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Abstract

Positron Emission Tomography (PET) scanners provide functional three-dimensional images of
the body that are extremely useful in cancer and brain research. The goal of this work is the
modeling, design and characterization of a CMOS-based photodetector for PET. To this aim,
first a model for the energy resolution and coincidence resolution time (CRT) for digital, SPAD-

based detectors is developed.

Then, a top-to-bottom detector architecture is proposed, containing an innovative in-pixel com-
pression technique that allows for high fill-factor (FF) and efficient readout. At the top-level of
the architecture, an integrated discriminator monitors the photon flux for incoming gamma
events, enabling an event-based readout scheme. The first complete implementation of this archi-
tecture is described, the SPADnet-1 sensor, which is composed by an 8x16 pixel array, each of
around 0.6 x 0.6 mm? with 720 SPADs, resulting in a pixel FF of 42.6%. The sensor can obtain
the discrete photon flux estimation at up to 100 Msamples/s, which are used by the discriminator
and also output at real-time.

The complete characterization of the sensor is presented, and the best sensor configuration was
found to be at 84% of the SPADs enabled (disabled starting with the highest DCR one), with 2 V
SPAD excess bias and 150 ns integration time. This configuration results in an energy resolution
of 10.8% and a CRT of 288 ps, the latter which was obtained with a new, hardware-friendly time

of arrival (ToA) estimation algorithm, also described in this thesis.

Finally, the sensor model, validated by the experimental results, is used to predict the perfor-
mance of possible modifications in the sensor, and some design improvements are suggested for
a future implementation of the architecture.

Keywords

Digital Silicon Photomultiplier (SiPM), Positron Emission Tomography (PET), spatial and tem-
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Chapter 1 Introduction

The work presented in this thesis is inserted in the context of the European project SPADnet
[Bru+14], which aims to develop a new generation of smart, large area networked photonic
modules, primarily aimed at Positron Emission Tomography (PET) applications. The key com-
ponent of the photonic modules is an array of fully digital photodetectors, which are then con-
nected to a per-module FPGA for control and readout. These FPGAs also take care of the net-

working between the modules in the detector rings used in PET tomographers.

The scope of this thesis is the modeling, design and characterization of the photodetector for the
SPADnet project. This detector is fully digital so as to directly communicate with the FPGA —
with no need for external electronics —, and thus uses CMQOS technology. Moreover, the photon
detection device of choice is the Single Photon Avalanche Diode (SPAD) [Cov+96], which is not
only CMOS-compatible, but also provides, as will be explained later in this thesis, the required
sensitivity and timing resolution for the target application.

In the following sections, first the working principle of PET is explained, focusing on the re-
quirements that a PET photodetector must meet. Then, a brief summary of the work in this thesis

is presented and, finally, the organization of this thesis is described.

1.1. Positron Emission Tomography

Positron Emission Tomography (PET) is a nuclear imaging technique that utilizes annihilation
gamma photons from positron decay to generate three dimensional functional images of the
body. Its main applications are pre-clinical research, clinical oncology and brain function anal-
yses [Wer+04].

PET is based on the tracer principle, which conveys the fact that radioactive compounds (tracers)
take part on body processes in the same way as their non-radioactive counterparts do. This
means that the radioactive emission from tracers can be used to image tissues where a specific
cell function is occurring as, for instance, the elevated glucose metabolism in cancer cells
[Wer+04]. Thus, PET is fundamentally different from other body imaging techniques such as
Computed Tomography (CT) and Magnetic Resonance Imaging (MRI), which mainly provide

body anatomic information.
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The working principle of PET is briefly illustrated in Figure 1:. First, the tracer is injected into
the subject, where the blood flow distributes it through the body according to its biochemical
properties. Then, when a radioactive atom of the tracer decays, a positron is emitted from the nu-
cleus and, after travelling a short distance (typically between a few tenths of a millimeter up to
several millimeters [Phe06]), it combines with an electron. The process that follows is known as
annihilation, in which both the positron and the electron are annihilated and a pair of 511 keV

gamma photons is emitted in opposite directions (180° apart).

detector ,*
—A
block gl
annihilation =/

process

Time
> Energy
Position

‘ !
‘ = LOR
scintillation S @ coincidence

point unit

Figure 1: PET working principle.

The PET scanner needs to detect both emitted photons of the pair to establish the line of response
(LOR) along which the annihilation took place. After millions of LORs are acquired, a tomo-
graphic 3D image of the subject can finally be formed, revealing the places where annihilations

occurred (i.e. where the tracer concentration was higher).

To enable the detection of the photon pairs, PET scanners are normally constructed in the form
of a ring of detectors, each of which needs to determine the energy, position and time of arrival
(ToA) of the incoming gamma photons. This data is then fed to a coincidence unit, which is re-
sponsible for determining if any two detected photons are from a unique annihilation process.
This is done by first selecting the photons with the correct energy, and then employing a coinci-
dence timing window, usually a few nanoseconds wide [Lew08]. Finally, the LORs are generat-

ed based on the photons position information.
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The detectors most widely used in PET scanners are scintillation detectors [Phe06], which are
composed by a dense crystalline scintillator material coupled to a photodetector. The scintillator
is a material that absorbs the incoming high-energy gamma photons and emits low-energy pho-
tons (light) as a result. The scintillation light is emitted isotropically in a short pulse in time, typ-

ically a couple hundred nanoseconds long [Phy11], as illustrated in Figure 2.
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Figure 2: Scintillation light pulse hitting the photosensor and its respective outputs.

The amount of light photons that is emitted from a single 511 keVV gamma absorption is typically
very low, varying between 1k to 30k photons depending on the scintillator material [Phy11].
Therefore, the first requirement for PET photosensors is to possess a very high sensitivity in or-

der to achieve a good signal-to-noise ratio (SNR).

Another important requirement for the photosensor concerns its timing performance. The recent
development of bright and fast scintillators such as LSO, LYSO and LaBr3 has enabled the usage
of Time of Flight PET (ToF-PET), which explores the difference between the arrival times of the
gamma pair to estimate the position along the line-of-response (LOR) where the annihilation
took place. Therefore, to actually improve the signal-to-noise ratio (SNR) and image contrast

with ToF-PET, the employed detectors must feature sub-ns timing performance [Mos07].

Moreover, as PET detectors can be up to tens of cm in size [Wer+04], the photosensors must also
provide spatial information, so as to localize the scintillation point inside the crystal. The actual
performance requirement in this case will depend on the crystal geometry, which is usually a ma-

trix of small needle-sized crystals or a continuous crystal block.
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Finally, it is important to note that PET is usually performed alongside CT for body anatomy in-
formation. A recent goal of biomedical imaging research is, however, the PET-MRI integration,
as MRI, with respect to CT, offers better soft tissue differentiation and does not incur an addi-
tional dose of radiation to the patient [Pic+08]. This goal brings an additional requirement for

PET photosensors: the compatibility with the magnetic fields generated by MRI.

1.2. The proposed solution

The PET detector developed in SPADnet is scintillator-based, and thus the requirements briefly
summarized in the previous section for the light sensor all apply to the solution presented in this
thesis. Moreover, the scintillator material selected to form the PET detector for SPADnet was
LYSO. LYSO has several advantages that make it a popular scintillator in PET applications:
high stopping power (density), high light yield and fast decay time, among others [Phyl11].
LYSO is also non-hygroscopic, making its manipulation during experimental measurements
much easier than with its hygroscopic counterparts, such as LaBr3(Ce). On the other hand, LYSO
contains the radioactive isotope *®Lu, and thus emits background radiation which must be taken

into account when designing the sensor architecture.

To best meet the requirements for a PET detector, a comprehensive modeling of the energy and
timing performance of single-photon sensors for PET is initially performed. This modeling al-
lows the definition of guidelines for the sensor design, aiming at the ideal parameter compromis-
es. Based on the defined guidelines and requirements, a top-to-bottom architecture using CMOS
technology and SPADs is proposed. The architecture incorporates in-pixel spatio-temporal com-
pression of SPAD pulses for increased fill-factor, per-pixel timestamping of photons for im-
proved timing resolution and top-level monitoring of the photon flux for efficient scintillation
detection.

The first implementation of this architecture is done in the form of the SPADnet-1, which is a
8x16-pixel sensor fabricated in 0.13 pym 1P4M CMOS imaging technology [Bra+14]. The
SPADnet-1 is also able to offer a real-time output of the total detected energy that can be used for
pile-up rejection and scintillator decay time estimation.

Given some of the innovative aspects of the proposed architecture, new concepts for data post-

processing are developed, specially with regards to gamma time of arrival estimation. Using the
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developed techniques, the complete characterization of the sensor is performed, where the best
performance values obtained are an energy resolution of 10.8% and a coincidence resolution

time of 288 ps.

1.3. Structure of the Thesis

The remainder of this thesis is organized as follows: the next chapter describes the state-of-the-
art of the light sensors used in scintillator-based detectors for PET applications. Chapter 3 focus-
es on the PET detector requirements and how they translate into guidelines for the design of the
SPADnet sensor, for which some performance models are presented. Chapter 4 details the sensor
architecture and its first implementation, the SPADnet-1 sensor. Chapter 5 discusses the chal-
lenges in processing the innovative data flow from the SPADnet sensor and the proposed solu-
tions. Chapter 6 then presents the characterization results, both electro-optical and in gamma-
detection, and, finally, Chapter 7 lays the conclusions and discusses possible future develop-

ments of this work.



CHAPTER 1 INTRODUCTION




Chapter 2 State of the Art

Historically, the most commonly used light sensors in PET scanners were photomultiplier tubes
(PMTs) [Del+09]. A typical PMT is formed by a vacuum tube containing a photocathode, which
emits an electron for each incoming photon, followed by electron multipliers, which multiply
each electron up to millions of times [Phe06], and an anode, which is the collector electrode. The
very high gain provided by the electron multipliers equates to a very high sensitivity, along with

low noise and fast response.

However, since PMTs are composed of vacuum tubes, they are somewhat bulky and fragile. In
addition, they also require power supplies of many hundred volts and are sensitive to magnetic
fields — meaning their use in PET-MRI scanners is difficult. Due to these disadvantages, solid-

state detectors (SSDs) have long been proposed as an alternative to PMTs [Lig+86].

SSDs are intrinsically compact and rugged, besides being insensitive to magnetic fields and usu-
ally requiring lower operating voltages. One of the first SSDs to be proposed as a light sensor in
PET scanners was the avalanche photodiode (APD). APDs provide reasonable timing resolution
and gain, which are, however, substantially worse than in PMTs [Ber+08]. As such, research in
the field of SSDs for PET has been very active in the last years, and a new type of SSD recently
suggested for PET has been showing promising results: the Silicon Photomultiplier (SiPM)
[Ott+04]. As this is the type of detector targeted in this thesis, a detailed discussion about its

state-of-the-art is given in the next section.

2.1. Silicon Photomultipliers

SiPMs are formed by a densely packed array of APDs working in Geiger mode (i.e. biased above
their breakdown voltage) and connected in parallel, as schematically shown in Figure 3(a). When
a single photon is absorbed by a Geiger mode APD, a very fast avalanche is triggered, generating
a current pulse. Due to this characteristic, Geiger mode APDs are also known as single-photon
avalanche diodes (SPADs). Moreover, as the SPADs are connected in parallel, when a scintilla-
tion occurs, a current signal builds up at the SiPM output proportional to the number of SPADs
triggered, resulting in an output pulse similar to the one seen with PMTs [Lew08]. This pulse
then needs to be processed through external electronics for the estimation of the gamma time,

energy and position information.
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Figure 3: analog (a) and digital (b) SiPM architectures.

The performance of PET detectors heavily depends on the type and dimension of the scintillator
crystal used in the measurements. Therefore, for an unbiased figure-of-merit (FOM) comparison
between SiPM-based PET photosensors, an LY SO crystal with 3x3x5 mm3 size will be used as a
standard. Focusing first on the detectors coincidence resolving time (CRT, also known as timing
resolution), [Sei+12a] reports a CRT of 138 ps using Hamamatsu SiPMs, while [Yeo+12] reports
183 ps using SensL devices and [Gol+13] obtained 186 ps with FBK-SRS SiPMs. Other works
have focused on energy resolution characterization, another important FOM for PET, with
[Ser+13] reporting 10.2% also with FBK-SRS SiPMs, and [Szc+13] reporting 10.5% with Ha-

mamatsu sensors (with a 5x5x5 mm3 crystal, however).

Other companies are also working on SiPM development, such as Excelitas Technologies
[Exc14], or KETEK [Ket14]. In general, though, the performance of the various SiPM manufac-
turers in PET applications is relatively similar, and the above comparison of SiPMs in similar

measurement conditions is very representative of the state-of-the-art of the technology.

Still, the intrinsic photon counting capability of SPADs is not fully exploited with SiPMs, as the
analog-to-digital (A/D) conversion is only performed on the final summed current output,
through external electronics, and is therefore subject to electronic noise. Since the SPAD output
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is only able to distinguish between a photon and no photon (i.e. it is an intrinsically binary out-
put), performing the A/D conversion at each individual SPAD can significantly improve the
noise performance of the system. This approach has been recently pursued in [Fra+09], with the

so-called “digital SiPM”, schematically shown in Figure 3(b).

The digital SiPM takes advantage of CMOS technology to perform a 1-bit A/D conversion per
SPAD and to integrate an on-chip digital accumulator that produces the sensor energy output. In
addition, the timing information is also generated on-chip, by a time-to-digital converter (TDC),
and there are per-SPAD memories that can disable noisy devices, further improving performance
and device yield. One disadvantage of the digital SiPM is that the fabrication process cannot be
fully customized for optimum SPAD performance, as is the case of the dedicated analog SiPM,

since the digital SiPM requires CMOS technology.

Up to now, only one group has successfully developed and characterized a digital SiPM for PET,
reporting a CRT of 153 ps and an energy resolution of 10.4% [Hae+12], also with a 3x3x5 mm3
LYSO crystal. Other groups have also been pursuing the digital SiPM approach [Man+12],
[Bér+12] without, however, having reported PET characterization results yet. Finally, CMOS
SiPMs have also been reported for different applications, such as fluorescence lifetime imaging
[Tyn+12].

In Table 1, the aforementioned performance numbers of SiPM detectors are summarized. As is
clear from this comparison, the performance of the various SiPM manufacturers is not that dis-
parate, and in fact the similarity between them indicates that SiPMs may be approaching the
physical limits of the PET working principle and of the LY SO scintillator, for instance. Nonethe-
less, the digital SiPM technology offers interesting opportunities for the development of features
that go beyond typical SiPM design: with the possibility of on-chip electronics integration, sys-
tem-level improvements can be developed that reduce the system complexity and cost, or enable
increased data collection from scintillation events, for instance. The availability of this new data
flow may then foster the progress of alternative processing techniques that can bring future
breakthroughs to the PET field.
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Table 1: comparison of the PET performance of state-of-the-art SiPMs using LYSO crystals of
approximately 3x3x5 mm3.

Manufacturer Refs. Alsr:g:gg Eg))/ CRT rig?;g% n
Hamamatsu [Sei+12a], [Szc+13] A 138 ps 10.5%
SensL [Yeo+12] A 183 ps -
FBK-SRS [Gol+13], [Ser+13] A 186 ps 10.2%
Philips PDPC | [Hae+12] D 153 ps 10.4%

10



2.1 SILICON PHOTOMULTIPLIERS

11



Chapter 3 Gamma Detection in PET Scanners

The goal of a PET photodetector is to sense the arrival of a gamma photon, and then estimate
three of its features: energy, time of arrival and incident position. Given the structure of scintilla-
tion detectors, these tasks are all appointed to the light sensor, which must perform them based
on the light incoming from a scintillation event. In the following sections, the main issues re-
garding each of these tasks will be analyzed, along with the resulting requirements for the sensor.
The main goal of these analyses will be to define a set directions for the sensor architecture and

design, which will then be discussed in Chapter 4.

3.1. Gamma Discrimination

As gamma photons arrive randomly in time, in a completely asynchronous fashion, it is crucial
that the PET photodetector be event-driven so as to only provide data to the system when an ac-
tual 511 keV scintillation occurs. This ensures that the next level of the system hierarchy (in the
case of SPADnet, the module FPGA) is not overflown with data. Moreover, depending on the
sensor architecture, the sensor readout operation may result in a detection dead time, which can
be further detrimental to the PET system performance. To identify the best strategy for gamma

discrimination, in the next paragraphs a model for the scintillation event will be defined.

The light pulse emitted from a scintillator when a gamma photon is absorbed can usually be de-
scribed as the convolution of two exponential functions [Hym65]: one representing the gamma
energy transfer — which translates into the pulse rise time — and another representing the crystal
radiative decay — which translates into the pulse decay time. The equation for the photon flux
F,.in (t) reaching the photosensor can then be written as in (1), where @ is the time of absorption
of the gamma photon, .. is the scintillator rise time, 7, is the scintillator decay time and N, is
the total number of detected photons after a sufficiently long integration time (i.e. much larger

than ).

_t=0  _t=6

e ' —e T 1
Fooin(t) = Ny, - (1)
scm() ph Ty — Ty
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At the same time, the photodetectors are constantly subject to noise, both from the readout cir-
cuits as from the photodetection devices (e.g. the SPADs) themselves. The combination of these
noises can manifest itself as a signal equivalent to that of a few light photons, resulting in overall

flux similar to the curve shown in Figure 4.

flux

threshold

avg noise level

0+— >
0 0 .
time

Figure 4: expected flux (photon and noise) at the photosensor when an event occurs at time 6.

The first point to notice from this graph is that the gamma discrimination function may be a sim-
ple threshold, as long as the scintillation flux is sufficiently stronger than the noise level. In other
words, the first requirement of the sensor is that its signal-to-noise ratio must be high enough so
that the random variations in the noise level do not generate false positive events.

However, intrinsic to the discrimination concept described above is that the sensor must be able
to detect the flux of incoming photons. This is a not obvious feature in typical image sensors
(e.g. standard CMOS image sensors [EIG+05] or SPAD pulse counters [Sto+09a], [Pan+11]),
which are integrating sensors, that is, they contain an analog integrator or digital counter at their
output. These sensors would have an output with the form of Figure 5 (i.e. the integral of Figure
4). As the arrival time © occurs randomly in time, one does not know when to “start counting”

(or, more precisely, when to reset) so that a threshold can be efficiently compared.

Finally, depending on the crystal size and in the optical coupling between sensor and crystal, the
scintillation photons will be spread in a relatively large area in the sensor. Therefore, the discrim-
ination of a gamma event requires a sensor with (1), a high SNR, (2), photon flux monitoring,

and (3), that this monitoring occurs on a relatively large area.
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Figure 5: expected counting output based on the flux of Figure 4, for a gamma event arriving at two different

times, @, and @,.

3.2. Energy Estimation

Although identifying the gamma energy may not seem crucial to PET systems, since all gamma
rays emitted from the annihilation process have 511 keV, gamma rays can also interact with mat-
ter through Compton scattering, which results in the gamma photon losing part of its energy and
changing its travel direction. This means that there are a few possible scenarios for scintillation
events at a PET detector:
(@) an unscattered gamma photon is fully absorbed by the scintillator through the photoelec-
tric effect;
(b) a previously scattered (e.g. at the body) gamma is absorbed by the scintillator;
(c) a gamma photon goes through Compton scattering in the scintillator, and then escapes
it;
(d) a gamma photon goes through Compton scattering in the scintillator and then is fully

absorbed by it.

As should be expected, events of type (a) are the ideal ones, enabling the maximum SNR and a
correct reconstruction of the LOR. Type (b) events must absolutely be discarded, since they
changed direction along their path to the scintillator and would provide an incorrect LOR. Type
(c) events could be used to reconstruct an LOR, even if their SNR would be lower due to the
smaller deposited energy. However, there is no way to distinguish (c) events from (b) ones, and

thus (c) events must also be discarded. Finally, for (d)-type events, the correct LOR could be re-
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constructed if the position of the first deposition site could individualized. Given the speed of
light of the gamma photons, though, current state-of-the-art sensors do not feature the required

timing resolution for this.

The physics behind the Compton scattering process that occurs in scintillators results in scattered
events of up to 340 keV [Wer+04]. Additionally, when using a scintillator with intrinsic radioac-
tivity, the scintillator-emitted gamma photons will also generate events that need to be discarded.
In the case of LYSO, its intrinsic radiation will emit photons with 88, 202 or 307 keV [Pre08].

Therefore, in PET systems, low-energy events must be distinguished from unscattered, 511 keV
gamma absorptions and then discarded. It should be noted that (d)-type events actually cannot be
distinguished through their energy, as the full 511 keV were deposited in the scintillator. There-
fore, the scintillation position information, which will show two separate deposition sites, must

be used to discard these events.

A typical energy spectrum obtained in a PET system is shown in Figure 6 [Med10]. As can be
observed in the graph, both the scattered range upper-limit of 340 keV as well as the 511 keV
peak are not very sharp, and are actually merged. To describe this energy estimation uncertainty,
the energy resolution figure-of-merit (FOM) is typically used, which is obtained by dividing the
full-width-at-half-maximum (FWHM) of the 511keV peak of the energy spectrum by the peak
value itself. As such, the smaller is the detector energy resolution, the better is its energy estima-

tion.
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Figure 6: Typical energy spectrum obtained in a PET scanner, with an energy resolution of about 20%.
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The energy estimation uncertainty in a PET detector is the result of the many stochastic process-
es present between the emission of light photons by the scintillator and their detection by the
photosensor. Moreover, as shown by the merging of the peaks in the spectrum above, this uncer-
tainty leads to a non-optimal filtering of low-energy events, possibly leading to a deterioration of
the final PET image quality. Therefore, an investigation of these processes is merited, and will
be performed next. To simplify this discussion, the photosensor will be assumed fully digital, i.e.

it will be considered a digital counter with negligible readout electronic noise.

In a PET detector, the energy estimation comes from integrating the incoming flux shown in
Figure 4. Therefore, two main processes will contribute to the final estimation: the photon flux
itself and the photodetector noise. Given the digital counter assumption, the main source of un-
certainty in both these process will be shot noise, which follows a Poisson distribution. Moreo-
ver, the scintillator itself is also a source of uncertainty due to the intrinsic variation in the num-

ber of emitted low-energy photons for the same absorbed gamma energy.

As these three processes are independent and uncorrelated, their variances can be summed to ob-
tain the total energy variance. From this, and since in a Poisson distribution the variance is equal

to the mean, the energy resolution of a detector can be written as in (2).

1
2

2
235 1 N h + Nnoise 2
: (O-sensor2 + Uscinz)z = [(2-35 ’ pN—> + (Enres)gcin] ( )
ph

Enpeak

Nyes =

In the above equation, N,,, and N,,,;. are the average number of counts due to photons and pho-
todetector noise for one event integration, respectively, and (En,..s)scin iS the intrinsic energy
resolution of the scintillator. Moreover, to obtain the 2.35 factor that converts the standard devia-
tion into the FWHM, it is assumed that the average number of counts is high enough so that the
Poisson distribution can be approximated by a Gaussian distribution. It is also interesting to note
that the sensor energy resolution is equal to the inverse of its SNR, apart from the multiplying
2.35 constant. Therefore, minimizing the energy resolution means increasing the SNR, which al-

so improves the gamma discrimination function, as described in the previous section.
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Equation (2) can be used to estimate the achievable energy resolution using N, and Ny, as

input parameters. This is shown in the contour plot in Figure 7, where the scintillator was con-

sidered LYSO, with an intrinsic energy resolution of 8% [Nas+07].

energy resolution [%]

En, =11

photon counts

En =12

~N
o
o

En,s =13

100°
10" 10° 10° 10’ 10°

noise counts

Figure 7: Contour plot of the expected energy resolution versus the number of photon and noise counts.

The graph shows that up to about 10 noise counts per event, the energy resolution is not affected
by photodetector noise. From this point onwards, the resolution starts worsening relatively fast
with the noise counts in log scale, in accordance with the square root relation of equation (2). On
the other hand, with respect to photon counts, the energy resolution changes very slowly for high
photon counts, and then worsens somewhat exponentially as photon counts go down in linear

scale (this is shown by the constant resolution black lines getting closer to each other).

These considerations make it clear that the intrinsic scintillator resolution is by far the most lim-
iting factor for the detector energy resolution, at least when considering state-of-the-