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1. Background of the research
Positron emission tomography (PET) is a widely used 3D medical imaging technique both in
conventional medical diagnosis and research. With this technique it is possible to map the
distribution of the contrast agent injected to a living body. The contrast agent is prepared in a way
that it takes part in biological processes, so from its distribution one can conclude on the states of
the living body or individual organs.
The detector elements of a conventional PET system are built from an array of closely packed
needle-like scintillators with several square millimetres footprint and large area – several square
centimetres – photomultiplier tubes. In these detectors the spatial sensitivity is ensured by the
segmentation of the scintillator crystals.
In the past several years silicon-based photomultipliers (SiPM) were intensively developed and
studied for application in PET detector modules. These novel analogue devices have smaller, several
millimetre footprint, and smaller overall form factor. On the other hand their performances were not
comparable to those of PMTs in the past years. Most importantly their dark count rate (DCR) was too
high but timing performance and photon detection efficiency was also lagging behind.
My work is related to the SPADnet project, funded by the European Commission’s 7th Framework
Programme (FP7) [1]. The goal of the SPADnet consortium was to solve two of the main challenges
related to state-of-the-art PET detector modules. One of them is their high price due to the
segmentation of its scintillator material and construction of its photo-sensor. The other one is the
sensitivity of the photomultiplier tubes to magnetic field, which makes it difficult to combine a PET
system with magnetic resonant imaging (MRI) and thus create high resolution, multimodal imaging
system.
The solution of the consortium for both problems was the development of a novel silicon-based,
digital,
pixelated
photon
counter.
The
commercial
CMOS
(Complementary
metal-oxide-semiconductor) manufacturing technology of the sensor would ensure low sensor price
when mass produced. Furthermore the pixelated sensor opens the way towards the application of
cheaper, monolithic scintillator blocks. An intrinsic advantage of the silicon-based photomultipliers
over the conventional ones is that they are insensitive to magnetic field. In addition to that the
possibility of implementing digital circuitry on chip could result in improved DCR and timing
performance compared to analogue SiPMs.
Despite the mentioned advantages of the novel PET detector construction (monolithic scintillator
and pixelated sensor) imply some difficulties. Light distributions formed on the sensor surface can be
very different depending on the point of interaction of the γ-photon with the scintillator crystal. This
variation affects the precision of the estimation of both spatial position and energy of the absorption
event. The effect of the variation can be decreased by using properly designed sensor and crystal
geometries and supplementary optical components around the scintillator and between the crystal
and the sensor.
During the optimization of these novel PET detector constructions the designers face with new
challenges, and thus new design and modelling methods are required. During my work my goal was
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to develop a new simulation method that aids the mentioned optimization and design process. The
work can be subdivided into three main field: the analysis of the optical properties of components
and materials both new and already known ones (section 3 and 5); the creation of mathematical,
simulation models of the same, and the development of a simulation tool that is able to model the
novel PET detector constructions in detail (section 6 and 7). The final part is the validation of the
simulation tool and the applied models (section 8 and 9). I participated in the development of the
photon counter as well, thus as a part of the first step I analysed several possible photon counter
geometries to identify optimal solutions for the novel PET detector arrangement (section 4).

2. State-of-the-art of γ-photon detectors and current methods for their
optimization for positron emission tomography
2.1 Overview of γ-photon detection
2.1.1 Basic principles of positron emission tomography
Positron emission tomography (PET) is a 3D imaging technique that is able to reveal metabolic
processes taking place in the living body. The device is used both in clinical and pre-clinical (research)
studies in the field of Oncology, Cardiology and Neuropsychiatry [2].
Image formation is based on so-called radiotracer molecules (compounds). Such a compound
contains at least one atom (radioisotope) that has a radioactive decay through which it can be
localized in the living body. A radiotracer is either a labelled, modified version of a compound that
naturally occurs in the body, an analogue of a natural compound or can even be an artificial, labelled
drug. The type of the radiotracer is selected to the type study. By mapping the radiotracer’s
distribution in 3D one can investigate the metabolic process in which the radiotracer takes place. The
most commonly used radiotracer is fluorodeoxyglucose (FDG) which contains 18F radioisotope. It is an
analogue compound to glucose with slightly different chemical properties. FDG’s chemical behaviour
was modified in a way that it follows the glyoptic pathway (way of the glucose) only up to a certain
point, so it accumulates in the cells where the metabolism takes place, and thus its concentration
directly reflects the rate of the process. [3] A typical application of this analysis is the localization of
tumours and investigation of myocardial viability.
Radiotracers used for PET imaging are positron (β+) emitters. In a living body an emitted positron
recombines with an electron (annihilation) and as a result two γ-photons with 511 keV characteristic
energies are emitted along a line (line of response - LOR) opposite direction to each other (see figure
2.1).
The location of the radiotracers can be revealed by detecting the emitted γ-photon pairs and
reconstructing the LOR of the event. During a PET scan typically 1013-1015 labelled molecules are
injected to the body and 106-109 annihilation events are detected [4]. By knowing the position and
orientation of large number of LORs the 3D concentration distribution of the labelled compound can
be determined by utilizing reconstruction techniques. The mathematical basis of the different
reconstruction algorithms is described by inverse Radon or X-ray transform [5].

6

Figure 2.1 Feynman diagram of positron annihilation a), and schematic of γ-photon emission during
PET examination b)
The resolution of the technique is limited by two physical phenomena. One of them is the effect of
the positron range. In order to recombine the positron has to travel a certain distance to interact
with an electron. Thus the origin of the γ-photon emission will not be the location of the radiotracer
molecule (see figure 2.2a). The positron range depends on positron energy and thus on the type of
the radionuclide by which it is emitted. Depending on the type of the of the positron emitter the fullwidth at half-maximum (FWHM) of positron range varies between 0.1 – 0.5 mm in typical blocking
tissue [6]. The other effect is the non-collinearity of γ-photon emission. Both positron and electron
have net momentum during the annihilation. As a consequence – to fulfil the conservation of
momentum – the angle of γ-photons will differ from 180o. The net momentum is randomly oriented
in space thus in case of large number of observed annihilation this will give a statistical variation
around 180o. The typical deviation is ±0.27o [7]. From the reconstruction point of view this will also
cause a shift in the position of the LOR (see figure 2.2b). Both effects blur the reconstructed 3D
image.

a)

b)
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Figure 2.2 Effect of positron range a) and non-collinearity b).
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2.1.2

Role of γ-photon detectors

A PET system consist of several γ-photon detector modules arranged into a ring-like structure that
surrounds its field of view (FOV) as depicted in figure 2.1b. The primary role of the detectors is to
determine the position of absorption of the incident γ-photons (point of interaction - POI). In order to
make it possible to reconstruct the orientation of LORs the signal of these detectors are connected
and compared. The operation of a PET instrument is depicted in figure 2.3. During a PET scan the
detector modules continuously register absorption events. These events are grouped into pairs
based on their time of arrival to the detector. This first part of LOR reconstruction is called
coincidence detection. From the POIs of the event pairs (coincident events) the corresponding LOR
can be determined for the event pairs. During coincidence detection a so-called coincidence window
is used to pair events. Coincidence window is the finite time difference in which the γ-particles of an
annihilation event are expected to reach the PET device. A time difference of several nanoseconds
occurs due to the fact that annihilation events do not take place on the symmetry axis of the FOV.
The span of the coincidence window is also influenced by the temporal resolution of the detector
module.

PET detectors
Optical
photons

Scintillator
γ-photon

γ-photon
absorption

Energy
conversion

Photon counter

Light
distribution

Photon
sensing

Signal processing
Energy estimation
Coincidence
detection

Energy
filtering

Time estimation
POI estimation

γ-photon
pairs
LORs

LOR
reconstruction

3D image
reconstruction

Figure 2.3 Block diagram of PET instrument operation
The most important γ-photon-matter interactions are photo-electric effect and Compton scattering.
During photo-electric interaction the complete energy of the γ-photon is transmitted to a bound
electron of the matter thus the photon is absorbed. Compton scattering is an inelastic scattering of
the γ-particle. So while it transmits one part of its energy to the matter it also changes its direction. If
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for example one of the annihilation γ-photons are Compton scattered first and then detected
(absorbed) the reconstructed LOR will not represent the original one. γ-photons do not only interact
with the PET detector modules sensitive volume, but also with any material in-between. The
probability of that a γ-photon is Compton scattered in a soft tissue is 4800 times larger than to be
absorbed [4] and so there it is the dominant form of interaction. In order to reduce the effect of
these events to the reconstructed image, the energy that is transferred to the detector module is
also estimated. Events with smaller energy than a certain limit are ignored. This step is also known as
event validation. The efficiency of the energy filtering strongly depends on the energy resolution of
the detector modules.
As a consequence the role of PET detector is to measure the POI, time of arrival and energy of an
impinging γ-photon, the more precisely a detector module can determine these quantities, the better
the reconstructed 3D image will be.
The key component of PET detector modules is a scintillator crystal that is used to transform the
energy of the γ-photons to optical photons. They can be detected by photo-sensitive elements,
photon counters. The distribution of light on the photon counters contains information on the POI.
Depending on the geometry of the PET detector, a wide variety of algorithms can be used to
calculate to coordinates of the POI from the photon counters’ signal. The time of arrival of the γphoton is determined from the arrival time of the first optical photons to the detector or the raising
edge of the photon counter’s signal. The absorbed energy can be calculated from the total number of
detected photons.
2.1.3 Conventional γ-photon detector arrangement
The most commonly used PET detector module configuration is the block detector [4], [8] concept
depicted in figure 2.4.

scintillation

light propagation
scintillator array

optical photon
sharing

light guide

photon counters
(PMT)

Figure 2.4 Schematic of a block detector
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A block detector consists of a segmented scintillator, usually built from individual needle-like
scintillators and separated by optical reflectors (scintillator array). The optical photons of each
scintillation are detected by at least four photomultiplier tubes (PMT). Light excited in one segment is
distributed amongst the PMTs by the utilization of a light guide between the scintillators and the
PMT’s.
The segments act like optical homogenizers so independently from the exact POI the light
distribution from one segment will be similar. This leads to the basic properties of the block detector.
On one side the lateral resolution (parallel to the photon counter’s surface) is limited by the size of
the scintillator segments, which is typically of several millimetres in case of clinical systems [9]. On
the other hand this detector cannot resolve the depth coordinate of the POI (direction perpendicular
to the plane of the photon counter). In other words the POI estimation is simplified to the
identification of the scintillator segments, the detector provides 2D information. [4]
The consequence of the loss of depth coordinate is an additional error in the LOR reconstruction
which is known as parallax error and depicted in figure 2.5.
mid-plane
of detector

δx

real POI

estimated POI

hsc

αγ
γ-photon

FOV

Figure 2.5 Scheme of the parallax error (δx) in case of block PET detectors
If an annihilation event occurs close to the edge of the FOV of the PET detector and the LOR
intersects a detector module under large angle of incidence (see figure 2.5) the POI estimation is
subject of error. The parallax error (δx) is proportional to the cosine of the angle of incidence (αγ) and
the thickness of the scintillator (hsc).

δx =

h sc
⋅ cos α γ .
2

(2.1)

This POI estimation error can both shift the position and change the angle of the reconstructed LOR.
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Despite the additional error introduced by this concept itself and its variants (e.g.: quadrant sharing
detectors [10]) are used in nowadays commercial PET systems. This can be explained by the fact that
this configuration makes it possible to cover large area of scintillators with small number of PMTs.
The achieved cost reduction made the concept successful [5].
2.1.4 Slab scintillator crystal-based detectors
Recent developments in silicon technology foreshow that the price of novel photon counters with
fine pixel elements will be competitive with current, large sensitive area PMTs (see chapter 2.2.1).
That increases the importance of development of slab scintillator-based PET detector modules. The
simplified construction of such a detector module is depicted in figure 2.6.

slab scintillator
hsc
z

αTIR

Light propagation
in scintillator
& cover glass

s

cover glass
pixellated
photon counter

sensor pixel
Figure 2.6 Scheme of slab scintillator-based PET detector module with pixelated photon counter
Compared to the block detector concept the size of the detected light distribution depends on the
depth (z-direction) of the POI. The size of the spot on the detector is limited by the critical angle of
total internal reflection (αTIR). In case of typical inorganic scintillator materials with high yield (C >10
000 photon/MeV) and fast decay time (τd < 1 µs) the refractive index varies between nsc = 1.8 and 2.3
[11]. Considering that the lowest refractive index element in the system is the borosilicate cover glass
(nbs = 1.5) and the thickness (hsc) of the detector module is 10 mm the spot size (radius – s) variation
is approximately 9-10 mm. The smallest spot size (s0) depends on the thickness of the photon
counter’s cover glass or glass interposer between the scintillator and the sensor but can be from
several millimetres to sub-millimetre size. The variation of the spot size can be approximated with
the proportionality below.

s − s0 ∝ ( z − z 0 ) ⋅ tan(α TIR )

(2.2)

This large possible spot size range has two consequences to the detector construction. Firstly the
pixel size of the photon counter has to be small enough to resolve the smallest possible spot size.
Secondly it has to be taken into account that the light distribution coming from POIs closer to the
edge of the detector module than 18-20 mm might be affected by the sidewalls of the scintillator.
The influence of this edge effect to the POI coordinate estimation can be reduced by optical design
measures or by using a refined position estimation algorithm [12],[13].
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The technical advantage of this solution is that the POI coordinates can be fully resolved while the
complexity of the PET detector is not increased. Additionally the cost of a slab scintillator is less than
that of a structured one, which can result in additional cost advantage.
2.1.5 Simple position estimation algorithms
The shape of the light distribution detected by the photon counter contains information on the
position of the scintilliation (POI). In order to extract this information one need to quantify those
characteristics of the light spots which tell the most of the origin of the light emission. In this section I
focus on light distributions that emerge from slab scintillators.
The most widely used position estimation method is the centre of gravity (COG) algorithm
(Anger-method) [14]. This method assumes that the light distribution has point reflection symmetry
around the perpendicular projection of the POI to the sensor plane. In such a case the centre of
gravity of the light distribution coincide with the lateral (x,y) coordinates of the POI.
In case of a pixelated sensor the estimated COG position (ξ
ξ) can be calculated in the following way

∑ ck ⋅ X k
ξ=

k

∑ ck

,

(2.3)

k

where ck is the number of photons (or equivalent electrical signal) detected by the kth pixel of the
sensor and Xk is the position of the kth pixel.
It is well known from the literature that in some cases this algorithm estimates the POI coordinates
with a systematic error. One of them is the already mentioned edge effect, when the symmetry of
the spot is broken by the edge of the detector. The other situation is the effect of the background
noise. Additional counts which are homogenously distributed over the sensor plane pull the
estimated coordinates towards the centre of the sensor. The systematic error grow with increasing
background noise, and larger for POIs further away from the centre (see figure 2.7a). The source of
the background can be electrical noise or light scattered inside the PET detector. This systematic
error is usually referred to as distortion or bias ( ∆ξ ), its value depends on the POI. A biased position
estimation can be expressed as below

ξ = x + ∆ξ(x) ,

(2.4)

where x is a vector pointing to the POI. As the value of the bias typically remains constant during the
operation of the detector module ∆ξ(x) function may be determined by calibration and thus the
systematic error can be removed. This solution is used in case of block detectors.

12

Figure 2.7 A typical distortion map of POI positions lying on the vertices of a rectangular grid,
estimated with COG algorithm [15] a); and the effect of estimated coordinate space shrinkage to the
resolution.
Bias still has an undesirable consequence to the lateral spatial resolution of the detector module. The
cause of the finite spatial resolution (not infinitely fine) is the statistical variation of the COG position
estimation. But the COG variance is not equivalent to the spatial resolution of the detector. This can
be understood if we consider COG estimation as a coordinate transformation from a Cartesian (POI)
to a curve-linear (COG) coordinate space (see figure 2.7b). During the coordinate transformation a
square unit area (e.g.: 1x1 mm2) at any point of the POI space will be deformed (resized, reshaped
and rotated) in a different way. The shape of the deformation varies with POI coordinates. Now let us
consider that the variance of the COG estimation is constant for the whole sensor and identical in
both coordinate directions. In other words the region in which two events cannot be resolved is a
circular disk-like. If we want to determine the resolution in POI space we need to invert the local
transformation at each position. This will deform the originally circular region into a deformed,
rotated ellipse. So the consequence of a severely distorted COG space will cause strong variance in
spatial resolution. The resolution is then depending on both the coordinate direction and the
location of the POI. As the bias usually shrinks the coordinate space it also deteriorates the POI
resolution.
Mathematically the most straightforward way to estimate the depth (z direction) coordinate is to
calculate the size of the light spot on the sensor plane (see chapter 2.1.4) and utilize Eq. 2.2 to find
out the depth coordinate. The simplest way to get the spot size of a light distribution is to calculate
its root-mean-squared size in a given coordinate direction (Σx and Σy).

∑ c k ⋅ (ξ − X k )2
Σx =

k

∑ ck

∑ c k ⋅ (η − Yk )2
,Σy =

k

k

∑ ck

(2.5)

k

This method was proposed by Lerche et al. [16]. This method presumes that the light propagates
from the scintillator to the photon counter without being reflected, refracted on or blocked by any
other optical elements. As these ideal conditions are not fulfilled close to the detector edges similar
the distortion of the estimation is expected there, although it has not been investigated so far.
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2.2 Main components of PET detector modules
2.2.1 Overview of silicon photomultiplier technology
Silicon photomultipliers (SiPM) are novel photon counter devices manufactured by using silicon
technologies. Their photon sensing principle is based on Geiger-mode avalanche photodiodes
operation (G-APD) as it is depicted in figure 2.8.

SiPM pixel

optical
photon at t1
Summed G-APD current
current

optical
photon at t1
t1

t2

time

G-APD cell
Figure 2.8 SiPM pixel layout scheme and summed current of G-APDs
Operating avalanche diodes in Geiger-mode means that it is very sensitive to optical photons and has
very high gain (number electrons excited by one absorbed photon), but its output is not proportional
to the incoming photon flux. Each time a photon hits a G-APD cell an electron avalanche is initiated
which is then broken down (quenched) by the surrounding (active or passive) electronics to protect it
from large currents. As a result on G-APD output a quick rise time (several nanoseconds) and slower
(several 10 ns) fall time current peek appears [17]. The current pulse is very similar from avalanche to
avalanche. From the initiation of an avalanche until the end of the quenching the device is not
sensitive to photons, this time period is its dead time. With these properties G-APDs are potentially
good photo-sensor candidates for photon-starving environments where the probability of that two
or more photons impinge to the surface of G-APD within its dead time is negligible. In these
applications G-APD works as a photon counter.
In a PET detector the light from the scintillation is distributed over a several millimetre area and
concentrated in a short, several 100 ns pulse. For similar applications Golovin and Sadygov [18]
proposed to sum the signal of many (thousands) G-APDs. One photon is converted to certain number
of electrons. Thus by integrating the output current of an array of G-APDs for the length of the light
pulse the number of incident photons can be counted. An array of such G-APDs – also called
micro-cells – represent one photon counter which gives proportional output to the incoming
irradiation. This device is often called as SiPM (silicon photomultiplier), but based on the
manufacturer, SSPM (solid state photomultiplier) and MPPC (multi pixel photon counter) is also used.
These arrays are much smaller than PMTs. The typical size of a micro-cell is several 10 µm and one
SiPM contains several thousand micro-cells so that its size is in the millimetre range. SiPMs can also
be connected into an array and by that one gets a pixelated photon counter with a size comparable
to that of a conventional PMT.
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The performance of these photon counters are mainly characterized by the so-called photon
detection probability (PDP) and photon detection efficiency (PDE). PDP is defined as the probability
of detecting a single photon by the investigated device if it hits the photo sensitive area. In case of
avalanche diodes PDP can be expressed as follows:

PDP(λ , β , P ) = Ts (λ , β , P ) ⋅ QE(λ ) ⋅ PA ,

(2.6)

where λ is the wavelength of the incident photon, β is the angle of incidence at the silicon surface of
the sensor and P is the polarization state of the incident light (TE or TM). Ts denotes the optical
transmittance through the sensor’s silicon surface, QE is the quantum efficiency of the avalanche
diodes’ depleted layer, and PA is the probability that of an excited photo-electron initiates an
avalanche process. So PDP characterizes the photo-sensitive element of the sensor. Contrary to that
PDE is defined for any larger unit of the sensor (to the pixel or to the complete sensor) and gives the
probability of that a photon is detected if it hits the defined area. Consequently the difference
between the PDP and PDE is only coming from the fact that e.g.: a pixel is not completely covered by
photo-sensitive elements. PDE can be defined in the following way:

PDE(λ , β , P ) = PDE(λ , β , P ) ⋅ FF ,

(2.7)

where FF is the fill factor of the given sensor unit.
There are numerous advantages of the silicon photomultiplier sensors compared to the PMTs in
addition to the small pixel size. SiPM arrays can also be more easily integrated into PET detectors as
their thickness is only a few millimetres compared to a PMT which are several centimetre thick. Due
to the different principle of operation PMTs require several kV of supply voltage to accelerate
electrons while SiPMs can operate as low as 20-30 V bias [19]. This simplifies the required drive
electronics. SiPMs are also less prone to environmental conditions. External magnetic field can
disturb the operation of a PMT and accidental illumination with large photon flux can destroy them.
SiPMs are more robust from this aspect. Finally SiPMs are produced by using silicon technology
processes. In case of high volume production this can potentially reduce their price to be more
affordable than PMTs. Although today it is not yet the case.
The development of SiPMs started in the early 2000s. In the past 15 years their performance got
closer to the PMTs, which they still underperform from some aspects. The main challenges are to
reduce noise coming from multiple sources, increase their sensitivities in the spectral range of the
scintillators emission spectrum, to decrease their afterpulse, and to reduce the temperature
dependence of their amplification. Essentially SiPMs cells are analogue devices. In the past years the
development of the devices also aimed to integrate more and more signal processing circuits with
the sensor and make the output of the device digital and thus easier to process. [20], [21].
Additionally the integrated circuitry gives better control over the behaviour of the G-APD signal and
thus could reduce noise levels.
2.2.2 SPADnet-I fully digital, silicon photomultiplier
SPADnet-I is a digital SiPM array realized in imaging CMOS silicon technology. The chip is protected
by a borosilicate cover glass which is optically coupled to the photo-sensitive silicon surface. The
concept of the SPADnet sensors is built around single photon avalanche diodes (SPADs) which are
similar to Geiger-mode avalanche photodiodes realized in low voltage CMOS technology [21]. Their
15

output is individually digitized by utilizing signal processing circuits implemented on-chip. This is why
SPADnet chips are called fully digital.
Its architecture is divided into three main hierarchy levels: the top-level, the pixels, and the
mini-SiPMs. Figure 2.9 depicts the block diagram of the full chip. Each mini-SiPM [23] contains an
array of 12×15 SPADs. A pixel is composed of an array of 2×2 mini-SiPMs, each including 180 SPADs,
an energy accumulator and the circuitry to generate photon timestamps. Pixels represent the
smallest unit that can provide spatial information. The signal of mini-SiPMs is not accessible outside
of the chip. The energy filter (discriminator) was implemented in the top-level logic so sensor noise
and low-energy events can be pre-filtered on chip level.

Figure 2.9 Block diagram of the SPADnet sensor.
The total area of the chip is 9.85×5.45 mm2. Significant part of the device’s surface is occupied by
logic and wiring so 35.7% of the whole is sensitive to light. This is the fill factor of the chip. SPADnet-I
contains 8×16 pixels of 570×610 µm2 size, see figure 2.10. By utilizing through silicon via (TSV)
technology the chip has electrical contacts only on its back side. This allows tight packaging of the
individual sensor dices into larger tiles. Such a way a large (several square centimetre big), coherent,
finely pixelated sensor surface can be realized.

Figure 2.10 Photograph of the SPADnet-I sensor.
Counting of the electron avalanche signals is realized on pixel level. It was designed in a way to make
the time-of-arrival measurement of the photons more precise and decrease the noise level of the
pixels. A scheme of the digitization and counting is summarized in figure 2.11. If an absorbed photon
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excites an avalanche in a SPAD, a short analogue electrical pulse is initiated. Whenever a SPAD
detects a photon, it enters into a dead state in the order of 100 ns. In case of a scintillation event
many SPADs are activated almost at once with small time difference, asynchronously with the clock.
Each of their analogue pulses is digitized in the SPAD front-end and substituted with a uniform digital
signal of tp length. These signals are combined on the mini-SiPM level by a multi-level OR-gate tree. If
two pulses are closer to each other than tp, their digital representations are merged (see pulse 3 and
4 in figure 2.11). A monostable circuit is used after the first level of OR-gates, which shortens tp down
to about 100 ps. The pixel-level counter detects the raising edges of the pulses and cumulates them
over time to create the integrated count number of the pixel for a given scintillation event.

Figure 2.11 Scheme of the avalanche event counting and pixel-level digitization.
The sensor is designed to work synchronously with a clock (timer), thus divides the photon counting
operation in 10 ns long time bins. The electronics has been designed in a way that there is practically
no dead time in the counting process at realistic rates. At each clock cycle, the counts propagate
from the mini-SiPMs to the top level through an adder tree. Here an energy discriminator
continuously monitors the total photon count (sum of pixel counts, Nc) and compares two
consecutive time bins against two thresholds (Th1 and Th2) to identify (validate) a scintillation event.
The output of the chip can be configured. The complete data set for a scintillation event contains the
time histogram, sensor image and the timestamps. The time histogram is the global sum of SPAD
counts distributed in 10 ns long time bins. The sensor image or spatial data is the count number per
pixel, summed over the total integration time. SPADnet-I also has a self-testing feature that
measures the average noise level for every SPAD. This helps to determine the threshold levels for
event validation, and based on this map, high-noise SPADs can be switched off during operation. This
feature decreases the noise level of the SPADnet sensor compared to similar analogue SiPMs.
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2.2.3 LYSO:Ce scintillator crystal and its optical properties
As it was mentioned in section 2.1.2 the role of the scintillator material is to convert the energy of
γ-photons into optical photons. The properties of the scintillator material influence the efficiency of
γ-photon detection (sensitivity), energy and timing resolution of the PET. For this reason a good
scintillator crystal has to have high density and atomic number to effectively stop the γ-particle [24];
fast light pulse – especially raising edge – and high optical photon conversion efficiency (light yield)
and proportional response to γ-photon energy [25], [26]. In case of commercial PET detectors their
insensitivity to environmental conditions is also important. Primarily chemical inertness and
hygroscopicity are of question [27]. Considering all these requirements nowadays LYSO:Ce is
considered to be the industry standard scintillator for PET imaging [26]-[29] and thus used
throughout this work.
The pulse shape of the scintillation of the LYSO:Ce crystal can be approximated with a double
exponential model i.e. exponential rise and decay of photon flux. Consequently it is characterized by
its raise and decay times as reported in table 2.1. The total length of the pulse is approximately 150
ns measured at 10% of the peak intensity [30]. The spectrum of the emitted photons is
approximately 100 nm wide with peak emission in the blue region. Its emission spectrum is plotted in
Figure 2.12. LYSO:Ce’s light yield is one of the highest amongst the currently known scintillators. Its
proportionality is good, light yield deviates less than 5% in the region of 100-1000 keV γ-photon
excitation, but below 100 keV it quickly degrades [25]. The typical scintillation properties of the
LYSO:Ce crystal are summarized in table 2.1.
Table 2.1 Characteristics of scintillation pulse of LYSO:Ce scintillator
Parameter of
scintillation
Light yield [25]
Peak emission [25]
Rise time [30]
Decay time [30]

Value
32 ph/keV
420 nm
70 ps
44 ns

Figure 2.12 Emission spectrum of LYSO:Ce scintillator [31]

18

In the spectral range of the scintillation spectrum absorption and elastic scattering can be neglected
considering normal, several centimetre size crystal components [32]. But inelastic scattering
(fluorescence) in the wavelength region below 400 nm changes the intrinsic emission so the peak of
the spectrum detected outside the scintillator is slightly shifted. [33],[34].
LYSO:Ce is a face centred, monoclinic crystal (see figure 2.13a) having C2/c structure type. Due to its
crystal type LYSO:Ce is a biaxial, birefringent material. One axis of the index ellipsoid is collinear with
the crystallographic b axis. The other two lay in the plane (0 1 0), perpendicular to this axis (see figure
2.13b). Its refractive index at the peak emission wavelength is between 1.82 and 1.85 depending on
the direction of light propagation and its polarization. The difference in refractive index is
approximately 1.5% and thus crystal orientation does not have significant effect on the light output
from the scintillator [35]. The principal refractive indices of LYSO:Ce is depicted in figure 2.14.

Figure 2.13 Bravais lattice of a monoclinic crystal a), Index ellipsoid axes with respect to Bravais
lattice axes of C2/c configuration crystal b).

Figure 2.14 Principle refractive indices of LYSO:Ce scintillator in its scintillation spectrum [35]
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2.3 Optical simulation methods in PET detector optimization
2.3.1 Overview of optical photon propagation models used in PET detector design
As a result of γ-photon absorption several thousand photons are being emitted with a wide
(~100 nm) spectral range. The source of photon emission is spontaneous emission as a result of
relaxation of excited electrons of the crystal lattice or doping atoms [29]. Consequently the emitted
light is incoherent. The characteristic minimum object size of those components which have been
proposed to be used so far in PET detector modules is several 100 µm [36], [37]. So diffraction effects
are negligible. Due to refractive index variations and the utilization of different surface treatments on
the scintillator faces the following effects have to be taken into account in the models: refraction,
transmission, elastic scattering and interference. Moreover due to the low number of photons the
statistical nature of light matter interaction also has to be addressed.
In classical physics the electromagnetic wave propagation model of light can be simplified to a
geometrical optical model if the characteristic size of the optical structures is much larger than the
wavelength [38]. Here light is modelled by rays which has a certain direction, a defined wavelength,
polarization and phase and carries a certain amount of power. Rays propagate in the direction of the
Poynting vector of the electromagnetic field. With this representation propagation in homogenous
even absorbing medium, reflection and refraction on optical interfaces can be handled [38].
Interference effects in PET detectors occur on consecutive thin optical layers (e.g.: dielectric reflector
films). Light propagates very small distances inside these components, but they have wavelength,
polarization and angle of incidence dependent transmission and reflection properties. Thus they can
be handled as surfaces which modify the ratio of transmitted and reflected light rays as a function of
wavelength. Their transmission and reflection can be calculated by using transfer matrix method
worked out for complex amplitude of the electromagnetic field in stratified media [39]. If the
structure of the stratified media (thin layer) is not known their properties can be determined by
measurement.
When it comes to elastic scattering of light we can distinguish between surface scattering and bulk
scattering. Both of these types are complex physical optical processes. Surface scattering requires
detailed understanding of surface topology (roughness) and interaction of light with the scattering
medium at its surface. Alternatively it is also possible to use empirical models. In PET detector
modules there are no large bulk scattering components, those media in which light travels larger
distances are optically clear [32]. Scattering only happens on rough surfaces or thin paint or polymer
layers. Consequently similarly to interference effect on thin films, scattering objects can also be
handled as layers. A scattering layer modifies the transmission, reflection and also the direction of
light. In ray optical modelling scattering is handled as a random process i.e. one incoming ray is split
up to many outgoing ones with random directions and polarization. The randomness of the process is
defined by empirical probability distribution formulae which reflect the scattering surface properties.
The most detailed way to describe this is to use a so-called bidirectional scattering distribution
function (BSDF) [40]. Depending on if the scattering is investigated for transmitted or reflected light
the function is called BTDF or BRDF respectively. See the explanation of BSDF functions in figure
2.15a and a general definition of BSDF in Eq. 2.8.
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Figure 2.15 Definition of a BRDF and BTDF function a), Gaussian scattering model for reflection b)

BSDF (ω o , ω i , λ ) =

dLo (ω o )
Li (ω i ) ⋅ cos(θ i ) ⋅ dω i

(2.8)

where Li is the incident radiance in the direction of ωi unit vector, dLo is the outgoing irradiance
contribution of the incident light in the direction of ωo unit vector (reflected or refracted). θi is the
angle of incidence and dωi is infinitesimally small solid angle around ωI unit vector, λ is the
wavelength of light.
In PET detector related models the applied materials have certain symmetries which allow the use of
simple scattering distribution functions. It is assumed that scattering does not have polarization
dependence and the scattering profile does not depend on the direction of the incoming light.
Moreover the profile has a cylindrical symmetry around the ray representing the specular reflection
of refraction direction. There are two widely used profiles for this purpose. One of them is the
Gaussian profile used to model small angle scattering, typically those of rough surfaces. It is
described as
 − ∆β 2
BSDF (∆ω o ) = A ⋅ exp 2 o
 σ BSDF







(2.9)

where

∆β o = β o − β r ,

(2.10)

βr is the projection of the reflected or refracted light ray’s direction to the plane of the scattering
surface, β 0 is the same for the investigated, outgoing light ray direction, σBSDF is the width of the
scattering profile and A is a normalization coefficient which is set in a way that BSDF represent the
power loss during the scattering process. If the scattering profile is a result of bulk scattering – like in
case of white paints – Lambertian profile is a good approximation. It has the following simple form
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BSDF ( ∆ω o ) =

A

π

.

(2.11)

It means that a surface with Lambertian scattering equally distributes the reflected radiance in all
directions.
With the above models of thin layers light propagation inside a PET detector module can be
modelled by utilizing geometrical optics i.e. the ray model of light. This optical model allows us to
determine the intensity distribution on the sensor plane. In order to take into account the statistics
of photon absorption in photon starving environments an important conclusion of quantum
electrodynamics should be considered. According to [41], [42] that the interaction between the light
field and matter (bounded electrons of atoms) can be handled by taking the normalized intensity
distribution as a probability density function of position of photon absorption. With this
mathematical model the statistics of the location of photon absorption can be simulated by using
Monte Carlo methods [43].
2.3.2 Simulation and design tools for PET detectors
Modelling of radiation transport is the basic technique to simulate the operation of medical imaging
equipment and thus to aid the design of PET detector modules. In the past 60-70 years wide variety
of Monte Carlo method-based simulation tools were developed to model radiation transport [44].
There are tools which are designed to be applicable of any field of particle physics e.g.: GEANT4 and
FLUKA. Applicability of others is limited to a certain type of particles, particle energy range or type of
interaction. The following codes are mostly used for these in medical physics: EGSnrc and PENELOPE
which are developed for electron-photon transport in the range of 1keV 100 Gev [45] and 100 eV to
1 GeV respectively, MCNP [46] was developed for reactor design and thus its strength is neutronphoton transport and VMC++ [47] which is a fast Monte Carlo code developed for radiotherapy
planning [47], [48]. For PET and SPECT (single photon emission tomography) related simulations
GATE [49] is the most widely used simulation tool, which is a software package based on GEANT4.
From the tools mentioned above only FLUKA, GEANT4 and GATE are capable to model optical photon
transport, but with very restricted capabilities. In case of GATE the optical component modelling is
limited to the definition of the refractive indices of materials, bulk scattering and absorption. There
are only a few built-in surface scattering models in it. Thin films structures cannot be modelled and
thus complex stacks of optical layers cannot be built up. It has to be noted that GATE’s optical
modelling is based on DETECT2000 [50] photon transport Monte Carlo tool which was developed to
be used as a supplement for radiation transport codes.
In the field of non-sequential imaging there are also several Monte Carlo method based tools which
are able to simulate light propagation using the ray model of light. These so-called non-sequential ray
tracing software incorporate a large set of modelling options for both thin layer structures (stratified
media) and bulk and surface scattering. Moreover their user interface makes it more convenient to
build up complex geometries than those of radiation transport software. Most widely known
software are Zemax OpticStudio, Breault Research ASAP and Synopsys LightTools. These tools are not
designed to be used along with radiation transport codes, but still there are some examples where
Zemax is used to study PET detector constructions [48], [51]-[54].
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2.3.3 Validation of PET detector module simulation models
Experimental validation of both simulation tools and simulation models are of crucial importance to
improve the models and thus reliably predict the performance of a given PET detector arrangement.
This ensures that a validated simulation tool can be used for design and optimization as well. The
performance of slab scintillator-based detectors might vary with POI of the γ-photon so it is essential
to know the position of the interaction during the validation. However, currently there does not exist
any method to exactly control it.
At the time being, all measurement techniques are based on the utilization of collimated γ-sources.
The small size of the beam ensures that two coordinates of the γ-photons (orthogonally to the beam
direction) is under control. A widely used way to identify the third coordinate of scintillation is to tilt
the γ-beam with an αγ angle (see figure 2.16). In this case the lateral position of the light spot
detected by the pixelated sensor also determines the depth of the scintillation [55], [56]. In a
simplified case of this solution the γ-beam is parallel to the sensor surface (αγ = 0o), i.e. all
scintillation occur in the same depth but at different lateral positions [57]. Some of the
characterizations use refined statistical methods to categorize measurement results with known
entry point and αγ [58], [55], [59]. In certain publications αγ=90o is chosen and the depth coordinate
is not considered during evaluation [11], [59].
There are two major drawbacks of the above methods. The first is that one can obtain only indirect
information about the scintillation depth. The second drawback comes from the way as γ-radiation
can be collimated. Radioactive isotopes produce particles uniformly in every direction. High-energy
photons, such as γ-photons, have limited number of interaction types with matter. Thus, collimation
is usually reached by passing the radiation through a long narrow hole in a lead block. The diameter
of the hole determines the lateral resolution of the measurement, thus it is usually relatively small,
around 1 mm [11], [60], [61]. This implies that the gamma count rate seen by the detector becomes
dramatically low. In order to have good statistics to analyse a PET detector module at a given POI, at
least 100-1000 scintillations are necessary. According to van Dam’s [62] estimation a detailed
investigation would take years to complete, if we use laboratory safe isotopes. In addition, the 1 mm
diameter of the γ-beam is very close to the expected (and already reported) resolution of PET
detectors [63], [64], [65], consequently, a more precise investigation requires excitation of the
scintillator in a smaller area.

collimated
γ-source
lateral
entrance
point

αγ
scintillator
crystal
LOR
photon
counter

Figure 2.16 PET module characterization setup with collimated γ-beam
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3. Axial dispersion of LYSO:Ce scintillator crystal (Main finding 1)
Y and Z axes of the index ellipsoid of LYSO:Ce crystal lay in the (0 1 0) plane but unlike X index

ellipsoid axis they are not necessarily collinear with the crystallographic axes in this plane (a and c)
(see figure 2.13b). Due to this reason the direction of Y and Z axes might vary with the wavelength
of light propagating inside them. This phenomenon is called axial dispersion [66], the extent of which
has never been assessed, neither its effect on scintillator modelling. I worked out a method to
characterize this effect in LYSO:Ce scintillator crystal using a spectroscopic ellipsometer in a crossed
polarizer-analyser arrangement.
3.1 Basic principle of the measurement
Let us assume that we have an LYSO:Ce sample prepared in a way that it is a plane parallel sheet, its
large faces are parallel to the (0 1 0) crystallographic plane. We put this sample in-between the arms
of the ellipsometer so that their optical axes became collinear. In this setup the change of
polarization state of the transmitted light can be investigated using the analyser arm. The incident
light is linearly polarized and the direction of the polarization can be set by the polarisation arm. A
scheme of the optical setup is depicted in figure 3.1.

Figure 3.1 A simplified sketch of the setup and reference coordinate system of the sample. The
illumination is collimated.
In this measurement setup the complex amplitude vector of the electric field after the polarizer can
be expressed in the Y-Z coordinate system as

 E   E ⋅ cos(P − φ 0 )

E =  y  =  0
 E z   E0 ⋅ sin (P − φ 0 ) 

(3.1)

where E0 is the magnitude of the electric field vector, φP is the angle of the polarizer and φ0 is the
direction of the Z index ellipsoid axis with respect to the reference direction of the ellipsometer (see
figure 3.1). Let us assume that the incident light is perfectly perpendicular to the (0 1 0) plane of the
sample and the investigated material does not have dichroism. In this case the transmission is
independent from polarization and the reflection and absorption losses can be considered through a
T (λ) wavelength dependent factor. In this approximation EY and EZ complex amplitudes are changed
after transmission as follows
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 E '   T (λ ) ⋅ E 0 ⋅ cos(P − φ0 ) ⋅ e iδ y
E' =  y  = 
iδ
 E ' z   T (λ ) ⋅ E 0 ⋅ sin (P − φ 0 ) ⋅ e z


,



(3.2)

where the wavelength dependent δy and δz are the phase shifts of the transmitted through the
sample along Y and Z axis respectively. On the detector the sum of the projection of these two
components to the analyser direction is seen. It is expressed as

E ' ' = E y '⋅ cos(φ A − φ0 ) + E z '⋅ sin(φ P − φ0 ) ,

(3.3)

where φA is the analyser’s angle. If the polarizers and the analyser are fixed together in a way that
they are crossed, the analyser angle can be expressed as

φ A = φ P + 90o .

(3.4)

In this configuration the intensity can be written as a function of the polarization angle in the
following way.
I (P ) = E ' '⋅E ' '∗ =

(T (λ ) ⋅ E 0 )2
2

⋅ [1 − cos (δ )] ⋅ sin 2 (2 ⋅ (φ P − φ 0 )) ,

(3.5)

where δ is the phase difference between the two components

δ =δz −δy =

(

)

2 ⋅ π ⋅ nz − n y ⋅ d

λ

,

(3.6)

where d is the thickness of the sample and λ is the wavelength of the incident light. A spectroscopic
ellipsometer as an output gives the transmission values as a function of wavelength and polarizer
angle. So its signal is given in the following form
T (φ P , λ ) =

I (φ P , λ )
E 0 (λ )2

.

(3.7)

This is called crossed polarizer signal. From Eq. 3.5 it can be seen that if the phase shift (δ) is non-zero
than by rotating the crossed polarizer-analyser pair a sinusoidal signal can be detected. The signal
oscillates with two times the frequency of the polarizer. The amplitude of the signal depends on the
intensity of the incident light and the phase shift difference between the two principal axes.
Theoretically the signal disappears if the phase shift can be divided by π. In reality this does not
happen as the polarizer arm illuminates the sample on a several millimetre diameter spot. The
thickness variation of a polished surface (several 10 nm) introduces notable phase variation in case of
an LYSO:Ce sample. In addition to that the ellipsometer’s spectral resolution is also finite, so phase
shift of one discrete wavelength cannot be observed.
In order to determine the orientation of Y and Z index ellipsoid axes one has to determine φ0 as a
function of wavelength from the recorded signal. This can be done by fitting the crossed polarizer
signal with a model curve based on Eq. 3.5 and Eq. 3.7 as follows
T (φ P , λ ) = A(λ ) ⋅ sin 2 (2 ⋅ (φ P − φ 0 (λ ))) + B (λ ) .
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(3.8)

In the above model the complex A(λ) account for all the wavelength dependent effects which can
change the amplitude of the signal. This can be caused by Fresnel reflection, bulk absorption (T(λ))
and phase difference δ(λ). B(λ) is a wavelength dependent offset, through which background light
intensity due to scattering on optical components, finite polarization ratio of polarizer and analyser is
considered.
I used an LYSO:Ce sample in the form of a plane-parallel plate with 1.0 mm thickness and polished
surfaces. This sample was oriented in (010) direction so that the crystallographic b axis (and
correspondingly the X index ellipsoid axis) was orthogonal to the surface planes. For the
measurement I used a SEMILAB GES-5E ellipsometer in an arrangement depicted in figure 2.13a. The
sample was put in between the two arms with its plane surfaces orthogonal to the incident light
beam thus parallel to the b axis. The aligned, crossed analyser-polarizer pair was rotated from 0o to
180o in 2o steps. At each angular position the transmission (T) was recorded as a function of
wavelength from 250 nm to 900 nm.
The measured data were evaluated by using MATLAB [22] mathematical programming language. The
raw data contained plurality of transmission data for different wavelengths and polarizer angle. At
each recorded wavelength the transmission curve as a function of polarizer angle (φP) were fit with
the model function of eq. 3.8. I used the built-in Curve Fitting toolbox of MATLAB to complete the fit.
As a result of the fit the orientation of the index ellipsoid was determined (φ0). The standard
deviation of φ0(λ) was derived from the precision of the fit, given by the Curve Fitting toolbox.
3.2 Results and discussion
The variation of the Z index ellipsoid axes direction is depicted in figure 3.2. The results clearly show
a monotonic change in the investigated wavelength range with a maximum of 8.1o. At UV and blue
wavelengths the slope of the curve is steep, 0.04o/nm, while in the red and near infrared part of the
spectrum it is moderate, 0.005o/nm. LYSO:Ce crystal’s scintillation spectrum spans from 400 nm to
700 nm (see figure 2.12). In this range the direction difference is only 2.4o.
5
4
3

Angle (deg)

2
1
0
-1
-2
-3
-4
-5

300

400

500
600
700
Wavelength (nm)

800

900

Figure 3.2 Dispersion of index ellipsoid angle of LYSO:Ce in (0 1 0) plane (solid line) and ±1σ error
(dashed line). The φ0 = 0o position was selected arbitrarily.
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The angle estimation error is less than 1o (±1σ) at the investigated wavelengths and less than 0.5o
(±1σ) in the scintillation spectrum. Considering the measurement precision it can also be concluded
that the proposed method is applicable to investigate small, 1-2o index ellipsoid axis angle rotation.
In order to judge if this amount of axial dispersion is significant or not it is worth to calculate the
error introduced by neglecting the index ellipsoid’s axis angle rotation when the refractive index is
calculated for a given linearly polarized light beam. An approximation is given by Erdei [35] for small
axial dispersion values (angles) as follows
∆n ≈

(n z

− nz )⋅ ϕ0
⋅ sin (2 ⋅ ϕ1 ) ,
nz + n y

(3.9)

where φ1 is the direction of the light beam’s polarization from the Y index ellipsoid axis, nY and nZ are
the principal refractive indices in Y and Z direction respectively. Using this approximation one can
see that the introduced error is less than ∆n = ± 4.4 × 10-4 at the edges of the LYSO spectrum if the
reference index ellipsoid direction (φ0 = 0o) is chosen at 500 nm, which is less than the refractive
index tolerance of commercial optical glasses and crystals (typically ±10-3). Consequently, this
amount of axial dispersion is negligible from PET application point of view.
3.3 Summary of results
I proposed a measurement and a related mathematical method that can be used to determine the
axial dispersion of birefringent materials by using crossed polarizer signal of spectroscopic
ellipsometers [35]. The measurement can be made on samples prepared to be plane-parallel plates
in a way that the index ellipsoid axis to be investigated falls into the plane of the sample. With this
method the variation of the direction of the axis can be determined.
I used this method to characterize the variation of the Z index ellipsoid axis of LYSO:Ce scintillator
material. Considering the crystal structure of the scintillator this axis was expected to show axial
dispersion. Based on the characterization I saw that the axial dispersion is 2.4o in the range of the
scintillator’s emission spectrum. This level of direction change has negligible effect on the
birefringent properties of the crystal from PET application point of view.

4. Pixel size study for SPADnet-I photon counter design (Main finding 2)
Braga et al. [67] proposed a novel pixel construction for fully digital SiPMs based on CMOS SPAD
technology, called miniSiPM concept. The construction allows the reduction of area occupied by
non-light sensitive electronic circuitry on the pixel level and thus increases the photo-sensitivity of
such devices.
In this concept the ratio of the photo sensitive area (fill factor – FF) of a given pixel increases if a
larger number of SPADs are grouped in the same pixel, and so connected to the same electronics.
Better photo-sensitivity results in increased PET detector energy resolution due to the reduced
Poisson noise of the total number of captured photons per scintillation (see 2.1.2). However, it is not
advantageous to design very large pixels as it would lead to reduced spatial resolution. From this
simple line of thought it is clear that there has to be an optimal SPAD number per pixel which is most
suitable for a PET detector built around a scintillator crystal slab. The size and geometry of the SPAD
elements were designed and optimized beforehand. Thus its size is given in this study.
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Since there are no other fully digital photon counters on the market that we could use as a starting
point, my goal was to determine a range of optimal SPAD number per pixel values and thus aid the
design of the SPADnet photon counter sensor. Based on a preliminary pixel design and a set of
geometrical assumptions I created pixel and corresponding sensor variants. In order to compare the
effect of pixel size variation to the energy and spatial resolution I designed a simple PET detector
arrangement. For the comparison I used Zemax OpticStudio as modelling tool, and I developed my
own complementary MATLAB algorithm to take into account the statistics of photon counting. By
using this I investigated the effect of pixel size variation to centre of gravity (COG) and RMS spot size
algorithms and to energy resolution.
4.1 PET detector variants
In the SPADnet project the goal is to develop a 50 × 50 mm2 footprint size PET detector module. The
corresponding scintillator should be covered by 5 × 5 individual sensors of 10 × 10 mm2 size. Sensors
are electrically connected to signal processing printed circuit boards (PCB) through their back side by
using through silicon vias (TSV). Consequently, the sensors can be closely packed. Each sensor can be
further subdivided into pixels (the smallest elements with spatial information) and SPADs (see figure
4.1). During this investigation I will only use one single sensor and a PET detector module of the
corresponding size.
Sensor
Pixellated area

Pixel

Active area

SPAD

Figure 4.1. Detector module arrangement, sizes and definitions
4.1.1 Sensor variants
It is very time-consuming to make complete chip layout designs for several configurations. Therefore
I set up a simplified mathematical model that describes the variation of pixel geometry for varying
SPAD number per pixel. As a starting point I used the most up to date sensor and pixel design.
The pixel consists of an area that is densely packed with SPADs in a hexagonal array. This is referred
to as active area. Due to the wiring and non-photo sensitive features of SPADs only 50% of the active
area is sensitive to light. The other main part of the pixel is occupied by electronic circuitry. Due to
this the ratio of photo sensitive area on a pixel level drops to 44%. The initial sensor and pixel
parameters are summarized in table 4.1.
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Table 4.1 Parameters of initial sensor and pixel design [68]
Size of pixelated area
Pixel number (N)
Pixel area(APX)
Pixel fill factor (FFPX)
SPAD per pixel (n)
Active area fill factor (FFAE)

8×8 mm2
64×64
125x125 µm2
44 %
8×8
50%

The mathematical model was built up by using the following assumptions. The first assumption is
that the pixels are square shaped and their area (APX) can be calculated as Eq. 4.1

APX = AAE + ALG ,

(4.1)

where AAE is the active area and ALG is the area occupied by the per pixel circuitry. Second, the
circuitry area of a pixel is constant, independently of the SPAD number per pixel. The size of SPADs
and surrounding features has already been optimized to reach large photo sensitivity, low noise and
cross-talk and dense packaging. So the size of the SPADs and fill factor of the active area is always the
same FFAE = 50% (third assumption). Furthermore, I suppose that the total cell size is 10×10 mm2 of
which the pixelated area is 8×8 mm2 (fourth assumption). The dead space around the pixelated area
is required for additional logic and wiring.
Considering the above assumptions Eq. 4.1 can be rewritten in the following form

APX = A SPAD ⋅ n + ALG ,

(4.2)

where

A SPAD =

A AE 1 FFPX
= ⋅
⋅ APX
n
n FF AE

(4.3)

is the average area needed to place a SAPD in the active area and n is the number of SPADs per pixel.
In accordance with the third assumption ASPAD is constant for all variants. Using parameters given
in table 4.1 we get ASPAD = 214.84 µm2. According to the second assumption there is a second
invariant quantity, ALG. It can be expressed from Eq. 4.2 and 4.3.

 FF
ALG = 1 − PX
 FFAE


 ⋅ APX


(4.4)

Based on table 4.1 this ALG = 1875 μm2 is supposed to be used to implement the logic circuitry of one
pixel.
By using the invariant quantities and the above equations the pixel size for any number of SPADs can
be calculated. I used the powers of 2 as the number of SPADs in a row (√n = 2 to 64) to make a set of
sensor variants. Starting from this the pixel size was calculated. The number of pixels in the pixelated
area of the sensor was selected to be divisible by 10 or power of 2. At least 1 mm dead space around
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the pixelated area was kept as stated above (fourth assumption). I selected the configuration with
the larger pixelated area to cover the scintillator crystal more efficiently. A summary of construction
parameters of the configurations calculated this way can be found in table 4.2. Due to the
assumptions both the pixels and the pixelated area are square shaped thus I give the length of one
side of both areas (√APX, √APXS respectively).
Table 4.2. Sensor configurations
SPAD number in a row - √n
2

2

4
-4

8
-3

16
-2

32
-2

64
-1

-1

8.41∙10

3.48∙10

1.37∙10

5.52∙10

2.20∙10

8.80∙10

52

73

125

239

471

939

Size of pixellated area - √APXS (mm)

7.80

7.30

8.00

7.65

7.54

7.51

Pixelnumber in a row - √N

150

100

64

32

16

8

Active area - AAE (mm )
Pixel size - √APX (m)

4.1.2 Simplified PET detector module
The focus of this investigation is on the comparison of the performance of sensor variants.
Consequently I created a PET detector arrangement that is free of artefacts caused by the scintillator
crystal (e.g.: edge effect) and other optical components.
The PET detector arrangement is depicted in figure 4.2. It consists of a cubic 10×10×10 mm3 LYSO:Ce
scintillator (1) optically coupled to the sensor’s cover glass made of standard borosilicate glass (2)
(Schott N-BK7 [69]). The thickness of the cover glass is 500 µm. The surface of the silicon multiplier
(3) is separated by 10 µm air gap from the cover glass as the cover glass is glued to the sensor around
the edges (surrounding 1 mm dead area). Each variant of the senor is aligned from its centre to the
center of the scintillator crystal. The scintillator crystal faces which are not coupled to the sensor are
coated with an ideal absorber material. This way the sensor response is similar to what it would be in
case of an infinitely large monolithic scintillator crystal.

Figure 4.2. Simplified PET detector arrangement. LYSO:Ce crystal (1), cover glass (2), and
photon counter (3)
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4.2 Simulation model
In accordance with the goal of the investigation, I created a model to simulate the sensor response
(i.e. photon count distribution on the sensor) when used in the above PET detector module. The
scintillator crystal model was excited at several pre-defined POIs in multiple times. This way the
spatial and statistical variation of the performance can be seen. During the performance evaluation
the sensor signals where processed by using position and energy estimation algorithms described in
Section 2.1.2 and 2.1.5.
4.2.1 Simulation method
The model of the PET detector and sensor variants were built-up in Zemax OpticStudio a widely used
optical design and simulation tool. This tool uses ray tracing to simulate propagation of light in
homogenous media and through optical interfaces. Transmission through thin layer structures (e.g.:
layer structure on the senor surface) can also be taken into account. In order to model the statistical
effects caused by small number of photons I created a supplementary simulation in MATLAB. See its
theoretical background in Section 2.3.1.
I call this simulation framework – Zemax and custom made MATLAB code – Semi-Classic Object
Preferred Environment (SCOPE) referring to the fact that it is a mixture of classical and quantum
models-based light propagation. Moreover the model is set up in an object or component based
simulation tool. An overview of the simulation flow is depicted in figure 4.3.
The simulation workflow is as follows. In Zemax I define a point source at a given position. Light rays
will be emitted from here. In the defined PET detector geometry (including all material properties) a
series of ray tracing simulations are performed. Each of these is made using monochromatic
(incoherent) rays at several wavelengths in the range of the scintillator’s emission spectrum. The
detector element that represents the sensor is configured in a way that its pixel size and number is
identical to the pixel size of the given sensor variant. In order to model the effect of fill factor of the
pixelated area, the photon detection probability (PDP) of SPADs, and non-photo sensitive regions of
the pixel a layer stack was used in Zemax as an equivalent of the sensor surface as depicted in figure
4.4. Photon detection probability is a parameter of photon counters that gives the average ratio of
impinging photons which initiate an electrical signal in the sensor.
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Figure 4.3 Block diagram of SCOPE simulation framework
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Figure 4.4 Photon counter sensor equivalent model: layer stack.
The dead area (area outside the active area) of the pixel is screened out by using a masking layer.
Accordingly only those light rays can reach the detector which impinge to the photo-sensitive part of
the pixel the rest is absorbed. Above the mask the so-called PDP layer represents wavelength and
angle dependent PDP of the SPADs; and reflectance (R) of the sensor surface. The transmittance (T)
of the PDE layer also account for the fill factor of the active area. So the transmittance of the layer
can be expressed in the following way

T = PDP ⋅ FFAE ,

(4.5)

where PDP is the photon detection probability of the SPADs. It important to note here that the term
photon detection efficiency is defined in a way that it accounts for the geometrical fill factor of a
given sensing element. This is called layer PDE layer, because it represents the PDE of the active area.
Contrary to that photon detection probability (PDP) is defined for the photo sensitive area only. By
using large number of rays (several million) during the simulation the intensity distribution can be
estimated in each pixel. By normalizing the pixel intensity with the power of the source, the
probability distribution of photon absorption over sensor pixels for a plurality of wavelengths and
POIs is determined. Here I note that the sum of all per pixel probabilities is smaller than 1 as some
fraction of the photons does not reach the photo-sensitive area. In the simulation this outcome is
handled by an extra pixel or bin that contains the lost photons (lost photon bin).
The simulated sensor images are finally created in MATLAB using Monte-Carlo methods and the 2D
spatial probability distribution maps generated by Zemax in order to model the statistical nature of
photon absorption in the sensor (see section 2.3.1). As a first step a Poisson distribution is sampled
determine initial number of optical photons (NE). The mean emitted photon number ( N E i.e. mean
of Poisson distribution) is determined by considering the γ-photon energy (Eγ = 511 keV) and the
conversion factor of the scintillator (C), see chapter 2.2.3.
N E = C ⋅ Eγ

(4.6)

In the second step the spectral probability density function g(λ) of scintillation light is used to
randomly generate as many wavelength values as many photons we have in one simulation (NE). The
wavelength values are discrete (λj) and fixed for a given g(λ) distribution. In the third step the
wavelength dependent 2D probability maps are used to randomly scatter photons at each
wavelength to sensor pixels (or into lost photon bin). In the fourth step noise (dark counts) is added –
avalanche events initiated by thermally excitation electrons – to the pixels. Again, a Poisson
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distribution is sampled to determine dark counts per pixel (nDCR). The mean of the distribution is
determined from the average dark count rate of a SPAD, the sensor integration time (tint) and the
number of SPADs per pixel.
N DCR = f DCR ⋅ t int ⋅ n

(4.7)

It is important to consider the fact that SPADs has a certain dead time. This means that after an
avalanche is initiated in a diode is paralyzed for approximately 200 ns [70]. So one SPAD can
contribute with only one - or in an unlikely case, two counts - to the pixel count value during a
scintillation (see chapter 2.2.1 [68]). I take this effect into account in a simplified way. I consider that
a pixel is saturated if the number of counts reaches the number of SPADs per pixel. So in the final
step (fifth) I compare the pixel counts against the threshold and cut the values back to the maximum
level if necessary. I show in section 4.3 that this simplification does not affect the results significantly
as in the used module configuration pixel counts are far from saturation.
After all these steps we get pixel count distributions from a scintillation event. The raw sensor images
generated this way are further processed by the position and energy estimation algorithms to
compare the performance of sensor variants.
4.2.2 Simulation parameters
The geometry of the PET detector scheme can be seen in figure 4.2. The LYSO:Ce scintillator crystal
material was modelled by using the refractive index measurement of Erdei et al. [35]. As the
birefringence of the crystal is negligible for this application (see Section 2.2.3) I only used the
y directional (ny) refractive index component (see figure 2.14). As a conversion factor I used the value
given by Mosy et al. [25] as given in table 2.1 in Section 2.2.3. The spectral probability density
function of the scintillation was calculated from the results of Zhang et al. [31] see figure 2.12 in
Section 2.2.3. All the crystal faces which are not connected to the sensor were covered by ideal
absorbers (100% absorption at all wavelengths independently of the angle of incidence).
The sensor’s cover glass was assumed to be Schott N-BK7 borosilicate glass [69]. For this I used the
built-in material library’s refractive index built in Zemax. As the PDP of the SPADs at this stage of the
development were unknown I used the values measured of an earlier device made with similar
technology and geometry. Gersbach et al. [70] published the PDP of the MEGAFRAME SPAD array for
different excess bias voltage of the SPADs. I used the curve corresponding to 5V of excess bias (see
figure 4.5).

Figure 4.5 PDP of SPADs used in the MEGAFRAME project at excess bias of 5V [70]
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The reported PDP was measured by using an integrating sphere as illumination [70]. So the result is
an average for all angles of incidences (AoI). In the lack of angle information I used the above curve
for all AoIs. Based on this the transmittance of the PDE layer was determined by using Eq. 4.5. The
reflectance of the PDE layer i.e. the sensor surface was also unknown. Accordingly I assumed that it is
Rs = 10% independently of the AoI. Based on internal communication with the sensor developers [68]
the fill factor of the active area was always considered to be FFAE = 50%. The masking layer was
constructed in a way that the active area was placed to the centre of the pixel and the dead area was
equally distributed around it. On sensor level the same concept was repeated: the pixelated area
occupies the centre of the sensor. It is surrounded by a 1 mm wide, non-photo sensitive frame (see
figure 4.6). The noise frequency of SPADs were chosen based on internal communication and set to
be fDCR = 200 Hz by using tint = 100 ns integration time. I assumed during the simulation that all
photons are emitted under this integration time and the sensor integration starts the same time as
the scintillation photon pulse emission.

Figure 4.6 Construction of the mask layer
In case of all sensor variants POIs laying on a 5 × 5 × 10 grid (in x, y, and z direction respectively) were
investigated. As both the scintillator and the sensor variant have rectangular symmetry the grid only
covered one quarter of the crystal in the x-y plane. The applied coordinate system is shown in figure
4.3. The distance of the POIs in all direction was 1 mm. The coordinate of the initial point is x0 =
0.5 mm, y0 = 0.5 mm, z0 = 0.5 mm. The emission spectrum of LYSO was sampled at 17 wavelengths by
20 nm intervals starting from 360 nm. During the calculation of the spatial probability maps
10 000 000 rays were traced for each POI and wavelength. In the final Monte-Carlo simulation M = 20
sensor images were simulated at each POI in case of all sensor variants.
4.3 Results and discussion
The lateral resolution of the simplified detector module was investigated by analysing the estimated
COG position of the scintillations occurring at a given POI. During this analysis I focused on POIs close
to the centre of the crystal to avoid the effect of sensor edges to the resolution (see section 2.1.4).
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In figure 4.7 the RMS error of the lateral position estimation (∆ρRMS) can be seen, calculated from the
simulated scintillations (20 scintillation / POI) at x = 4.5 mm, y = 4.5 mm, and z = 3.5 mm, 4.5 mm,
5.5 mm respectively.

∆ρ RMS =

1
M

{

∑ (ξ i − ξ )
M

i =1

2

+ (η i − η )2

}

(4.8)
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Figure 4.7 RMS Error vs. SPAD number/pixel side
It can be clearly seen that the precision of COG determination improves as the number of SPADs in a
row increases. The resolution is approximately two times better at 16 SPAD in a row than for the
smallest pixel. From this size its value does not improve for the investigated variants. The
improvement can be understood by considering that the statistical photon noise of a pixel decreases
as the number of SPADs per pixel increases (i.e. the size of the pixel grows). The behaviour of the
curve for large pixels (more than 16 SPADs in a row) is most likely the result of more complex set of
phenomenon including the effect of lowered spatial resolution (increased pixel size), noise counts
and behaviour of COG algorithm under these conditions. To determine the contribution of each of
these effects to the simulated curve would require a more detailed analysis. Such an analysis is not in
alignment with my goals, so here I settle for the limited understanding of the effect.
In order to investigate the photon count performance of the detector module I determined the
maximum of total detected photon number from all POIs of a given sensor configuration (Ncmax)
Eq. 4.9. It can be seen in figure 4.8 that the number of total counts increases with the increasing
SPAD number. This happens because the pixel fill factor is improving. This improvement also
saturates as the pixel fill factor (FFPX) approaches the fill factor of the active area (FFAE) for very large
pixels where the area of the logic (ALG) is negligible next to the pixel size.
N cmax = max ( N c )
POI
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Figure 4.8 Maximum counts vs. SPAD number/pixel side
Using these results it can also be confirmed that the pixel saturation does not affect the number of
total counts significantly. In order to prove that one has to check if Ncmax << n · N. So the total number
of SPADs on the complete sensor is much bigger than the maximum total counts. In all of the above
cases there are more than 1000 times more SPADs than the maximum number of counts. This leads
to less than 0.1% of total count simulation error according to the analytical formula of pixel
saturation [71].
Finally as a possible depth of interaction estimator I analysed the behaviour of the estimated RMS
radius of the light spot size on the sensor (Σ). The average RMS spot sizes ( Σ ) can be seen in
figure 4.9 for different depths, and sensor configurations close to the centre of the crystal laterally
x = 4.5 mm, y = 4.5 mm.
It is apparent from the curve that the average spot size saturates at z = 2.5 mm i.e. 7.5 mm away
from the sensor side face of the scintillator crystal. This is due to the fact that size of the spot on the
sensor is equal to the size of the sensor at that distance. Considering that total internal reflection
inside the scintillator limits the spot size we can calculate that the angle of the light cone propagates
from the POI which is αTIR = 33.3o. From this we get that the spot diameter, which is equal to the size
of the detector (10 mm) at z = 2.4 mm. Below this value the spot size changes linearly in case of
majority of the sensor configurations. However curves corresponding to 32 and 64 SPADs per row
configurations, the calculated spot size is larger for POIs close to the detector surface and thus the
slope of the DOI vs. spot size curve is smaller. This can be understood by considering the resolution
loss due to the larger pixel size. As the slope of the function decreases, the DOI estimation error
increases even for constant spot size estimation error.
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Figure 4.9 RMS spot radius vs. depth of interaction
Curves are coloured according to SPADs in a row per pixel
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The RMS error of spot size estimation is plotted in figure 4.10 for the same POIs as spot size in
figure 4.9. The error of the estimation is the smallest for POIs close to the sensor and decreases with
growing pixel size, but there is no significant difference between values corresponding to 8 to 64
SPAD per row configurations. Considering this and the fact that the DOI vs. POI curve’s slope starts to
decrease over 32 SPADs in a row, it is clear that configurations with 8 to 32 SPADs in a row
configuration would be beneficial from DOI resolution point of view sensor.

Depth – z (mm)

Figure 4.10 RMS error of spot size estimation vs. depth of interaction
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Comparing the previously discussed results I concluded that the pixel of the optimal sensor
configuration should contain more than 16 × 16 and less than 32 × 32 SPADs and thus the size of a
pixel should be between 0.24 × 0.24 mm2 and 0.47 × 0.47 mm2.
4.4 Summary of results
I created a simplified, parametric, geometrical model of the SPADnet-I photon counter sensor pixel
and PET detector that can be used along with it. Several variants of the sensor were created
containing different number of SPADs. I developed a method that can be used to simulate the signal
of the photon counter variants. Considering simple scintillation position and energy estimation
algorithms I evaluated the position and energy resolution of the simple PET detector in case of each
detector variant. Based on the performance estimation I proposed to construct the SPADnet-I sensor
pixels in a way that they contain more than 16 × 16 and less than 32 × 32 SPADs.
During the design of the SPADnet-I sensor beside the study above constraints and trade-offs of the
CMOS technology and analogue and digital electronic circuit design were also considered. The finally
realized size of the SPADnet-I sensor pixel contains 30 × 24 SPADs and its size is 0.61 × 0.57 mm2
[23],[72],[73]. This pixel size (area) is 57% larger than the largest pixel that I proposed, but the
contained number of SPADs fits into the proposed range. The reason for this is the approximations
phrased in the assumptions and made during the generation of sensor variants, most importantly the
size of the logic circuitry is notably larger for large pixels contrary to what is stated in the second
assumption. Still with this deviation the pixel characteristics were well determined.

5. Evaluation of photon detection probability and reflectance of cover
glass-equipped SPADnet-I photon counter (Main finding 3)
The photon counter is one of the main components of PET detector modules, as such the detailed
understanding of its optical characteristics are important both from detector design and simulation
point of view. Braga, et al. [67] characterized the wavelength dependence of PDP of SPADnet-I for
perpendicular angle of incidence earlier. They observed strong variation of PDP vs. wavelength. The
reason of the variation is the interference in a silicon nitride layer in the optical thin layer structure
that covers the sensitive area of the sensor. This layer structure accompanies the commercial CMOS
technology that was used during manufacturing.
In this chapter I present a method that I developed to measure polarization, angle of incidence and
wavelength dependent photon detection probability (PDP) and reflectance of cover glass equipped
photon counters. The primary goal of this method development is to make it possible to fully
characterize the SPADnet-I sensor from optical point of view that was developed and manufactured
based on the investigation presented in section 4. This is the first characterization of a fully digital,
counter based on CMOS technology-based photon counter in such detail. The SPADnet-I photon
counter’s optical performance and its reflectance and PDP for non-polarized scintillation light is used
in optical simulations of the latter chapters.
5.1 Optical arrangement of the SPADnet-I photon counter in a PET detector module
The optical structure of the SPADnet-I photon counter is depicted in figure 5.1a. The sensor is
protected from environmental effects with a borosilicate cover glass. The cover glass is cemented to
the surface of the silicon photon-sensing chip with transparent glue in order to match their refractive
indices. Only the optically sensitive regions of the sensor are covered with glue as it can be seen in
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the micrograph depicted in figure 5.1b. The scintillator crystal of the PET detector is coupled to the
sensor’s cover glass with optically transparent grease-like material.

Figure 5.1 Cross-section of SPADnet-I sensor a), micrograph of a SPADnet-I sensor pixel with optically
coupled layer visible b)
In case of CMOS (complementary metal-oxide-semiconductor) image sensors (SPADnet-I has been
made with such a technology) the photo-sensitive photo diode element is buried under transparent
dielectric layers. The SPADs of SPADnet-I sensor are also covered by a similar structure. A typical
CMOS image sensor cross-section is depicted in figure 5.2. The role of the dielectric layers is to
electrically isolate the metal wirings connecting the electronic components implemented in the
silicon die. The thickness of the layers falls in the 10-100 nm range and they slightly vary in refractive
index (∆n ≈ 0.01), consequently such structures act as dielectric filters from optical point of view.

transparent, dielectric, isolation layers

metal
wiring

silicon substrate
photo-sensitive area
Figure 5.2 Typical structure of CMOS image sensors
Considering such an optical arrangement it is apparent that light transmission until the
photon-sensitive element will be affected by Fresnel reflections and interference effects taking place
on the CMOS layer structure. The photon detection probability of the sensor depends on the
transmission of light on these optical components, thus it is expected that PDP will depend on
polarization, angle of incidence and wavelength of the incoming light ray.
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5.2 Characterization method
In order to fully understand the SPADnet-I sensor’s optical properties I need to determine the value
of PDP (see section 2.2.1, Eq. 2.6) for the spectral emission range of the scintillation emerging form
LYSO:Ce scintillator crystal (see figure 2.12) for both polarization states and the complete angle of
incidence range (AoI) that can occur in a PET detector system. This latter criterion makes the
characterization process very difficult, since the LYSO:Ce scintillator crystal’s refractive index at the
scintillators peak emission wavelength (λ = 420 nm) is high (typically nsc = 1.82, see section 2.2.3)
compared to the cover glass material which is nCG = 1.53 (for a borosilicate glass [69]). In such a case
– according to Snell’s law – the angle of exitance (β) is larger than the angle of incidence (α) to the
scintillation-cover glass interface, as it is depicted in figure 5.3. The angular distribution of the
scintillation light is isotropic. If scintillation occurs in an infinitely large scintillator sensor sandwich
then the size of the light spot is only limited by the total internal reflection, then the angle of
exitance ranges from 0o to 90o inside the cover glass and also the transparent glue below (see figure
5.3). I note that the angle of existence from the scintillation-cover glass interface is equal to the AoI
to the sensor surface, more precisely to the glue surface that optically couples the cover glass to the
silicon surface. Hereafter I refer to β as the angle of incidence of light to the sensor surface, and also
PDP will be given as a function of this angle.

Figure 5.3 Angular range of scintillation light inside the cover glass of the SPADnet-I sensor
During characterization light reaches the cover glass surface from air (nair = 1). In this case the
maximum angle until which the PDP can be measured is β ≈ 41o (accessible angle range), according to
Snell’s law. Hence, the refractive index above the cover glass should be increased to be able to
measure the PDP at angles larger than 41o. If I optically couple a prism to the sensor cover glass with
a prism angle of υ (see figure 5.4) the accessible AoI range can be tilted by υ. The red cone in figure
5.4 represents the accessible angle range.
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Figure 5.4 Concept of light coupling prism to cover the scintillation’s angular range inside the
sensor’s cover glass
As the collimated input beam passes through the different interfaces it refracts two times. The angle
of incidence (β) at the sensor can be calculated as a function of the angle of incidence at the first
optical surface (αp) by the following equation:

 n pr

β = asin 

 nCG



 sin(α p )  
  ,
sinυ + asin
 n pr  


 


(5.1)

where np is the refractive index of the prism, nCG is the refractive index of the cover glass, υ is the
prism angle, as it is shown in figure 5.4.
According to Eq. 5.1, any β can be reached by properly selecting υ and αp values independently of npr.
In practice, this means that one has to realize prisms with different υ values. For this purpose I used
a right-angle prism distributed by Newport (05BR08, N-BK7, uncoated). I coupled the prism to the
cover glass by optical quality cedarwood oil (index-matching immersion liquid), since any Fresnel
reflection from the prism-cover glass interface would decrease the power density incident to the
detector surface. In order to reduce this effect, I selected the material of the prism [69] to match that
of the borosilicate cover glass as good as possible to minimize multiple reflections in the system
coming from this interface. (The properties of the cover glass were received through internal
communication with the Imaging Division of STmicroelectronics). The small difference in refractive
indices causes only a minor deflection of light at the prism-cover glass interface (the maximum value
of deflection is 2o at β=80o, i.e. α ≈ β); considerations of Fresnel reflection will be discussed in section
5.4. This prism can be used in two different configurations: υ =45o and υ =90o, which results –
together with the illumination without prism – in three configurations (Cfg. 1,2 and 3), see figure 5.5.
Based on Eq. 5.1 I calculated the available angular range for β at the peak emission wavelength of
LYSO:Ce (λ =420 nm) [74]. The actually used angle ranges are summarized in table 5.1. Values were
calculated for npr = 1.528 and nCG = 1.536 at λ = 420 nm.
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In order to determine the PDP of the sensor the avalanche probability (PA) and quantum efficiency
(QE(λ)) of the photo-sensitive element has to be measured (see Eq. 2.6). For their determination a
separate measurement is necessary, which will also be discussed in subsection 5.4.

Figure 5.5 Scheme of the three different configurations used in the measurements. The unused
surfaces of the prism are covered by black, absorbing paint to reduce unintentional reflections and
scattering.
Table 5.1 The angle ranges used in case of the different configurations for my measurements.
Minimum and maximum angle of incidences (β), the corresponding angle of incidence in air (αp) vs.
the applied prism angle (υ).

υ
αp
β

Cfg. 1
max.
min.
0°
0.0°
61.8.2°
0.0°
35.0°

Cfg. 2
min.
max.
45°
-23.1°
24.1°
30.0°
60.0°

Cfg. 3
min.

max.
90°

-60.2°
55.0°

-12.5°
80.0°

5.3 Experimental setups
The setup that was used to control the three required properties of the incident light independently
contained a grating-monochromator, manufactured by ISA (full-width-at-half-maximum resolution:
∆λ =8nm @ λ =420 nm) to set the wavelength of the incident light. A Glan-Thompson polarizer
(manufactured by MellesGriot) was used to make the beam linearly polarized, and a rotational stage
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to adjust the angle (αp) of the sensor relative to the incident beam. The monochromator was
illuminated by a halogen lamp (Trioptics KL150 W/E). The power density (I0) of the beam exiting the
monochromator was monitored using a Coherent FieldMax II calibrated power meter. The power of
the incident light was set so that the sensor was operated in its linear regime [67]. Accordingly, the
incident power density (I0) was varied between 1.8 mW/m2 and 9.5 mW/m2. The scheme of the
measurement is depicted in figure 5.6.

Figure 5.6 Scheme of the measurement setup
The evaluation kit (EVK) developed by the SPADnet consortium was used to control the sensor
operation and to acquire measurement data. It consists of a custom made front-end electronics and
a Xilinx Spartan-6 SP605 FPGA evaluation board. A graphical user interface (GUI) developed in
LabView provided direct access to all functionalities of the sensor. During all measurements an
operational voltage of 14.5 V were used with SPADnet-I at in the so-called imaging mode, when it
periodically recorded sensor images. The integration time to record a single image was set to
tint = 200 ns. 590 images were measured in every measurement point to average them and thus
achieve lower noise. Therefore, the total, net integration time was 118 microsecond/measurement
point. Measurements were made at four discrete wavelengths around the peak wavelength of the
LYSO:Ce scintillation spectrum λ = 400 nm, 420 nm, 440 nm, and 460 nm [74]. The angle space was
sampled in Δβ = 5° interval from β = 0o to 80o using the different prism configurations. The angle
ranges corresponding to them overlapped by 5o (two measurement points) to make sure that the
data from each measurement series are reliable and self-consistent, see table 5.1. At all AoIs and
wavelengths a measurement was made for both a p- and s-polarization. The precision of the θ
setting was ±0.5°, divergence of the illuminating beam was less than 1°. All measurements were
carried out at room temperature.
5.4 Evaluation of measured data
During the measurements the power density (I0) of the collimated light beam exiting the
monochromator (see Fig. 4.) and the photon counts from every SPADnet-I pixel (N) were recorded.
The noise (number of dark counts, NDCR) was measured with the light source switched off.
The value of average pixel counts ( N c ) was between 10 and 50 counts/pixel from a single sensor
image with a typical value of 30 counts/pixel. As a comparison the average value of the dark counts
was measured to be = 0.37 counts/pixel. The signal-to-noise ratio (SNR) of the measurement was
calculated for every measurement point and I found that it varied between 10 and 110 with a typical
value of 45. (The noise of the measurement was calculated from the standard deviation of the
average pixel count.)
44

In order to obtain the PDP of the sensor I had to determine the light power density (Iin) in the cover
glass, taking into account losses on optical interfaces caused by Fresnel reflection. In case of our
configurations reflections happen on three optical interfaces: at the sensor surface (reflectance
denoted by Rs), at the top of the cover glass (RCG) and at the prism to air interface (Rp). Although the
prism is very close in material properties to the cover glass it is not the same, thus I have to calculate
reflectance from the top of the cover glass even in case of Cfg. 2 and 3. Reflectance from a surface
can be calculated from the Fresnel equations [75] that are functions of the refractive indices of the
two media at a given wavelength and the polarization state.
Using these equations the resultant reflection loss can be calculated in two steps. In the first step, by
considering a configuration with a prism, the reflectance for the first air to prism interface (Rp) can be
calculated. (In Cfg. 1 this step is omitted.) That portion of light which is not reflected will be
transmitted, thus the power density incident upon the cover glass in case of Cfg. 2 and 3. can be
written in the following form:

(

)

I in = 1 − R p ⋅ I 0 ⋅

cos(α p )
( ) (
= 1 − R p )⋅ I 0 ⋅
,
cos(β p )
cos(α − υ )
cos α p

(5.2)

where I0 is the input power density measured by the power meter in air. In case of Cfg. 1 Iin = I0. In
the second step I need to consider the effect of multiple reflections between the two parallel
surfaces (top face of the cover glass and the sensor surface) as it is depicted in figure 5.7. If the
power density incident to the top cover glass surface is Iin, the loss because of the first reflection will
be
I R1 = RCG ⋅ I in ,
(5.3)
where RCG is the reflectance on the top of the cover glass. The second reflection comes from the
sensor surface and it causes an additional loss:
I R 2 = RS ⋅ (1 − RCG )2 ⋅ I in ,

(5.4)

where Rs is the reflectance of the sensor surface. The squared quantity in this latter equation
represents the double transmission through the cover glass top face. There can be a huge number of
reflections in the cover glass (IRi, i = 1 .. ∞), thus I summed up infinite number of reflections to obtain
the total amount of reflected light:
∞
∞

i −1 
Rtot ⋅ I in = ∑ I Ri =  RCG in + (1 − RCG )2 ⋅ ∑ R Si ⋅ RCG
 ⋅ I in =
i =1
i =1




R (1 − RCG )2 
=  RCG + S
 ⋅ I in
1 − R S RCG 


,

(5.5)

where Rtot denotes the total reflectance accounting for all reflections. This formula is valid for all
three configuration, one only needs to calculate the value of the RCG properly by taking into account
the refractive indices of the surrounding media.
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Figure 5.7 Multiple reflections between the cover glass (nCG) – prism (npr) interface and the sensor
surface (silicon).
In order to calculate PDP from Eq.2.6, I still need the value of Ts. If I assume that absorption in the
optically transparent media is negligible, due to the conservation law of energy I get

TS =1 − RS .

(5.6)

From Eq. 5.5 Rs can be easily expressed by Rtot. Substituting it into Eq.5.6 I get:

TS =

1 − RCG + Rtot RCG − Rtot
.
1 − 2 RCG + Rtot RCG

(5.7)

The value of Rtot can be determined from the measurement as follows. The detected power density
(Idet) can be written in two different ways:

I det =

(N c − N DCR )⋅ h ⋅ c λ

APX ⋅ FFPX ⋅ cos(β ) ⋅ t int

= (1 − Rtot ) ⋅

cos(α )
⋅ QE (λ ) ⋅ PA ⋅ I in ,
cos(β )

(5.8)

where N is the average number of counts on a pixel of the sensor, N DCR is the average number of
dark counts per pixel, APX is the area of the pixel, FFPX is the pixel fill factor, tint is the integration time
of a measurement and h⋅ c

λ is the energy of a photon with λ wavelength. Substituting Iin from

Eq. 5.2 into Eq. 5.8 and by rearranging the equation one gets for Rtot:

Rtot = 1 −

(N c − N DCR )⋅ h ⋅ c λ
APX ⋅ FFPX ⋅ t int

⋅

cos(α − υ )
,
QE(λ ) ⋅ PA ⋅ (1 − RP ) ⋅ cos α p ⋅ cos(α )

( )
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(5.9)

Ts is known from Eq. 5.7, thus the PDP can be determined according to Eq. 2.6:

PDP =

1 − RCG + Rtot ⋅ RCG − Rtot
⋅ QE (λ ) ⋅ PA .
1 − 2 RCG + Rtot ⋅ RCG

(5.10)

In order to obtain the still missing QE and PA quantities I measured the reflectance (Rtot) of the
SPADnet-I sensor at αp = 8o as a function of the wavelength too, by using a Perkin Elmer Lambda
1050 spectrometer, and calculated QE∙PA from Eq. 5.10. The arrangement corresponded to Cfg. 1 (υ
= 0o, Rp = 0), the reflected light was gathered by the Ø150 mm integrating sphere of the
spectrometer. Throughout the evaluation of my measurements I assumed that the product of QE and
PA was independent of the angle of incidence (β). The results are summarized in Table 5.2.
Table 5.2 Measured reflectance from the sensor surface (Rtot) for αp = 8o, the product of quantum
efficiency (QE) and avalanche probability (PA) as a function of wavelength (λ).

λ (nm)
400
420
440
460

Rtot (%)
21.2
32.9
19.5
32.7

QE∙PA (%)
32.9
35.5
43.6
48.6

I calculated the error for every measurement. The main sources of it were the fluctuation in pixel
counts, the inhomogeneity of the incident light beam, the fluctuation of the incident power in time,
the divergence of the beam, the resolution of the monochromator and the precision of the rotational
stage. The estimated errors of the last three factors were presented in section 5.3. The error of the
remaining effects can be estimated from the distribution of photon counts over the evaluated pixels.
I estimated the error by calculating the unbiased standard deviation of the pixel counts and by
finding the corresponding standard PDP deviation (σPDP).
The reflectance of the sensor surface (Rs) can be determined from the same set of measurements
using the equations described above. With Rtot determined Rs can be calculated by combining Eq. 5.6
and 5.7.

RS =

Rtot − RCG
.
1 − 2 RCG + Rtot RCG

(5.11)

5.5 Results and discussion
The results of the measurements are depicted in figure 5.8. The plotted curves are averages of 590
sensor images in every point of the curve. The error bars represent ±2σPDP error.
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Figure 5.8 Results of the PDP measurement for all investigated wavelengths (λ) as a function of angle
of incidence (β) and polarization state (p- and s-polarization) in all the three configurations. Error
bars represent ±2σPDP
The distance between the curves measured with different configurations is smaller than the error of
the measurement in most of the overlapping angle regions. I found deviations larger than 2σPDP only
at λ = 420 nm for β = 35o and 55o. In case of Cfg. 1 and Cfg. 3 at these angles αp is large and thus Rp is
sensitive to minor alignment errors, so even a little deviation from the nominal αp or divergence of
the beam can cause systematic error. In case of Cfg. 2 αp is smaller (±24o) than for the two
configurations, thus I consider the values of Cfg. 2 as valid.
Light emerging from scintillation is non-polarized. So that I can incorporate this into my optical
simulations, I determined the average PDP and reflectance of the silicon surface (Rs) of the two
polarizations, see figure 5.9 and figure 5.10. The average relative, 2σ error of the PDP and Rs values
for non-polarized light are both 3.6%.
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Figure 5.9 PDP curves for the investigated wavelengths as a function of angle of incidence (β) for
non-polarized light

Figure 5.10 Reflectance of the silicon surface as a function of wavelength (λ) and angle of incidence
(β)
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It can be seen from both non-polarized and polarized data that PDP changes noticeably with angle
and wavelength as well. Similar phenomenon was observed by Braga, et al. [67] as described at the
beginning of this section.
Despite this rapid variation it can be seen that the PDP fluctuates around a given value in the range
between 0o and 60o. For larger angles it strongly decreases and from 70o its value is smaller than the
estimated error (±2σPDP) until the end of the investigated region. By investigating the variation with
polarization one can see that the difference of PDP between β = 0o and 30o is smaller than the
estimated error. After this region the curves gradually separate. This is a well-known effect explained
by the Fresnel equations: reflection between two transparent media always decreases for
p-polarization and increases for s-polarization if the angle of incidence is increased from 0o gradually
until Brewster's angle [75]. Although the thin layer structure changes the reflection, the effect of
Fresnel reflection still contributes to the angular response. This latter result also implies that if the
source of illumination is placed in air (Cfg. 1), the sensor is insensitive to polarization until θ = 50o.
5.6 Summary of results
I developed a measurement and a corresponding evaluation method that makes it possible to
characterise photon detection efficiency (PDP) and reflectance of the sensitive surface of photon
counter sensors protected by cover glass. During their application they can detect light that emerges
and travels through a medium that is optically denser than air and thus their characterization
requires special optical setups.
By using this method I determined the wavelength, angle of incidence and polarization dependent
PDP and reflectance of the SPADnet-I photon counter. I found that both quantities show fluctuation
with angle of incidence at all investigated wavelengths [76]. The sensor also shows polarization
sensitivity, but only at large angle of incidences. This polarization sensitivity is not visible with light
emerging in air. The sensitivity of the sensor vanishes for angles larger than 70o for both
polarizations.

6. Reliable optical simulations for SPADnet photon counter-based PET
detector modules: SCOPE2 (Main finding 4)
In section 2.3.2 I overview the methods used for the design and simulation of PET detector modules
and even complete PET systems. It is apparent from the summary that there is no single tool which
would be able to model the detailed optical properties of components used in PET detectors and
handle the particle-like behaviour of light at the same time. Moreover optical simulations software
cannot be connected directly to radiation transport simulation codes either. In order to aid the
design of PET detector modules my goal was to develop a simulation framework that is both capable
to assess photon transport in PET detectors and model the behaviour of SPADnet photon counters.
Such a simulation tool is especially important when the designer has the option to optimize the PET
detector’s optical arrangement and the properties of the photon counter simultaneously, just like in
case of the SPADnet project.
When a new simulation tool is developed it is essential to prove that results generated by it are
reliable. This process is called validation. In the application that I am working on the properties of the
PET detector can strongly vary with the position of the excitation (POI). Consequently, in the
validation procedure a comparison must be done between the spatial variation of the measured and
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simulated properties. As I already discussed it in section 2.3.3 there is no golden method to excite a
scintillator at a well-defined spatial position, in a repeatable way with γ-photons. Thus I also worked
out a new validation method that makes it possible to measure the mentioned variations. It is
described in section 7.
6.1 Description of the simulation tool
The role of the simulation tool is to model the operation of a PET detector module from the
absorption of a γ-photon at a given point in the scintillator (POI) up to the pixel count distribution
recorded by the sensor. As a part of the modelling it has to be able to take into account surface and
bulk optical properties of components and their complex geometries, interference phenomena on
thin layer structures and particle-like behaviour of light as it is described in section 2.3.1. Moreover
the effect of electronic and digital circuitry implemented in the signal processing part of the chip also
has to be handled (see section 2.2.2). I call the simulation tool SCOPE2 (semi classic object preferred
environment, see explanation later). The first version (SCOPE) [77] – containing limited functionalities
– was presented in in section 4.
The simulation was designed to have two modes. In one mode the simulated PET detector module is
excited at POIs laying on the vertices of a 3D grid as depicted in figure 6.1. Using this mode the
variation of performance from POI to POI can be revealed. This mode thus called performance
evaluation mode. The second operational mode is able to process radiation transport simulation data
generated by GATE, and is called the extended mode of SCOPE2. From POI positions and energy
transferred to the scintillator the sensor image corresponding to each impinged γ-photon can be
generated. Connecting GATE and SCOPE2 makes it possible to model complete experimental setups
e.g.: collimated γ-beam excitation of the PET detector. In the following subsections I give an overview
of the concept of the simulation and provide details about its components. The applied definitions
are presented in figure 6.1.

Scintillator crystal
z
x
y

POIs

x x
x x
x x
x x
x x
x x x
x x x
x

x

POI grid

Pixellated photon-counters
Figure 6.1 Scheme of simulated POI distribution on the vertices of a 3D grid inside the PET detector
module in case of performance evaluation mode
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6.2 Basic principle and overview of the simulation
In order to simulate the γ-photon to optical photon transition, the analogue and digital electronic
signals and follow propagation inside the detector module, I take into account the following series of
physical phenomena:
1)
2)
3)
4)
5)
6)

absorption of γ-photons in the scintillator
emission of optical photons
light propagation through the detector module
absorption of light in the sensor
electrical signal generation by photoelectrons
signal transfer through analogue and digital circuits

(nuclear process)
(scintillation event in LYSO:Ce)
(optical effects)
(photo-electric effect)
(electron avalanche in SPADs)
(electronic effects)

Implementation of models of the above effects can be separated into two well distinguishable parts.
One is related to optical photon emission, propagation and absorption – this part is referred to as
optical simulation. The other part handles the problem of avalanche initiation, signal digitization and
processing, and is referred to as electronic sensor simulation. The interface between the two
simulation modules is a set of avalanche event positions on the sensor. The block diagram of the top
level organization of the simulation is depicted in figure 6.2. Details of the indicated simulation blocks
are expounded in subsequent subsections. In the following part of this section I give an overview of
the mathematical and theoretical background of the tool in order to alleviate the understanding the
role and structure of the simulation blocks and the interfaces between them.

Figure 6.2 Overview of the simulation blocks of SCOPE2
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According to the quantum theory of light [41], the spatial distribution of power density (i.e.
irradiance) is proportional (at a given wavelength) to the 2D probability density function (f) of photon
impact over a specific surface. I use this principle to model optical photon detection by the light
sensor of PET detector modules. At first I track light as rays from the scintillation event to the
detector surface where I determine irradiance distributions for each wavelength (geometrical optical
block), thus the simulation of light propagation is based on classical, geometrical optical calculations.
Then these irradiance distributions are converted into photon distributions by the help of the
photonic simulation block. It is not straightforward to carry out such a conversion, thus I explain the
applied model of light detection in depth below, see section 6.3.
The quantity of interest as the result of the simulation is the sum of counts registered by a single
pixel during a scintillation event. In case of SPAD-based detectors this corresponds to the number of
avalanche events (v) occurring in the active area of a given sensor pixel. If the average number of
photons emitted from a scintillation is denoted by N E , the expected number of avalanche events ( v
) can be expressed as:

v = p(x, V ) ⋅ N E ,

(6.1)

where p(x,V) is the probability of avalanche excitation in a specified pixel of the sensor by a photon
emitted from a scintillation at position x (POI) with g(λ) spectral probability density function. The
function g(λ) tells the ratio of photons of λ wavelength produced by a scintillation in the dλ range. V
represents the reverse voltage of SPADs. The probability of avalanche excitation can be expressed in
the following form:
p ( x, V ) =

λn

∫ ∫ g (λ ) ⋅ f (X x, λ )⋅ QE (λ ) ⋅ AP(V ) ⋅ GF ( X) ⋅ dλ ⋅ dX .

(6.2)

A λ1

In the above equation f(X|x,λ) represents the probability density function (PDF) of an event when a
photon emitted from x with λ wavelength is absorbed at the position given by X on the pixel surface.
QE(λ) is the quantum efficiency of the depletion layer of the sensor’s sensitive area and AP(V) is the
probability of the avalanche initiation as a function of reverse voltage (V). GF(X) is a geometrical
factor indicating if a given position on the pixel surface is photosensitive (GF = 1) or not (GF = 0), i.e.
GF tells if the photon arrived within a SPAD active area or not. A is the area that corresponds to the
investigated pixel, while the boundaries of the emission wavelength range of the source are denoted
by λ1 and λn. Eq. 6.2 can be rearranged as:
λn

p ( x, V ) = ∫ GF ( X) ∫ ADF ( X x, λ ) ⋅ g (λ ) ⋅ dλ ⋅ dX ,
A

(6.3)

λ1

where ADF is the avalanche density function:

ADF( X x, λ ) ≡ f (X x, λ )⋅ QE(λ ) ⋅ AP(V ) .

(6.4)

The expression is the 2D probability density function of the following event: a photon is emitted from
x, with λ wavelength initiate an avalanche at X. In other words ADF gives the probability of avalanche
initiation in a pixel of 100% active area. Consequently, it is true for ADF that
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∫ ADF ( X x, λ ) ⋅ dX ≤ 1 .

(6.5)

A

All quantities in the above equations are determined inside different blocks (see figure 6.2) of my
simulation. ADF is calculated by using a geometrical optical model of the detector module (see
section 6.3). It serves as an interface to the photonic simulation block, which randomly generates
avalanche event positions corresponding to the inner integral of Eq. 6.3 and Eq. 6.1 (see subsection
6.3). The scintillator’s emission spectrum (g(λ)) and the total number of emitted photons (γ-photon
energy) is considered in this simulation block. The avalanche event coordinates obtained this way
serve as an interface between the optical and the electronic sensor simulation. The spatial filtering
(GF) of the avalanche coordinates is fulfilled in the first step of the electronic sensor simulation (see
figure 6.7, step 4).
6.3 Optical simulation block
The task of optical simulation is to handle the effects from optical photon emission excited by
γ-photons until the determination of avalanche event coordinates. In this section I describe the
structure of the optical simulation block and the operation of its components.
The role of the geometrical optical block is to calculate the probability density function of avalanche
events (ADF – avalanche density function) for a series of wavelengths in the range of the emission
spectrum (λj = λ1 to λn) of the scintillator for those POIs (xm) that one wants to investigate. As
described above these POIs are on a 3D grid as shown in figure 6.1. A schematic drawing of the
geometrical optical simulation block is depicted in figure 6.3.

Figure 6.3 Block diagram of the geometrical optical block of the optical simulation
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In this simulation block I use straight rays to model light propagation, since the applied media are
usually homogeneous (scintillator, index-matching materials, air etc.). A straight light ray can be
defined at the sensor surface by the coordinates of the intersection point (X) and two direction
angles (φ,θ). Correspondingly, Eq. 6.4 can be written in the following form
ADF ( X x, λ ) ≡ f (X x, λ ) ⋅ QE (λ ) ⋅ AP (V )
=

2π π / 2

∫ ∫ w(X, φ , θ x, λ ) ⋅ T (λ , β ) ⋅ QE (λ ) ⋅ AP (V ) ⋅ sin( β ) ⋅ dβ ⋅ dθ .
0

(6.6)

0

In the above equation w(X,φ,θ|x,λ) represents the probability of hitting the sensor surface by a ray
(emitted from x, with wavelength λ) at position X under a direction of incidence described by φ polar
and θ azimuthal angles (relative to the surface normal vector). w(X,φ,θ|x,λ) includes all information
about light propagation inside the PET detector module. Ttot(θ,λ) represents the optical transmission
along the ray from the medium preceding the sensor into its (doped) silicon material. The remaining
factors (QE and AP) describe the optical characteristics of the sensor and are usually combined into
the widely-known photon detection probability (PDP):

PDP(λ , θ , V ) ≡ Ttot (λ , θ ) ⋅ QE(λ ) ⋅ AP(V ) .

(6.7)

We use PDP as the main characteristics of the photon counter in the optical simulation block. For the
implementation of the geometrical optical block I use Zemax [78] to build up a 3D optical model of
the PET detector, the photon counter and the scintillation source. In Zemax the model’s geometry
can be constructed from geometrical objects. This model consists of all relevant properties of the
applied materials and components (e.g.: dispersion, scattering profile, etc.), see section 8.3 for the
values of model parameters. The output of the geometrical optical block, the ADF is calculated by
Zemax, performing randomized non-sequential ray tracing (i.e. using Monte-Carlo methods) on the
3D optical model [78]. The set of ADFs is not only an interface between geometrical optical and
photonic block, but also stores all relevant information on photon propagation inside the PET
detector module. Thus it can be handled as a database that describes the PET detector by means of
mathematical statistics.
Avalanche event coordinates in the silicon bulk of the sensor are determined from the previously
calculated ADFs by the photonic simulation block for a given scintillation event (at a given POI). I
implemented the calculation in MATLAB [22] according to the block diagram shown in figure 6.4.
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Figure 6.4 Block diagram of the photonic module simulation
Explanation of the main steps of the algorithm is discussed below:
1) Calculating the number of optical photons (NE) emitted from a scintillation. NE depends on the
energy of the incoming γ-photon (Eγ) as well as several material properties of the scintillator (cerium
dopant concentration, homogeneity, etc.). Well-known models in the literature combine all these
effects into a single conversion factor (C) that tells the number of optical photons emitted per 1 keV
γ-energy absorbed [79], [80] (see section 2.2.3):

N E = C ⋅ Eγ

,

(6.8)

where NH E is the average total number of the emitted optical photons. C can be determined by
measurement. Once NH E is known, I statistically generate several bunches of optical photons (i.e.
several scintillation events) so that the histogram of NE corresponds to that of Poisson distribution
[81], [82]:

P(N E = k ) =

(

)

N E k ⋅ exp − N E
.
k!

(6.9)

In (6.9) NE represents the random variable of total number of emitted photons and k is an arbitrary
photon number.
2) Generation of wavelengths for a bunch of optical photons. Using the spectral probability density
function g(λ) of scintillation light the code randomly generates as many wavelength values as many
photons as we have in a given bunch. The wavelength values are discrete (λj) and fixed for a given
g(λ) distribution. For the shape of g(λ) see section 2.2.3
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3) Determining avalanche event coordinates for a bunch of optical photons. By selecting the
avalanche distribution functions (there is one ADF for each λj wavelength) that correspond to the
required POI coordinate (xγ ) a uniform random distribution of position was assigned to each photon
in a bunch. xγ has to be equal to one of the POI positions on the 3D grid which was used to create the
ADFs (xγ ∈ xs, s = 1 .. ns, where ns is the number of grid vertices). The avalanche event coordinate set
is used as a data interface to the electronic sensor simulation.
In performance evaluation mode the user can define a list of POIs together with absorbed energy
assigned directly in MATLAB. In this case POIs shall lie on the vertices of a 3D grid as shown in figure
6.1, the number of γ-photon excitation per POI can be freely selected. If one wants to connect GATE
simulations to the software the GATE extension has to be used to generate meaningful input for the
photonic simulation block and to interpret its avalanche coordinate set in a proper way see figure
6.2. The operation of photonic simulation block with GATE extension is depicted in figure 6.5 the
steps of the GATE data interpretation are explained below.

Figure 6.5 Block diagram of the GATE extension prepared for the photonic simulation block
A) The data interface reads the text based results of GATE. This file contains information about
the energy deposited by each simulated γ-photons in the scintillator material, the transferred
energy (EA,i), the coordinate of the position of absorption (xi) and the identifier (ID) of the
simulated γ-photon (εi) are stored. The latter information is required to group those
absorption events which are related to the same γ-photon emission (see step 4) ).

57

B) 2D probability density function of avalanche events (ADF) is generated by geometrical optical
simulation for POIs lying on the vertices of a pre-defined 3D grid (see figure 6.1 and [83]). By
using 3D linear interpolation (trilinear interpolation [84]) the ADF of any intermediate point
can be approximated. In this case the 3D grid of POIs which is used to calculate ADFs is still
determined by the user, but it is constructed in a different way than in case of performance
evaluation mode. Here the grid position and density has to be chosen in a way to ensure that
linear interpolation of ADFs between points does not make the simulation unreliable.
C) With all this information the photonic simulation block is able to create the distribution of
avalanche coordinates for each absorption event in the scintillation list.
D) The role of the scintillation event adder is to merge the avalanche distributions resultant
from two or more distinct scintillations (different POI or energy) but related to the same
γ-photon emission. The output of the scintillation event adder is a list of avalanche event
distributions which correspond to individual γ-photon emissions and is used as an input for
the electronic simulation block.
A typical example of an event where step D) is relevant is a Compton scattered γ-photon inside the
scintillator. In such case one γ-photon might excite the scintillator at two (or more) distinct positions
with different energy. If the size of the detector is small (several cm) the time difference between
such scintillations is very small compared to the time resolution of the photon counter. Thus they
contribute to the same image on the sensor like they were simultaneous events. The size of the PET
detector modules that I want to evaluate all fulfils the above condition. Consequently, I use the
scintillation event adder without applying any further tests on the distance of events with identical
IDs. There is only one limitation of this simulation approach. Currently it cannot take into account the
pile-up of γ-photons, in other worlds the simultaneous absorption of two or more independent
γ-photons in the same detector module. However, considering the low count rates in the studies that
I made this effect has a negligible role (see section 8.5).
6.4 Simulation of a fully-digital photon counter
The purpose of electronic sensor simulation is to generate sensor images based on the avalanche
event coordinates received as input. The simulator handles all the effects that take place in the
SPADnet-I sensor (and also in the upcoming versions) incorporating the behaviour of analogue and
digital circuitry of the device. The components of the simulation are implemented in MATLAB
corresponding to the block diagram depicted in figure 6.6. Explanation of steps 4) to 6) are described
below.
4) The interface between electronic sensor simulation and optical simulation is the avalanche event
coordinate set (see section 6.2). First we spatially filter these coordinates (GF) in order to ignore
avalanche events excited by photons that impinge outside the active surface of SPADs (see Eq. 6.3).
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Figure 6.7 Flow-chart of the sensor simulation
5) Until this point neither the travel time nor the duration of photons emission have been considered
in the simulation. Basically these two quantities determine the time of avalanche events that is very
important for sensor-level simulation (see section 2.2.2). Correspondingly, in my simulation I add a
timestamp randomly to the geometrically filtered avalanche events, based on the typical temporal
distribution of optical photons emitted from a scintillation. This is an acceptable approximation, since
the temporal character (i.e. pulse shape) and spatial behaviour (i.e. ADF over the sensor surface) of
scintillations are not correlated. The temporal distribution of scintillation photons can be found in
the literature [85],[86]. It is important to note that the evolution of scintillation light pulses in time is
affected noticeably by the photonic module only in case when a PET detector uses a pixelated
scintillator [87].
6) Similarly to optical photons, electronic noise also causes avalanche events (e.g.: thermal effects
generate electron-hole pairs in the depletion layer of SPADs, which can initiate an avalanche). In
order to obtain the noise statistics for the actual sensor that we want to simulate we utilized the
self-test capability of SPADnet-I (see section 2.2.2). Using this information we randomly generate
noise events (with uniform distribution) in every SPAD and add them to real avalanches so that I have
all events that can potentially be turned into digital pulses.
7) Using the timestamps I identify those avalanche events that occur within the dead time of a given
SPAD, and count them as one event. Each of the avalanche events obtained this way is transformed
into a digital pulse by the sensor electronics (see figure 2.9).
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8) The timestamp and position of pulses which are digitized on the SPAD level are fed into the
MATLAB representation of mini-SiPMs, pixels and top-level logics of the sensor. During this part of
the simulation there can still be further count losses in case of a high photon flux due to the limited
bandwidth [67] (see section 2.2.2 and figure 2.9, 2.11). Digital pulses are cumulated over the
integration time for each pixel, and as an output – in the end – we get the distribution of pixel counts
for every simulated scintillations.
6.5 Summary of results
I created a simulation tool for the performance analysis of PET detector module arrangements built
of slab scintillator crystals and SPADnet fully-digital photon counters. The tool is able to handle
optical models of light propagation which are relevant in case of PET detectors (see section 2.3.1)
and take into account particle-like behaviour of light. SCOPE2 can use the results of GATE radiation
transfer simulation toolbox to generate detector signal in case of complex experimental
arrangements [21], [73], [77], [88], [89].

7. Validation method utilizing point-like excitation of scintillator
material (Main finding 5)
The simulation method that I presented in section 6 is able to model the optical and electronic
components of the PET detectors of interest in very fine details. Thus it is expected that the effect of
slight modification in the properties of the components or the properties of the excitation (e.g.: point
of interaction) would be properly predictable, which means that the measurement error of any kind
has to be small. Thus it is necessary to ensure precise excitation of a selected POI at a known position
in a repeatable way. Repeatability is necessary because not only the mean value of quantities
measured by a PET detector module (total counts, POI and timing) is important, but also their
statistics in order to properly determine their resolution. So during a proper validation the statistical
parameters of the investigated quantities also have to be compared and that requires a large sample
set both from measurement and simulation. Furthermore the experimental setup used for the
validation has to incorporate all possible effect of the components and even their interactions. This is
beneficial because this way it can be made sure that the used material models work fine under all
conditions under which they will be used during a certain simulation campaigns.
As I discussed in section 2.3.3 due to the nature of γ-photon propagation it is not possible to fulfil the
above requirements if γ-photon excitation is used. In the sections below I present an alternative
excitation method and a corresponding experimental validation setup. I call the excitation used in my
method as γ-equivalent because from the validation point-of-view it has similar properties as those
of γ-photon excitation. The properties of the excitation is also presented and assessed below.
7.1 Concept of point-like excitation of LYSO:Ce scintillator crystals
The validation concept has been built around the fact that LYSO:Ce can be excited with UV
illumination to produce fluorescent light having a wavelength spectrum similar to that of
scintillations [74], [31]. There are two basic limitation of such excitation though. UV light requires an
optically clear window on the PET detector through which the scintillator material can be reached.
Furthermore UV light is absorbed in LYSO:Ce in a few tenth of a millimetre so only the surface of the
scintillator crystal can be excited. Due to these limitations the required validation cannot be
completed on any, actual PET detector arrangement. That is why I introduce the UV excitable
modification of PET detectors as I describe it below and propose to conduct the validation on it.
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The method of model validation is depicted in figure 7.1. According to the concept, first I physically
built a duplicate, the UV excitable modification of the PET detector that I want to characterize.
Simultaneously, I create a highly detailed computer model of the UV excitable module. Then, I
perform both the UV excited measurements and simulations. The cornerstone of the process is the
UV excitation that mimics properties of scintillation light: it is pulsed, point like, has an appropriate
wavelength spectrum and generates as many fluorescent photons in the scintillator as an
annihilation γ-photon would do. By comparing experimental and numerical results, the computer
model parameters can be tuned. Using these – now valid – parameters the computer model of the
PET detector module can be built and is ready for the detailed simulations.

Figure 7.1 Overview of the simulation process in case of UV excitation
I construct the UV excitable modification of a PET detector module by simply cutting it into two parts
and excite the scintillator at the air/crystal interface. With this modified module I can mimic
scintillation-like light pulses right under the crystal side face in a controlled way (i.e. the POI and
frequency of occurrence is known and can be set). The PET detector module and its UV excitable
counterpart are depicted in figure 7.2.
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Figure 7.2 Illustration of measurement of the UV excitable module
compared to the PET detector module
This arrangement certainly cannot be used to directly characterize arbitrary PET detector geometries
but makes it possible to validate detailed simulation models, especially with respect to their POI
sensitivity. This can be done since the UV excitable module is created so that it contains every
components of the PET detector, thus all optical phenomena are inherited. In optical sense, this
modification adds an air/scintillator interface to our system. Reflection on the interface of a polished
optical surface and air is a well-known and common optical effect. Consequently, we neither make
the UV excitable module more complex nor significantly different from the perspective of the optical
phenomena, compared to the original module. Obviously, light distributions recorded from the PET
detector and the UV excitable module will be different, but the effects driving them are the same.
The identity of the phenomena in case of the two geometries makes sure that if one validates the
simulation model of the UV excitable module with the UV excited measurements, then the model’s
extension for the simulation of γ-excited PET detector modules will be reliable as well.
7.2 Experimental setup
In this section I describe in detail the UV excited measurement setup. Its role is to provide photon
count distributions (sensor images) recorded by the UV excitable module as a function of POI. The
POIs can be freely chosen along the plane at which we cut the PET detector module. The UV excited
measurement setup consists of three main elements (see figure 7.3):
1) UV illumination and its driver
2) UV excitable module
3) Translation stages
The illumination with its driver circuit creates focused, pulsed UV light with tuneable intensity. When
it is focused into the UV excitable module a fluorescent, point-like light source appears right beneath
the clear side-face. The UV illumination is constructed and calibrated in a way that the spatial,
spectral properties, duration and the total number of emitted fluorescent photons are similar to that
of a scintillation. In order to set the POI and focus the illumination to the selected plane I use three
translation stages. Once the predetermined POI is properly set, a large number (typically several
1,000) of sensor images are recorded. This ensures that even the statistics of photon distributions
will be investigated and evaluated, not only their time average.
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Figure 7.3 Scheme of the UV excitation setup
I constructed the illumination system based on a Thorlabs-made UV LED module (M365L2) with 365
nm nominal peak wavelength. The wavelength was chosen according to the experiments of Pepin et
al. [74] and Mao et al. [31]. Their measurements revealed that the spectrum of UV excited
fluorescence in LYSO:Ce is the most similar to scintillation when the peak wavelength of the
excitation is between 350 and 380 nm (see section 7.3). In addition, the spectrum of the fluorescent
light does not change significantly with the excitation wavelength in this range. In order to make sure
that the illumination does not contribute to the photon counts anyway, I applied a Thorlabs-made
optical band pass filter (FB350-10) with 350 nm central wavelength and 10 nm full width at half
maximum (FWHM). This cuts off the faint blue region of the illumination spectrum, the remaining
part is absorbed by the scintillator (see figure 7.4).

Figure 7.4 Bulk transmittance of LYSO:Ce calculated for 10 mm crystal thickness and spectral power
distribution of the UV excitation (with band pass filter)
We used a 25 µm pinhole on top of the LED to make it more point like and to reduce the number of
photons to a suitable level for photon counting. The optical system of the illumination was designed
and optimized by using the optical design software ZEMAX [78] to achieve a small, point like
excitation spot size in the scintillator crystal. As a result of the optimization I built it up from a pair of
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plano-convex, UV-grade, fused silica lenses from Edmund Optics (Stock No. #48 286, and #49 694).
The schematic of the illumination system is plotted in figure 7.5.

Figure 7.5 Schemes of the optical system (all dimensions are in millimetres)
A custom LED driver was designed and manufactured that is capable of operating the LED in pulsed
mode with a frequency of 15.6 kHz. The driver circuit was optimized to produce 150 ns long pulses
(see the temporal characterization of the light pulse in section 7.3). The power of the UV excitation
can be varied by a potentiometer, so that it can be calibrated to produce the same amount of
photons as a real scintillation.
I mounted the illumination to a 1D translation stage to set the distance of the POI from the sensor
(depth coordinate of the excitation). The SPADnet sensor with the scintillator coupled to it is
mounted to a 2D stage where one axis is responsible for focusing the illumination onto the crystal
surface and a second axis sets the lateral position. Data acquisition is performed by a PC using the
graphical user interface of the SPADnet evaluation kit (EVK).
7.3 Properties of UV excited fluorescence
In this section I present our tests performed to explore the spectral, spatial and temporal properties
of the UV excited fluorescence and compare them to that of scintillation. The first and most
important is to test the spectrum of the fluorescent light. For this purpose I excited the LYSO:Ce
material with our setup and recorded its spectrum by using an OceanOptics USB4000XR optical fiber
spectrometer. The measured values are plotted in figure 7.6 together with the scintillation spectrum
of LYSO:Ce published by Mao et al.[31].

Figure 7.6 Spectrum of the LYSO:Ce excited by 365 nm UV light compared to the scintillation
spectrum of LYSO:Ce measured by Mao et al. [31]
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I also checked whether the excitation has a spectral region that can get through the scintillator and
thus irradiate the sensor surface. We used a PerkinElmer Lambda 35 UV/VIS spectrometer to
measure the transmittance of LYSO:Ce. By knowing the refractive index of the material [35] we
compensated for the effect of Fresnel reflections. The bulk transmittance (for 10 mm) is plotted in
figure 7.4 along with the spectral power distribution of the UV excitation. For characterizing its
spectrum we used the same UV extended range OceanOptics USB4000XR spectrometer as before.
The power ratio of the transmitted UV excitation and fluorescent light can be estimated from the
Stokes shift [90] of UV photons, i.e. I consider all absorbed energy to be re-emitted by fluorescence
at 420 nm (other losses are neglected). The numbers of absorbed and transmitted photons in this
simplified model were calculated by using the absorption and spectral emission plotted in figure 7.4.
As a result we found that only 0.14 % of the photons detected by the sensor comes directly from the
UV illumination (if we look at it from 10 mm distance), which is negligible.
In order to determine the size of the excited region we imaged it by using an Allied Vision
Technologies-made Marlin F 201B CCD camera equipped with a Schneider Kreuznach Cinegon 1.4/8
C-mount lens. The photo was taken from a direction perpendicular to the optical axis (the fluorescent
spot is rotationally symmetric). The image of the excited light spot is depicted in figure 7.7. The
length of the light spot corresponding to 10% of the measured maximum intensity is 0.37 mm, its
diameter is 0.11 mm. As a comparison, the penetration depth of 511 keV energy electrons in LYSO:Ce
(density: 7.1 g/cm3 [91]) is 0.16 mm for 511 keV energy electrons, according to Potts' empirical
formula [92] (i.e. a free electron can excite further electrons only in this length scale). Consequently,
the characteristic spot size of a real scintillation is around 0.16 mm, which is close to our value, and
far enough from the targeted spatial resolution of the sensor.

Figure 7.7 Contour plot of the fluorescent light spot along a plane parallel to the optical axis of the
excitation, measured by photographic means. One division corresponds to 40 μm; difference
between two consecutive contour curves equals 1/16th part of the maximum irradiance
Finally, I measured the temporal shape of the UV excitation and the excited fluorescent pulse. I used
an ALPHALAS UPD-300 SP fast photodiode (rise time < 300 ps) to measure the UV excitation. The
recorded pulse shape was fitted with the model of exponential raise and fall. The fluorescent pulse
shape was measured by using the SPADnet-I [67] sensor by coupling it to LYSO:Ce crystal slab. The
slab was excited by UV illumination at several distinct points. I found that the shape of the pulse is
not dependent on the POI, as it is expected. The results of the measurements are depicted in figure
7.6 together with the pulse shape of a scintillation measured by Seifert et al. [93]. As verification, I
also calculated the fluorescent pulse shape by taking the convolution of the impulse response
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function (IRF) of the scintillator (response to a very short excitation) and the shape of the UV
excitation. We took the following function as IRF:

n (t ) =

1

τf



exp  − t 
τ
f



(7.1)

where τf = 43 ns according to Seifert et al. The calculated fluorescent pulse shape follows very well
the measured curve, as can be seen in figure 7.8.

Figure 7.8 Temporal pulse shapes of the UV excitation and scintillation. Each curve is normalized so
as to result in the same number of total photons.
All the three pulses can be characterized by exponential raise (τr) and fall time (τf) and their total
length (τtot), where the latter corresponds to 95% of the total energy. The values are summarized in
table 7.1. According to I characterization, the total length of the scintillation and the UV excitation
pulse is similar, but the rise and fall times are significantly different. As a consequence, the
fluorescent pulse has a comparable length to that of a scintillation, which is well inside the
measurement range of our SPADnet-I sensor. The fall time of the pulse is similar but the rise time is
more than two times longer.
Table 7.1 Total pulse length, rise and fall time of the UV excited fluorescence and the scintillation

UV excitation
Scintillation [93]
Fluorescent pulse

τtot (ns)

τr (ns)

τf (ns)

147 ± 28
139 ± 1
209 ± 1

17.9 ± 1.4
0.07 ± 0.03
60.4 ± 1.5

18.1 ± 9.7
43 ± 0.6
47.3 ± 0.5

Despite the difference this source is still applicable as an alternative of γ-excitation, because the
pulse shape and rise and fall times are in the measurement range of the SPADnet sensors and due to
the similarity in total length the number of collected dark counts are during the sensor integration is
not significantly different. Hence by considering the difference in pulse shape in the simulation, the
temporal behaviour can be validated.
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As we only want to validate the temporal light distribution coming from the scintillator the situation
is even better. The difference in temporal photon distribution would only be significant in case of the
above difference if it affected the spatial distribution or total count of photons. The only temporal
effect that could influence the detected sensor image would be the photon loss due to the dead time
of the SPAD cells. In principle in case of a quicker, shorter rise time pulse there is more count loss due
to dead time. Fortunately the density of the SPADs (number of sensor cells per unit area) was
designed to be much larger than the scintillation photon density on the sensor surface furthermore
the dead time of the SPADs is 180 ns [70]. Thus the probability of absorbing more than one photon in
the same SPAD cell during one pulse is very low. Consequently, the effect of SPAD dead time is
negligible for both scintillation and fluorescent pulse shape.
7.4 Calibration of excitation power
When the scintillator material is excited optically, the number of fluorescent photons emitted per
pulse is proportional to the power of the incident UV light, since pulses come at a fix rate from the
illuminating system. Our goal is to tune the power of the optical excitation so that the number of
photons emitted from a fluorescent pulse be the same as if it were initiated by a 511 keV γ-photon
(we call it a reference excitation).
In case the shape, size, duration, spectral power density of a UV-excited fluorescent pulse and a
scintillation taking place in a given scintillator crystal are identical, then only the POI and the
excitation energy can cause any difference in the number of detected counts. Since the position of a
scintillation excited by γ-radiation is indefinite, the PET detector geometry used for energy calibration
should be insensitive to the POI. Otherwise the position uncertainty will influence the results. Long
and narrow scintillator pixels provide a proper solution since they act as a homogenizer for the
optical photons [91], see figure 7.9. So that the light distribution at the exit aperture, and the number
of detected photons are not dependent upon the POI. The only criterion is to ensure that the spot of
excitation is far enough from the sensor side so have sufficient path length for homogenization.
UV excitation
γ-source

Scintillations
Fluorescence

b)

a)

Figure 7.9 Scheme of the γ-excitation a) and UV excitation b) arrangement used for power calibration
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The explanation can be followed in figure 7.10: in case the scintillation/fluorescence is far from the
sensor, the amount of the directly extracted photons is much smaller than the portion of those that
suffered reflections and thus became homogenized. The penetration depth of LYSO:Ce is 12 mm for
gamma radiation (Prelude 420 used in the experiment) [85], thus if one uses sufficiently long crystals
the chance of that a scintillation occurs very close to the sensor is negligible. For calibration
measurements I used the setup proposed in figure 6.16b. I detected optical photons for both types of
excitations by a SPADnet-I sensor.

Figure 7.10 The number of detected photons is independent of the POI if the
scintillation/fluorescence is far from the sensor, since the ratio of directly detected photons are low
relative to those that suffer multiple reflections
In order to improve the reliability and precision of the calibration method I performed four
independent measurements by using two different γ-sources and two crystal geometries. The
reference excitations were a 22Na isotope as a source of 511 keV annihilation γ-photons, and 137Cs for
slightly higher energy (622 keV). The scintillator geometries are as follows: #1 small pixel (1.5×1.5×10
mm3), #2 large pixel (3×3×20 mm3), both made of LYSO:Ce [85] and having all polished surfaces. We
did not use any refractive index matching material between the crystal and the sensor. The γ sources
were aligned to the axis of the crystals and positioned opposite to the sensor (see figure 7.9a).
The power of the UV illumination was tuned by a potentiometer on the LED driver circuit. I registered
the scintillator detector signal as function of resistance (R) and determined the specific resistance
value that corresponds to the reference excitation equivalent UV pulse energy (calibrated
resistance). In case of the small pixel I recorded 100,000 pulses at 7 different resistance values (0.2,
0.5, 1, 2, 3, 5 and 7 Ω). With the large pixel the same amount of pulses were recorded but at 9
resistances (0.2, 0.5, 1, 2, 3, 5, 7, 9, 11 Ω). In case of the reference excitations I took 300,000
samples.
I evaluated the measurements for both the reference and UV excitations in the following way. I
calculated a histogram of total number of optical photon counts from all the measurements. I
identified the peak of the histogram corresponding to the excitation energy (photo peak) and fitted a
Gaussian function to it. (An example of the total count distribution and the fitted Gaussian curve is
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plotted in figure 7.11.) The mean values of these functions correspond to the expected total number
of the detected photons, which I denote by Nc,UV in case of the UV excitation. I fitted the following
function to the Nc,UV – resistance (R) curve for every investigated case:

N c,UV = a / R + b ,

(7.2)

where a and b are fitting parameters. This model was chosen because the power of the emitted light
is proportional to the current from the LED driver, which is related to the reciprocal of R. The results
are plotted in figure 7.12. Using these curves I determined that specific resistance value that
produces the same amount of fluorescent photons as the real scintillation. Correct operation of our
method is confirmed by the fact that the same R value corresponds to both the small and the large
crystals in case of a given γ source.

Figure 7.11 An example for the distribution of total number of detected photons with the fitted
Gaussian function. Scintillator geometry #2 excited by UV illumination with the LED driver
potentiometer set to R = 5 Ω.
I estimated the error of the model fit and the uncertainty (95% confidence interval) of the total
detected photon number of the γ excited measurement (Nc,γ). Based on these estimations the error
of the calibrated resistances (RNa and RCs) was calculated. I found that the values for both 511 keV
and 622 keV excitations are the same within error for the two different crystal sizes. In order to make
our calibration more precise I averaged the values from different geometries. As a result I got
RNa = 5.45 Ω and RCs = 4.78 Ω. The error correspond to the 95% confidence interval is approximately
±10% for both values.
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a)

b)

Figure 7.12 Number of detected photons (Nc) vs. resistance (R) for UV excitation (solid line with 95%
confidence interval) in case of the two investigated crystal geometries (#1 and #2). Number of
detected photons for γ excitation (dashed lines, Nc,γ) and the calibrated resistance corresponding to
622 keV (137Cs) a) and 511 keV (22Na) b) reference excitations (RCs and RNa respectively).
7.5 Summary of results
I designed a validation method and a related measurement setup that can be used to provide
measurement data to validate PET detector simulation models based on slab LYSO:Ce. This setup
utilizes UV excitation to mimic scintillations close to the scintillator surface. I discussed the details of
this measurement setup and presented the optical (spectral, spatial and temporal) properties of the
UV excited fluorescent source generated in LYSO:Ce scintillator.
A method to calibrate the total number of fluorescent photons to those of a scintillation excited by
511 keV γ radiation was also developed and I completed the calibration of my setup. The properties
of the fluorescent source generated by UV excitation were compared to those of the scintillation
from LYSO:Ce crystal known from the literature. I found that only the temporal pulse shape shows a
significant difference which has no impact on the simulation validation process in my case [21], [73],
[23].

8. Validation of the simulation tool and optical models (Main finding 6)
In this section I present the procedure and the results of the validation of my SCOPE2 simulation tool
described in section 6 including the optical component and material models applicable as PET
detector building blocks. During the validation I mainly use the UV excitation based experimental
method that I discussed in section 7, but I also compare simulation and measurement results
acquired using the γ-photon excitation of a prototype PET detector. The aim of the validation is to
prove that our simulation handles all physical phenomena described in section 6.1 correctly and that
the material and component models are properly defined.

70

8.1 Overview of the validation steps
The validation method is based on the comparison of certain measurements and their simulation as
presented in figure 7.1. In summary, the measurement setup utilizes UV-excitable module, in which
one can create γ-photon equivalent UV excitation at definite points along one clear side face of the
scintillator. The UV excitation energy is calibrated so that it is equivalent to that of 511 keV
γ-photons. Since the POI location of these mimicked scintillations are known, they can be compared
to simulation results point by point during the validation process. The validation concept is that I
build the same UV-excitable PET detector module both in reality and in ZEMAX environment and
perform measurements and simulations on them as a function of POI position using SCOPE2.
Simulation and measurement results are compared by statistical means. Not only the average values
of certain parameters are considered, but also their statistical distribution. By comparing the results I
can decide if my simulation handles the POI sensitivity of the module properly or not.
I complete the validation in three steps. First, I validate the newly developed simulation code and the
methods implemented in them and the so-called fundamental component and material models (i.e.
those used in all future variants of PET detector modules, e.g.: SPADnet-I sensor, LYSO:Ce
scintillator). For this validation I use simple assemblies depicted in figure 8.1. In the second step I
validated additional material models which are building blocks of a real, first prototype PET detector
module built on the SPADnet-I sensor as shown in figure 8.3. In the final, third step the prototype PET
detector module is used in an experiment with γ-photon excitation. The results acquired during this
were compared with simulation results of the same made by GATE-SCOPE2 simulation tool chain (see
section 6.1).
8.2 PET detector models for UV and γ-photon excitation-based validation
Fort the first validation step I constructed two simple UV-excitable module configurations, called
validation modules. In these I use all fundamental materials, including refractive index matching gel
and black paint as depicted in figure 8.1. The validation modules depicted in figure 8.1 are called
black and clear crystal configurations (cfg.), respectively.

Figure 8.1 Demonstrative module configurations for the simulation and validation of fundamental
material and component properties.
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The black crystal configuration is intended to represent a semi-infinite crystal. All faces and chamfers
of the scintillator were painted black by a strongly absorbent lacquer (Edding 750 paint marker)
except for one to let the excitation in. Since the reflection from the black painted walls is suppressed
efficiently, the scintillator slab can be considered as infinite. For this configuration the detector
response mainly depends on the bulk material properties of the scintillator (refractive index,
absorbance and emission spectrum).
The disturbing effect of reflective surfaces is widely known in PET detectors [12], [59]. In order to
include this effect in the validation process, I left all faces polished and all chamfers ground in the
clear crystal configuration. This allows multiple reflections to occur in the crystal and diffuse light
scattering on the chamfers. Consequently, I can evaluate if the behaviour of the polished and diffuse
scintillator to air interfaces is properly modelled.
According to concepts of the SPADnet project, future PET detector blocks are going to be designed so
that one crystal will match several sensor dices. In order to cover two SPADnet-I sensors I used
LYSO:Ce crystals of 5×20×10 mm3 (x×y×z) nominal size for both clear and black cases, as can be seen
in figure 8.2. The intended thickness is 10 mm (z), which is a trade-off between efficient γ absorption
and acceptable DOI detection capability also used by other groups (see [94], [95]). One of the sensors
is inactive (dummy), I use it only to test the effects of multiple sensors under the same crystal block
(e.g. the discontinuity of reflection at the boundary of neighbouring sensor tiles). In both
configurations the crystal is optically coupled to the cover glass of the sensor in order to minimize
photon loss due to Fresnel reflection from the scintillator crystal to photon counter interface. In my
measurements I applied Visilux V-788 optical index matching gel.

Figure 8.2 Sensor arrangement, reference coordinate system and investigated POIs (denoted by
small crosses) of the UV excitable PET detector model
Our research group formerly published a study [96] where they optimized the photon extraction
efficiency of pixelated scintillator arrays. They investigated the effect of the application of specular
and diffuse reflectors on the facets of scintillator crystals elements. In the best performing solutions
the scintillator faces were covered with a combination of mirror film layers and diffuse reflectors and
they were optically coupled to the photo detector surface. I built up a first, non-optimized version of
my monolithic scintillator-based prototype PET detector using these results (see figure 8.3). This
prototype detector is used for the second step of the validation.
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Figure 8.3 Construction of the prototype PET detector module a) and its UV excitable variant b)
The nominal size of the Saint-Gobain PreLude 420 [85] LYSO:Ce scintillator crystal is the same as for
the validation modules (5 × 20 × 10 mm3). The γ side (i.e., the side towards the field of view of the
PET system) of the scintillator is covered with reflective film (3M ESR [97]) and the shorter side faces
with Toray Lumirror E60L [98] type diffuse reflectors. The diffuse reflectors are optically coupled to
the crystal by Visilux V-788 refractive index matching gel. In between the mirror film and the
scintillator there is a small (several 100 µm) air gap. The faces parallel to the y-z plane were painted
black by using Edding 750 paint marker in order to mimic a PET detector that is infinite in the x
direction.
8.3 Optical properties of materials and components
In this subsection I provide details of all material and component models that I used in the simulation
and reference their sources (measurements or journal papers). A summary of the applied materials
and their model parameters can be found in table 8.1.
One of the most important material model that I had to implement was that of LYSO:Ce. The
refractive index of the crystal is known from section 2.2.3 [35], from which it turned out that LYSO:Ce
also has a small birefringence (see figure 2.17). The refractive indices along two crystal axes are
identical, only the third one is larger by 1.4%. Since the crystal orientation was indeterminate in my
measurements I used the dispersion formula of the two almost identical axes (more precisely ny).
I measured the internal transmission (resulting from absorption) of the scintillator material using a
PerkinElmer Lambda 35 spectrometer (see figure 8.4). I compensated for the effect of Fresnel
reflection by knowing the refractive index of the crystal. From internal transmission I calculated bulk
absorption that I used in the crystal’s ZEMAX material model.
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Table 8.1 Summary of parameters used in the simulation
Component

Scintillator
crystal

Scintillator
(light source)

SPADnet-I
sensor

Black paint
(Edding 750)

Refractive index
matching gel
(Visilux V-788)

Parameter name

Value

Refractive index

ny in figure 2.14

Absorption

Depicted in figure 8.4

Geometry

Depicted in figure 8.6

Facet scattering

Gaussian profile, σ = 0.2

Temporal pulse shape

See [85]

Emission spectra

Depicted in figure 8.4

Geometry

Depicted in figure 8.5

Number of emitted photons

See Eq.6.8 and Eq.6.9, C = 32 ph/keV

Photon detection probability

Depicted in figure 5.9

Reflection on silicon

Depicted in figure 5.10

Cover glass

Schott B270, 0.5 mm thick

Noise statistics

Based on sensor self-test

Discriminator thresholds

Th1 = 2 counts,
Th2 = 3 counts

Integration time

200 ns

Operational voltage

14.5 V

Refractive index

1.55

Fresnel reflection

0.75%

Total reflection

40%

Absorption

Light is absorbed if not reflected from the surface

Refractive index

Conrady model [78]
n0 =1.459, A = − 6.788·10-3, B = 1.528·10-3

Absorption

No absorption

Geometry

100 µm thick

Figure 8.4 Internal transmission of the LYSO:Ce scintillator for 10 mm thickness and its emission
spectrum [31].
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The emission spectrum of the LYSO:Ce scintillator material can be found in the literature in the form
of SPD curves (spectral power distribution). I used the results of Mao, et al. to model the photon
emission [31] (see figure 8.3). Since photons convey quantum of energy of hν - (h represents Planck’s
constant, ν the frequency of the photon), the relation between SDP and the g(λ) spectral probability
density function can be written as follows:

SPD(λ ) ≡

∂Pin N E
=
∂λ
∆t

 c
⋅  h ⋅  ⋅ g (λ ) ,
 λ

(8.1)

where Pin is light power, c is the speed of light in vacuum, as well as Δt denotes the average time
between scintillations. I also note that the integral of g(λ) is normalized to unity by definition.
The shape and size of the light source generated by UV excitation (figure 8.5a) was determined in
section 8.3 [23]. Based on these results I prepared a simplified optical (Zemax) model of the light spot
as it is depicted in figure 8.5b. It consists of two coaxial, cylindrical light sources – a more intensive
core and a fainter coma.

Figure 8.5 Measured image of the UV-excited light spot a) and its simplified model b).
I determined the size of the scintillator crystal and its chamfers by a BrukerContour GT-K0X optical
profiler used as a coordinate measuring microscope (accuracy is about ±5 μm). The dimensions of the
geometrical model of the scintillator created from the measurements are depicted in figure 8.6. As
the chamfers of the crystal block are ground, I applied Gaussian scattering profile to them with 19.2o
characteristic scattering angle. This estimation was based on earlier investigations of light
propagation in scintillator crystal pins and the effect of facets to it [96].
In order to correctly add a timestamp to the detected photons the pulse shape of scintillations must
also be known. For this purpose I used measurement results of the crystal manufacturer Saint Gobain
for LYSO:Ce [85].
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Figure 8.6 Dimensions of the LYSO:Ce crystal model (in millimetres) used in the simulation. Reference
directions x, y and z used throughout this paper are depicted as well.
The cover glass of the SPADnet-I sensor is represented in our models as a 0.5 mm thick borosilicate
glass plate. (According to internal communication with the sensor manufacturer, ST Microelectronics,
the cover glass can be modelled with the properties of the Schott B270 super white glass [99].) Its
back side corresponds to the active surface that we characterize by two attributes: sensor PDP and
reflectance (Rs). I determined these values as described in section 5.5, and used those to model the
photon counter sensor. The used sensor PDP corresponds to the reverse voltage recommended by
the manufacturer (V = 14.5 V).
There are two supplementary materials that must also be modelled in the detector configurations.
One of them is the index matching gel used to optically couple the sensor cover glass to the
scintillator crystal. For this purpose I applied Visilux V-788, the refractive index of which was
measured by a Pulfrich refractometer PR2 as a function of wavelength (at room temperature). The
data was then fitted with Standard Conrady refractive index formula using Zemax [78], see table 8.1.
The other material is the black absorbing paint applied over the surfaces of the scintillator in the
black configuration. I created a simplified model of this paint based on empirical considerations. I
assume that the paint contains black, absorbing pigments in a transparent resin with a given
refractive index lower than that of the LYSO:Ce scintillator. Consequently, there has to be a critical
angle of incidence where the reflection properties of the material should change. In case of angles
under which light can penetrate into the paint it effectively absorbs light. But even when light hits
the resin under larger angle then the critical angle some part of it is absorbed by the paint. This is
because pigments are very close to the scintillator resin interface and optical tunnelling can occur.
Having thus qualitative image in mind I characterized a polished LYSO:Ce surface painted black by
Edding 750 paint marker. I determined the critical angle of total internal reflection and found it to be
58.4o. From this I could calculate the refractive index of the lacquer for the model: nBP = 1.55. The
reflection of the painted surface is 0.75% at angles of incidence smaller than the critical angle; when
total internal reflection occurs I measured 40% reflection.
In the following part of the section I describe the model of the additional optical components which
were used in the second step of the validation. The optical model of the 3M ESR mirror film and the
Toray Lumirror E60L diffuse reflector are summarized in table 8.1 and figure 8.7.
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Table 8.1 Optical model of used components
Component

Parameter name

Value

Diffuse reflector
(Toray Lumirror E60L)
Specular reflector
(3M Vikuiti ESR film)

Reflectance
Scattering

95%
Lambertian profile

Reflectance

see figure 8.7

Reflectance (-)

1
0.8
0.6
0.4
0.2
0
380

400
420
Wavelength (nm)

440

Figure 8.7 Reflectance of the 3M Vikuti ESR film as a function of wavelength
8.4 Results of UV excited validation
The UV excited measurements were carried out in the arrangement depicted previously in figure 7.2.
The accurate position of the crystal slab relative to the sensor was provided by a thin alignment
fixture. I calibrated the origin of the translation stages that move the sensor and the excitation LED
source to the top right corner of the crystal (see figure 8.2). The precision of the calibration is ±0.02
mm (standard deviation) in the y and z directions and ±0.05 mm in x.
I investigated both configurations of the test module in a 5×5 element POI grid starting from y = 1
mm z = −1 mm (x = 0 mm for every measurements). The pitch of the grid was 1.5 mm along z (depth)
and 2 mm along y (lateral), I took 1100 measurements in every point. The energy of the excitation
was calibrated to be equivalent to 511 keV γ-photon absorption [23].
During the measurements the sensor was operated at V = 14.5 V operational bias voltage. The
double threshold (Th1 and Th2) of the discriminator were set to 2 and 3 counts/bin respectively.
Using the noise calibration feature of the sensor I ranked all SPADs from the less noisy ones to the
high dark count rate ones. By switching off the top 25% of the diodes I could significantly reduce
electronic noise. It has to be noted that this reduces the photon detection efficiency (PDE) of the
sensor by the same percentage.
I used the material and component parameters described above to build up the model of clear and
black crystal configurations in the simulation. I launched 1000 scintillations from exactly the same
POIs as used in the measurements. The average number of emitted photons were set to 16 352 per
scintillation, which corresponded to the energy of a 511 keV γ-photon and a conversion factor of
C = 32 photon/keV (see 6.8) [85].
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The raw output of both measurements and simulations are the distribution of counts over pixels and
the time of arrival of the first photons. Since the pulse shape of slab scintillator based modules is not
affected significantly by slab crystal geometry [87] I evaluated only the spatial count distributions. A
typical measured sensor image (averaged for all scintillations from a POI) is depicted in figure 8.8
together with absolute difference of simulation from measurement. The satisfactory correspondence
between measured and simulated photon count distribution proves that all derived quantities are
similar to measured ones as well.

Figure 8.8 Averaged sensor images from measurement (top) and the absolute difference of
simulation from measurement (bottom) in case of the black crystal configuration excited at y = 7 mm
and z = 5.5 mm.
Measured and simulated pixel counts are statistical quantities. Consequently I have to compare their
probability distributions to make sure that our simulation works properly. I did this in two steps.
First, I compared the distribution of average pixel counts for every investigated POIs. Secondly, using
χ2 goodness-of-fit test we prove that the simulated and measured pixel count samples do not deviate
significantly from Poisson distribution (i.e. they are most likely samples from such a distribution). As
the Poisson distribution has a single parameter that is equal to the mean (average), the comparison
is fulfilled by this two-step process.
For comparing the average value and characterize the difference of average pixel count distribution I
introduce shape deviation (S):
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∑ cm′ ,k − cm,k
Sm =

k

∑ cm,k

⋅ 100% ,

(8.2)

k

where cm,k is the average measured photon count of the kth pixel for the mth POI, and c’m,k is the same
for simulation. (I use sequential POI numbering from m = 1 to 25 as depicted in figure 8.2) The value
of Sm gives the average difference from measured pixel count relative to the average pixel count for a
given POI. The ideal value of S is zero. I consider this shape deviation as a quantity to characterize the
error of the simulation. Results of the comparison for black and clear crystal configurations are
depicted in figure 8.9 and 8.10 respectively, for all POI positions.

Figure 8.9 Shape deviation (S) of the average light distributions of the investigated POIs in case of the
black crystal configuration.

Figure 8.10 Shape deviation (S) of the average light distributions of the investigated POIs in case of
the clear crystal configuration.
I characterized the precision of our simulation with the shape deviation averaged over all
investigated POIs. For the black and clear crystal simulation I got an average shape deviation of
11.5 ± 2.3 % and 12.4 ± 2.7 %, respectively.
My statistical hypothesis is that every pixel count has Poisson distribution. In order to support this
hypothesis I performed a standard χ2-test [100] for every pixels of the sensor from every investigated
POIs (3,200 individual tests in total) for measurement and simulation. I used two significance levels α
= 5% and α = 1% to identify significant and very significant deviations of samples from the hypothetic
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distribution. For each pixel I had 1100 samples (i.e. scintillations), and the count numbers were
divided into 200 histogram bins (i.e. the χ2-test had 200 degrees of freedom). Results can be seen in
table 8.2, which mean that ~5% of the pixel samples shows significant deviation and only ~1% is very
significantly different.
From these results I conclude that the probability distribution for simulated and measured pixel
counts for every pixel in case of all POI is of Poisson’s.
Table 8.2 Comparison of the ratio of rejected hypotheses from the χ2 test for simulated and
measured data. Values for both black and clear crystal configurations and two significance levels (α)
are reported. Each ratio is calculated as an average of 3,200 independent tests. The value of
distribution error (χ2) correspond to the significance levels is also shown.
Significance Distribution
level (α)
error (χ2)
5%
1%

234.0
249.4

Measured
configuration
Black
Clear
5.12% 5.50%
1.53% 1.22%

Simulated
configuration
Black
Clear
5.12% 0.97%
5.22% 1.08%

Any other quantities (e.g.: centre of gravity coordinate, total counts) that are of interest in PET
detector module characterization can be calculated from pixel count distributions. Although the
previous investigation is sufficient to validate my simulation, I still compare the total count
distribution (measured and simulated) from the investigated POIs in case of the validation modules.
Through the calculation of this quantity the meaning of the shape deviation can be understood.
In order to complete this comparison I fitted Gaussian functions to the histograms of the total count
distributions [101]. The mean (µ) and standard deviation (σ) of the fitted curves for black and clear
crystal configurations are summarized in figure 8.11 and 8.12 for measurement and simulation. I
evaluated the error relative to the measured values for all POIs, and found that the maximum error
of calculated µ and σ is 0.2% and 3%, respectively, considering a confidence interval of 95%.
From figure 8.11 and 8.12 it is apparent that the simulated total count values (µ) consistently
underestimates the measurements in case of the black crystal configuration, and overestimates them
if the clear crystal is used. I also calculated the average deviation from measurement for µ and σ,
those results are presented in table 8.3. This shows that, the average deviation between the
measured and simulated total counts is small (<10%). The differences are presumably due to some
kind of random errors or can be results of the small imprecision of some model parameters (e.g.
inhomogeneities in scintillator doping).
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Figure 8.11 Mean (µ) and standard deviation (σ) of total count statistics as a function of POI in case
of the black crystal configurations (simulation, measurement).

Figure 8.12 Mean (µ) and standard deviation (σ) of total count statistics as a function of POI in case
of the clear crystal configurations (simulation, measurement).
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Table 8.3 Average deviation of simulated mean (µ) and standard deviation (σ) of total count statistics
from the measurement results for both black and clear crystal configurations.

Configuration
Black
Clear

Average
mean (µ)
difference (%)
7.9 ± 3.8
9.2 ± 4.4

Average standard
deviation (σ)
difference (%)
8.0 ± 5.3
4.7 ± 3.8

Here I present the validation of the model of the prototype PET detector’s model made by using its
UV-excitable modification as depicted in figure 8.11. This size of the scintillator and photon counters
and their arrangement was the same as for the validation PET detector modules. The validation of
the model was done the same way as before and using the same POI array. The precision of the POI
grid coordinate system calibration is ± 0.03 mm (standard deviation) in all directions and I took 355
measurements in every point. During the simulation 1000 scintillations were launched from exactly
the same POIs as used in the measurements.
The precision of the simulation is characterized by shape deviation (S) which is calculated for all
investigated POI. These values are depicted in figure 8.13. The average shape deviation is 8.5 ± 2.5 %
and for the majority of the events it remains below 10%. Only POI 1 shows significantly larger
deviation. This POI is very close to the corner of the scintillator and thus its light distribution is
influenced the most by its geometry. The larger deviation may come from the differences between
the real and modelled shape of the facets around the corner of the scintillator.

Shape deviation (%)

20
15
10
5
0
0

5

10

15
POI #

20

25

Figure 8.13 Shape deviation (S) of the average light distributions of the investigated POIs
I performed χ2-tests for each pixel of the sensor, in case of every investigated POIs to test if the
count distribution on each pixel is of Poisson distribution. I used two significance levels α = 5% and
α = 1% to identify significant and very significant deviations of samples from the hypothetic
distribution. A total of 3200 independent tests were performed and for each test I had 355 measured
and 1000 simulated samples (i.e. scintillations). The count numbers were divided into 200 histogram
bins, thus the χ2-test had 200 degrees of freedom.
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Results are reported in table 8.4. It can be seen that approximately 5% of the pixel samples show
significant deviation and only about 1% is very significantly different. From these results we conclude
that the probability distribution for simulated and measured pixel counts for every pixel in case of
each POIs is Poisson distribution.
Table 8.4 Comparison of the ratio of rejected hypotheses from the χ2 test for simulated and
measured data. Values for two significance levels (α) are reported. Each ratio is calculated as an
average of 3,200 independent tests. The value of distribution error (χ2) correspond to the
significance levels is also shown
Significance
level (α)
5%
1%

Distribution
error (χ2)
234.0
249.4

Measured
configuration
5.06%
0.72%

Simulated
configuration
4.91%
1.19%

Based on this validation it can be concluded that the simulation tool with the established material
models performs similarly to the state-of-the-art simulations [99],[80] even considering its statistical
behaviour of the results. This accuracy allows the identification of small variations in total counts as a
function of POI and can reveal their relationship with POI distance from the edge or as a function of
depth.
8.5 Validation using collimated γ-beam
For the second step of the validation I prepared an experimental setup in which a prototype PET
detector module was excited with an electronically collimated γ-beam [102]. This setup was
simulated as well by taking the advantage of the GATE to SCOPE2 interface described in Section 6.1.
The aim of this investigation is to demonstrate how accurate the simulation is if real γ-excitation is
used. In this section I describe the experimental setup and its model and compare the results of the
simulation and the measurement.
I used the prototype PET detector construction depicted in figure 8.13 except that the dummy
photon-counter was removed and the active photon-counter was shifted -1.0 mm away from the
symmetry axis of the scintillator due to construction limitations (x direction, see figure 8.14). The
face where it was coupled to the crystal was left polished and clear. I used a second 1.5×1.5×10 mm3
LYSO:Ce crystal (Saint-Gobain PreLude420 [85]) optically coupled to a second SPADnet-I photon
counter. This second, smaller detector serves as a so-called electronic collimator. We only recorded
an event if a coincidence is detected by the detector pair.
The optical arrangement used on the electronic collimation side of the detector was constructed in
the following way: the longer side faces (1.5×10 mm2) are covered with 3M ESR mirrors, the smaller
γ-side face (1.5×1.5 mm2 that faces towards the γ-source) was contacted by optically coupled Toray
Lumirror E60L diffuse reflector. I used a closed 22Na source to generate annihilation γ-photons pairs.
The source’s activity was 2.07 MBq at the time of the measurement. The experimental arrangement
is depicted in figure 8.14. With the angle of acceptance of the PET detector and photon counter
integration time (see latter in this section) known, the probability of pile-up can be estimated. I
found that it is below 0.05 % which is negligible so GATE-SCOPE2 tool chain can be used (see section
6.1).
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The parameters of the sensors on both the collimator and detector side were as follows: 25% of the
SPADs were switched off (i.e. those producing the largest noise). A single threshold scintillation
validation scheme was used, the threshold value was set to 15 counts/bin, with 10 ns time bin
lengths. After successful event validation the photon counts were accumulated for 200 ns. The
operational voltage of the sensors was set to 14.5 V. The temporal length of the coincidence window
of the measurement was 130 ps [67]. The precision of position of the photon counter with respect to
the bulk scintillator block was 0.017 mm in y direction and 0.010 mm in z direction. The positioning
error of the components with respect to each other in x and y directions is ± 0.2 mm, and ± 2.0 mm in
the z direction.
The arrangement depicted in figure 8.14 was modelled in GATE V6 [100]. The LYSO:Ce (Prelude 420)
scintillator material properties were set by using its stoichiometric ratio: Lu1.8Y0.2SiO5 and density of
7.1 g/cm3. The self-radiation of the scintillator was not considered. The closed 22Na source was
approximated with a 5 mm diameter 0.2 mm thick cylinder embedded into a 7 mm diameter 2 mm
thick PMMA cylinder. This is a simple, but close approximation of the actual geometry of the 22Na
source distribution. Both β+ and 1274.5 keV γ-photon emission of the source was modelled. The
Standard processes [104] was used to model particle-matter interactions.
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Figure 8.14 Scheme of the electronically collimated γ-beam experiment. The illustration of the PET
detectors is simplified, the optical components are not depicted.
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In SCOPE2 I simulated only the prototype PET detector side of the arrangement. The parameters of
the simulation model were the same as described in section 9.2. An illustration of the POI grid on
which the ADF function database was calculated is depicted in figure 6.1. POIs defined by a
5 × 10 × 10 (in x, y and z direction respectively) element grid inside the scintillator. The reference
coordinate system is fixed to one of the corners of the crystal as it is depicted in figure 8.14. The
position of the first POI is x0 = 0.49 mm, y0 = 0.5 mm, z0 = -0.41 mm and the pitch is ∆x = ∆y = 1.0 mm
∆z = -1.0 mm respectively.
The results of the GATE simulation was fed into SCOPE2 (see section 6.1, figure 6.5) and the
pixel-wise photon counter signal was simulated for each scintillation event. A total of 1393 γ-events
were acquired in the measurement and 4271 γ-photons pairs were simulated by the prototype PET
module.
8.6 Results of collimated γ-beam excitation
The total count distribution of the captured visible photons per gamma events was calculated from
the sensor signals for both measurement and simulation and is depicted in figure 8.15. The number
of measured and simulated events was different, so I normalized the area of the histograms to 1000.
The bin size of the histogram is 5 counts. The simulated total count spectrum predicts the tendencies
of the measured one well. The raising section of curve is between 50 and 100 counts, the falling edge
is between 200 and 350 counts in both cases. A minor, approximately 10 counts offset can be
observed between the curves so that the simulation underestimates the total counts.
The (ξ,η) lateral coordinates of the POI were calculated by using Anger-method (see section 2.1.5).
The 2D position histograms of the estimated positions are plotted in figure 8.16. The histogram bin
size is 0.1 mm in both directions. The position histogram shows the footprint of the γ-beam.

Figure 8.15 Total count histogram of collimated γ-beam experiment from measurement and
simulation
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Figure 8.16 Position histogram generated from estimated lateral γ-photon absorption position a).
Histogram of light spot size calculated in y direction from simulated and measured events b).
The real FWHM footprint of the γ-beam is approximately 4.4 × 5.3 mm2 estimated from the raw GATE
simulation results. (In x direction the γ-beam is limited by the scintillator crystal size.) According to
the simulation, this footprint shrunk to approximately 1/10 times in x direction and 1/5 times in
y direction relative to its real size. The peak of the distribution is shifted towards the origin of the
coordinate system (bottom left in figure 8.16a). The position and the size of the simulated and
measured profiles are comparable. There is only an approximately 0.1 mm shift in ξ direction. A
slight asymmetry in the y direction is also visible in both plots.
The distribution of the light spot size (y direction - Σy) gives an indication on the distribution of
γ-absorption as a function of depth (z direction), thus light spot size was also calculated for all
measured and simulated light distributions (see Eq. 2.5). The distribution of Σy values is plotted in
figure 8.16b. The histogram was generated by using 0.5 mm bin size. The asymmetric shape of the
light spot distribution can be explained by some simple considerations. The spot size is larger if the
scintillation is farther away from the photon counter surface (smaller z coordinate). If the
attenuation of the γ-beam in the scintillator is considered to be exponential, one would expect an
asymmetric Σy distribution with its peak shifted towards the larger spot sizes. These predictions are
confirmed by figure 8.16b. The majority of measured Σy are between 4 mm and 11 mm with a peak
at 9 mm. The simulated curve also shows this behaviour with some differences. The simulated
distribution is shifted about 0.5 mm to the left and in the range from 6.5 and 7.5 mm a secondary
peak appears at Σy = 6.5 mm. Similar but less significant behaviour can be observed in the measured
curve.
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8.7 Summary of results
During the validation I sampled the black and clear crystal based detector modules in 25 distinct
points (POIs) by measurement and simulation. I compared the simulated statistical distribution of
pixel counts to measurements and found that they both follow Poisson distribution. The average
values of the pixel count distributions were also examined. For this purpose I introduced a shape
deviation factor (S), by which the difference of simulations from measurements can be characterized.
It was found to be 11.5% and 12.4% for the clear and black crystal configuration respectively. I also
showed that the statistics of simulated total counts for different POIs and module configurations had
less than 10 % deviation from the measured values. Despite the definite deviation, my models do not
produce results worse than other state-of-the-art simulations [97], [103], [78] which allows the
identification of small variations in total counts as a function of POI and can reveal their relationship
with POI distance from the edge or as a function of depth. With this the first step of the validation
was completed successfully and thus the SCOPE2 simulation tool – described in section 6.1 – was
validated [88].
As the second step of the validation I confirmed the validity of the additional component models by
investigating the same 25 POIs as above. I found that the average shape deviation is 8.5% with vast
majority of the POI’s shape deviation under 10%. In a final step I reported the results of the
measurement and simulation of an arrangement where the prototype PET detector was excited with
electronically collimated γ-beam. I calculated the footprint of the map of estimated COG coordinates,
the γ-energy spectrum and the distribution of spot size in y direction. In all cases the range in which
the values fall and the shape of the distribution was well predicted by the simulation [87].

9. Application example: PET detector performance evaluation by
simulation
In section 8 I presented the validation of the SCOPE2 simulation tool chain involving GATE. For one
part of the validation I used a prototype PET detector module constructed in a way to be close to a
real detector considering the constraints given by the prototype SPADnet photon counter. The final
goal of my PhD work is that the performance of PET detector modules can be evaluated. In this
section I present the method of performance evaluation and the results of the analysis made by
SCOPE2, and based on this provide an example to the observations made during the collimated γphoton experiment in section 8.6.
9.1 Definition of performance indicators and methodology
Performance of monolithic scintillator-based PET detector modules can vary to a great extent with
POI [101], [93]. The goal is to understand what is the reason of such variations is and in which region
of the detector module it is significant. By evaluation of the PET detector module I mean the
investigation of performance indicators vs. spatial position of POI, namely:
-

energy and spatial resolution

-

width of light spot size distribution

-

bias of position estimation

-

spread of energy and spot size estimation
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During the evaluation I calculate these values at the vertices of a 3D grid inside the scintillator (see
figure 6.1). I simulated typically 1000 absorption events of 511 keV γ-photons at each of these POIs.
Resolution, distribution width, bias and spread of the calculated quantities are determined by
analyzing their histograms. The calculation method for energy and spatial position are described in
section 2.1.5 Here I discuss the resolution (i.e. distribution width), bias and spread definitions used
later on. The formulae are given for an arbitrary performance indicator (p), and will be assigned to
actual parameters in section 9.2.
I use two resolution definitions in this investigation. Absolute width of any kind of distribution is
defined by the full-width at half-maximum (FWHM, ∆pFWHM) and the full-width at tenth-maximum
(FWTM, ∆pFWTM) of the generated histograms. Relative resolution is based on the FWHM of
parameter histograms and is defined in percent the following way:

∆r p = 100 ⋅

∆p FWHM

(9.1)

p

where p̅ is the mean value. To evaluate the bias (spread), I use two definitions depending on the
parameter considered. The absolute bias, ∆ p is given as the absolute difference of the mean
estimated (p̅) and real value (p0) as defined below.

|

|

∆ p = p − p0 .

(9.2)

The relative spread, ∆r p is defined in percent as the difference of the estimated mean ( p ) and the
actual value (p0) normalized, as given below:

∆r p = 100 ⋅

p − p0
.
p0

(9.3)

I evaluated the performance of the prototype PET detector module described in section 8.2. The
evaluation is performed as described in section 9.1, using the results of SCOPE2 simulation tool.
In accordance with the previous sections I simulated 1000 scintillations at POIs defined by a
5 × 10 × 10 (in x, y and z direction respectively) element grid inside the scintillator. The reference
coordinate system is fixed to one of the corners of the crystal as it is depicted in figure 6.1. The
position of the first POI is x0 = 0.49 mm, y0 = 0.5 mm, z0 = −0.41 mm and the pitch is ∆x = ∆y = 1.0
mm ∆z = −1.0 mm respectively.
9.2 Energy estimation
In order to investigate the absorbed energy performance of the PET detector I evaluated the
statistics of total counts (Nc). I generated a histogram of total counts for each POIs with a bin size of 2
counts and these histograms were fitted with Gaussian functions [105]. The standard deviation (σN)
and the mean ( N c ) of the Gaussian function were determined from the fit. An example of such a fit
is shown in figure 9.1.
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Figure 9.1 Total count distribution and Gaussian fit for POI at
x = 2.49, mm y = 4.5 mm, z = −4.41 mm.
Using the parameters from the fit the relative FWHM resolution (∆rNC) was calculated (see section
9.1).

∆r N c =

∆N FWHM
.
Nc

(9.4)

The total count averaged over all investigated POIs was also calculated and found to be NC0 = 181
counts. The variation of the relative resolution is depicted in figure 9.4a as a function of depth (z
direction) at 3 representative lateral positions: at the middle of the photon counter (x = 2.49 mm, y =
4.5 mm), at one of the corners of the scintillator (x = 0.49 mm, y = 0.5 mm) and at the middle of the
longer edge (x = 0.49 mm, y = 4.5 mm). I refer to these three representative positions as A, B and C
respectively (see figure 9.2).

Figure 9.2 Three representative positions over the photon-counters.
Energy resolution averaged over all investigated POIs is 17.8 % ± 2.4 %. The value of total count
varies with the POI. I use the definition of the relative spread to characterize this effect (see section
9.1). The relative bias spread of the total count is defined by the following equation:

∆r N c = 100 ⋅

89

Nc − Nc

0

N c0

.

(9.5)

where N c is the average total count from the selected POI, NC0 is the average total count over all
investigated POIs. The results are presented in figure 9.4b and 9.4c. The mean value of the total
count spread is 0 with standard deviation 25.2%.
Figure 9.4 shows that both the collected photon counts and its resolution is very sensitive to spatial
position. The energy resolution variation occurs mainly in depth (z direction) with laterally mostly
homogenous performance. The absolute scale of the resolution (13% - 20%) lags behind the
state-of-the-art PET modules [106], [107]. The reason of the poor energy resolution is the relatively
small surface of the prototype photon counter which required the use of relatively narrow (x
direction) but thick (z direction) crystal, thus many photons were lost on the side-faces in the x-y
plane. The energy resolution could be improved by extending the future PET detector in the x
direction. Figure 9.4c shows the spread of total number of counts collected by the sensor from a
given region of the scintillator. As it can be seen the spread of total count varies with distance
measured from the sensor edges. Close to the sensor more photons are collected from those POIs
which are closer to the centre of the sensor then the ones around the edges. In larger distances the y
= 0 side of the scintillator performs better in light extraction. This is due to the diffuse reflector
placed on the nearby edge. It is expected that with a larger detector module and larger sensor the
spread can also be reduced by lowering the portion of the area affected by the edges.
Not only the edges, but the scintillator crystal facets also have some effect on the photon distribution
and thus the energy resolution. In figure 9.4a, position B the energy resolution changes more than
2% in less than 2 mm depth variation, close to the sensor. This effect can be explained by light
transmission through the sensor side, x directional facet of the scintillator (see figure 9.3). The facet
behaves like a prism: it directs the light of the nearby POIs towards the sensor. Photons arriving from
more distant z coordinates reach the facet under larger angle of incidence than the critical angle of
total internal reflection (TIR), i.e. 33.3° for LYSO:Ce. Consequently, for these POIs the facet casts a
shadow on the sensor reducing light extraction, which results in worse energy resolution.
A similar but smaller drop in energy resolution can be observed in figure 9.4a at position B, between
z = -2 mm and 0 mm. The reason for this phenomenon is also TIR, but this time on the black painted,
longer side-face of the scintillator. As I reported in section 8.3 ([81]) the black finish used by us has an
effective refractive index of 1.55, so the angle of total internal reflection on this surface is 59°. For
larger angles of incidence its reflection is 53× larger than for smaller ones.

Figure 9.3 Transmission of light rays from scintillations at different depths, through the facet of the
scintillator crystal. A ray impinges to the facet under larger angle than TIR angle (red) and under
smaller angle of incidence (green).
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By considering the geometry of the scintillator, one can see that photons reach the black side face
under smaller angle then its TIR angle, except those originated from the vicinity of the γ-side. This
increases photon counts on the sensor and thus improves energy resolution.
9.3 Lateral position estimation
For the lateral (x-y plane) position estimation algorithm absolute FWHM and FWTM spatial
resolutions [95] were determined by generating 2D position histograms for each POIs. The bin size of
the histogram was 0.1 mm in both directions. After the normalization of the position histogram their
values can be considered as discrete sampling of the probability distribution of the estimated lateral
POI. I used 2D linear interpolation between the sampled points to determine the values that
correspond to FWHM and FWTM of each distribution (one per investigated POI). In 2D these values
form a curve around the maximum of the POI histogram. In figure 9.5 the position histograms with
the corresponding FWHM and FWTM curves are plotted for 9 selected POIs.
The absolute FWHM and FWTM resolution (see section 9.1) values were determined in both x and y
directions. I define these values in a given direction as the maximum distance between the points of
the curve as explained in figure 9.6. Variation of spatial resolution with depth at our three
representative lateral positions is plotted in figure 9.7a. The values averaged for all investigated POIs
are summarized in table 9.1.
Table 9.1 Average FWHM and FWTM lateral spatial resolution for all investigated POIs in x and y
direction

Direction

FWHM
Standard
Mean
deviation

FWTM
Standard
Mean
deviation

x

0.23 mm

0.03 mm

0.45 mm

0.06 mm

y

0.45 mm

0.10 mm

0.85 mm

0.18 mm

The mean of the coordinate position histograms was also calculated for all POI. To illustrate the bias
of the estimated coordinates I show the typical distortion patterns for POIs at three different depths
in figure 9.7c.
As it can be seen the bias has a significant variation with both depth and lateral position. The
absolute bias values ( ∆ξ , ∆η ) were calculated as defined in section 9.1 for x and y direction using
the following formulae:

∆ξ = x − ξ

|

|

(9.6)

|

|

(9.7)

and

∆η = y − η ,

where x and y are the lateral coordinates of the POI, ξ and η are the mean of the estimated lateral
position coordinates. In order to facilitate its analysis I give the averaged minimum and maximum
value as a function of depth, the results are shown in figure 9.7b.
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Figure 9.4 Variation of relative FWHM energy (total counts) resolution of total counts as a function of
depth (z) at three representative lateral positions. At the middle of the photon-counter (blue), at one
corner (red), and at the middle of its longer edge (green) a). Relative spread of total counts averaged
for all POIs with a given z coordinate (bold line), the minimum and maximum from all investigated
depths (thin lines) b). Relative spread of total counts detected by the photon-counter for all POIs in
three different depths c). (z = - 10 mm is the position of the photon counter under the scintillator)
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Figure 9.5 2D position histograms of lateral position estimation (x-y plane) for 9 selected POIs. Three
different depths at the middle of the photon counter (A position), at one of its corners (B position)
and at the middle of its longer edge. Black and white contours correspond to FWHM and FWTM
values respectively. (z = - 10 mm is the position of the photon counter under the scintillator)
FWTM x direction
FWHM x direction

y
FWHM contour
FWTM contour

x

Figure 9.6 Explanation of FWHM and FWHM resolution in x direction for the 2D position histograms.
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Figure 9.7 Variation of FWHM spatial resolution in x and y direction as a function of depth (z) at three
representative lateral positions. At the middle of the photon-counter (blue), at one corner (red) and
at the middle of its longer edge (green) a). Average (bold line) minimum and maximum (thin line)
absolute bias in x and y direction of position estimation as a function of depth (z) b). Estimated lateral
positions of the investigated POIs at three different depths. Blue dots represent the estimated
average position ( ξ , η ) of the investigated POIs c). (z = - 10 mm is the position of the photon counter
under the scintillator)
The spatial resolution of the POIs is comparable to similar prototype modules [108], however its
value largely depends on the direction of the evaluation. In x direction the resolution is
approximately two times better then in y direction. Furthermore, the POI estimation suffers from
significant bias and thus deteriorates spatial resolution. The bias of the position estimation varies
with lateral position and is dominated by barrel-type shrinkage. Its average value is comparable in
the two investigated directions, but its maximum is larger in y direction for all depths. An
approximately –1 mm offset can be observed in ξ and –0.5 mm η directions in figure 9.7c. The offset
in ξ direction can be understood by considering the offset of the sensor’s active area with respect to
the scintillator crystal’s symmetry plane. The active area of the sensor is slightly smaller than the
scintillator and due to geometrical constraints it is not symmetrically placed. This results in photon
loss on one side causing an offset in COG position estimation. The shift in η direction is the result of
the diffuse reflector on the crystal edge at y = 0, which can be imagined as a homogenous
illumination on the side wall that pulls all COG position estimation towards the y = 0 plane.
The bias increases as the POI is getting farther away from the photon-counter. Such behaviour can be
explained by considering the optical arrangement of the module. If the POI is far from the
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photon-counter the portion of photons directly reaching the sensor is reduced. In other words large
part of the beam is truncated by the side-walls of the crystal and the contour of the beam is less well
defined on the sensor. This in itself increases the bias. In this configuration some of the faces are
covered with reflectors (diffuse and specular). Multiple reflections on these surfaces result in a
scattered light background that depends only slightly on the POI. The contribution of this is more
dominant if the total amount of direct photons decreases [57].
In order to make the spatial resolution comparable to PET detectors with minimal bias I calculated
the so-called compression-compensated resolution values. This can be done by considering the local
compression ratios of the position estimation in the following way:

∆c ξ FWHM =

∆cη FWHM =

ξ FWHM (x, y )
,
rx ( x , y )

(9.8)

η FWHM (x, y )

(9.9)

r y (x, y )

where ξFWHM and ηFWHM are the non-corrected FWHM spatial resolutions rx and ry are the local
compression ratios, both in x and y direction, respectively. The correction can be defined similarly to
FWTM resolution as well. The compression ratios are estimated with the following formulae
rx =

∂ξ ( x, y )
,
∂x

(9.10)

ry =

∂η (x, y )
.
∂y

(9.11)

Unlike non-corrected resolution, the statistics of corrected values is strongly non-symmetrical to the
maximum. Consequently, I also report the median of compression-corrected lateral spatial resolution
in table 9.2 besides mean and standard deviation for all investigated POIs.
Table 9.2 Median, mean and standard deviation of compression-corrected
FWHM and FWTM lateral spatial resolution for all investigated POIs in x and y direction
FWHM
Direction
x
y

Median

Mean

3.61 mm
2.55 mm

10.90 mm
4.90 mm

FWTM
Standard
deviation
46.67 mm
18.00 mm

Median

Mean

6.74 mm
4.96 mm

20.48 mm
9.32 mm

Standard
deviation
84.89 mm
37.43 mm

The compression corrected resolution values are way worse than the non-corrected ones. That
shows significant contribution of the spatial bias. For some POIs it is comparable to the full size of the
module (4.6 mm in y direction for z = -0.41 mm, see figure 9.7b). It is presumed that the bias of the
position estimation and spread of the energy estimation would be reduced if the lateral size of the
detector module were increased but close to the crystal sides it would still be present.
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9.4 Spot size estimation
The RMS light spot size in y direction is calculated as defined in section 9.1. The histograms were
generated for all POIs as in the previous cases. Lerche et al. proposed to model the statistics of spot
size by using Gaussian distribution [16]. An example of the spot size distribution and the Gaussian fit
is depicted in figure 9.8a. I report in figure 9.8b the mean values of Σy for some selected POIs ( Σ y )
to alleviate the understanding of the spot size distribution and spread results.
Absolute FWHM and FWTM width of the light spot distribution are calculated based on the curve fit.
The value of FWHM size are plotted as a function of depth for the three lateral points mentioned
earlier (see figure 9.9a). The FWHM and FWTM distribution sizes were averaged for all POIs and their
values are given in table 9.3.
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Figure 9.8 Histogram of light spot size at a given POI (x = 2.49 mm, y = 4.5 mm, z = -7.41 mm) and the
Gaussian function fit a). Size of the light spot as a function of depth (z direction) in case of 3
representative points and the mean spot size from each investigated depths b). (z = - 10 mm is the
position of the photon counter under the scintillator)
Table 9.3 Average absolute FWHM and FWTM width of
light spot distribution estimation (y direction)
Absolute FWHM
width of distribution
Standard
Mean
deviation
1.52 mm 0.27 mm
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Absolute FWTM
width of distribution
Standard
Mean
deviation
2.77 mm 0.51 mm

0

Figure 9.9 Variation of absolute FWHM width of spot distribution (y direction) estimation as a
function of depth (z) at three representative lateral positions, at the middle of the photon-counter
(blue), at one corner (red) and at the middle of its longer edge (green) a). Minimum and maximum
value of relative spread of the light spot size ( ∆r Σ y ) as a function of depth (z) b). Lateral variation of
light spot size relative spread ( ∆r Σ y ) from three selected depths (z) c). (z = - 10 mm is the position
of the photon counter under the scintillator)
The light spot size – just like all the previous parameters – depends on the POI. In order to
characterize this I also calculated its spread for each depth (z = const.) by taking the average of ΣHy
from all POIs in the given depth as a reference value (see Eq. 9.11-12):

∆r Σ y (z m ) = 100 ⋅

Σ y − Σ y 0 (z m )
Σ y 0 (z m )

,

(9.12)

where

Σ y 0 (z ) =

∑ Σ y (x m , y m , z m )
z=const.

N POI ( z )
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.

(9.13)

Parameters xm, ym, zm denote coordinates of the investigated POIs, NPOI(z) is the number of POIs at a
given z coordinate. The minimum and maximum value of the relative spread as a function of depth is
reported in figure 9.9b. The lateral variation of the relative spread is shown for three different depths
in figure 9.9c.
One can separate the behaviour of the light spot size into two regions as a function of depth. In the
region z < −7 mm both the value of Σy, the width of its distribution and spread significantly depend
on the lateral position. In this region the depth can be determined with approximately 1-2 mm
FWHM resolution if the lateral position is properly known. For z > −7 mm both the distribution of Σy
is homogenous over lateral position and depth. The value of ΣHy is also homogenous (small spread) in
lateral direction, but its value shows very small dependence with depth compared to the size of its
distribution. Consequently depth cannot be estimated within this region by using this method in the
current detector prototype.
From figure 9.8b we can conclude that in our prototype PET detector the spot size is not only
affected by the total internal reflection on the sensor side surface, because ΣHy(z) function is not linear
[109]. The side-faces of the scintillator affect the spot shape at the majority of the POIs. In figure 9.8b
at position A and C the trend shows that between −10 mm and −7 mm the spot size in y direction is
not disturbed by the side-faces. But farther from the sensor, the beam’s footprint is larger than the
size of the sensor, due to which the spot size is constant in this region. However, at position B the
trend is the opposite. The largest spot size is estimated closer to the sensor, but as the distance
increases, it converges to the constant value seen at A and C positions.
By comparing the photon distributions (see figure 9.10) it is apparent that the spot shape is not
significantly larger at B position. After further investigations I found that the spot size estimation
formula (see Eq. 2.5) is sensitive to the estimation of the y coordinate (η). If the coordinate
estimation bias is comparable to the size of the light distribution then the estimated spot shape size
considerably increases. The same effect explains the relative spread diagrams in figure 9.9c. The bias
grows as the POI moves away from the sensor. Together with that the spot size also increases.
Consequently, some positive spread is always expected close to the shorter edges of the crystal.

Figure 9.10 Averaged light distributions on the photon-counter from POIs at z = -9.41 mm depth at A
and B lateral position.
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9.5 Explanation of collimated γ-photon excitation results
Results acquired during γ-photon excitation of the prototype PET detector module were presented in
section 8.6. Here I use the results of performance evaluation to explain the behaviour of the module
during the applied excitation.
In section 9.3 the performance evaluation predicted significant distortion (shrinkage) of the POI grid,
the shrinkage is larger in x than in y direction. The same effect can be observed in the footprint of the
collimated γ-beam in figure 8.6. The real FWHM footprint of the beam is approximately
4.4 × 5.3 mm2 estimated from the raw GATE simulation results. (In x direction the γ-beam is limited
by the scintillator crystal size.) According to the simulation, this footprint shrunk to approximately
1
/10 times in x direction and 1/5 times in y direction relative to its real size. The peak of the distribution
is shifted towards the origin of the coordinate system (bottom left in figure 9.1a), which can also be
seen in the performance evaluation as it is depicted in figure 9.7c. The position and the size of the
simulated and measured profiles are comparable. There is only an approximately 0.1 mm shift in ξ
direction. A slight asymmetry in the y direction is also visible in both plots.
The distribution of the light spot size (y direction - Σy) gives an indication on the distribution of
γ-absorption as a function of depth (z direction). In figure 9.8b the range of Σy is between 5 mm and
10 mm with significant lateral variation. The vast majority of the samples in the light spot size
histogram fall in this range. Still there are some events with Σy > 10 mm. Those can be explained by
two or more simultaneous scintillation events that occur due to Compton-scattering of the
γ-photons. Due to the spatial separation of the scintillations Σy of such an event will be larger than
for a single one.
The fact that the results of the performance evaluation help to understand the results acquired
during the collimated γ-beam experiment (section 8.6) confirms the usability of the simulation tool
for PET detector design and evaluation.
9.6 Summary of results
During the performance evaluation I simulated a prototype PET detector module that utilizes slab
LYSO:Ce scintillator material coupled to SPADnet-I photon counter sensor. Using my validated
simulation tool I investigated the variation of γ-photon energy, lateral position and light spot size
estimation to POI position.
I compared the results to state-of-the-art prototype PET detector modules. I found that my
prototype PET module has rather poor energy resolution performance (13-20% relative FWHM
resolution) which is further degraded by the strong spatial variation of the light collection (spread).
The resolution of the lateral POI estimation is found to be good compared to other prototype PET
modules using silicon photon-counters, although the large bias of POIs far from the sensor degrades
the resolution significantly. The evaluation of the y direction spot size revealed that the depth
estimation is only possible close to the photon-counter surface (z < −7 mm). Despite this limitation
the algorithm could be sufficient to distinguish between the lower (z < −7 mm) and upper
(z > −7 mm) part of the scintillator, which would lead to an improved POI estimation [110].
I used the results of the performance evaluation to understand the data acquired during the
collimated γ-beam experiment of section 8.6. With the comparison I show the usefulness of my
simulation method for PET detector designers [87].
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Main findings
1) I worked out a method to determine axial dispersion of biaxial birefringent materials based
on measurements made by spectroscopic ellipsometers; by using this method I found that
the maximum difference in LYSO:Ce scintillator material’s Z index ellipsoid orientation is 2.4o
between 400 nm to 700 nm and changes monotonically in this spectral range. [J1] (see
section 3)
2) I determined the range of the single-photon avalanche diode (SPAD) array size of a pixel in
the SPADnet-I sensor where both spatial and energy resolution of an arbitrary monolithic
scintillator-based PET detector is maximized. According to my results one pixel has to have a
SPAD array size between 16 × 16 and 32 × 32. [J2], [J3], [J4]
(see section 4)
3) I developed a novel measurement method to determine the photon detection probability’s
(PDP) and reflectance’s dependence on polarization and wavelength up to 80o angle of
incidence of cover glass equipped, silicon photon counters; I applied this method to
characterize SPADnet-I photon counter. [J5] (see section 5)
4) I developed a simulation tool (SCOPE2) that is capable to reliably simulate the detector signal
of SPADnet-type digital, silicon photon counter-based PET detector modules for point-like
γ-photon excitation by utilizing detailed optical models of the applied components and
materials; the simulation tool can be connected into one tool chain with GATE simulation
environment. [J3], [J4], [J6], [J7], [J8] (see section 6)
5) I developed a validation method and designed the related experimental setup for LYSO:Ce
scintillator crystal-based PET detector module simulations performed in SCOPE2
(main finding 4); point-like excitation of experimental detector modules is achieved by using
γ-photon equivalent UV excitation. [J3], [J4], [J9] (see section 7)
6) By using my validation method (main finding 5) I showed that SCOPE2 simulation tool
(main finding 4) and the optical component and material models used with it can simulate
PET detector response with better than 13% average shape deviation, and the statistical
distribution of the simulated quantities are identical to the measured distributions. [J7], [J8]
(see section 8)
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