the generic detector setup showing the dimensions considered in the 

calculation of the beam width interacting with the BGO in question. Dimensions in this diagram are 

not to scale. 

x y 

z 
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We obtained energy spectra from the following BGO crystals: 

1) Crystals with dimensions shown in Table 3.1 and crystal ID 1, 2, 3, 4 in Fig. 3.7. These 

crystals had all the faces polished. 

2) Crystals with dimensions shown in Table 3.1 and crystal ID 4 in Fig. 3.7 with several 

surface configurations: 

a) All faces polished 

b) Top face as-cut, five other sides polished 

c) Exit face as-cut, five other sides polished 

d) Exit face polished, five other sides as-cut 

e) All faces as-cut 

All crystals (Proteus Inc., Chagrin Falls, OH), were covered in VM2000 reflector with 

reflectivity of 0.98 (3M, St. Paul, MN), except at the exit face. For all BGO crystals, the exit face 

had dimensions 3 x 3 mm
2
 and their volume was 144 mm

3
, to approximately maintain overall 

detection efficiency. The rough/as-cut surfaces were cut on an ID saw with a diamond sawblade 

with a 38 to 45 µm diamond particle size. The polished surfaces were cut and then polished with 

a Cerium Oxide Polish with an average particle size of 1.0-1.75 µm until optically clear.  
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These crystals were coupled with optical grease to approximately the center of a 7.15 x 7.875 

mm
2
 die from a Philips digital-SiPM sensor (DPC-3200). Each die includes four pixels and each 

pixel consists of 3200 microcells.  The discharged cells are summed up to produce the photon 

count for the pixel [33]. The DPC was equipped with a digital readout board that provided the 

number of cells triggered per die (section 1.2.2.4). All measurements were acquired inside an 

environmental chamber providing a constant temperature ~19°C for the DPC sensors. Four 

measurements were performed with each crystal and a 15uCi 22Na point source. Assuming that 

the low light output of BGO was not saturating the SiPM causing non-linearities [62], the 

number of microcells triggered was proportional to the energy deposited in that specific die [47]. 

An energy spectrum like the one observed in Fig. 3.13 was obtained in MATLAB for every 

location of the 22Na source. The centroid of each photo-peak region was computed and plotted 

versus the known geometric source location. 

Figure 3.7. Set of BGO crystals with four different geometries with dimensions shown in Table 3.1. 

The slanted angle is in white.  



51 
 

Each coincidence measurement was acquired for ~10 minutes. Repeated measurements were 

performed after re-coupling the crystals with grease each time to two different dies (two 

measurements per die), to ensure any differences in the spectra were not due to poor coupling to 

the DPC die or due to the efficiency of a certain die. Also, to ensure repeatability of 

repositioning the crystals on a die, a black holder was designed and built in our lab using a 3D 

printer (Bukobot, Deezmaker, Pasadena, CA). This holder tightly covered the DPC, and the 

crystals were placed in the holes of the holder (Fig. 3.5). 

To compare the measurements to the simulations, the detector quantum efficiency (QE) was 

estimated using equation (1) and applied to the output from the simulations.  

)(/#

)(/#

simulationeventCollectedPhotons

tmeasuremeneventTriggeredMicrocells
QEEstimated    (1) 

The number of microcells triggered per event used to estimate the quantum efficiency, 

corresponds to measurements from the 90º polished crystal. Furthermore, the number of photons 

collected per event used to estimate the quantum efficiency corresponds to simulations from the 

90º polished crystal assuming a detector efficiency of 100%. We chose the 0 mm position from 

the 90º to do this normalization.  

In the case of the simulations, the number of photons collected per event corresponds to the 

centroid of the collected scintillation photons from 4500 isotropic emissions of scintillation 

photons in a specific location along the length of the BGO crystal. In this study, it was assumed 

there are nominally 4500 photons generated per 511 keV [56]. The light yield is based on the 

number of scintillation photons produced when a 511 keV photon interacts with BGO. The exact 

value of the QE was not given, but could be estimated by comparing the measured number of 
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microcells from one crystal at one position to the number of photons estimated for this crystal 

and position from the simulations. We calculated the value of QE to be ~45%, which is a 

reasonable parameter for the particular SiPM used in this work. 

This simulation was repeated 1000 times corresponding to ~1000 gamma events. Moreover, 

in the case of the measurements, we assumed the microcell trigger count corresponds closely to 

the number of actual photons collected. 

 

3.3.1 Acquiring Measurements with Philips Inc. DPC-3200 SiPM 

This section presents the most relevant steps and parameter settings used for the calibration 

and acquisition of measurements with the Philips digital- SiPM DPC-3200. The DPCshell 

software from Philips Inc. was used in order to communicate with this photodetector and acquire 

data.  

During the calibration process, the correct bias operating voltage for the tile operation is 

determined. An incorrect bias voltage will likely affect the photon detection efficiency, the dark-

counts, and can potentially damage the sensor. Another important step of the calibration 

procedure is to determine what cells are more sensitive to dark counts. The dark-count-rate 

distribution is measured at the same temperature used for data acquisition. Fig. 3.8 shows an 

example of the dark-count-rate depending on the number of active cells. From this distribution, it 

is possible to identify the noisiest cells and disable them. In all the experiments in this 

manuscript, it was experimentally chosen to eliminate the 20% noisiest cells, trading off QE for 

noise. 
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The calibration steps listed in this section do not include all the tests that need to be 

performed the first time the detectors are used. The calibration should be performed at the same 

temperature used for the experiment measurements. All the measurements implemented with 

DPC-3200 contained in this manuscript were acquired at a temperature in the range 17 ºC and 19 

ºC. 

Before starting measurements, the value of a few relevant parameters should be set such as 

the trigger and validation scheme, and the validation and integration length. Because in the 

experiments described in this chapter it was necessary to restrict the beam width of the incident 

Figure 3.8. Example of dark-count rate vs. number of activated cells of a Philips Inc. DPC-3200 

sensor [33]. 
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gammas, coincidence measurements were implemented between an LSO and a BGO crystal for 

electronic collimation. In the coincidence measurements there were two detectors identified by 

their ID number on the data acquisition board, the detector holding the BGO crystal and the 

detector holding the LSO crystal. The trigger and validation schemes were chosen 

experimentally, and it was found that trigger level 2 and validation 4 were acceptable for the 

BGO sensor, while the LSO sensor was assigned trigger level 4 and validation 8. A discussion of 

the trigger level and validation time is in chapter 1 section 1.2.2.4. 

Since BGO is a relatively slow scintillator, the validation length was set to the longest time 

available, 40 ns. While in the case of LSO, which is a fast scintillator, the validation length was 

set to 20 ns. In the case of the integration time, a long enough time is required to integrate a 

scintillation pulse, but not too long that could integrate a portion of a subsequent scintillation 

pulse. Taking into account the integration times available for this SiPM device, and the 

scintillation pulse length of BGO (~1000 ns) and LSO (~150 ns) [21], the integration time length 

was set to 645 ns and 165 ns, respectively. During the data acquisition process, a coincidence 

time window (for coincidence measurements) was set to a value of 50 ns. The data was acquired 

in a predetermined number of frames, where a frame corresponds to 327.28μs of acquisition. The 

chosen total number of frames depends on the rate of the triggered coincidences. For instance, 

the coincidence measurements acquired with the LSO crystal with dimensions 0.48 x 0.61 x 3.0 

cm
3
 and the LSO crystal with dimensions 0.2 x 0.2 x 1.0 cm

3 
(later in this chapter) were collected 

with 1800000 frames (~ 10 min) and 28800000 frames (~ 2 hrs), respectively. 
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3.4 Light Output Dependence on Scintillator Geometry 

In this section we present the results from the simulations and measurements that were 

performed from crystals with all their faces mechanically polished. The configuration setup for 

the simulations is described in Fig. 3.3 and for the measurements in Fig. 3.5. 

 

3.4.1 Simulations of Light Collection Efficiency 

The fraction of light output as a function of location of the emission in the crystal is shown in 

Fig. 3.9, for the crystals with different geometries. The results show that the conventional 90° 

geometry has a light output that is not affected by the location of the interaction inside the 

crystal, which is in agreement with the results reported by other research groups [63]. On the 

other hand, for the angled crystals the simulations showed significant changes in the light output 

compared to the rectangular crystal, especially when the interaction occurs in the angled region 

of the crystal. To analyze our data, the 90° geometry crystal was used as reference for the other 

simulations and measurements. For the 165° and 145° angled crystals there is an increase in light 

output up to ~60% at the far end of the crystals. For the 165° case a decrease in light output was 

seen when interaction occurs in the rectangular region of the crystal. The 120° angled crystal 

showed ~20% increase in the light output compared to the rectangular crystal over most of its 

length. 
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3.4.2 Measurements of Light Collection Efficiency Curves 

The results of the physical measurements are plotted in Fig. 3.10 and overall agree with the 

simulations in the observed trends. Regarding the 90° geometry, the same independence of light 

output with respect to the depth of the interaction in the crystal is shown. Similar results for 

polished crystals have also been reported by other research groups [60]. Matching trends as those 

observed in the simulations are apparent in the measurement of the crystals, but the effects are 

far less dramatic than in the simulation. To examine our data, the measurements from the 90° 

Figure 3.9. GATE simulation for polished crystals: Fraction of light collected as a function of the 

photon emission location along the crystal. Position z=0 mm refers to the exit face of the crystal (see 

Fig. 3.3). 
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crystal were taken as reference. The measured 165° and 145° crystals showed an increase in light 

output in the angled region but this was only by ~30% and ~15%, respectively. The 120° crystal 

also had the greatest overall light output of the measured crystals, but it was only 4% larger than 

the rectangular crystal.  

 

A possible explanation of the difference in light output between simulations and 

measurements is the variability in manufacturing and imperfections in processing these small 

crystals. A small difference in the cut and surface treatment of the crystals has a potentially 

significant effect in the measured light output. In order to obtain a measure of this systematic 

error, the light output measurements in Fig. 3.10 were repeated using a second separate batch of 

Figure 3.10. A measure of the scintillation light measured as a function of the location interaction with 

respect to the height of crystal (all faces polished). Position z=0 mm refers to the exit face of the 

crystal (see Fig. 3.3). Error bars refer to the standard deviation from four repeat measurements per 

each crystal. 
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crystals from the same manufacturer (Fig. 3.11) whose geometries and surface treatment are the 

same as in the crystals in Fig. 3.10. These measurements (Fig. 3.11) showed a systematically 

higher light output of ~12% compared to the results shown in in Fig. 3.10 (with a standard 

deviation of 3.9%).  

 

 

Figure 3.11. A measure of the scintillation light measured as a function of the location interaction with 

respect to the height of crystal (all faces polished). These measurements correspond to a second batch 

of crystals with the same geometries and surface treatment as in the crystals in Fig. 3.10. Position z=0 

mm refers to the exit face of the crystal (see Fig. 3.3).  
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3.5 Light Collection Efficiency Curves Dependence on Scintillator Surface 

Treatment. 

In this section, measurements were performed for the rectangular 90° geometry crystals with 

different surface treatments using the setup described in Fig. 3.5. The measurements for the 

rectangular crystals with different surface treatments are shown in Fig. 3.12. The crystal with 

only the top face as cut yields similar light output as having all faces polished. The crystal with 

all faces as-cut shows a gradual degradation in light output along the length of the crystal until 

the light output decreases by 10% at the far end of its length.  The crystal with the polished exit 

face (sides and top faces as-cut) shows a similar dependence on light output with length, but 

produces an even lower overall light output, producing up to ~13% less light output than the 

crystal with all faces polished, when the interaction occurs near the top face (far end) of the 

crystal. Such a dependence has been observed previously in both BGO [64] and LSO [63] 

crystals. The highest light output is obtained from the crystal with the exit face as-cut and the 

remaining sides polished (~8.5% greater light output). Such a result was also observed with BGO 

in reference [65].   
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3.6 Spread of the Energy Spectra 

Regarding the spread of the energy spectra, a Gaussian curve was fit to every energy spectra 

from the locations of interaction in Fig. 3.9 and Fig. 3.10. Furthermore, from the Gaussian curve 

fitting parameters (Fig. 3.13), the photo-peak resolution was calculated by equation (2), where 

sigma is the standard deviation. 

 

Figure 3.12. A measure of the light collected as a function of the location of the interaction with 

respect to the height of crystal, (90 degree geometry). Position z=0 mm refers to the exit face of the 

crystal (see Fig. 3.3). The exit face refers to the side of the crystal closer to the photodetector, and the 

top face refers to the side opposing the exit-face. Error bars refer to the standard deviation from four 

repeat measurements per each crystal. 
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3.6.1 Simulations of Spread of the Energy Spectra 

From the simulations, the width of the photo-peak was very similar for all the photon 

emission locations in the rectangular regions. For instance, when the source was generated at 2 

mm from the exit face of the BGO crystal, the photo-peak resolution FWHM was 10.4% and 

11.1% for the 90° and 165° geometries, respectively (Fig. 3.14). Moreover, when the source was 

Figure 3.13. Example of Gaussian fit curve on a measured spectrum.   
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at 14 mm from the exit face of the BGO crystal, the photo-peak FWHM was 9.5% and 8.1% for 

the 90° and 165° geometries respectively.  

In the case of the 90° geometry, when scintillation photons generated from the interaction of 

high energy photons with scintillator crystals hit the surface of polished crystals, they undergo 

specular reflection. Therefore, every time a scintillation photon hits the crystal surface, the angle 

of reflection will be equal to its incident angle. Consequently, many of these optical photons will 

experience consecutive total internal reflections by 180° and get trapped in the crystal. However, 

if this scintillation photon interacts with a slanted face in the crystal as is the case of the slanted 

region in the 165° geometry (Fig. 3.1), the reflection will redirect the photon towards the exit 

face. This effect will decrease the probability for total internal reflection allowing more light to 

escape the crystal towards the photodetector. In addition as the light output increases, the photo-

peak resolution improves (equation 3.2). This improvement on energy resolution observed in the 

slanted region of the 165° geometry is expected since more light is detected when the interaction 

occurs in this region of the crystal. 
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3.6.2 Measurement of Spread of the Energy Spectra 

Regarding the measured energy spectra, the width of the photo-peak was very similar for all 

the locations of interaction in the rectangular regions. These results are in agreement with the 

observations from the simulated spectra in the rectangular regions. For example, when the 

position of interaction occurred at 2 mm from the exit face of the BGO crystal, the photo-peak 

resolution FWHM was 18.4% and 18.0% for the 90° and 165° geometries, respectively (Fig. 

Figure 3.14. GATE simulation spectra obtained when the photon emission location inside the crystal is 

at 2 mm (a) and 14 mm (b) from the exit face of the BGO crystal for the 90 degree and 165 degree 

geometries.   
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3.15). When the interaction occurred at 14 mm from the exit face of the BGO crystal, the photo-

peak resolution at FWHM was 19.1% and 29.8% for the 90° and 165° geometries, respectively.   

 

 

However, the wider photo-peak in the slanted regions observed in the angled-crystal 

measurements, contradicts the behavior observed in the simulated spectra.  This result could be 

possibly explained by the width of the collimated coincidence beam used in the measurements. 

Due to space limitations in the environmental chamber where these measurements were 

performed, and the physical size of the LSO crystal used for electronic coincidence collimation, 

the spread of the annihilation photon beam illuminating the sides of the crystals was not very 

Figure 3.15. Example of spectra obtained when the collimated beam interacted at approximate 2 mm 

and 14 mm from the exit face of the BGO crystal for the 90 degree and 165 degree geometries.   
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narrow. As a result, the measured source locations correspond to a physical conical window with 

a geometrically calculated width of 4-5 millimeters along the crystal. Therefore, the energy 

spectra from the 165° geometry at 14 mm would include the energy from a few millimeters 

around this location, not just 14 mm, making the measured spectra a superposition of several 

height locations, resulting a wider photopeak. 

 

3.6.3 Reason for a Wide Spread of the Energy Spectra. 

With the goal of proving our hypothesis that the width of the beam is one of the main factors 

causing the poor resolution of the energy spectra from locations in the slanted region of the 

crystal, the beam width in the set up was modified by using a thinner LSO crystal with 

dimensions 0.2 x 0.2 x 1.0 cm
3
 instead of 0.48 x 0.61 x 3.0 cm

3
. The LSO side facing the BGO 

crystal had a height of 0.2 cm, (responsible for a narrower beam width respect to the previous 

measurements in this chapter). The new beam width used in the measurements in this session has 

a value of ~ 2 mm. Measurements from the same crystals used in Figure 3.10 were repeated with 

the modified setup/beam width; these measurements are shown in Figure 3.16.  
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Due to the time consuming nature of these measurements, only one set of measurements 

from each geometry of polished crystals were reacquired, therefore there are not error bars in 

Figure 3.16. The repeatability error bars are not expected to be relevant based on the small values 

obtained while acquiring the measurements in Figures 3.10 and Figure 3.12. 

The photo-peak energy resolution was determined with this new beam width (~ 2 mm) for 

the case of the 90° and 165° geometries. When the interaction occurred at 2 mm from the exit 

face of the crystal, the energy resolution had values of 17.7% and 17.6% for the 90° and 165° 

geometries respectively. And when the interaction occurred at 14 mm from the exit face of the 

Figure 3.16. A measure of the scintillation light measured as a function of the location interaction with 

respect to the height of crystal (all faces polished). These measurements correspond to a second batch 

of crystals with ordered same geometries and surface treatment as in the crystals in Fig. 3.10. Position 

z=0 mm refers to the exit face of the crystal (see Fig. 3.3).  
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crystal, the resolution was for the 90° geometry 17.6% and 20.4% for the 165° geometry. The 

effect of the beam width on the photopeak resolution can also be observed in Figure 3.17, which 

shows an example of the spectra obtained from the 165° crystal geometry at two source/crystal 

interaction positions while using two different beam widths. The spectra at 14 mm are 

significantly narrower when using a beam of width 2 mm than when the beam is 4 mm wide.  

 

 

Figure 3.17. Example of spectra corresponding to two collimated beam widths 2mm and 4mm when 

the interaction occurred at approximate 2 mm and 14 mm from the exit face of the BGO crystal for the 

165 degree and 165 degree geometries.   
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Chapter .4 Slanted Crystal Geometries for Depth of Interaction 

Detectors 
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4.1 Current DOI Technologies 

Many different approaches have been proposed to obtain the depth of interaction (DOI) of 

the annihilation gammas along the scintillator crystal length. The most popular methods include 

discrete DOI measurements, direct DOI measurements, and continuous DOI measurements [51]. 

An example of discrete DOI measurements is the known “phoswich” technique that uses 

scintillators with different decay times in a multilayer design and the DOI information is limited 

by the number of layers [66-69]. Direct measurements of DOI can be obtained by implementing 

a multilayer of scintillator crystals with photo-sensors stacked in between the scintillator blocks 

[70-72]. The main disadvantage of this technique is the cost of adding sensors and output 

channels, but also the challenge of obtaining a very thin sensor circuit board that will be placed 

between the layers of crystals [51]. Regarding continuous DOI measurements, several techniques 

have been proposed. One technique uses a monolithic scintillator crystal and is based on the 

quantification of the light dispersion on the pixelated photo-sensor caused from the interaction of 

an annihilation gamma in the scintillator crystal [73-79]. Since the light dispersion is related to 

how far from the photo-sensor (or exit face of the crystal) the interaction occurred, the DOI 

information can be estimated. One of the disadvantages of this technique is difficulty to obtain 

good positioning near the edges of the crystal [51], and the inability to distinguish between single 

and multiple interactions inside the crystal block. Continuous DOI measurements have also been 

achieved by dual-ended readout detectors [80-85]. This technique is based on measuring the light 

output from two opposite sides of scintillator crystals and comparing the ratio of these signals. 

Continuous DOI measurements present similar disadvantages as the method of direct 

measurements of DOI such as the need for a higher number of sensors and compact electronics 

[51]. 
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4.2 Alternative Solution to Measure Depth of Interaction 

4.2.1 Problem and approach 

Problem: Traditionally, the location assigned to the interaction of an annihilation gamma 

with a scintillation crystal has corresponded to a single location either at the center of the front 

face, or at a certain depth such as the average interaction site in that particular crystal. Since this 

positioning method does not take into account where in the crystal volume the interaction 

occurred, most events are mispositioned during the image reconstruction process. Depending on 

the PET scanner geometry and the location in the field of view (FOV) where the annihilation 

gamma was generated, this mispositioning error (parallax error) can become significant. 

Therefore, further information on the location of interaction within the scintillator crystal is 

desired.  

Approach/ Hypothesis: from the study of light output in chapter 3 it was observed that for 

slanted crystals there is a change in light output within the slanted region. In this chapter, the 

possibility of using this change in light output to obtain information on depth of interaction will 

be explored.  

 

4.2.2 Scintillator crystal design for Depth of Interaction (DOI) encoding 

In chapter 3 a few different crystal geometries and surface treatments were compared in 

terms of light output at the readout side. Experiments with rectangular crystals with different 

surface treatment configurations showed that crystals with five or six sides of rough (as-cut) 

treatment also provide different light output depending on the location of interaction of the 

annihilation gamma within the crystal, in line with previously published work [60, 63, 86]. 
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However, in this case there was an overall degradation of light output which became 

progressively worse as the interaction occurred further up in the crystals and away from the 

readout end. Because of the decrease in light output, this crystal design is not an optimal 

candidate for high spatial and high energy resolution detectors. 

From the measurements of light output with slanted polished crystals, it was observed that 

the light output depends on the location of interaction of the annihilation gamma within the 

crystals. There was an increase in light output for locations further up in the slanted region of the 

crystals. This effect could in principle be translated into depth of interaction information. Since 

the slanted crystal with 165º geometry gives the most extreme changes in light output compared 

to all the slanted geometries evaluated in chapter 3, the possibility of DOI detection will be 

explored using this geometry. 

 

4.3 Depth of Interaction (DOI) encoding from energy spectra 

4.3.1 Light collection dependence on DOI. GATE simulations. 

The energy spectra corresponding to the light output simulations when using the 165º slanted 

geometry (section 3.4.1) are shown in Fig. 4.1. The spectra acquired anywhere in the rage 0 mm 

to 10 mm overlap because those positions of interaction are all in the rectangular region of the 

crystal (Fig. 3.4 and Table 3.1). From examining the simulated energy spectra, several of the 

photopeaks from different interaction depths can be clearly distinguished. In principle from the 

simulated spectra, 4 or 5 DOI bins could be implemented. However, the number of possible bins 

in real measurements is expected to be smaller since the number of DOI bins is limited by the 

DOI resolution. In the case of the measurements, the DOI resolution and spread of the photopeak 
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will be affected by the Molliere’s radius [87] as well as the width of the collimated beam in the 

experiment. 

 

 

4.3.2 Light collection dependence on DOI. Physical measurements. 

The DOI analysis in this section will be performed using the measurements acquired in 

section 3.6.3 with the 165º polished crystal in coincidence with an LSO crystal with dimensions 

0.2 x 0.2 x 1.0 cm
3
 for a beam width of ~2 mm (Fig. 4.2). A sample of the energy spectra that 

generated the curve in Fig. 4.2 is presented in Fig. 4.3. Spectra are shown at three different 

depths of interaction along the length of the crystal (10 mm, 14 mm, and 18 mm). The spectra at 

Figure 4.1. Simulated energy spectra at different locations of interaction along the length of the 

crystal with 165° slanted face (2 mm step) corresponding to the data in Fig. 3.9. Exit face of the 

crystal is at length equal to 0 mm. 
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10 mm was chosen to represent the spectra acquired anywhere in the rage 0 mm to 10 mm. As 

with the simulations, the spectra in this region overlaps (rectangular region of the crystal) since 

the light output in this region does not change. 

 

The spectra from only three locations of interaction along the length of the crystal (10 mm, 14 

mm, and 18 mm) were chosen to be displayed in Fig. 4.3 due to the wider spread/overlapping of 

the energy spectra in the physical measurements (see section 3.6). 

An examination of the measured energy spectra, suggests that somewhere between 2 or 3 DOI 

bins could be implemented based on this information. As expected, the number of DOI bins from 

physical measurements is smaller than from simulations. In the case of the measurements, this 

Figure 4.2. A measure of the energy deposited as a function of the location interaction with respect to 

the height of a crystal with 165° slanted face (all faces polished). Position z=0 mm refers to the exit 

face of the crystal (see Fig. 3.3).  
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number could be improved since the beam width used to acquire this measurement (~ 2 mm) 

could be narrower. 

 

 

4.4 Depth of Interaction Resolution 

In this section, a preliminary analysis of DOI feasibility will be addressed based on the DOI 

resolution (Table 4.1). The steps to determine the DOI resolution are as follows:  

- From the energy spectra in the slanted region of the crystal (locations 10 mm to 18 mm), the 

FWHM was calculated by equation (1) using the Gaussian curve fitting of the photopeak, 

where sigma is the standard deviation (Fig. 4.4).  

Figure 4.3. Measured energy spectra at three different depths of interaction along the length of the 

crystal (10 mm, 14 mm, and 18mm) corresponding to the data in Fig. 4.2. Exit face of the crystal is at 

length equal to 0 mm. 
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sigmaFWHM  3548.2    (1) 

 

- Then the two edge points of the FWHM (Fig. 4.4) were determined with equation (2), where 

the mean was obtained from the Gaussian fit. 

 

 
2

_
FWHM

meanmicrocellsedgesFWHM    (2) 

 

 

 

Figure 4.4. Example of Gaussian fit curve on a measured energy spectrum.   
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- A curve was fitted to quantify the correlation of DOI position and light output in the slanted 

region of the crystal (Fig. 4.5). From the curve fitting, equation 3 was obtained. 

 24.283#0468.0)(  eventperTriggeredMicrocellsDOInInteractioofPosition  (3) 

- Furthermore, using equation 3 and the value of triggered microcells at the FWHM edges, the 

corresponding positions of interaction were calculated. 

 

- By subtracting the position of interaction from the two edges, the DOI FWHM in units of 

millimeters was obtained (Table 4.1). 

Figure 4.5. Correlation of DOI with light output when the gamma interaction occurs in the slanted 

region of the crystal (locations in the range 10 mm to 18mm) corresponding to the data in Fig. 4.2. 

Exit face of the crystal is at length equal to 0 mm. 
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- The DOI resolution was calculated as the ratio between the DOI FWHM and the DOI 

position (Table 4.1).  

 

 

 

 

 

 

4.5 Event’s DOI classification 

The event’s DOI classification could be implemented as follows: 

1) A number of DOI bins will be set. For instance: 

- bin #1 = 6 mm for interactions occurring between 0 and 13 mm, (0 to 10mm 

corresponds to the rectangular region of the crystal). This wide bin is a geometry 

limitation due to the fact that the light output is ~constant everywhere in the region 0 

to 10mm).  

- bin #2 =17 mm for interactions occurring at a height higher than 13 mm. 

2) For every event, an estimated interaction position (DOI) will be calculated from equation 

(3) by inserting the number of microcells triggered (~ light output) for that event.  

3) The final DOI position assigned to an event will be the closest bin to the estimated 

position in step 2. 

  

DOI Position 

(mm) 

Spectra FWHM 

(microcells) 

DOI FWHM 

(mm) 

DOI Resolution 

(%) 

10 94.24 4.41 44.10 

12 111.98 5.24 43.67 

14 120.92 5.65 40.36 

16 124.17 5.81 36.31 

18 133.98 6.27 34.83 

Table 4.1. Metrics of DOI feasibility. DOI FWHM and DOI Resolution. 
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Chapter .5 Investigation of the Effects of Photomultiplier Pixel Size 

on Edge Crystal Identification  
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5.1 Pixel Binning Configurations 

 

5.1.1 Problem and Approach Hypothesis 

Problem: There is a geometric mismatch between the size of the readout surface of 

scintillation crystals and the size of photodetector pixels; with photodetector pixels being much 

larger than scintillator crystals. This issue is improved by using a glass slab whose purpose is to 

spread the scintillation photons among a group of photodetector pixels [88]. However, in this 

case the light reaching a single photodetector pixel is reduced, making the signal from individual 

pixels noisier and triggering more difficult. The spreading of the light in several pixels also 

creates uncertainty in positioning, issue known as “block effect” [89]. Another problem 

introduced by the implementation of a glass slab is the generation of an “edge effect,” where the 

detected location of scintillation photons from the crystals at the edge of the array is compressed. 

As a result, crystals at the edge of detector blocks are challenging to resolve. In this work, a cost 

effective solution to reduce the edge effect will be proposed.   

Approach/Hypothesis: the photodetector pixel area dimensions impact the crystal decoding 

capability, and therefore indirectly impact system spatial resolution; the smaller the pixel 

dimensions, the better the resolution. Unfortunately, smaller photodetector pixel sizes cost more 

than larger pixels. In this study, with the view of designing a cost effective high resolution PET 

block detector, we examined the performance of different photodetector pixel sizes and binning 

configurations on a BGO crystal array coupled to a multichannel PMT detector. Three different 

pixel binning configurations were investigated: one in which the detector area was divided into 3 

x 3 mm
2
 pixels (Fig. 5.1a), a second that was created with 6 x 6 mm

2
 pixels (Fig. 5.1b), and the 
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last configuration included 3 x 3 mm
2
 pixels placed at the edges of the array and 6 x 6 mm

2
 PMT 

pixels everywhere else (Fig. 5.1c). The cost of the detector pixel array increases linearly with the 

edge length (and number of photodetector pixels), and quadratically with the overall surface 

area. This last configuration attempts to balance the cost of a system by using the smaller and 

more expensive pixels at the edge of the detector (where they are most needed), and using larger 

and less expensive pixel size everywhere else in the array.  

 

(a) 

 

(b) 

 

(c) 

 

Figure 5.1. Side view of pixel binning configurations. (a) 3 x 3 mm
2
 pixels, (b) 6 x 6 mm

2
, (c) 3 x 3 

mm
2
 detector pixels at the edges of the array and 6 x 6 mm

2
 detector pixels towards the center. BGO 

crystals are shown in gray, light guide in white and photo-sensor pixels in red. The triangles represent 

light exiting the crystals. 



81 
 

 

(a)         (b)            (c)  

 

 

 

5.2 GATE simulations of detection system for crystal identification 

experiment 

GATE was used to estimate the effect of several photodetector binning configurations on 

identifying edge crystals in a block detector (especially corner crystals). Simulations involving 

the tracking of optical photons are very time consuming more so than tracking gammas. In the 

case of BGO, since ~4500 optical photons are generated per 511 keV, (light yield of BGO ~4500 

photons/511 keV) [32]. Then, 4500 particles need to be tracked per each 511 keV deposited. 

Furthermore, for good statistics, a total of 10
4
 gammas are assumed to interact with each crystal. 

This means that 4.5 x 10
7
 optical photons have to be tracked per crystal, and these light photons 

may undergo several reflections before being lost or detected (sometimes up to hundreds of 

reflections). All of this increases the simulation time dramatically compared to tracking gammas. 

Figure 5.2. Cross-sectional 2D view of pixel binning configurations. (a) 3 x 3 mm
2
 pixels, (b) 6 x 6 

mm
2
, (c) 3 x 3 mm

2
 detector pixels at the edges of the array and 6 x 6 mm

2
 detector pixels towards the 

center. BGO crystals are represented by the transparent blue squares and the photo-sensor pixels are 

shown in red. Only a small portion of the BGO and sensor array (top right corner) is shown. 
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Due to the time needed for these simulations, optical photons were generated in only a quadrant 

of a 6 x 6 BGO crystal array (crystal dimensions of 1.63 x 1.63 x 8.0 mm
3
); a total of 10

4
 

gammas were assumed to interact with each of the six crystals marked in red in Fig. 5.3b. 

 

 

(a)        (b) 

 

 

The distribution of gamma interactions along a BGO crystal of length 8 mm was calculated 

using an effective absorption coefficient of value 0.0687/mm and steps of 1 mm (Fig. 5.4). With 

each gamma interaction, 4500 optical photons of energy 2.58 eV were emitted isotropically at 

the calculated location of interaction (Fig. 5.4). The energy of each optical photon corresponds to 

the BGO’s scintillation emission photopeak wavelength (480 nm) [56]. Each photon was 

followed starting at the emission site within the scintillator crystal, up to its absorption or 

detection. The simulations recorded the number of optical scintillation photons that reached the 

Figure 5.3.  (a) Generic detector setup for GATE simulations. (b) 2D cross-sectional view of the 

simulated crystal array, where the red crystals illustrate where optical photons were generated. 
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SiPM out of each group of 4500 photons (corresponding to a gamma event) emitted inside the 

BGO crystal assuming 100 % photodetector quantum efficiency. 

 

 

 

 The location of the detected scintillation photons was obtained from GATE as seen by an 

ideal photomultiplier with infinite precision in the localization of such photons. During post-

processing in MATLAB, in order to examine the effect of detector pixel size and configuration, 

the detected position of each scintillation photon was replaced by the center location of the 

detector pixel covering that position. Finally, the position of each gamma interaction was 

Figure 5.4.  Estimation of number of gammas interacting at several locations inside a BGO crystal (1 

mm steps). It was assumed that ~3 x10
4
 gammas of 511 keV entered the crystal through its top face (at 

8 mm). BGO’s effective absorption coefficient is 0.0687/mm. Location 0 mm refers to the exit face of 

the crystal. 

Total of ~104 gammas 

attenuated along a crystal. 
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calculated as the centroid of the position from all scintillation photons that belong to one single 

gamma event. This centroid was used to generate the flood maps in Fig. 5.8. 

The parameters used to describe the physics in this simulation are explained in Chapter 2. 

 

5.3 Physical Measurement for Crystal Identification Evaluation 

Flood position maps were obtained from a portion of a 20 x 20 BGO crystal array 

manufactured by PROTEUS (Proteus Inc., Chagrin Falls, OH) with dimensions of each pixel 

1.63 x 1.63 x 8.0 mm
3
. The sides of the crystals were covered in VM2000 reflector with 

reflectivity of 0.98 (3M, St. Paul, MN) and the top face of the array was covered by Teflon. 

These crystals were coupled with optical grease to a continuous 1 mm light guide, which was 

also coupled via optical grease to a 256-channel Hamamatsu Multichannel Photomultiplier 

H9500 shown in Fig. 5.5 [39].  

Furthermore, the measurements were performed with a 10 µCi 22Na source mounted ~1 cm 

above the crystals using a black foam support (Fig. 5.6). The signal was read from a 4 x 4 section 

(16 channels readout) located on the corner of the PMT, and analyzed with MATLAB. Each 

PMT pixel measures ~ 3 x 3 mm
2
, which matches our first configuration studied with GATE 

(Fig. 5.1a).  
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Figure 5.5. Picture of the elements used on the crystal array measurements (pixel binning experiment). 

The green square denoted the section of the PMT that was possible to read at the time of these 

experiments (16 channels out of the 256 available channels). 



86 
 

 

 

5.3.1 Acquiring Measurements with Hamamatsu H9500 PMT 

The Hamamatsu H9500 PMT (Hamamatsu Photonics K.K., Japan), shown in Fig. 5.5 and 

Fig. 5.6, has an area of 49 x 49 mm
2
 with a multichannel configuration (MCPMT) and an 

effective active area 89 % of the total [39]. It consists of 256 pixels in a 16 x 16 matrix, where 

each pixel has dimensions 2.8 x 2.8 mm
2
 and a pitch of 3.08 mm in x and y direction. This PMT 

has 256 anode readout pins that are used to read the signal from the 256 channels individually. 

The bi-alkali photocathode has a peak quantum efficiency of 18% at a wavelength of 400 nm. 

Each anode signal provides a voltage pulse that is proportional to the number of scintillation 

photons arriving to the corresponding photocathode in the PMT, (see section 1.2.2.1).  In order to 

read the analog pulse signals from the multichannel PMT, a Nutaq/FPGA data acquisition system 

Figure 5.6. Picture of the detector setup used to read a corner of the BGO crystal array/ PMT channels. 

Only 16 channels out of the 256 available channels were possible to be read at the time of the 

experiments. The picture shows a Hamamatsu H9500 PMT coupled to 1 mm glass slab. A 20 x 20 

BGO crystal array is coupled to the glass slab. The crystal array is covered in VM2000 reflector on the 

sides and covered in Teflon on the top face. A 10 µCi 22Na source is mounted ~1 cm above the 

crystals using a black foam support. 
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was used. Figure 5.7 shows a flow diagram of the acquisition sequence used in the experiments 

with the Hamamatsu H9500 PMT in this chapter. Due to the resources available at the time of 

the experiments in this chapter, only 16 channels (4 x 4 matrix) could be read at a time, therefore 

only a small area of the PMT was used. Nevertheless, this small area should provide enough 

information to answer the hypothesis posed. 

The analog output from the multichannel PMT (MCPMT) was converted to digital using a 

Nutaq free running ADC module at a sampling frequency of 8 ns [41]. The digital pulses were 

processed by a field-programmable gate array (FPGA) using a compiled code written in 

MATLAB/Simulink and Xilinx system generator (MathWorks, Inc., Xilinx, Inc.). A summation 

signal was obtained by adding the digital pulse signals from every channel (total of 16 channels), 

representing the total energy deposited in the crystal array. Moreover, a trigger threshold was 

applied to the resulting sum signal. When the trigger threshold is satisfied, the digital signal 

corresponding to each of the 16 PMT channels was integrated individually during 800 ns (BGO 

scintillation pulse is ~ 1000 ns long). The value from the integration process was stored in a 

word together with a 3-bit Tag that identified the channel ID. This information was transferred to 

a PC in 32-bit data words, where each word contained the information from two out of sixteen 

channels.  
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The raw data transferred to the PC represented the number of triggers (scintillation photons) 

detected by each of the 16 read channels or photodetector pixels. Therefore, the location of 

detection of scintillation photons was directly obtained from the raw data as the pixel ID.  During 

post-processing in MATLAB, this location was transferred into an (x, y) format by replacing the 

pixel ID with the physical location in millimeters of the center of the specific pixel. Finally, the 

position of each gamma interaction was calculated in MATLAB as the centroid of the position 

from all scintillation photons that belong to one single gamma event. In order to investigate the 

two configurations that contain 6 x 6 mm pixels, four of the 3 x 3 mm PMT channels were 

grouped during post-processing in MATLAB to form a 6 x 6 mm pixel when needed. 

Figure 5.7. Readout sequence from measurements using the Hamamatsu H9500 PMT and 

Nutaq/FPGA system. 
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5.4 Crystal Array Flood Maps 

In this section we present the results from the simulations and measurements that were 

performed with the three different pixel binning configurations. It is important to highlight that 

all the flood maps from the simulated data were obtained using the same data file (from a single 

data simulation run). The same applies to the flood maps from the measurements; all the flood 

maps were obtained from using the same data (from a single acquisition measurement). During 

post-processing in MATLAB, different pixel size or binning configurations were applied to the 

same set of data. 

The configuration setup for the simulations was described in section 5.2 and for the 

measurements in section 5.3. 

 

5.4.1 Crystal array flood maps: Simulations. 

From Fig. 5.8 it can be seen that the 3 x 3 mm
2
 pixel configuration (Fig. 5.1a) offers the best 

crystal identification over all other configurations, especially at the corner of the array. All 

crystals can be clearly resolved using this configuration. A smaller gap or separation between the 

two columns on the right as well as the two rows on the top can be noticed. This effect is 

expected (edge effect), since the edge of the crystal array is on the right and top crystals (Fig. 

5.3).  

The second to best would be the configuration where 3 x 3 mm
2
 pixels are used in the edges 

of the array and 6 x 6 mm
2
 pixels are placed towards the center of the array. Using this 

configuration all crystals can be resolved with the exception maybe of the center crystal. The 

location of this center crystal appears pulled to the top right corner of the array. This behavior 
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can be explained by the detector pixel distribution in this configuration. There are three pixel (3 

x 3 mm
2
 each) in the corner (Fig. 5.2c) contributing to more weight towards the corner, while 

there is only one pixel (6 x 6 mm
2
) towards the left lower corner. 

 The 6 x 6 mm
2
 pixel configuration (Fig. 5.1b) definitely gives the worst outcome. Crystals 

were not identifiable using this configuration. 

 

(a)        (b)            (c)  

 

 

5.4.2 Crystal array flood maps: Measurements.  

The measurement flood maps in Fig. 5.9 corresponding to the three pixel binning 

configurations in Fig. 5.1 are in concordance with the outcomes from the simulation in Fig. 5.8. 

The advantages of using smaller detector pixel (3 x 3 mm
2
) can be observed especially in the 

upper-right most corner of the array (Fig. 5.9).    

 

Figure 5.8. Simulated flood position maps for each configuration in Fig. 5.1. (a) 3 x 3 mm
2
 detector, 

(b) 6 x 6 mm
2
 detector pixels (c) 3 x 3 mm

2
 detector pixels at the edges of the array and 6 x 6 mm

2
 

detector pixels towards the center. 
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(a)        (b)            (c)  

 

5.4.3 Spatial resolution metrics: Line profile Peak-to-Valley Ratio. Measurements. 

From the flood position maps of each pixel binning configuration, a profile of the summed 

intensity for ten consecutive rows as well as a profile of the summed intensity for ten consecutive 

columns (red lines in Fig. 5.9) was obtained using MATLAB (Fig. 5.10, Fig. 5.11 and Fig. 5.12).  

    (a)          (b) 

 

Figure 5.9. Measurement flood position maps for each configuration in Fig. 5.1. (a) 3 x 3 mm
2
 

detector, (b) 6 x 6 mm
2
 detector pixels (c) 3 x 3 mm

2
 detector pixels at the edges of the array and 6 x 6 

mm
2
 detector pixels towards the center. The red arrows point at the rows and columns used to obtained 

line profiles in Fig. 5.10, Fig. 5.11 and Fig. 5.12. 

Figure 5.10. Measured intensity profiles corresponding to the 3 x 3 mm
2
 detector configuration. (a) 

Along the horizontal red line in Fig. 5.8a. (b) Along the vertical red line in Fig. 5.8a. The notation 

squares 1 through 5 are used for peak/crystal identification.  
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    (a)          (b)

 

 

 

   (a)          (b)

 

The peak to valley ratio was calculated for each profile and displayed in Table 5.1 and Table 

5.2. From the two valleys surrounding each peak, the value of valley used in these calculations 

Figure 5.11. Measured intensity profiles corresponding to the 6 x 6 mm
2
 detector configuration. (a) 

Along the horizontal red line in Fig. 5.8b. (b) Along the vertical red line in Fig. 5.8b. The notation 

squares 1 through 5 are used for peak/crystal identification.  

 

Figure 5.12. Measured intensity profiles corresponding to detector configuration with 3 x 3 mm
2
 pixels 

at the edges of the array and 6 x 6 mm
2
 pixels towards the center. (a) Along the horizontal red line in 

Fig. 5.8c. (b) Along the vertical red line in Fig. 5.8c. The notation squares 1 through 5 are used for 

peak/crystal identification.  
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corresponds to the closest (highest) valley. For instance, when calculating the peak to valley ratio 

for peak # 3 in Fig. 5.10a, the valley chosen was the one to the right of peak # 3 (pointed with the 

red arrow). 

Peak ID 

Peak to Valley Ratio Horizontal Line Profile 

3 x 3 mm
2
 6 x 6 mm

2
 

Combined pixel 

size 

1 249/68 = 3.66 217/92 = 2.36 242/106 = 2.28 

2 216/63 = 3.43 180/70 = 2.57 234/106 = 2.21 

3 213/82 = 2.60 212/157 = 1.35 222/90 = 2.47 

4 Undefined Undefined Undefined 

5 Undefined  Undefined Undefined 

Average peaks 1 to 3 3.23 2.27 2.53 

 

 

Peak ID 

Peak to Valley Ratio Vertical Line Profile 

3 x 3 mm
2
 6 x 6 mm

2
 Combined pixel 

size 

1 234/62 = 3.77 218/75 = 2.91 274/102 = 2.69 

2 246/68 = 3.62 203/64 = 3.17 249/76 = 3.28 

3 209/92 = 2.27 199/131 = 1.52 221/87 = 2.54 

4 222/131 = 1.69 Undefined 219/159 = 1.38 

5 179/131 = 1.37 Undefined Undefined 

Average peaks 1 to 3 3.22 2.53 2.84 

 

 

Table 5.1. Metrics of spatial resolution in the horizontal direction (along horizontal red arrows 

in Fig. 5.9). Peak to valley ratio along the line profile in Fig. 5.10a, Fig. 5.11a and Fig. 5.12a. 

Table 5.2. Metrics of spatial resolution in the vertical direction (along vertical red arrows in 

Fig. 5.9). Peak to valley ratio along the line profile in Fig. 5.10b, Fig. 5.11b and Fig. 5.12b. 
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Based on these measurements, it can be said that the 3 x 3 mm
2
 pixel binning configuration 

provides better positioning results over all other configurations (highest peak to valley ratios in 

horizontal and vertical directions). The 6 x 6 mm
2
 configuration offers the worst (lowest) peak to 

valley ratios compared to the other two configurations. In both, the 3 x 3 mm
2
 pixel binning 

configuration and the combined configuration, 3 out of 5 crystals in a row and column were 

clearly identifiable. In addition, a forth peak can be noticed in the vertical profiles of these two 

configurations. In the 6 x 6 mm
2
 pixel binning configuration only 2 out of 5 crystals in a row and 

column were clearly identifiable. And a third peak can be noticed especially in the vertical 

direction. It can be said there was a slightly better resolution in the vertical direction for all the 

configurations. 
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Chapter .6 Conclusions and Future Work  
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6.1 Alternative Scintillation Crystal Geometry and Surface Treatment 

Configurations for Light Output Optimization 

In this study, we examined the effects of scintillator geometry and surface treatment on light 

extraction for BGO crystals coupled to the glass envelope of a SiPM. In the case of polished 

crystals, both GATE simulations and measurements agree on the trends of light output for 

slanted geometries. Specially the more angled crystals (165° and 145°), provide significant 

increase in the light output when gammas interact in the slanted region compared to the 

rectangular region of the crystals. Furthermore, the light output in the slanted region is also 

higher than the one observed in a conventional rectangular crystal. The rectangular crystal shows 

no change in light output as the gamma interacts anywhere along the length of the crystal. 

Slanted geometries had been also evaluated by C. Carrier and R. Lecomte who also observed an 

increase in light output in the slanted region [90]. 

In the results presented here, the effects seen in the simulations are significantly enhanced 

over those in the measurements. By using the AFM we obtained realistic values for the 

parameters used in the simulations. Nevertheless important information remains missing from 

the unified model that GATE simulations adhere to. It is possible that this information can 

account in part for the differences seen between our simulations and measurements. Some of the 

missing characterization refers to the description of the surfaces. The orientation of the micro-

facets is included in this description, but not their height. Also, the reflectance properties of the 

surface do not take into account the photon incident angle on the surface. 

Other factors causing differences observed between simulations and measurements relate to 

the geometry of the experimental set up and the presence of the Moliere radius effect in the 

measurements [87]. In the case of the measurements, the beam was collimated resulting in a 
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physical width of a few millimeters. Therefore, the light photons that generated each energy 

spectra could had originated along a few millimeters of length rather that from a geometric point 

location in the crystal (as is the case for the simulations).  Besides, due to manufacturing 

variability, the crystals might have slightly different geometry and surface treatment with respect 

to the ones described in the simulations. 

When comparing polished crystals that have been exposed to the same conditions (stored 

together), it was observed that a slight slanted geometry (120⁰) offers an advantage over 

conventional rectangular crystal shapes providing an overall higher light extraction. This 

behavior was also seen in the simulated data. However, when the measurements were repeated 

after a few months, (to evaluate the spread of the energy spectra when using a narrower beam), 

the 90⁰ crystal showed a slightly better light output than the 120⁰ geometry. During those few 

months the 90⁰ had been used in experiments while all the other crystals were stored together. 

Therefore, the storage conditions might have been slightly different perhaps causing the 

annealing of some of these crystals [91, 92]. 

We examined two separate batches of polished crystals for the angled-crystal studies. Within 

each batch the relative light outputs were consistent, but there was an overall change in the light 

output between batches. This change is possibly due to differences in the surface treatment of the 

crystals during manufacturing of the crystals, even though both batches were polished. In 

addition, scintillation crystals can be damaged by exposing them to sources of light. This damage 

might be reversed by annealing the crystals [91, 92]. However, crystals whose faces are covered 

by reflector material such as the crystal samples in this study, cannot be exposed to the high 

annealing temperatures without first removing the reflector. Careful monitoring of the surfaces 

of crystals at the manufacturing stage would be helpful for future studies of scintillation crystal 
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light output. Also, BGO light output is highly temperature dependent; a temperature difference 

of 10 degrees can partially explain this light output difference [93].  

Regarding the surface treatment configurations evaluated here, this study shows that leaving 

as-cut (unpolished) the exit face of BGO scintillator crystals with rectangular geometry results 

the best light output. At first, this might appear somewhat contrary to previous work by Bircher 

and Shao et al [63], but this particular geometry configuration was never tested.  At the same 

time, when several side surfaces are left unpolished, a progressive degradation of the light output 

along the length of the crystal is observed. 

The results demonstrate that crystals with angled sides as well as combinations of 

ground/polished surface configuration (grounded exit face and polished sides in rectangular 

crystals) allow a way for light that would otherwise be “trapped” in fully polished rectangular 

crystals, to break the symmetry and exit to the photodetector. 

Future work of this project will include to find ways to improve the GATE simulation, more 

specifically the description surfaces and reflectivity pas a function of angle properties. Including 

the height of the micro-facets in the real surface would be a way to work with a more complete 

representation of the micro-facets. Further investigation of the differences between simulations 

and measurements might be able to correct these discrepancies and create a more robust model. 

 

6.2 Slanted Crystal Geometries for Depth of Interaction Detectors 

This project explored the possibility of obtaining depth of interaction information along the 

length of the scintillator crystal.  Both simulations and measurements showed a promising 

potential use of slanted crystal geometry. An examination of the measured energy spectra, 
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suggests that for BGO crystals somewhere between 2 or 3 DOI bins could be implemented based 

on this information while the simulations provide a higher number of bins (4 to 5 bins). By 

implementing even a 2 bin DOI detector, it will offer a significant reduction of the positioning 

error of the annihilation gammas compared to detectors with no DOI estimation.  

Regarding the depth of interaction measurements of this project, since the collimated beam 

used was at least 2 mm wide, there is still room for improvement on the spread of the spectra and 

consequently on number of bins making the beam width narrower. 

Future work in this project includes repeating this measurement using a dual-ended-readout-

double-layer design for a higher number of DOI bins Fig. 6.1.This design will be tested with a 

more extreme angled crystal geometry for a slightly larger light output change along the depth of 

the crystal. In addition, other scintillators such as LSO could be used instead of BGO to improve 

the DOI resolution and increase the number of possible DOI bins. 
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6.3 Pixel Binning Configurations for Edge Crystals Identification 

Measurements as well as simulations resulted in better crystal identification when using the 

configuration with 3 x 3 mm
2
 sensors compared to the other two configurations tested here. 

However, the cost of detector pixels per surface area increases for smaller photosensor pixel 

areas. The configuration with 3 x 3 mm
2
 pixels placed at the edges of the array and 6 x 6 mm

2
 

PMT pixels everywhere else also provides a better crystal resolvability than the configuration 

with 6 x 6 mm
2
 pixels located everywhere in the sensor. This work indicates an advantage of 

using the combined configuration to improve the crystal identification observed with the 6 x 6 

mm
2
 pixel configuration while balancing cost by placing the smaller and more expensive pixels 

only at the edges of the array (where the need for smaller pixels is more critical).  

Figure 6.1. Schematic of a dual-ended readout detector with two layers of slanted crystal. 
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Future work in this project includes repeating this measurement using SiPM detectors since 

they offer several pixel sizes. In addition, this concept could be mixed with scintillator crystal 

and light guide designs that provide more light output especially from crystals at the edges of the 

array.  

 

In conclusion, this work demonstrates the advantages for using non-standard geometries to 

obtain higher light output and depth of interaction information, and the feasibility of alternative 

cost effective pixel grouping configurations. These technologies will be of great interest for the 

development of future generations of PET scanners. 
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