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Sommario

La rivelazione di radiazione gamma trova molte applicazioni in diversi
ambiti, tra cui I'astro sica, la diagnostica medica e la sica nucleare.

Nel campo della diagnostica medica, la realizzazione di scanner per
imaging multimodale rappresenta uno dei principali argomenti di ricerca
e sviluppo, poiché lintegrazione di informazioni funzionali e anatomo-
morfologiche permette di aumentare I'accuratezza delle diagnosi e di mi-
gliorare il monitoraggio e la valutazione dell'e cacia delle terapie mediche.
In questo ambito si colloca il progetto INSERT, nanziato dalla Comu-
nita Europea nel contesto del programma FP7- HEALTH, che ha por-
tato alla realizzazione del primo scanner SPECT clinico basato su SiPM
compatibile con la risonanza magnetica.

Nel contesto di esperimenti di sica nucleare con energie che vanno da
100 keVa 20 MeV si inserisce il progetto GAMMA, sostenuto dall'lstituto
Nazionale di Fisica Nucleare (INFN), che consiste nella progettazione, svi-
luppo e caratterizzazione sperimentale di uno spettrometro gamma, ba-
sato su cristalli scintillatori di Bromuro di Lantanio di grandi dimensioni
accoppiati a Silicon Photomultipliers (SiPMs), caratterizzato da risoluzio-
ne energetica allo stato dell'arte e capacita di imaging, in una struttura
compatta, modulare e robusta.

L'obiettivo di questo lavoro di tesi € quello di implementare algoritmi
per la ricostruzione di immagine in diversi ambiti accomunati dal contesto
della rivelazione di raggi gamma tramite cristalli scintillatori accoppiati
a una matrice di SiPMs. In particolare, per quanto riguarda il progetto
INSERT, lo scopo nale da raggiungere €& quello della ricostruzione del-
la terza coordinata di scintillazione del singolo fotone gamma assorbito.

Xl
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Dalla conoscenza di questo parametro € possibile e ettuare una compen-
sazione dell'errore di parallasse e ottenere un miglioramento della qualita
dellimmagine nale. In merito al progetto GAMMA l'obiettivo € quello

di ricostruire la posizione di scintillazione del singolo fotone gamma lungo
la sua direzione di emissione. Grazie a questa informazione, negli esperi-
menti di sica nucleare che utilizzano acceleratori di particelle, &€ possibile
ricavare l'angolo tra la direzione della sorgente in movimento e quella di
emissione del fotone e, conseguentemente, correggere l'e etto Doppler.
In ne, nel contesto di un nuovo dispositivo costituito da un rivelatore in
grado di localizzare la posizione di una sorgente di radiazione gamma nel-
lo spazio, I'obiettivo da conseguire € I'implementazione di un algoritmo di
ricostruzione che possa essere eseguito direttamente dal microcontrollore
montato sul rivelatore. In questa maniera pud essere eseguita una rico-
struzione in tempo reale e, nel caso di reti cooperative, la complessita di
calcolo puo essere distribuita in piu nodi periferici cosi da rilassare i re-
quisiti in termini di quantita di dati da trasmettere e ottenere un sistema
piu veloce e performante.

Struttura della tesi

Il testo della tesi e cosi strutturato:

Nel primo capitolo, dopo una breve introduzione riguardante la rive-
lazione della radiazione gamma e le sue principali applicazioni, ven-
gono presentati i progetti INSERT e GAMMA. Sono illustrate, in
seguito, le motivazioni per la scelta dei Silicon Photomultipliers co-
me rivelatori. Inne e presentata una descrizione degli obiettivi,
delle speci che principali e dei componenti base dei due progetti.

Il secondo capitolo tratta del contributo apportato dal lavoro di tesi al
progetto INSERT: viene proposto il metodo per la ricostruzione della
terza coordinata di scintillazione e sono illustrati i risultati ottenuti
sia tramite simulazione che sperimentalmente.
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Il terzo capitolo tratta degli algoritmi per la ricostruzione della posizio-
ne di interazione di un fotone gamma all'interno del cristallo scin-
tillatore del progetto GAMMA. Nella prima parte viene proposto
un metodo basato sulla cross-correlazione di due segnali ottenuti
dalla matrice dei pixel accoppiata al cristallo. Nella seconda parte
vengono trattati diversi algoritmi basati sulle tecniche di Machine
Learning. Per tutti gli algoritmi discussi vengono illustrati i risultati
sperimentali ottenuti.

Nel quarto capitolo  viene presentato un sistema innovativo costituito
da un rivelatore di raggi gamma in grado di localizzare la direzione
di provenienza della radiazione assorbita. Il processo di ricostru-
zione della direzione viene e ettuato, in tempo reale, direttamente
dal microcontrollore utilizzando la tecnina dell'albero decisionale,
ottimizzata per il contesto speci co.

Nel quinto capitolo i risultati ottenuti nei tre progetti discussi vengono
riassunti e viene fornita una visione delle loro prospettive e s de
future.






Abstract

Gamma radiation detection nds many applications in dierent elds,
including astrophysics, medical diagnostics and nuclear physics.

In the area of medical diagnostics, the realization of multimodal imag-
ing scanners represents one of the main research and development topics,
since the combination of techniques providing correlated functional and
anatomical information, increases the accuracy of disease diagnosis and
improves therapy monitoring and assessment. In this scenery is de ned
INSERT project, founded by 7th Framework Program of European Com-
mission, which has brought to the development of the rst SiPM-based
clinical SPECT scanner suitable for insertion inside a commercial MRI.

In the context of nuclear physics experiments with energies ranging
from 100keVto 20 MeV, is placed GAMMA project, supported by Isti-
tuto Nazionale di Fisica Nucleare (INFN), which consists in the design,
development and experimental characterization of a-ray spectrometer,
based on large Lanthanum Bromide scintillator crystals coupled with Sil-
icon Photomultipliers (SiPMs), characterized by state-of-the-art energy
resolutions and imaging capability in a compact, modular and robust
structure.

The goal of this thesis work is to implement algorithms for image recon-
struction in di erent applications having in common the context of gamma
radiation revelation employing scintillator crystals coupled with a SiPMs
matrix. In particular, for what concerns INSERT project, the objective to
be achieved is the reconstruction of the third coordinate of the scintillation
position of the single absorbed gamma photon. From the knowledge of
this parameter is possible to compensate the parallax error and obtain an
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improvement of the nal image quality. As regards GAMMA project the
goal to reach is the reconstruction of the scintillation position of the single
gamma photon along its emission direction. Exploiting this information,
in nuclear physics experiments adopting particles accelerators, is possible
to derive the angle between the direction of the moving source and that of
the emitted photon and, therefore, correct the Doppler e ect. Eventually,
in the context of a new device constituted by a spectrometer able to local-
ize the position of a gamma source in space, the objective to be attained
is the implementation of a reconstruction algorithm that can be directly
executed in the micro-controller mounted in the detector. In this way the
reconstruction task can be performed in real time and, in case cooperative
networks are adopted, the computational complexity can be distributed
in the peripheral nodes, obtaining more relaxed constraints in terms of
communication speed and getting a faster and with higher performances
system.

Outline

The thesis is organized as follows:

In the rst chapter, after a brief introduction to gamma radiation de-
tection and its main applications, INSERT and GAMMA projects
are presented. The motivations for the choice of Silicon Photomulti-
pliers as detectors are discussed afterwards. Eventually a description
of the objectives, the main speci cations and the basic components
for the two projects is carried out.

The second chapter illustrates the contribution brought by this thesis
work to INSERT project: the method for the reconstruction of the
third scintillation coordinate is proposed and the results obtained
both by simulations and through experimental measurements are
shown.

The third chapter  describes the algorithms for the reconstruction of
the interaction position of a gamma photon inside the scintillator
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crystal of GAMMA project. In the rst part a method based on the
cross-correlation between two signals provided by the pixel matrix
coupled to the crystal is proposed. In the second part di erent al-
gorithms based on Machine Learning techniques are discussed. For
all the treated algorithms the obtained experimental results are il-
lustrated.

In the fourth chapter  an innovative system constituted by a gamma
radiation detector able to localize the direction of the absorbed
gamma rays source is presented. The reconstruction process is ex-
ecuted in real time directly by the micro-controller employing the
decision tree technique, optimized for the speci c context.

In the fth chapter the obtained results for the three projects are sum-
marized and a view of their future perspectives and challenges is
given.






Chapter 1

INSERT and GAMMA projects

This chapter contains an introduction to gamma radiation detection and
its main applications: spectroscopy and imaging. A brief deepening on
medical imaging and on Silicon Photomultipliers working principle is also
carried out. Eventually the INSERT and the GAMMA projects are pre-
sented one after the other along with their main speci cations and goals.

1.1 Gamma rays detection and applications

Gamma rays are an electromagnetic radiation characterized by energies
tipically higher than tens of keV. In the electromagnetic spectrum, the
fraction of the gamma radiation produced by radioactive decay is usually
located in a low energy range that spans from a fekeV to tens of MeV.
Thus there is an energy interval in which -rays and X-rays coexist ( g-
ure 1.1 on the following page). The distinction between these two types
of radiation is made looking at their physical origin: -rays originate from
the nucleus of a radionuclide after radioactive decay or from positron an-
nihilation, whereas X-rays are emitted via uorescence, when an excited
atom falls back into its quiescent state, Bremsstrahlung phenomena and
synchrotron light. A second di erence is constituted by the physical pro-
cess governing the interaction of radiation with matter: since-rays have
on average more energy, they primarily interact through Compton scat-

1



2 CHAPTER 1. INSERT AND GAMMA PROJECTS

tering, while X-rays mainly interact through photoelectric absorption.

Figure 1.1: The electromagnetic spectrum. X-rays and -rays regions overlap.

1.1.1 Gamma radiation interaction with matter

As well known, the three main processes through which radiation is ab-
sorbed in matter are photoelectric absorption, Compton scattering and
pair-production [1].

Photoelectric absorption  is a process in which an incident photon is
completely absorbed in the material. The incoming photon has suf-
cient energy to generate a photoelectron from an inner shell of an
atom of the material, with kinetic energy Ex equal to the dier-
ence of the incoming photon energy and the binding energy of the
photoelectron in its original shell.

Eloss = Exk = Epn  Ebpind (1.1)

As a result of the photoelectron emission a vacancy is created. Elec-
trons of close shells quickly Il up this vacancy by exchanging en-
ergy through radiative process (uorescence) or non-radiative pro-
cess (Auger e ect). In case of uorescence an X-ray will be emitted,
travelling some distance, depending on the medium, before being re-
absorbed through other photoelectric interactions. This mechanism
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is favored at low energy and by materials with large atomic number
(Z). The probability of occurrence of this process becomes max-
imum when the impinging photon energyE,, is equal or slightly
larger than binding energyEynq of the shell. However there is a
nite probability that the uorescence photon escapes from the ma-
terial, typically when the gamma-ray is absorbed close to the surface
or when the absorbing medium is thin. If this occurs often enough,
in the reconstructed spectrum a peak denoted as escape peak will
be visible beside the gamma photon one.

Compton scattering  (or incoherent scattering, is an interaction pro-
cess in which the incoming photon exchange just a fraction of its
energy. Di erently from photoelectric absorption, in this mechanism
the gamma photon is scattered by external, loosely bound valence
electrons, e.g. outer shell electrons, losing part of its energy. The
scattered photon energy corresponds to the di erence between the
incident photon energy and the emitted electron one. This directly
implies that the probability of Compton interaction depends on the
number of valence electrons of the medium. As well as energy, also
the momentum of the incoming photon must be conserved. As a
result, its energy transfer and interaction probability depend on the
angle of collision (), governed by Klein-Nishina distribution and
can be computed as [1]:

1
Eloss = Eph 1 (1.2)

1+ nfggz (1 cos)

It is worth mentioning also Rayleigh scattering (or coherent scat-
tering), which is the interaction process occuring when the incoming
photon has less energy than the binding energy of the hit electron,
and therefore it does not have enough energy to release a tightly
bounded electron, so it gets de ected without energy transfer. As
the direction of the photon is altered, but its energy is not, this e ect
should be considered in imaging applications.
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Pair production  process consists in the absorption of energy by the gen-
eration of an electron-positron pair. The minimum energy necessary
for the electron-positron generation is equal to twice the rest-mass
energy of an electron, so pair production absorption can occur only
for photon energies larger thard;022 MeV. Through this process, the
impinging -photon will lose an energy equal t@myc? = 1;022 MeV
(actually a higher energy is needed since the momentum of the two
particles must be added to the energy needed for their production,
however this contribution is usually negligible). The process, hap-
pening in the coulomb eld of a nucleus, becomes dominant only for
energies above somieeV.

The three interaction processes just described are summarized in g-
ure 1.2 on the next page. In gure 1.3 on page 6 is represented the total
photon attenuation as a function of the incoming radiation energy. It
can be observed that for energies lower thabO0 keV, typical of X-rays,
the dominant process is the photoelectric absorption, while in the energy
range of gamma photons, the dominant processes are Compton scattering
and pair production. The total photon attenuation is not only function
of the incoming radiation energy, but also of the atomic number of the
absorbing material. In gure 1.4 on page 7 is shown the incidence of
the three processes as a function of the incoming radiation energy and of
the atomic number of the absorbing material [1]. Table 1.1 on the facing
page summarizes the properties of each type of interaction treated in this
section.

A radiation detector has two objectives to achieve: it has to absorb
all of the incoming radiation and it has to provide an electrical signal
proportional to the absorbed energy. A highly e cient detector should
generate as many as possible free carriers in order to develop a signi cant
electrical signal for a given energy. Usually the conversion factarde ned
as the ratio between the radiation energy and the number of electron/holes
pair generated in the absorbing medium, is used as gure of merit of the
absorption material.
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(a) Photoelectric absorp- (b) Compton scattering (c) Pair production
tion

Figure 1.2: Radiation interaction with matter processes

Interaction Energy loss Energy range
Photoelectric " Ebind 100 keV | Z* 5=(h )35
Coherent (Rayleigh) "0 Low energies | Z?
Incoherent (Compton) Eph —e—2—— 100keV 10MeV / =h
1+ ﬁz(l cos )
Pair production ' 2moc? 1:022 MeV | Z2
Table 1.1:

Summary of X and -photons interaction with matter. The cross-section is related
to the probability of interaction.

Detectors in which the absorbing material is also the material generat-
ing the electrical signal are calledlirect conversion detectors For instance,
silicon features a conversion factor = 3;66 eV=pair [2], which is remark-
able. However, silicon is characterized by a low stopping power, due to
the relatively low density and the low atomic number, and only radiation
up to few tens ofkeV can be e ciently absorbed. For this reason silicon
cannot be used as direct detector for gamma rays, but an intermediate
medium called scintillator crystal, characterized by high density and large
atomic number, is used to absorb the impinging radiation. The absorp-
tion of radiation causes the scintillator crystal to produce a scintillation
light, which consists in a certain number of visible photons proportional
to the absorbed radiation energy. The visible photons can then be easily
detected by means of photodetectors like photomultiplier tubes, or solid
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Figure 1.3: Total photon attenuation of silicon and its contributions.

state photodetectors like photodiodes. Such a detector is call@ttirect
conversion detector

1.1.2 Spectroscopy

From the data collected from a -ray detector, the spectrum of the -ray
emitter can be built by simply plotting an histogram of the sampled data
event by event. Since each radionuclide is characterized by a typical emis-
sion peak, through the study of the spectrum of a sample it is possible
to identify the -emitter in the analyzed sample. Spectroscopy measure-
ments are of particular interest for nuclear physics [3] and astronomy ap-
plications [4]. The main quantitative data that can be recovered from an
energy spectrum analysis are resumed in gure 1.5.

Considering an e cient detector, most of the times the whole incoming
radiation is absorbed through the combined e ects of Compton and pho-
toelectric absorption, and e ectively readout by the detector: all these
contributions constitute the main peak in the spectrum, referred to as
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Figure 1.4. Incidence of interaction processes as function of the incoming
radiation energy.

photopeak Since each Compton interaction involves an energy loss which
depends on the scattering angle (refer to equation 1.2 on page 3) and in
normal conditions all the scattering angles will occur in the detector, an
energy continuum distribution is usually visible in the spectrum, consti-
tuted by Compton scattered photons not absorbed by the medium. As
the maximum energy that can be loss through Compton mechanism is
smaller than the photopeak energy, the energy continuum is bounded by
the Compton edge.

The lower energy peaks, are caused by the non complete absorption
of Compton scattered photons within the detector volume: the peaks can
be due to an X-ray photon that manages to escape, building up the X-ray
escape peaks, or by the electron - positron annihilation, that generates two
511keV -rays, that will result in peaks corresponding tcE,, 511keV
or Epn 1,022 MeV if one or both of the two generated photons manage
to escape from the absorbing medium.

The main gure of merit of a spectrum, that is used to quantify the
accuracy and the performances of the detector is energy resolution. The
higher is the resolving power of a detector, which corresponds to a low
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Figure 1.5: Example of an energy spectrum, illustrating di erent peaks that
can be observed.

value of the resolutionR, the higher is the ability to distinguish two close
photopeaks, and in the end, the higher the capability to detect di erent
emitters. ldeally a perfect detector should feature a delta-like spectrum,
however, unavoidable non-idealities will cause a non-zero width of the
peak, and the energy resolution can be de ned as the ratio between the
Full Width at Half Maximum (FWHM) of the photopeak and the mean
energy of the photopeakE,, as represented in gure 1.6.

Figure 1.6: Detector resolution: the narrower the peak, the higher the resolving
power of the detector.

Considering that for a high number of counts in the energy spectrum,
the Poisson distribution (which describes the statistics of this type of inter-
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actions) can be approximated with a Gaussian distribution, the resolution
can be written as a function of the standard deviation (recalling that
FWHM =2:355 ):

FWHM _ 2:355
Eob,  Eq

tot = (1.3)
The total energy resolution is given by three main independent stochas-
tic processes contributions: scintillator non-idealities, photoelectrons gen-
eration statistics and electronic noise [1]. If we consider a Gaussian dis-
tribution it holds:
q

— 2 2 2
out — int + stat;out + noise;out (1-4)

thus, the overall resolution of the detector is in uenced by the perfor-
mances of all the components of the readout chain, from the scintillator
crystal to the electronic front-end [1], and it can be computed as:

- q
Rt = 2355 o = R2 + R2

int stat
SOL;It

+ R2

noise

(1.5)

Rint accounts for the crystal non-idealities: the main reason for this e ect
is the non-proportional light output of the scintillator to di erent energies
[5] and also the local uctuations in the scintillation yield; Ry is related
to the collection of photoelectrons statistics anRise IS the resolution
limit imposed by the noise of the electronics front-end.

1.1.3 Imaging

Gamma ray detection opened new possibilities in medicine, in particular in
medical diagnostics. Single Photon Emission Tomography (SPECT) and
Positron Emission Tomography (PET) have been developed in years and
nowadays they are commonly used. The interest in medical diagnostics is
related to the possibility of creating images of the distribution of -rays
emitters distributed throughout the patient: a receptor-binding substance
tagged with a radionuclide is injected intravenously in the patient's body;
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(a) The geometrical quan- (b) Various types of collimators that accept
tities that inuence photons incoming from di erent directions
spatial resolution

Figure 1.7: Through the collimator only photons coming from a specic di-
rection can reach the scintillator crystal and be detected. The spatial resolution
is in uenced by the aperture dimension, the collimator length and the distance
from source.

the ow tracer is assumed to accumulate in di erent areas proportionally
to the rate of delivery of nutrients to tissues; eventually the high energy
radiation emitted by the tracers is detected by the imaging device to
reconstruct a 3D volume of its distribution.

In SPECT, spatial resolution is introduced in the system by the use
of lead collimators, that absorb -photons not coming from a specic
direction, as depicted in gure 1.7. As a result, only photons emitted
from a specic direction are detected by the system and the emission
position can be ascertained.

The main drawback of using collimator is the reduced e ciency of
the detector, since many emitted photons are absorbed by the collimator
itself and not detected. In order to collect a signi cant amount of signal,
the dose injected into the patient may be increased. Moreover it exists
a trade-o between the geometrical e ciency of the collimator and the
achievable spatial resolution.
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Figure 1.8: Gamma cameras are based on pixellated scintillators coupled 1:1
with photodetectors, or on Anger architecture, with a monolithic scintillator
crystal and a lower-complexity pixellated photodetector.

Conversely, PET systems do not make use of physical collimators as
they perform an electronic collimation: by detecting and localizing exter-
nally the two -rays, generated simultaneously and in opposite directions
by the annihilation event, it can be obtained the line joining the detected
locations, which passes directly through the point of annihilation. For this
reason PET systems reach higher e ciency, but they pose other challenges
on electronics design due to timing requirements, especially for Time Of
Flight PET (TOF-PET), in which timing resolution speci cations can
reach values as low a80 ps[6] with the purpose of using the time of ight
measurement to improve the overall spatial resolution of the instrument.

Gamma imaging systems can be realized with pixellated or Anger ar-
chitectures: nowadays, the majority of these systems are based on Anger
cameras, which use a single monolithic scintillator and pixellated photode-
tectors as represented in gure 1.8, since, for a given collimator geometry,
they allow to reach the same spatial resolution of pixellated structures,
but employing a simpler (non-pixellated) scintillator crystal and a lower
number of photodetectors and thus of electronics readout channels [7].

Imaging systems are characterized by few di erences with respect to
spectroscopy systems, since typically the energy resolution requirements
are relaxed and the focus is posed on the spatial resolution. To start with,
the scintillator crystal thickness is usually quite di erent in the two cases,
since in medical imaging the energy of the-rays involved in the process
are lower than the high energies that need to be detected, for instance, in
physics experiments and thus they can be e ciently absorbed with thinner
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crystals. A thin crystal facilitate the interaction position reconstruction
since the scintillation light is originated close to the photodetector, while
a thicker one spreads the light among many photodetectors. This light
di usion is sought in spectroscopy systems since it helps to reduce the
photodetector saturation e ects at higher gamma energies. Moreover for
imaging systems re ections of the scintillation light represent a critical
issue during operation and should be avoided, as they make the task of
reconstructing the emitter position harder, so the crystal is usually coated
with absorbing materials; on the other hand, in spectroscopy the interest
is in collecting all the scintillation light, so the crystal coating has to be
re ective and wrapped with di usive layers in order to minimize the light
not reaching the photodetector.

As it will be illustrated in next chapters, INSERT project belongs
to the category of medical imaging systems, so the task of the position
of interaction reconstruction is facilitated because of the thinner crystal
(1032 mm x 51;6 mm for the Clinical module, with 8 mm thickness), while
GAMMA project main focus is on the spectroscopy task so it is character-
ized by a much thicker scintillator crystal @inchesdiameter and3inches
height) and the imaging task is harder. However, the requirements that
need to be met in terms of spatial resolution are more relaxed in the case
of GAMMA project compared to INSERT project (1 cm with respect to
less than1 mm).

1.1.4 Multimodal Medical Imaging Techniques

A widely spread distinction applied to diagnostic imaging modalities is
based on the nature of the provided information. Therefore, structural
(or, equivalently, anatomical) and functional imaging techniques can be
identi ed. The SPECT and PET systems just described in section 1.1.3
belong to the the category of functional imaging techniques: they do not
provide good spatial resolution capability but they show very high de-
tection sensitivity. Indeed, they can detect physiological abnormalities or
disturbed biochemical processes by localizing tracer concentration in the
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picomolar or nanomolar range.

On the other hand, structural imaging techniques, such as Computerized
Tomography (CT) and Magnetic Resonance Imaging (MRI) provide high-
resolution anatomical information of tissues under investigation. CT pro-
duces medical images, characterized by great spatial resolution and strong
contrasts between tissues of di erent densities, in short acquisition times,
by measuring the attenuation of X rays performed by body structures.
Moreover some contrast media can be employed to highlight structures
of interest that, otherwise, would be di cultly distinguished from their
surroundings. The main drawback of this imaging technique regards the
employment of ionizing radiation.

On the other hand, MRI shows extremely good capabilities to dis-
criminate soft tissues with high spatial resolution, even in absence of con-
trast agents, and without employing any ionizing radiation. Indeed, this
imaging technique is able to excite hydrogen atoms of water molecules
building biological tissues by means of a strong static magnetic eld and
radio-frequency pulses. Moreover; MRI has proved to be a highly versa-
tile imaging technique, capable of producing a variety of chemical, physical
and also functional data. Conversely, main disadvantages are represented
by long acquisition times and limitation of application for patient with
metallic implanted objects, such as pacemakers or prostheses.

In this context, it appears advantageous to merge images from di er-
ent medical modalities in order to get a combination of anatomical and
functional information. Indeed, their ensemble provides a more complete
clinical framework that allows to better address pathology diagnosing and
therapy outcome monitoring. Systems following this kind of approach are
referenced as "multimodal techniques”. In gure 1.9 on the next page is
shown an example of combination of SPECT and MRI techniques.

A rst way to perform this merging is by retrospective software reg-
istration; however this approach presents several challenges concerning
registration of images that are hard to cope with. These ones are due to:

changes in patient positioning with respect to the two separate imag-
ing devices;
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Figure 1.9: Example of co-registration of SPECT (colored) and MRI (gray)
brain images to detect epileptic seizure onset zone. During a seizure, more blood
ows to the area where the seizure comes from, and the region appears brighter.

organ motions (e.g. respiratory movements);
anatomical changes between the two scans, since that may be ac-
quired days or even weeks apart.

In the early 2000s the rst commercial implementations of devices al-
lowing multimodality on a hardware basis were introduced. These were
SPECT/CT and PET/CT scanners, in which nuclear medicine provided
functional information by using radioactive tracers and -photon detec-
tors, whereas CT was employed to image anatomical structures. The
introduction of combination of modalities through dedicated hardware
instruments proved to posses the ability to address scienti ¢ or clinical
guestions that would be impossible on separate systems. However, de-
spite this signi cant advantage, multimodal hardware systems require a
redesign with respect to the stand-alone solutions in order to match new
compatibility and geometrical constraints necessary to achieve hardware
combination.

Commercial available architectures allowing multimodal imaging on a
hardware basis can be distinguished in three main categories [8]:

" Separate system approachimaging scanners have separate gantries
positioned in separate adjacent rooms: the patient is positioned and
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immobilized on a dedicated imaging table which is moved from on
system to the other. This approach permits less critical registration
procedure since the acquisition of two modalities is performed over a
limited time interval. Moreover, the two devices need no particular
redesign since they are separated; therefore, performances regarding
the respective images are preserved.

Sequential approachimaging scanners are spatially arranged in se-
guence and share the handling system that moves the patient from a
device to the other in a faster, more accurate and more reliable way,
with respect to separate system approach, despite still not allow-
ing simultaneous acquisitions. Images of the two modalities can be
registrated applying a xed coordinate transformation, established
between imaging devices, in order to enhance the co-registration
precision.

Integrated approach merges the two imaging modalities on a hard-
ware basis, allowing simultaneous acquisition by multiple scanners.
From a technical point of view, this approach is the most challenging
one since it requires to adapt the design of the two systems, in or-
der to avoid functional mutual interferences in operating conditions,
and to design volumes dedicated to one or both the scanners, in
order to match constraints imposed by the manoeuvrability of the
patient into the gantry and by the geometry dependence of some
imaging performance. Despite these di culties, the simultaneous
acquisition is of particular interest since it represents the only way
to follow fast dynamic events with more than one modality, to reduce
the overall time of an imaging session and to allow a high precision
co-registration.

In gure 1.10 on the following page are schematized the sequential and
the integrated scanner architectures.

At present time, one of the most active areas of research regarding mul-
timodal systems is focused at the integration of PET or SPECT systems
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(a) Sequential approach (b) Integrated approach

Figure 1.10: Scanner architectures of two types of multimodal systems.

with MRI. This latter is adopted, rstly, to provide anatomic information
with superior soft-tissue contrast and by delivering an inferior radiation
dose if compared to CT and, secondly, to combine molecular imaging, pro-
vided by PET/SPECT, with both anatomical and functional information
achievable by MR techniques [9].

The main challenge concerning the realization of nuclear medicine
scanners integrated with magnetic resonance is the necessity to cope with
constrained technical issues, above all the mutual electromagnetic interfer-
ence between di erent devices. Indeed, the SPECT or PET system must
operate inside or in proximity of a high magnetic eld environment: this
precludes the use of conventional photomultiplier tube-based equipment
and introduces the problem of interference a ecting the signal produced
by -ray detectors. Indeed, high power RF pulses generated by magnetic
resonance devices can be easily picked up by SPECT or PET electronics
and, conversely, these latter can radiate electromagnetic waves that can
interfere with the MR signal. Finally, the MR system requires a high level
of magnetic eld uniformity, which is altered by foreign elements placed
inside or around the magnet gantry since they introduce perturbations
due to their magnetic permeability.
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1.1.5 Silicon Photomultipliers

Photomultiplier Tubes (PMTSs), due to their good performances in terms
of energy and spatial resolution, were the conventional choice between indi-
rect conversion detectors for both spectroscopy and imaging applications.
However they are characterized by many drawbacks such as: sensitivity
to magnetic elds, bulkiness, fragility and high operating voltages (up to
2kV), that make it di cult to create a compact low-power system [1].

With the only exception of linearity, which can however be improved
by carefully choosing the detector parameters, solid state photodetectors
overcome all of these problems and allow to reach both good energy reso-
lution and good position sensitivity.

Among the di erent types of Silicon solid state detectors, Silicon Pho-
tomultipliers (SiPMs), which consist in a matrix of Single Photon Avalanche
Diodes (SPADSs) sharing a single output node, were selected as photode-
tectors for both INSERT and GAMMA projects.

Silicon Photomultipliers structure and working principle are illustrated
below.

A SIPM is constituted by a parallel array of photon counting micro-
cells (gure 1.11 on the next page).

Each microcell consists of a SPAD (also called Geiger Mode Avalanche
Photodiodes) with an integrated quenching element. While Avalanche
Photodiodes are biased below the breakdown voltage, so they operate
with a linear ampli cation and their output current is proportional to the
number of absorbed photons, SPADs are operated above the breakdown
voltage and thus are characterized by a high internal gain (abode 1():
both electrons and holes contribute to the multiplication process and the
current is self-sustained due to the feedback e ect.

The peculiarity of SPADs consists in a bi-stable operating mode, mean-
ing that the output signal does not depend on the number of impinging
photons, but a self-sustaining current due to feedback is generated as re-
sponse to the detection of just one photon. Furthermore, considering that
the avalanche is self-sustaining, it has to be quenched in order to make
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(a) SiPM  equivalent (b) SiPM picture
circuit

Figure 1.11: SiPM equivalent circuit and picture of a4 mm 4 mm SiPM from
FBK with cell area of 40pm 40um.

the SPAD able to detect a new photon, usually by a passive quenching
resistor that brings the bias voltage below the breakdown voltage. Due to
its nature, a single SPAD is unsuitable for spectroscopy application, but
an array of this devices can be used to detect di erent photons at a time,
thus allowing multi-photon resolution in addition to single-photon capa-
bility, proper of this device. The operation cycle of a SPAD is reported
in gure 1.12(b) on the facing page along with the equivalent circuit of a
microcell.

In Silicon Photomultipliers, as a consequence of their design, each pixel
operates digitally as a binary device, but the output signal varies linearly
with the number of incident photons (at least up to a certain amount
where saturation e ect become visible), thus the SiPM acts as an analog
detector.

These photodetectors have very fast timing, high gainr(1 1) at
low-bias voltage (less tharb0 V), which makes the electronic noise of the
front-end negligible, an excellent single photoelectron resolution and they
are rugged and insensitive to magnetic elds. They also feature an Excess



1.2 INSERT PROJECT 19

(a) Microcell equivalent (b) Breakdown, quench and reset cycle of a
circuit SPAD working in Geiger mode

Figure 1.12: SPAD equivalent circuit and operation cycle.

Noise Factor (ENF) typically lower than 1;2 [10].

1.2 INSERT project

INSERT is a research project funded by the Seventh Framework Pro-
gram of the European Commission and started on March 1st, 2013 [11].
Its acronym refers to the project aim of developing compact insertable
SPECT system to be t inside of commercial MR scanners for enhanced
strati cation of brain tumor and early assessment of treatment e cacy.

In particular, the Project wants to address the need of a more powerful
tool for the diagnosis and therapy of gliomas [12], a type of tumor that
starts in the glial cells of the brain or spine and represents tH&3 % of the
central nervous system tumors.

In terms of brain cancer treatments, the one producing the most rele-
vant results is radiotherapy, which requires a precise localization and iden-
ti cation of the tumor and its environment. Therefore the possibility of a
simultaneous multimodal acquisition allows to obtain multiple parameters
to better de ne not only the position of the tumor in the patient-speci c
morphology but also its functional and biological behaviour. In gure 1.13
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on the next page is shown a conceptual illustration of the INSERT system.

Figure 1.13: Conceptual draw of clinical INSERT system. The SPECT ring
(around the patient's head) is inserted in the MR scanner (gray).

Although the design of an insertable SPECT rises many technical chal-
lenges, it represents the most exible typology of hardware fusion with
MRI. The system allows the simultaneous multimodal image acquisition
with limited hardware cost, since the two systems are independent and
only the SPECT system is appositely redesigned for MR compatibility
(with the exception of the RF coils).

In INSERT Project framework, Politecnico di Milano group was re-
sponsible for the development of the-ray detection modules of the SPECT
system, equipped with scintillator crystals, photodetectors (Silicon Pho-
tomultipliers (SiPMs) from Fondazione Bruno Kessler (FBK)), electronics
for the readout of the SiPMs signal, cooling and other ancillary systems.
The single detection module, which populates the nal complete system,
was designed to work in both the following devices:

Preclinical system: (10 anger cameras - 36 channels each) for small
animal imaging.

Clinical system: (20 anger cameras - 72 channels each) for human
head/neck imaging.

The target performance requirements that the nal system must reach
are: intrinsic spatial resolution (computed not considering the contribu-



1.2 INSERT PROJECT 21

tion of the collimator) of less than1 mm FWHM ! and energy resolution
of 12%, to allow the discrimination of*®" Tc and 2% energy peaks (respec-
tively at 140 keVand 159 keV) in order to perform dual-tracer imaging.

1.2.1 Ring architecture

The aim of the INSERT system is to acquire 3D images of the distribution
of radioactive probes in the whole human brain, without a prior knowledge
of tumor location from other modalities. To achieve this goal a stationary
ring architecture composed by gamma cameras (or, equivalently, gamma
detection modules) is used, as illustrated in gure 1.14.

(a) Preclinical system (b) Clinical system

Figure 1.14: INSERT stationary ring architecture, composed by gamma cam-
eras.

Gamma cameras acquire several projections on external planes dif-
ferently oriented in space; subsequently these are combined by dedicated
reconstruction algorithms, such as Filtered Back-Projection (FBP) or iter-
ative methods (e.g. Ordered Subset Expectation Maximization (OSEM)).
The result of this process is a set of tomographic slices, showing the ra-
diomolecule distribution in di erent cross-sectional planes composing the
3D volume of the patient's area under examination.

1Spatial resolution is frequently measured as the FWHM of the Point Spread Func-
tion (PSF), which represents the spatial response of the gamma imaging system to a
point source.



22 CHAPTER 1. INSERT AND GAMMA PROJECTS

Another technique to explore dierent projection planes in SPECT
would be therotational approach the system is composed by a limited
number of gamma cameras (typically from 1 to 4) that are positioned
around the region to be imaged and are mechanically connected to a rota-
tional engine which moves them around the region, in order to change the
projection plane to be imaged. However, in the perspective of realizing
SPECT-MR integrated systems, this second method cannot be employed
and the stationary ring approachis the only applicable solution. Indeed
the presence of a stationary magnetic eld and the activation of gradient
elds during MR acquisition make the engineerization of the movement
required in the rotational approach extremely di cult.

In the interest of limiting weight, shielding was designed for a maxi-
mum emission energy o210 keV, which may permit imaging of*"’Lu.

1.2.2 Gamma detection module

In INSERT Project, single detection modules are implemented, based on
the Anger architecture, using compact indirect detectors.

Since the SPECT system must operate inside of a high magnetic eld
environment the use of the conventional Photomultiplier Tubes (PMTSs)
as photodetectors is precluded and Silicon Photomultipliers are adopted.

The conversion from high energy photons into carriers is provided by
the optical coupling of a monolithic, inorganic scintillator with a 2D array
of SiPMs. The two architectures of the module (Preclinical and Clinical)
di er only in the dimension of the scintillator and, consequently, in the
surface of the photodetection matrix.

A CsI(Tl) (Thallium doped Cesium lodide) scintillation crystal was
selected for the application: it has base dimensions 556 mm x 51,6 mm
for the Preclinical con guration and 1032 mm x 51,6 mm for the Clini-
cal one. Crystal thickness § mm) was chosen to optimize the trade-o
between detection e ciency at 140 keV, which improves for thicker scin-
tillators, and spatial intrinsic resolution, which behaves in the opposite
way. The edges of the scintillator are slanted (as shown in gure 1.15 on
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the next page) in order to be able to x the module in the nal SPECT
architecture in a ring shape.

(a) Clinical crystal, geometry (b) Clinical CsI(TI) crystal, photo

Figure 1.15: Clinical INSERT crystal. Two edges of the scintillator are
slanted of an angle = 18° in order to x the detector modules in the nal
SPECT architecture in a ring shape.

Characteristic parameters regarding Csl(Tl) crystal are reported in
Table 1.2.

Parameter Value for CsI(TI)
Density [g=cm’] 4.52
Light Yield [photons/ keV] 65
Refractive Index 1.79
. 0.68 64 %
Decay Time s (RT) 3.34 36 %
of max. emission fim] 540

Table 1.2: CslI(Tl) parameters regarding interaction with gamma rays and
optical behaviour [1].

In particular, the yield of the scintillator is of primary importance
in this application since in low gamma energy detection (i.e. between
100 and 200keV) a high gamma conversion coe cient is vital. Indeed,
the number of collected photons in uences the energy resolution and also
helps improving spatial resolution, considering that the reconstruction al-
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gorithms work better in presence of higher Signal to Noise Ratio (SNR)
values.

In order to allow an even higher collection e ciency of light, the surface
of the crystal is polished and a four-layer Te on wrapping is employed.
Indeed, above all the material for crystal coatings, Te on layers exhibit one
of the best value in terms of light re ectivity (around 94%) and, therefore
help in reducing scintillation photon loss through crystal lateral faces.

For what regards the photodector array, Clinical INSERT gamma mod-
ule, is constituted by 8 tiles of SiPMs mounted on supporting PCBs ( g-
ure 1.16 reports the illustration of a single SiPM tile).

Each tile is constituted by 6x6 RGB-HD SiPMs (from FBK). The
bias is directly carried to all the SiPMs cathodes through bridge bond-
ings between neighbouring photodetectors. The output anodes of four
neighbouring SiPMs are connected together to form a merged channel,
therefore, each acquisition channel reads the current signal provided by
the sum of four SiPMs. The active area of the virtual SiPM (obtained
by the merging) is 8 mm x 8 mm. Technical characteristics of RGB-HD
SiPMs are reported in table 1.3.

Figure 1.16: Single SiPM tile, with an active area of 4mm?, composed by 6x6
SiPMs.

The photodetection matrix is optically coupled to the scintillator crys-
tal through Meltmount, a transparent mounting medium similar to a resin.
When heated up, the viscosity of the material decreases and the photode-
tectors can be glued to the crystal surface. Meltmount can have di erent
refractive indexes corresponding to di erent mechanical properties. The
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RGB-HD characteristics

Microcell size 25um
SiPM active area 4mm?
E ective PDE 35%
DCR (0 °C) <50 Xz
Breakdown voltage (OC) 29V

Table 1.3: Technical parameters of RGB-HD SiPMs.

target refractive index for the coupling material was calculated, in order
to optically match the refractive indexes of CsI(Tl) Qcrysta = 1:79) and
of the resin covering SiPMs ffesin = 1:51), as the geometric mean of the
tWO: Nearget = pm. It was chosen a nal value ofn = 1:539
that is not the closest toNgger (Still it is in between Neysta aNd Niesin )
but have appropriate mechanical properties [13].

The output current signal of each SiPM is acquired and elaborated
by the read-out electronics. When a gamma event is detected, all the
SiPMs are read in parallel (simultaneously). The front-end electronics
is implemented into a compact CMOS 36-channels ASIC (ANGUS [14]).
For the clinical con guration, there are two ASICs mounted on the ASIC
board, both used at the same time, that acquire 36 channels each, for a
total of 72 channels.

The signals are then carried to a Data Acquisition (DAQ) board to be
digitalized and transmitted to a calculator through optical ber cables.

A thermoplastic, MR compatible, heat sink is placed in between the
photodetection array and the ASIC board, in order to provide a stable
moderate cooling for the reduction of the thermal noise of the SiPMs. In
gure 1.17 the complete single detection module is shown.

Finally, the digitalized data are processed by Planar Event Recon-
struction Algorithm (PERA), a standalone program, based on Maximum
Likelihood Estimation (MLE), implementing a statistical reconstruction
of the 2D position of interaction, developed by Politecnico di Milano [13].



26 CHAPTER 1. INSERT AND GAMMA PROJECTS

Figure 1.17: (top) CsI(Tl) crystal wrapped in Te on (white). The SiPMs
coupled to the crystal are hidden below. The ASIC board under the heat sink is
connected to the DAQ board on the right. (bottom) Top view of the ASIC board
(left) and DAQ board (right).

1.2.3 3D tomography

A dedicated custom software able to manage SPECT system calibration
procedures involving all the gamma cameras and to perform both pla-
nar projection and tomographic reconstructions was developed Mediso,
Kft.,Hungary, one of the Project partners companies.

The general schematic of the overall reconstruction chain is illustrated
in gure 1.18 on the facing page. Each projection is reconstructed us-
ing the optical model of the respective camera (LRFs and LUTSs) and the
X,Y coordinates of the events of all the projections are used for the to-
mographic reconstruction. The introduction of DOI reconstruction opens
the possibility to correct for the parallax error.

1.3 GAMMA project

GAMMA project, supported by Istituto Nazionale di Fisica Nucleare
(INFN), focuses on the study of -spectra of radioactive nuclei created in
particle accelerators as a result of high speed collisions [15]. The project
involves Politecnico di Milano for the development of an innovative detec-
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Figure 1.18: General schematic of the system for the 3D tomographic recon-
struction.

tion module for nuclear physics and poses the challenge of achieving two
objectives: reaching a state-of-the-arenergy resolutionof less than3%
FWHM at the '*'Cs emission peak62keV) and a spatial resolution of
less than1cm in the reconstruction of the point of interaction. Silicon
Photomultipliers (SiPMs) by Fondazione Bruno Kessler (FBK) are used
as gamma detectors, coupled with a 3" 3" LaBr3(Ce*") scintillator
crystal by Saint-Gobain.

The target energy resolution corresponds to the state of the art nowa-
days reached by Photomultiplier Tubes (PMTs). Nonetheless, due to the
big advantages o ered by solid state photodetectors as Silicon Photomulti-
pliers, there is a strong interest in replacing PMTs with SiPMs. Besides the
energy resolution requirement, GAMMA project also imposes a condition
on the target spatial resolution of the detection module. This requirement
comes from the necessity of compensating the relativistic Doppler e ect
which occurs when a radioactive emitter travels at relativistic velocities;
as it will be explained later in section 1.3.1 on page 29 this e ect, if not
compensated, causes a degradation in the energy resolution [16].

The project requires the readout of larg& inchesdiameter and3 inches
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height Cerium-doped Lanthanum Bromide (LaBg(Ce®")) scintillator crys-
tals, in order to maximize the absorption e ciency at the high expected
energies, ranging fron100 keVto 20 MeV. The crystal is coupled with the
Silicon Photomultipliers by means of optical grease, with the purpose of
increasing the collection e ciency avoiding re ections between the crys-
tal and photodetector surfaces. The readout electronics is composed by
a dedicated ASIC [17, 18], and an FPGA-based Data Acquisition (DAQ)
[19] capable of acquisition and data post-processing, both developed by
Politecnico di Milano. A highly modular architecture of the system has
been developed, in order to allow the readout also of smaller crystals,
useful during the design to ensure and test the correct functionality of
di erent block. A picture of the nal instrument is proposed in gure 1.19
[20].

(@) (b)

Figure 1.19: Final instrument design, in g.(a) the complete instrument is
covered by the aluminum insulation cap while in g.(b) the instrument is not
closed and the SiPM matrix is visible.

During this thesis work an architecture based on a 144-SiPM ma-
trix, a single 8-channel ASIC and a simpli ed microcontroller-based DAQ,
namely LAILA? board, has been used, but the nal version of the in-

2Large dynamic range Acquisition Interface for Lanthanum bromide crystals
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strument will be composed by the same matrix divided in 9 independent
modules, each composed by 16 SiPMs readout by a dedicated 16-channel
ASIC, immediately connected to a dedicated ADC through a printed cir-
cuit board including the linear regulators to supply the ASIC necessary
voltages and power supply Iters. The FPGA-based DAQ will control all
the nine ADCs and will program the ASICs.

1.3.1 Doppler E ect Induced Peak Broadening

In everyday life we may experience that when a source of acoustic waves
moves with respect to an observer, the wavelength perceived by that ob-
server changes. Likewise, when a radioactive source moves at relativistic
speeds, the emitted gamma photons experience an apparent energy shift.
This energy shift induced by the Doppler e ect leads to a widening in the
energy spectrum [21] since di erent gamma photons which should con-
tribute, with the same energy, to a single peak in the spectrum, end up
having di erent energies, thus the measured resolution worsens, as repre-
sented in gure 1.20 on the next page.

The e ect of the Doppler shift can be analytically computed through
the equation: q

V2
1 =

E =E° —
1 %cos

(1.6)

where is the angle between the emitter direction and the photon trajec-
tory, v is the emitter velocity, ¢ the speed of light constant andE® the
nominal gamma energy emitted by the source.

For instance, considering a 3" 3" LaBrs(Ce*") scintillator crystal
placed at20 cmfrom the target, the covered angle is almost equal t011°,
and alMeV -photon is detected with the resolution reported in table 1.4
on page 31 [21].

Despite that, it is possible to compensate the Doppler broadening if an
estimate of the angle can be provided by the knowledge of the interaction
point of the -ray inside the scintillator crystal. To this purpose, a pre-
cision of aboutlcmis required along with the emitter velocity (which is
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(a) Scheme of a moving gamma emitter: ifv
is close enough tac, the two -photons will
have a di erent apparent energy due to the
two di erent incidence angles.

(b) Broadening of the photopeak

Figure 1.20: Due to Doppler e ect, a broadening in the photopeaks is observed,
reducing the energy resolution. In the energy spectrum in gure b) a uniform an-
gular distribution of the -photons between +/-15 and v=c= 0:3 was assumed
for each of the input energies.

usually known) [16, 22]. Objective of this thesis work is the development
of a reconstruction algorithm of the interaction position able to satisfy
this requirement in terms of spatial resolution.

1.3.2 Lanthanum Bromide Scintillator Crystal

The detector performances targeted by GAMMA project require a high
detection e ciency, high resolution and fast timing capabilities. In this
framework the choice of the scintillator crystal becomes crucial.
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v=Cc Energy resolution

0 25keV
0.3 70 keV
0.7 230 keV

Table 1.4: Summary of the impact of Doppler e ect on energy resolution for
a 1 MeV photon: asv increases approaching the energy resolution worsens.

On the market are available di erent scintillator materials o ering a
wide range of performances and features to match speci c applications.
For nuclear physics applications, the best available crystals are the Cerium
doped Lanthanum Bromide (LaBg(Ce**)) and its Cerium - Strontium co-
doped version (LaBg(Ce®*" +Sr?*)), as they o er the best results in terms
of energy resolution, timing capability and linearity. The main parameters
of interest in a scintillator crystal include:

A

Peak emission wavelength ,: corresponding to the wavelength of
the scintillation photons emitted by the crystal.

Light yield: is the average number of photon emitted for eackeV
of impinging radiation. The larger the yield, the larger will be the
optical emitted signal.

Scintillation decay time: determines the scintillator response speed.
A fast scintillator is desirable for timing applications, and to avoid
pile-up phenomena.

Scintillator density: a denser scintillator directly translate into an
higher detection e ciency, due to a higher radiation stopping power
for the same volume.

Intrinsic resolution: this parameter accounts for the impact of the
crystal non-uniformity limiting the maximum achievable resolution,
as represented in gure 1.21 on the next page.

In table 1.5 on page 33 are reported the main characteristics of some
inorganic scintillators crystals [23, 10], highlighting the superior perfor-
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Figure 1.21. Resolution at 662 keV for di erent scintillators, compared to
the theoretical resolution limit imposed by the counting statistics: the distance
from the theoretical limit is the intrinsic contribution, assuming negligible the
electronics noise. The LaBg(Ce®") o ers a very low intrinsic contribution.

mances of LaBg(Ce®*) and LaBrs(Ce* +Sr?*). For GAMMA project
the scintillator crystals are provided by Saint-Gobain.

In addition to the main characteristics, Lanthanum Bromide also o ers
excellent output light stability in case of temperature variations, with
only a 5% shift between 65 C and 140 C [24, 25], and even better for
the co-doped version [26], while Nal(Tl) su ers from a light loss 040%
in the same range [27, Fig. 6]. The LaBralso shows better radiation
hardness with respect to Nal(Tl) and CsI(Tl), which is signi cant for space
applications [28]. Moreover the crystal is mechanically robust, since the
material is designed to sustairi000 gshocks,1000 g.,s random vibrations
and 200 C temperature, in order to be used in oil well logging applications
[27].

The main concern about the crystal is related to its highly hygroscopic
behaviour, as humidity can deteriorate the crystal performances and the
crystal structure. To prevent the inconvenient, the manufacturer encloses



1.3 GAMMA PROJECT 33

Scintillator Y [ph=keV] [ng] p[NM]  np [g=cm®] Ry,

LaBr 3(Ce, Sr) 73 25 385 2.0 508 2.2
LaBr 3(Ce) 63 16 380 1.9 508 2.7
LaCl 3(Ce) 49 28 350 1.9 3.85 33

CLLB 43 180,1080 420 185 4.2 4.0
Nal(TI) 38 250 415  1.85 367 7.0
Csl(Na) 41 630 420 1.84 451 6.1
CsI(TI) 54 1000 550 1.79 4.51 5.2

LYSO 33 36 420 1.81 7.1 8.0
Cdwo , 12 - 15 14000 475 2.3 7.9 7.0

BGO 8-10 300 480 2.15 7.13 10

BaF , 1.8,10 0.7,630 220,310 1.52 488 nla

Table 1.5: Main characteristics of some inorganic scintillator crystals: light
yield (Y), decay time of the light pulse ( ), wavelength of maximum emission
( p), refractive index at p (np ), density ( ) and the best resolution at662 keV.
The highlighted parameters indicate the best performances among scintillators.

the scintillator into a 0;5mm thick aluminum housing, with a quartz win-
dow on the bottom for the output scintillation light as represented in
g. 1.22 on the next page. Inside the aluminum housing the crystal is
wrapped with Te on layers to better re ect the emitted light and limit
light losses at the interface, improving the performances in terms of energy
resolution.

Although providing good temperature stability, the lattice thermal ex-
pansion is anisotropic, and thus sensitive to temperature gradients. Saint-
Gobain, manufacturer of the crystal, suggests a maximum gradient of
1 C=inch and a maximum temporal variation of8 C=h [29, 30]. This ef-
fect has to be taken into account when designing the readout electronics
and the cooling system.

The last matter to examine is the LaBg spontaneous radioactivity,
caused by the presence dffLa and ??’Ac isotopes. In order to address
the internal radioactivity of the crystal, a spectrum acquisition can be run
without any sources in low background conditions. The obtained spectrum
of LaBrs(Ce®*") is represented in 1.23 on page 35.

The spectrum region up to aboutl;5 MeV is caused by the Lanthanum
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Figure 1.22: Scintillator crystal cross-section, highlighting the aluminum hous-
ing in which the crystal is provided.

decay into the excited state of-*®Ce (34.8% probability) and **®Ba (65.26
probability); the rst has an associated -continuum that extends up to
258keVand a -ray of 7887 keV from the de-excitation of 2*®Ce with a
shifted -continuum between7887 keV and about 1047 ke, the second
instead emits al4358 keV -ray, which sums with the***Ba X-rays giving
rise to a peak in thel470 keVregion, [31]. There is also a contribution due
to “°K contaminants emitting a 1460 keV -ray [32]. The spectral structure
abovel;5MeV is related to the -decay of Actinium contaminants, but its
contribution has been reduced in crystal of recent production, due to im-
provements in the manufacturing process [33]. Except from spectroscopy
investigations on energies corresponding th4 MeV and 2,6 MeV, the in-
ternal activity of the crystal does not represent an issue and these peaks
can be conveniently used for calibration.

Recently Saint-Gobain started to commercialize and improved version
of LaBrs(Ce*), called Enhanced Lanthanum Bromide, consisting in a
Sr* co-doped version of the original crystal. The enhanced scintillator
features a superior light yield together with a better linearity and an en-
hanced light yield temperature stability; the only worsening consists in
a longer decay time (all values are reported in table 1.5 on the previous
page). The most interesting property is the improved linearity at low en-
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Figure 1.23: Internal radioactivity spectrum of the LaBrz(Ce®") crystal.

ergies (gure 1.24 on the following page) [34], considering that it allows
to achieve better energy resolutions and provides the possibility to pre-
cisely calibrate the system. Characterization and measurements has been
initially performed with the Cerium-doped version which has then been
superseded by the co-doped one in all the applications due to its improved
performances.

1.3.3 GAMMA-Project Silicon Photodetectors

Photomultiplier Tubes allow to achieve good performances in terms of en-
ergy resolution in -ray spectroscopy, however they need high voltages to
be operated and are bulky, fragile and sensitive to magnetic elds. Con-
cerning the GAMMA project, the intense light pulse of LaBg can cause
problems in terms of photomultiplier linearity, particularly for high energy
-rays [35]. Moreover the need of position reconstruction forces the use of

Position Sensitive Photomultiplier Tube (PSPMT), whose performance in
terms of energy resolution are poorer than spectroscopic grade PMTs.

For these reasons Photomultiplier Tubes should be replaced by solid
state photodetectors, which allow to overcome all of these problems and
reach both good energy resolution and good position sensitivity.

There are several types of Silicon solid state detectors: PIN Photodi-
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@)

(b)

Figure 1.24: Comparison of light yield linearity of various crystals at low
energies: all curves are normalized td00% at 662 keV energy.

ode, Silicon Drift Detectors (SDDs), Avalanche Photodiodes (APDs) and
Single Photon Avalanche Diodes (SPADs). Among these, Silicon Photo-
multipliers (SiPMs) were selected as photodetectors for Gamma project
[36].

The choice of SiPMs over the other solid state detectors was made con-
sidering all the advantages that the technology o ers with respect to the
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other detectors. In particular the reduced area occupation, the low volt-
age operation, the low temperature sensitivity of SiPM gain, the moderate
Photon Detection E ciency and the high robustness represent important
practical advantages, when compared to PMTs, APDs and SDDs [37, 9,
38].






Chapter 2

INSERT: Depth of Interaction
Reconstruction

This chapter presents the algorithm implemented for the reconstruction of
the third coordinate of interaction, or rather, Depth of Interaction (DOI)

in the INSERT project. The rst part characterizes the problem of DOI
estimation with the aid of ANTS2 simulation software and describes the
reconstruction method; the second one illustrates the results obtained on
experimental measurements.

2.1 DOI: motivation and reconstruction method

2.1.1 Importance of DOI information

One of the most challenging tasks in monolithic scintillator-based Anger
cameras is determining the Depth Of Interaction (DOI) for each detected
gamma ray. Itis intuitive that DOI estimation is of primary importance in
PET detectors, since they rely on electronic collimation based on coinci-
dence. However one could wonder why there is an interest in knowing the
Z-coordinate of interaction in SPECT and, more speci cally, in INSERT
project where each gamma detection module contributes with a recon-
struction of the position of interaction in a 2D plane. The answer is that
the knowledge of the DOI can be exploited to reconstruct with higher

39
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precision the direction from which the -photon has arrived, allowing for
a correction of the image and therefore improving the tomographic recon-
struction. This results in higher quality of reconstructed images.

Indeed in SPECT scanners adopting collimators di erent from the
standard parallel-hole ones (such as pinhole collimators, which are gener-
ally used in clinical systems), not only perpendicular -rays are selected,
but also tilted ones are allowed to go through.

The distribution of the gamma events absorbed inside a crystal follows
the Lambert-Beer law, which can be written as:

Ney(DOI ) = Ngy,e P© (2.1)

where Ng, is the number of not yet absorbed gamma photons at a given
DO, Ney, is the number of gamma photons entering the scintillator and

is the attenuation coe cient [m 1] of the crystal, dependent on the density
of the scintillator and on its mass attenuation coe cient.

Considering that events can be absorbed, according to the Lambert-
Beer law, at various DOIs, we have that, for oblique gamma rays, di erent
DOls correspond to di erent X,Y scintillation coordinates. This error in
the XY plane due to the Z-coordinate of interaction is called parallax
error (see gure 2.1(a) on the next page).

From the knowledge of the DOI of each absorbed gamma photon a
correction can be applied to compensate the parallax error. even just
distinguishing the events absorbed in the lower half of the crystal from
the ones absorbed in the upper half, could signi cantly reduce the un-
certainty in the determination of the X,Y coordinates of the scintillation
point ( gure 2.1(b) on the facing page).

In gamma cameras implementing very thin scintillators, DOI informa-
tion is generally not required: this type of cameras can provide a high spa-
tial resolution at the expense of the detection e ciency. INSERT CsI(Tl)
crystal, instead, has a thickness of 8 mm, which is not small enough to
be immune to this problem. Therefore INSERT system is a ected by the
parallax error since a Multi-mini Slit-Slat (MSS) collimator is used: in the
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(a) Parallax error ( x) without DOI (b) Parallax error (  x) reduction by
information distinguishing events absorbed
in the upper and lower half

Figure 2.1: Parallax error ( x) due to the fact that di erent DOIs correspond
to di erent X scintillation coordinates. The uncertainty in the detection point
is represented by the shaded area.

axial direction the slats provide a collimation similar to that of a parallel-
hole collimator, but in the transaxial direction the mini-slits collimation
resembles the pinhole one, as illustrated in gure 2.2 [39].

(a) Transaxial view: slits pinhole (b) Axial view: slats parallel-hole
collimation collimation

Figure 2.2: Projection of the Multi-mini Slit-Slat (MSS) collimator apertures
FOV.

For this reason one of the objectives of this thesis work was to develop,
starting from a previous work carried out at Radiation Detectors and
Low-Noise Electronics Laboratory [40], a DOI classi cation algorithm for
INSERT system.



42 CHAPTER 2. INSERT: DOI RECONSTRUCTION

2.1.2 DOI reconstruction method
DOI groups setting

The aim of this method is to assign every single absorbedphoton to
a DOI group. Indeed, prior to the application of the reconstruction
method, the crystal thickness is divided into a de ned number of slabs
(DOI groups). Each group corresponds to a di erent DOI range and ide-
ally gathers events that share similar Z absorption coordinates.
Considering the thickness of CsI(Tl) INSERT crystal, a two clusters
subdivision could be enough. However, a four-group classi cation still
provided good results on simulations; therefore, the method was tested
on experimental measurements for a division into four DOI groups. The
employed DOI subdivision is schematically illustrated in gure 2.3.

Figure 2.3: Division of clinical INSERT Csl(TI) crystal into four DOI groups.
The Z coordinates that identify the limits of the groups are reported on the right.

In principle, the Z values that separate di erent clusters should be
chosen in order to equalize, as much as possible, the range in millimeters
covered by each group; in this way the crystal is subdivided in DOI groups
of equal range. However, for events absorbed close to the sensitive 2D
photodetector array, a saturation of the SiPMs signal shows up, so it was
decided to de ne the rst group (DOI group 1) bigger with respect to the
others (3;5mm instead of1;5 mm).

This saturation e ect can be explained considering that, after the ab-
sorption of a -photon, the generated scintillation light is seen by the
photodetectors through a solid angle, as shown in gure 2.4. The lower is
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