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Abstract

Proton therapy is an emerging modality for cancer treatment that induces a better dose con-
formation, compared to traditional photon radiotherapy. In vivo range veri cation techniques
are required to fully exploit the advantages of proton therapy. In the past few years, the use
of nanoparticles as dose enhancers has increased due to their potential amplifying the ra-
diation induced damage. This thesis studies the combination of both techniques, as it will
generate a dose enhancement, while verifying the range of the protons with the detection of

the characteristic prompt gamma-rays emitted by the nanoparticles.

To investigate the feasibility of performing prompt gamma-ray imaging using characteristic
gamma rays from nanoparticles, a magnetite (Fe30,) target was developed in house, consisting
of a solution of nanoparticles diluted in water. The detection system consists of two di erent

types of detectors: a CLLB scintillator and a hyper-pure germanium semiconductor.

In-beam measurements were performed at the University of Birmingham (UK) and KVI-
CART (Netherlands) at three di erent beam energies. In the current work, it is found that
the CLLB detector allows for the distinction of di erent target compositions using the coarse
energy regions in the prompt gamma-ray spectrum. The HPGe detector allows to resolve
many more characteristic prompt gamma-rays with a much higher peak-to-background ratio,

compared to the scintillator detector, and obtain their intensity pro le.

The results presented suggest that the combination of both methods provides a viable
way to determine the range of the protons and con rm the location of the tumour area. The
present work also indicates that measuring gamma-ray yields, using a treatment dose and
nanoparticle concentration similar to the ones applied in clinic, are su cient for localising
the intensity pro le of the characteristic gamma rays from the nanoparticles with a precision

of a few mm, hence providing an additional tool for in-vivo range veri cation.
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Chapter 1

Introduction

Radiotherapy is a modality in cancer treatment that delivers ionising radiation to destroy can-
cerous cells and reduce the tumoural volume. There are two types of radiotherapy depending

on where the irradiation originates:

- Internal radiation therapy: radioactive sources are placed inside the patient's body,
allowing for a higher dose in a smaller area. The nature of the radioactive source can
be a solid, a liquid or a gas that emits alpha, beta or gamma particles that target
the desired areas. If the source is a solid, it can be placed directly inside the human
body (brachytherapy) or linked to a cell-targeting molecule (molecular therapy). On the
contrary, if the source is liquid the treatment is called systemic therapy and it travels

through the blood.

- External radiation therapy: the radiation source is placed at a distance from the pa-
tient. Traditionally, X-rays or electrons were produced by a linear accelerator to treat
malignant tumours, however in the past decade the use of heavy and/or charged par-
ticles has increased notoriously, developing a new modality called hadrontherapy. The

two main charged particles for therapy are protons and carbon ions.

The development of proton therapy has lead to commissioning over 90 proton therapy
centres worldwide, with at least 41 more under construction and 30 in planning stage. In the
United Kingdom two NHS-funded proton therapy facilities have been constructed: Univer-
sity College London Hospital (UCLH) NHS Foundation Trust in London and Christie NHS

Foundation Trust in Manchester. A third NHS centre has also been operating in the UK
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delivering low energy proton therapy at The Clatterbridge Cancer Centre NHS Foundation
Trust in Merseyside. The Rutherford Cancer Centres are part of a private UK network that
o0 ers proton beam therapy, and they have three di erent locations: The Rutherford Cancer
Centre South Wales in Newport, The Rutherford Cancer Centre North East in Bedlington
and the Rutherford Cancer Centre Thames Valley in Reading. The expansion in proton beam
facilities, not only in UK but worldwide, re ects the increased adoption of proton therapy as

a radiation treatment technology.

In this chapter | will rstly introduce proton therapy (PT), and compare it with traditional
photon therapy. After describing the physical basis of proton interaction with matter, several
range veri cation techniques will be reviewed. The use of nanoparticles as dose enhancers
is also discussed, as the aim of the project is to combine these two techniques to prove the
feasibility of nanoparticles as dose enhancers and gamma emitters, so they can be used in

conjunction to increase the dose while simultaneously verifying the range.

1.1 Proton therapy: Overview

Proton therapy is a hadron therapy modality that utilises a high energy proton beam for
cancer treatment. The energy range of the protons used for treatment varies between 75 and

250 MeV, which corresponds to a penetration length of 4.62 to 37.94 cm in water.

The energy deposition of a proton beam creates a characteristic dose peak, called Bragg
Peak (BP). The BP has a high dose gradient that allows the sparing of healthy tissues distal
to the tumour, reducing the irradiation in non-cancerous structures nearby. The shape of the
BP is dominated by the interaction of the protons with matter, and how their energy loss

depends on the speed of the protons.

1.1.1 Protontherapy and X-ray therapy

Traditional X-ray or photon treatments have a high entrance dose, depositing most of the
beam energy at the entrance of the beam path, and this energy deposition decreases with the
depth in the human body. While traditional treatments deliver extra dose before and after
the tumour, the accurate placement of the BP in the tumour area reduces the entrance dose

signi cantly and almost eliminates the exit dose, as shown in gure 1.1.
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Nowadays, conventional radiotherapy with photons is the main modality for cancer treat-
ment due to its low cost and availability, while proton therapy treatments are specially indi-

cated for three types of tumours:

- Tumours close to critical structures: the dose gradient reduces the energy received by
critical structures that may have a lower resistance to radiation because they are more

sensitive to radiation damage.

- Paediatric tumours: it allows to minimise the dose in healthy tissue, reducing the risk

of long-term side e ects.

- Depth tumours: to reach tumours located deeper in the organism, the beam has to cross

many structures, so reducing the relative dose applied to them is crucial.

Figure 1.1: Depth-dose curves for photons (from a cobalt source and an 8 MeV linear accel-
erator), neutrons and 200 MeV protons. The highest dose for protons is released at the end
of their path, producing the Bragg peak [1].
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1.1.2 PBS and IMPT

The aim of PT is to deliver a homogeneous dose distribution to the target volume. The
primary proton beam out of an accelerator is a collimated well-circumscribed pencil, but in
order to uniformly irradiate the whole tumoural region a manipulation of the beam must be
performed [2]. In the past decade, pencil beam scanning (PBS) has been the technigue used
to conform the dose to a tumour. The beam targets one small part of the tumour at a time,
and the dose from all the points together forms the conformal dose. PBS proton therapy, also
known as intensity modulated proton therapy (IMPT) delivers non-uniform dose distributions
from each treatment eld, creating a uniform dose in the target volume after superimposing
the dose contributions from all elds [3]. In order to obtain a homogeneous dose distribution
in the target volume, a superposition of many BPs with di erent energies must be created.
The sum of all the BPs spreads out in depth, creating the spread-out Bragg peak (SOBP)

that uniformly covers the tumoural region, as shown in gure 1.2.

Figure 1.2: Relative dose of a SOBP curve (thick curve) comprised of 12 individual Bragg
Peaks (thin curves). The shaded region shows the range of targeted depth [4].

1.1.3 Range uncertainties in proton therapy

To fully exploit the advantages of PT, the range of the protons needs to be calculated as
accurately as possible during the treatment planning and delivery process, minimising the
unnecessary dose to healthy tissues [5]. A wrong calculation of safety margins has more
severe consequences in proton therapy than in photon therapy, due to the high dose gradient
in the BP. Therefore, a shift in the range will lead to undershooting or overshooting during

the treatment, causing unnecessary damage to the patient.
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Proton beams have a nite range in tissues, whose value is a ected by the characteristics
of the tissue they interact with. The precision and accuracy of the treatment planning and
delivery are a ected by the uncertainties in the proton range that arise from many di erent
sources: internal organ motion, patient setup, anatomical variations, biological considerations

and dose calculation approximations [6].

Therefore, tracking the range of the proton beam is an essential part of the quality as-
surance (QA) process. During this procedure, the range is generally measured with an ion
chamber for pretreatment range veri cation [7]. The acceptable range uncertainty varies be-
tween institutions, but traditionally they have adopted a generic range margin of 3.5% of
the beam range in water, plus a 1 mm expansion along the beam direction to account for
uncertainties in the patient's setup and organ motion that could not be measured during the
QA process [8; 9]. For this reason, it is essential to verify the range of the proton beam online,
to mitigate the uncertainties during the delivery of the treatment. Several range veri cation

methods have been studied in the past two decades, and are discussed in the following section.

1.2 Range veri cation methods

Protons have a nite range which has an inherited spread and the prediction of its exact
value can be a ected by the uncertainties. To fully exploit the advantages of proton therapy,
monitoring the beam range is crucial since it will reduce the e ect of the aforementioned

uncertainties, discussed in section 1.1.3.

In the past few years, many research groups have focused on the study of in-vivo range
veri cation techniques, particularly in the ones related to the detection of gamma rays created
as secondary radiation during the interaction of the proton beam with the tissue nuclei. Two
types of gamma rays have been mostly studied: correlated back-to-back gamma rays produced
in pairs, created after an electron-positron annihilation, or gamma rays from the direct de-

excitation of an excited nucleus.

1.2.1 Positron emission tomography (PET)

Positron emission tomography (PET) is the pioneer nuclear medicine technique for range ver-

i cation in hadrontherapy, and the use of these images for range veri cation was rstly pro-
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posed at the end of the 20th century [10]. PET consists on the detection of the 3-Dimensional
(3D) distribution of short-lived positron emitting nuclei generated during the irradiation, cre-
ating an image of the beta decay activity after the proton irradiation. This method produces a
volumetric non-invasive veri cation of the proton range by quantifying the metabolic activity

during the treatment, or at the end of the dose delivery [11].

PET measures the two annihilation photons produced after an emitted positron interacts
with the surrounding electrons present in the human body, as shown in equation 1.1. Due
to energy conservation laws, and because the cross section for this process is maximum after
the positron has been slowed down, each of the emitted photons has an energy of 511 keV,

corresponding to the rest masses of the annihilating particles.

e +e' !+ (1.1)

When irradiating a tumoural region, the beam will interact with the di erent materials

of the tissue and several reactions will occur, generating di erent positron emitters. Each
of the emitters will contribute di erently to the total PET signal, and the nal image will
have a combination of them all. Table 1.1 presents the half lives and reaction channel of the
major beta emitters, generated during PT. As each positron emitter has a di erent decay
time, the PET images obtained for range veri cation are time sensitive. At the beginning of
the acquisition most of the contribution will be produced from radioisotopes with shorter half
lives, and once these have disintegrated, the elements with longer half lives will be the main
contribution [12]. The accuracy of PET is limited by biological washout, this is the loss and

delocalisation of signal due to several metabolic decay processes [13; 14].

Nowadays there are three modalities for PET veri cation depending on when the acquisi-
tion begins: in-beam PET, in-room PET and o -line PET. Each modality has its advantages

and disadvantages in terms of acquisition time, data quality and cost e ectiveness [15].

In-beam PET uses a detection system integrated in the delivery system, so its main
advantage is that the delay between the irradiation and PET acquisition is minimised. The
acquisition can start immediately, if the treatment takes place in a cyclotron based facility.
For synchrotron based facilities, as a pulsed beam is delivered, the data can be collected during
the pauses of beam delivery and continued after the treatment, if required [15]. In both cases

the e ect of biological washout will be negligible, and the activity level in the tissue will be

6



Range veri cation methods Introduction

high for all, long and short half live isotopes. This modality also minimises the errors derived
from patient repositioning, as well as anatomical and morphological changes. However, the
integration of a dedicated PET system into the beam delivery system is technically demanding

and more expensive [16].

In-room PET will start once the irradiation has stopped and uses an independent detection
system that is in the irradiation room, reducing the cost. Simultaneously, there is no need to
reposition the patient, and the biological washout is reduced signi cantly because the time
elapsed between the irradiation and the detection is brief. Isotopes with short half lives, like
150, will not be detected, so the images will be obtained from longer living isotopes. The
technical limitation is reduced, but a PET/CT scanner is preferred in order to correlate the

images of the treatment and PET images [17; 18].

Radionuclide T 1- (min) Reaction channel
1ZC(p,pn) 11ic
ic 20.385 ¥N(p,2p2n) 1C
160(p,3p3n) 11C

13N 9.965 160(p,2p2n) 13N
14N(p,pn) 13N
150 2.037 160(p,pn) 150
30p 2.498 31P(p,pn) P
38K 7.636 40Ca(p,2p2n) ¥K

Table 1.1: Major radionuclides, associated half lives and nuclear reaction channels for proton
induced positron emitter productions [15].

O -line PET begins when the irradiation has stopped. It requires the transfer of the
patient to a di erent room, which leads to a delay of approximately 15 to 30 minutes between
the irradiation and the image acquisition [15]. This method eliminates the contributions of
150 and 13N, and the image will only be obtained from elements whose half-life is longer than
the time it takes to transfer the patient, i.e. ''C. The signal will decrease notoriously due
to the decay, but also to the biological washout. Furthermore, patient set-up is performed

separately for irradiation and imaging, which can lead to additional sources of uncertainty
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when correlating the images [19]. The main advantage of this technique is that the price is

signi cantly lower, as there is no need to install a new PET scanner.

1.2.2 Prompt gamma-ray methods

High energy prompt gamma rays (PG) are naturally emitted as a result of the interaction
between the protons and the nuclei in the patient's tissue, and they were rst proposed for
range veri cation in 2006 [20]. The main advantage of PG compared to PET is that their

emission time is just a few nanoseconds, so they are not a ected by the biological washout.

Nuclear reactions occur along the whole penetration path, until the Bragg peak region, in
which the energy reduces and protons stop. The emission of secondary radiation correlates
with the proton range, through the energy dependence of the cross sections for gamma ray
emission, because the PGs originate from the region in which the protons interact with the

patient tissues.

Both, the energy and intensity of the gamma rays depend on the beam energy and the
composition of the irradiated tissue. As dierent human tissues have dierent elemental
composition, the gamma-ray spectrum will vary depending on the tumour location [21]. There
are some elements that are common to most human tissues, so certain gamma rays will always
be produced and can be used for monitoring the range of the protons. The energy of these

gamma-rays, as well as their reaction channels are summarised in table 1.2 [22].

The majority of the gamma rays escape the human body, therefore their detection can be
used for range veri cation purposes by placing a gamma-ray detector outside the human body.
To quantify the range of the proton beam with prompt gamma-rays we must locate precisely
their point of emission. There are two di erent methods: prompt gamma-ray imaging (PGI)
and prompt gamma-ray non-imaging (PGNI), and both of them are described in the following

subsections.

1.2.2.1 Prompt gamma-ray imaging (PGI)

Prompt gamma-ray imaging (PGI) is a non-invasive range/dose veri cation method that

measures the PGs emitted during the treatment. Since PGs are only emitted during the
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irradiation, the feasibility of using them for range veri cation depends on the design of highly

e cient detectors [23].

PG radiation has an energy of few MeV (from 1-2 MeV up to 7 MeV), so it requires
detectors capable of operating e ciently at higher energy range than those traditionally used
for PET. This method requires a collimated detection system to stop the gamma-rays that are
travelling towards the detector but are not perpendicular, in order to reduce their contribution

and reconstruct accurately the spatial origin of the gamma emission [20].

1.2.2.2 Prompt gamma-ray non imaging

To reduce the cost and complexity of both the detection systems and the image reconstruction
in PET and PGI, non-imaging techniques that use PGs has been proposed and tested by
several groups [24{26]. The two main non-imaging methods are prompt gamma-ray timing

(PGT) and prompt gamma-ray spectroscopy (PGS).

PGT is a novel technique that evaluates the time distribution of PG generated by a
bunched beam, measured with an uncollimated detector with respect to a bunch timing
reference. Protons have a nite transit time of about 1-2 ns until they stop 5-20 cm inside
the target volume [24]. The width and position of the timing distribution re ect the stopping
or transit time of particles in tissue, and this is a direct measurement of the particle's range

in that tissue [25].

Target Reaction channel Energy (MeV)

e 2C(p,pn) *C 2.0
2C(p,p) *°C 4.44
160 160(p,p") 60 6.13
%0(@p,p ) 12C 4.44
180(p,pn) 150 5.24
160(p,2p) °N 5.27
14N Y“N(p,p) *N 1.64, 2.13
40Cca 40ca(p,p’) *°Ca 3.73

Table 1.2: Proton-induced reaction channel and energies of the main gamma-rays in human
tissues [22].
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PGS uses both, the arrival time and energy of the detected PGs. The range of the
protons can be veri ed using complex nuclear models, without requiring prior knowledge of
the elemental composition of the irradiated matter [27]. Additionally, the measurement of
the arrival time of the gamma rays allows a separation of proton and neutron induced gamma

rays, which removes background [26].

1.3 Nanoparticles in radiotherapy

The use of nanoparticles (NPs) with high atomic numbers has been proven clinically e ective.
NPs enhance the radiation e ects due to their potential to release electrons into a nanoscale
volume, amplifying radiation-induced biological damage in their vicinity and increasing the
dose delivered to the tumour [28]. Due to their small size, NPs have the ability to travel
through the human body without extravasating out of blood vessels in healthy tissues, allow-
ing them to reach the tumoural region [29]. Simultaneously, they tend to accumulate in the

tumoural region according to the enhanced permeability and retention e ect (EPR) [30].

The increase of the dose in cancer treatments when nanoparticles are inside the tumoural
region can be quanti ed with the dose enhancement factor (DEF). The ampli cation of radi-
ation e ects with high-Z nanopatrticles as radio-enhancers was rst demonstrated with gold
nanoparticles (AuNP) [31]. Several studies have been carried out to determine which high
atomic number NPs are appropriate for proton therapy. NPs of platinum, gadolinium [32],
iodine, silver, iron oxides [33] or barium sulfate (BaSQ) can be used as dose-enhancers in
proton therapy treatments [34; 35]. All of these nanoparticles have common characteristics,
such as high atomic number, high uptake, non-toxicity and stability. For clinical applications,

inexpensive biocompatible particles with high atomic numbers are desired.

1.4 Motivation

1.4.1 Challenges

Proton therapy is a promising treatment for cancer that o ers a better conformational dose
than conventional therapy, but due to the uncertainties its applicability is limited. Several

veri cation techniques have been studied to determine the range precisely, but there is a
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necessity for real time range veri cation methods.

Currently, PET is the most studied technique with o -line PET range veri cation methods
being applied clinically. Despite the progress in this eld in the past few years, the method re-
mains expensive and the absence of dedicated detection systems is challenging. Furthermore,

the e ect of biological washout limits the accuracy of this method.

The use of PGs for range veri cation is not a ected by biological washout, as the emission
is almost instantaneous. The main challenge for PG is the lack of a cost-e ective detector

that allows online beam monitoring during the clinical irradiation.

Nanoparticles have been proven to amplify the radiation e ect in the vicinity of the
tumour, but so far there have not been studies on the PG emission generated after the

irradiation of these radiomarkers.

1.4.2 Aim and objectives

In this project we focus on reducing the uncertainties in proton therapy by applying a novel
idea: combining two established techniques used in PT treatments; the use of PGI for range
veri cation with characteristic gamma-rays from a NPs target material which has been proven

as a dose enhancer.

To demonstrate the proof of principle, a simple detection system was developed, charac-
terised and tested to study real-time PG pro le. The detection system combines two di erent
types of crystals, a monolithic inorganic scintillator of Cs,LiLaBr ¢(Ce) (CLLB) and a high-
purity germanium detector (HPGe) to study and compare the response of both materials
through in-beam measurements. The con guration and characterisation of the detectors is
introduced in chapter 3.

Di erent concentration magnetite (Fe 304) targets have been created to study their e ect
on proton therapy, not only as dose enhancers but also as emitters of characteristic PGs that

can be detected to determine the range of the proton beam.

The aim of the project can be summarised as the combination of the two methods to
develop a simple, low-cost and sensitive prototype that allows real time monitoring of the

range while increasing the dose in the tumoural region.
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Chapter 2

Theory

The fundamental physics in proton therapy and radiation detection is presented in this
chapter. Firstly, the interaction mechanisms of charged particles with matter are presented:
electromagnetic (EM) and nuclear interactions. While EM process govern the continuous
energy loss of protons, nuclear interactions are responsible for the emission of secondary par-
ticles. The emission of secondary PGs correlates with the proton range through the gamma-
ray production cross section as a function of the proton energy, and therefore their di erent
interaction mechanisms are discussed. Finally, the principles of radiation detection with scin-
tillator detectors and semiconductors are introduced, including the data acquisition (DAQ)

systems, from electronics readout to pulse processing.
2.1 Proton interaction with matter

Radiotherapy protons have a kinetic energy of up to 300 MeV and they interact with matter
via electromagnetic (EM) and nuclear interactions. During these interactions, secondary
particles such as gamma-rays and neutrons are produced.

EM interactions are responsible for the energy loss of the protons, and these protons will
eventually stop because of the EM collisions with the atomic electrons, in a process called
stopping. EM interactions can also de ect the protons by a few degrees, this occurs when
they collide with atomic nuclei in a process called multiple Coulomb scattering (MCS) [36].
However, nuclear interactions are hard scatters either by the nucleus or by its constituents.

The three possible proton interaction mechanisms are illustrated in gure 2.1.
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Figure 2.1: Schematic illustration of proton interaction mechanisms: (a) energy loss via inelas-
tic Coulombic interactions, (b) de ection of proton trajectory by Coulomb elastic scattering
with the nucleus, (c) nuclear interaction and production of secondary particles [37].

2.1.1 Electromagnetic interactions

Protons primarily lose their energy through EM interactions with atomic electrons during
inelastic collisions. The energy loss of the projectile is continuous, and will determine the
range of the beam in the patient. The expected value of the rate of energy loss per unit of
path length (dE/dX) is de ned as the Stopping Power (S). However, it is preferred to de ne
the energy loss independent of the mass density of the absorbing material, hence théass
Stopping Power (S/ ), in which is the material density, is more often used, and is de ned

in equation 2.1.
S _ dE
dx

(2.1)

The energy loss of protons is described by thdBethe-Bloch formula  (equation 2.2)
where Np is Avogadro's number, . is the classical Bohr radius, m is the mass of an electron,
Z is the atomic number of the target, z is the charge of the projectile, A is the atomic weight
of the target material, C is the shell correction item, is the density correction, = v=c
is the ratio of the velocity of the particle (v) to the speed of light (c), and | represents the

average excitation energy of the material [38].
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Equation 2.2 implies that the energy loss for a given projectile charge is proportional to
the inverse square of the velocity of the projectile (i.e. 1/ 2). This dependence implies that
the energy deposition is maximum at the end of the particle's path, when the speed of the
particles is minimum.
omec 2 2
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The average path length travelled by a charged particle until it is at rest is de ned as the
range (R), and can be calculated from the stopping power as shown in equation 2.3. In 1905
Bragg and Kleeman discovered that the relationship between the logarithm of the range and
logarithm of the initial energy of the proton beam (E) is almost linear, so the range follows
a power law and can be calculated with the Bragg-Kleeman rule, as shown in equation 2.4
where is a material-dependent constant and the exponent p depends on the proton beam

energy [39]. 2
E

1
R(E) = O;E;) de® (2.3)
0
R(E) = aEP (2.4

The energy loss is a statistical process, and therefore there are small variations in the
energy loss of individual protons. As a consequence, there will be a spread of ranges due
to an e ect called range straggling , that results in a broadening of the BP [40]. Three
di erent theories have been developed to calculate the range straggling based on the thick-
ness of the absorber: for thick absorbers Bohr's theory is established [41], for intermediate
absorbers Landau's theory is applied [42] and if the absorber is thin, Vavilov theory must to
be considered [43]. For this project only Bohr's theory is applicable due to the thickness of
the target materials, therefore Landau and Vavilov theories will not be discussed further.

Bohr's theory states that the range straggling behaves according to a Gaussian probability
density function (PDF), and its sigma () can be estimated as a function of the proton beam
range, as shown in equation 2.5 [44]. In this equation Ris the range in water for a mono-
energetic proton beam (in centimeters), k is a material-independent constant, equal to 0.012

for protons [45], and m is empirically determined [37; 44].
kRg' (2.5)
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For this reason, the range is an average quantity, de ned for a beam energy and not for
individual particles, and in proton therapy the Mean Projected Range (Ry) is used [6; 37].
The mean projected range corresponds to the required thickness of a material to stop half of
the incident protons when nuclear interactions are not taken into account. It is de ned as

the depth in water in which the dose is 80% of the total dose (dp), as shown in equation 2.6.

Ro = dgo (2.6)

In the second type of EM interactions, MCS , an elastic collision between the atomic
nuclei and the projectile occurs. The proton trajectory is altered due to the force created
by the nuclei, as shown in gure 2.1(b), but the scattering angle does not a ect the range
of the proton beam. Hard scatters are relatively infrequent, and only 20% of the protons in
the beam su er a hard scatter before stopping. MCS is responsible for the scattering of the
beam in the transverse plane, resulting in a deviation in the primary path, which increases
with the proton energy. This produces a lateral broadening of the beam, and its de ection
by scattering is characterised by the scattering power (T), de ned as a function of the mean
squared scattering angle () and the thickness of the absorber through which the proton
travelled (x), as in equation 2.7 [37].

d< 2>

T= 2.7)

In PT the MCS e ect is studied as a net combination of all the scattering events, instead
of individually studying many small-angle scattering events [37]. The theoretical calculations
of MCS are quite complex, and as they do not a ect the range of the proton beam they are not
considered in this thesis. However, it is important to note that the MCS angular distribution
in PT is often considered to follow the form of a Gaussian distribution, given by equation 2.8

1
where< 2>7 js the root mean square scattering angle [46].

exp d (2.8)
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2.1.2 Nuclear interactions

Nuclear interactions are harder to model, but their biological e ect is small. There are two
types of nuclear reactions: elastic and non-elastic. In elastic nuclear reactions the total kinetic
energy is conserved, while in nonelastic reactions the kinetic energy is not conserved. Inelastic
reactions are a speci c type of nonelastic reactions in which the nal nucleus is the same as
the bombarded nucleus. Particles created from inelastic or nonelastic nuclear reactions are
called secondaries. Nuclear reactions inside the patient provide a non-invasive approach to
measure the proton beam range, by detecting the secondary gamma-rays from proton-induced

nuclear reactions [37].

The main e ect of nuclear reactions in proton therapy is a small decrease in absorbed
dose due to the removal of primary protons, which is compensated by the liberation of other
protons and ions [6]. Secondary protons increase the dose build-up due to the generation
of secondary particles from nuclear interactions. They also are the main contributors to the
dose, as they can deliver up to 10% of the total dose [47]. However, several studies show that
the absorbed dose contribution from secondary particles is approximately 1% of the primary

proton dose [48; 49].

In clinical PT, the two nuclear interactions that dominate gamma-ray emission are proton-
induced reactions on'®0, as this nuclei is the most abundant in the human body by volume.
The rst reaction, shown in equation 2.9, corresponds to the decay of the rst excited level of
12¢, produced after the proton irradiation of %0, and emitts a PG of 4.44 MeV. The second
reaction, shown in equation 2.10, corresponds to the inelastic scattering dfO that emitts a
PG of 6.13 MeV.

*o(p,p )*C (2.9)

160(p,p") 10 (2.10)

The probability of a nuclear interaction to occur is measured by the cross section ( ),
that has units of barn (1 barn = 10 22 m?). The total cross section is obtained as the sum
of the cross sections for each of the individual processes. The cross section for the reactions
given by equations 2.9 and 2.10 can be seen in gure 2.2, where we observe that the highest
interaction probability occurs at 25 MeV for the 4.44 MeV gamma ray, while for the 6.13 MeV

gamma ray the cross section peaks around 12 MeV.
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Figure 2.2: Cross-section of 4.44 and 6.13 MeV gamma ray emission due to proton-induced
reactions on'%0 [50].
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In this work, the cross sections from proton-irradiation of iron are also relevant, as the
target is an iron-rich compound. Several reactions may occur after the proton-irradiation of
6Fe, and their gamma production cross section for di erent proton energies can be seen on
gure 2.3. We will focus on the three dominant reactions, described in equations 2.11-2.13.
For two of these reactions, the inelastic scattering of°®Fe and the production of *6Co, the
cross section peaks at around 14 MeV, while for the third reaction, that corresponds to the

production of >°Fe, the cross section reaches a maximum value at 24 MeV.

S6Fe(p,p’) *°Fe (2.11)
58re(p,n)°®Co (2.12)
56Fe(p,pn)>°Fe (2.13)

Figure 2.3: Cross-section for di erent nuclei produced via proton irradiation of °6Fe. Data
obtained from nuclear data library TENDL-2019 [51].
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2.2 Neutral particle interaction in matter

Neutral particles do not lose energy continually via the same mechanisms that protons do.
Therefore, their interactions mechanisms are di erent and will be explained in this section.
In PT, two types of uncharged particles are most often produced as secondaries: gamma-rays

and neutrons.

2.2.1 Gamma-ray interaction

Gamma-rays are EM waves that have the smallest wavelengths of any wave in the electro-
magnetic spectrum. They are also the most energetic, as the energy (E) and wavelength
are related by the Planck-Einstein relation (eq. 2.14), in which h represents the Planck

constant, the frequency of the photon and c is the speed of light [52].

E=h = — (2.14)

Gamma-rays, in the range of a few keV to several MeV, interact with matter via three
main processes: photo-electric e ect, Compton scattering and pair production. The probabil-
ities of each of these interactions occurring are characterised by their individual attenuation
coe cients ( photoelectric »  Compton @nd  pair ). The attenuation of the photon beam inten-
sity (I) is given by equation 2.15, where | is the initial photon intensity, is the total linear
attenuation coe cient (incm 1) de ned as the sum of the individual attenuation coe cients,

as shown in equation 2.16, and x is the thickness of the absorber in cm.
| = lge * (2.15)
= photoelectric + Compton + pair (2-16)

The photoelectric e ect  is an absorption process in which a photon interacts with
an absorber atom and disappears, ejecting a photoelectron in the process. The energy of
the photoelectron is given by equation 2.17, whereEy, represents the binding energy of the

photoelectron in its original shell [53].

Ec =h Ep (2.17)
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The probability of photoelectric absorption per atom is approximately calculated as a
function of the energy (E ) and the atomic number (Z), where n varies between 4 and 5
depending on the energy of the gamma ray [54]. The photoelectric e ect is the dominant
mechanism for low energy gammas interacting in absorber materials of high atomic number
Z, as shown in gure 2.4.

n

photoelectric ~ constant (2.18)

E35

Figure 2.4: Relative importance of the three types of gamma-ray interactions with matter for
di erent initial energies and atomic number of the absorber [55].

The second process of attenuation of gammas iBompton scattering , and it dominates
for gamma rays with energies between 0.1 and 10 MeV. In this process the gamma ray
interacts with an orbital electron, transferring only a fraction of its energy to said electron,
that is known as a recoil electron [53]. The actual energy transfer depends on the scattering
angle () of the gamma, that is calculated with the Compton scattering formula (equation
2.19), wheremqc? is the rest-mass energy of the electron (511 keV)y is the incident gamma-
ray energy andh Cis the scattered gamma-ray energy.

0_ h
1+ 51 cos)

(2.19)
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The probability of Compton scattering per atom of the absorber depends on the number
of electrons available as scattering targets, hence it increases linearly with Z, as shown in
equation 2.20 [53]. The angular distribution of scattered gamma-rays can be predicted with
the Klein-Nishina formula for the di erential scattering cross section (equation 2.21), where

ro is the classical electron radius and = h =m oc? [56].

Compton ~ CoOnstant Z (2.20)
2 2 2
d _ 7r2 1 1+ cos . (1 cos) (2.21)
d 1+ (1 cos) 2 (1+cog )[1+ (1 cos)

At higher energy levels, thepair production  mechanism dominates. When a high energy
gamma ray passes close enough to a heavy nucleus, the gamma ray completely disappears, and
an electron and a positron are formed. For this reaction to take place, the original gamma
must have an energy of at least 1.022 MeV, the sum of the product particle rest masses.
Any energy greater than 1.022 MeV becomes kinetic energy shared between the electron and

positron, as shown in equation 2.22.
Ee +Ee = h  1:022 MeV (2.22)

The probability of pair production increases signi cantly for higher energy gammas, as shown
in gure 2.4. No simple expression exists for the probability of pair production per nucleus,

but its magnitude varies approximately as the square of the absorber atomic number [53; 54].

2.2.2 Neutron interaction

Neutrons have no electrical charge and have a high penetrating power, and they mainly in-
teract with the nucleus. Neutrons can be attenuated by three major interactions: elastic
scattering, inelastic scattering, and absorption. Neutron energy drastically a ects the proba-
bilities of di erent types of interactions occurring, so it is convenient to divide neutrons intro
three categories: thermal neutrons, with energies below 0.5 eV, intermediate-energy neutrons

between 0.5 eV and 10 keV, and fast neutrons with energies higher than 10 keV [57].

In neutron elastic scattering the total kinetic energy is conserved: a neutron collides

with a nucleus losing part of its kinetic energy, that is absorbed by the recoil nucleus. This
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mechanism is responsible for slowing down fast neutrons to thermal neutrons. The energy
gained by the nucleus (E) is de ned as a function of its atomic mass (A), the neutron
energy (E,) and the angle of the collision (), as shown in equation 2.23 [58]. The smaller
the di erence in mass of the neutron and the nucleus, the more e ective the slowing down
of the neutron will be, as the amount of energy transferred will be maximum. Therefore,
targets with lower atomic mass number are more e ective as a moderators. For this reason,

hydrogenous materials are used for neutron attenuation [59].

4A

A+D)? cos’ (2.23)

Ea = En
When neutrons undergoinelastic scattering , part of the energy of the neutron is trans-
ferred to the nucleus, that will remain in an excited state. In order to return to its ground
state gamma-rays are emitted. These gamma-rays can not be used for range veri cation
purposes, as they are not emitted due to the proton interaction, and therefore shielding tech-
niques need to be implemented during range veri cation experiments with PGs to reduce their
contribution. However, the importance of neutron scattering becomes important because the
neutron can transfer an appreciable amount of energy in one collision, so fast neutrons induce

substantial background noise in the detection of PG signals.

The third interaction mechanism is the radiative capture that occurs when the neutron
is captured by the nucleus. The neutron is completely absorbed, and a compound nucleus is
formed. The compound nucleus needs to decay to its ground state by emitting one or more
gamma rays. This occurs at most neutron energy levels, but is more probable at lower energy
levels. The radiative capture reaction (n, ) can have a substantial contribution to background
in PGI, and to reduce its e ect elements with high capture cross sections for thermal neutron,

such as Boron, Cadmium or Gadolinium are used [60].

2.3 Dose enhancement with nanoparticles

Radiation sensitisation is the process of enhancing the susceptibility of tumoural tissues to
radiation exposure [61]. Radiosensitizers are therapeutic agents that enhance the e ects of

radiation therapy, i.e the cell killing from irradiation in tumour cells [62; 63]. The resistance
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of tumour cells to radiation therapy has lead to the study of new radiosensitizers, and over
the last few years, NPs have been proposed to enhance the radio-therapeutic e ect. This
technique is designed to overcome radio therapy limitations, by enhancing the dose received

in the tumour.

NPs have the ability to travel through the human body because, due to their size, they
cannot extravasate out of blood vessels in healthy tissues, which allows them to reach their
nal destination [64]. Simultaneously, they tend to accumulate in the tumoural tissue, ac-
cording to the enhanced permeability and retention e ect (EPR) [30; 65]. The EPR
e ect relies on speci ¢ physiopathological characteristics of tumoural tissues: the abnormally
wide fenestrations in the blood vessels allows for the extravasation of materials with sizes up
to several hundreds of nanometers [29]. Together with the absence of lymphatic drainage,
leads to a relatively e ective and selective accumulation of nanoparticles in tumours [66]. The
EPR e ect has been accepted as a universal pathophysiological characteristic of solid tumours
[67], and the detailed characteristic mechanisms are not discussed here, since they are not

relevant to this work.

The bene ts of using NPs in cancer treatment can be quanti ed with the dose enhance-
ment factor (DEF) , de ned as the ratio of the dose with nanoparticles over the dose without

it, as shown in equation 2.24.

Dose with NP
Dose enhancement factot DEF = - >1 (2.24)
Dose without NPs

In PT, the energy loss of protons is directly proportional to the atomic number of the
media (Z). Due to this dependence, particles with high atomic number amplify the radiation-
induced biological damage. The ampli cation of radiation e ects with high-Z nanoparticles

as radio-enhancers was rst demonstrated with gold nanoparticles (AuNPs) [31].

AuNPs are the most studied nanoparticles for dose enhancement, due to their low toxicity,
high stability and high biocompatibility [68; 69]. However, it has been proved that the dose
enhancement e ect generated by AuNPs in proton therapy is smaller than in photon therapy,
because while photons can produce photoelectrons with a long range, protons produce short-
range secondary electrons from the collisions with AUNPs and thus, cannot generate dose
enhancement on larger scales [70]. For this reason several studies have been carried out to

determine which high atomic number NPs are most suitable for proton therapy. It has been
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proven that nanoparticles of platinum, iodine, gadolinium, silver, iron oxides or barium sulfate
(BaS0O,4) can be used as dose-enhancers for proton therapy treatments [32{35]. All of these
nanoparticles have common desired characteristics for clinical application: biocompatibility,

high atomic number, high uptake, non-toxicity, stability and a lower price.

The combination of nanopatrticles with external beam radiotherapy has already been eval-
uated in clinical trials, showing improvements in e cacy and in tolerability while enhancing

the dose in the tumoural region [29; 71].

2.4 Gamma-ray detection with scintillators

A scintillator is a material that exhibits luminescence when excited by ionising radiation.

Luminescent materials absorb the kinetic energy of ionising radiation and then they scintillate,
i.e re-emit part of the absorbed energy as light. Scintillator detectors must be then coupled
to light sensors in order to convert the light into an electrical pulse. The light sensors can be,

for example, photomultiplier tubes or photodiodes.

2.4.1 Scintillator materials

Scintillating materials are classi ed in two categories: organic and inorganic crystals. The
classi cation is based on the main components of the material. While organic scintillators
are mostly composed of Carbon (C), Hydrogen (H) and Oxygen (O), inorganic scintillators
are made of other elements, and are primarily ionic solids and composed of high-density
crystals, such as Csl or Nal [72]. The scintillation mechanism is di erent for di erent types

of scintillator crystals.

In organic scintillators , the scintillation mechanism called uorescence arises from tran-
sitions in the energy level structure of a single molecule [53]. The singlet energy levels
(spin = 0) are labelled as &, S1, S» and S3. The energy spacing between the ground state (§
and the rst excited state (S;) is around 3 to 4 eV, while the spacing between higher states is
smaller, as shown in gure 2.5. Higher singlet electronic excited states are quickly de-excited
to level S;g via internal conversion without emitting any radiation [73]. Then they decay to
the ground state, emitting scintillation light in a process known as prompt uorescence that

has a time scale of nanoseconds (16 s). The triplet energy levels (spin = 1) are labelled as
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T, T2 and T3. Molecules from the rst triplet decay to singlet ground states via phosphores-
cence, that emits light with a longer emission time ( s to hours depending on the material)
and di erent wavelength spectrum than the uorescence. A transition called inter-system
crossing transforms singlet states in level §to the rst triplet (T 1). Some molecules may be
thermally excited back to the S; state, and decay through uorescence in a delayed process
called delayed uorescence that emits the same spectrum as uorescence, but with longer

emission times [73].

Figure 2.5: Electronic energy levels of an organic molecule with singlet and triplet excited
states. The de-excitation of these states ( uorescence and phosphoresence) causes the prompt
and delayed scintillation light [73].

Inorganic crystals , however, have a di erent scintillation mechanism, that depends on
the structure of the crystal lattice. In a pure inorganic crystal electrons are only allowed to
occupy selected energy bands. In pure crystals, n electrons can elevate from the valence band
to the conduction band after the absorption of energy, leaving a gap in the valence band.
However, the return of an electron to the valence band with the emission of a photon is an
ine cient process. Therefore, to overcome the limitations, small amounts of impurities are
added to the crystal. The impurities, called activators, create special sites in the lattice at
which the band gap structure is modi ed. The electron can de-excite through these levels

back to the valence band [74].
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The energy levels created by the activator's presence within the crystal are narrower than
in the pure crystal, as shown in gure 2.6. The photons emitted by the transition will be lower
in energy than in the pure crystal: the emission spectrum is shifted to longer wavelengths

and is not absorbed by the bulk material of the crystal.

Figure 2.6: Energy band structure of an inorganic scintillator: (a) Pure crystal (b) Activated
scintillator [74].

2.4.2 Photosensors

Photosensors couple to scintillators to convert the light emitted by the scintillating material
into an electrical pulse. There are two main types of photosensors: photomultiplier tubes and

photodiodes.

Photomultiplier tubes (PMT) are the most commonly used photosensors, since they
have high ampli cation. They consist of a photocathode and some dynodes. The photocath-
ode is made of a material in which the valence electrons are weakly bound and have a high
cross section for converting photons to electrons via the photoelectric e ect. Once the light

created in the scintillator strikes the photocathode of the PMT, it releases photoelectrons.
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The photoelectrons are internally ampli ed through dynodes with di erent voltages. Each
subsequent dynode releases further electrons, so there is a current amplifying e ect at each
dynode [75]. At the nal dynode, su cient electrons are available to produce a pulse, that
carries information about the energy of the radiation, of su cient magnitude for further ampli-
cation. The sensitivity of a photocathode is quoted in terms of the quantum e ciency (QE),
that is the probability for the conversion of incident photons to an electrical signal, and is
de ned as equation 2.25. The common value of QE for photocathodes is established between

20% and 30%, but it can increase up to 40% [53].

number of photoelectrons emitted

QE = (2.25)

number of incident photons

On the other hand, photodiodes (PD) are a semiconductor p-n junction that convert
the light into an electrical signal by converting one photon into one electron-hole pair. Pho-
todiodes have high quantum e ciency, lower power consumption and a compact size [76].

However, electronic noise is a problem due to the small signal amplitude.

Photodiodes can be manufactured from a variety of materials. With the advances in
semiconductor materials, new types of photomultipliers have been created. The most widely
used are silicon photomultipliers (SiPM), that consists of an array of photosensitive micro-
cells, called single-photon avalanche photodiodes (SPAD). SPADs generate electron-hole pairs
when a photon hits them. These pairs are then accelerated under the in uence of a strong
electric eld and fast moving electrons produce an avalanche of secondary electrons, causing
a measurable photocurrent [77]. Each SPAD operates in Geiger mode and several thousand

microcell SPADs are needed to count the photons from scintillation.

Overall, PMT and SiPMs provide a fast response, with PMT having a higher gain factor
and a smaller dark current. SiPMs are more compact and can operate in strong magnetic
elds and environmental extremes however they have a relatively small dynamic range due
to the nite number of SPADs in each of them. This causes saturation and introduces a
non-linear response for high energy gamma-rays detection while PMTs have wider dynamic

range, and therefore a better linear response for high energy gamma-rays.

27



Gamma-ray detection with semiconductor detectors Theory

2.5 Gamma-ray detection with semiconductor detectors

Semiconductor detectors are made of solid materials, and they are commonly used when
the best energy resolution is required. Their better energy resolution often outweighs their
disadvantages of small size and high cost in applications in which energy resolution is critical,

because they allow the distinction of -rays di ering by few keV only.

The two main materials used in semiconductor detectors are silicon and germanium. The
probability of photoelectron absorption of gamma-rays varies asZ *°, so germanium detectors,
with Z=32, are more suitable for this purpose that silicon detectors (Z=14) because the
probability for an incident gamma-ray to deposit all its energy is larger in germanium. Also,
silicon detectors cannot have a thickness of more than a few millimetres, while germanium-
based detectors could reach thicknesses of several centimetres, and therefore can be used as
a total absorption detector for gamma rays up to a few MeV. For these reasons, germanium
detectors are widely used for gamma-ray spectroscopy, and their characteristics are detailed

in subsection 2.5.1.

In semiconductor detectors, the charge carriers are electron-hole pairs, which are produced
along the path of the particle through the detector [78]. The creation of electron-hole pairs is
due to the energy lost by ionising radiation. The probability per unit time that an electron-
hole pair is thermally generated is given as a function of the absolute temperature (T), the
bandgap energy (g), the Boltzmann constant (k) and the proportional constant characteristic

of the material (C) as equation 2.26 shows.

- E
- 3=2 g
p(T) = CT>“exp KT (2.26)

Thermal excitation in semiconductor materials is strongly dependent on temperature.
At absolute zero every semiconductor is an insulator, and as the temperature increases the
electrons are thermally excited from the valence band to the conduction band. Detectors
should not have current in the absence of radiation, and for this reason some semiconductor
detectors, such as HPGe, require cooling with liquid nitrogen (77 K), as cooling reduces the

number of electron-hole pairs thermally created [79].
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The average energy () necessary to create an electron-hole pair in a given semiconductor at
a certain temperature depends only on the detector material. A comparison of these values for
germanium and silicon at liquid nitrogen temperature (77 K) and room temperature (300 K)

is shown in table 2.1.

Material Temperature (K)) (eV)
Ge 77 2.96
Ge 300 -

Si 77 3.81
Si 300 3.62

Table 2.1: Average energies for electron-hole creation in germanium and silicon at di erent
temperatures [80; 81].

2.5.1 Germanium detectors

Germanium detectors are semiconductors that are especially suitable for gamma-ray spec-
troscopy due to their excellent energy resolution, that allows the separation gamma rays close
in energy, because of their relatively high density and high atomic number. Their operational
principle is based on the production of electrons and holes after the gamma rays interact with
the sensitive material of the detector. Then they are swept by the electric eld to the p and

n electrodes. This charge, proportional to the energy deposited in the detector, is converted

into a voltage pulse by an integral charge-sensitive preampli er [82].

Germanium detectors have a small band-gap, so room-temperature operation of these
detectors is not possible as there will be a large thermally-induced leakage current. Therefore,
they need liquid nitrogen to cool down. The detector must be kept in a vacuum-tight cryostat
to suppress the thermal conductivity between the crystal and the surrounding air. The crystal
is usually covered by a thin end window not to attenuate the gamma rays before they interact

with the germanium crystal.

To account for deviations from pure Poisson statistics, the Fano factor (F) is intro-
duced [83]. This factor is an adjustment, and is calculated with equation 2.27. This value

varies between 0 and 1, and several experiments have determined that for HPGe detectors
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the Fano factor is small, and has a value of approximately 0.1 [84; 85].

observed statistical variance
F= - (2.27)

The FWHM of a gamma ray detected by a germanium detector can be calculated as shown
in equation 2.28, where w is the peak width due to detector e ects and we accounts for the

broadening of the peak width due to electronics e ects.

q_ —
FWHM = w2 + w2 (2.28)

While wg is dependent on the detector capacitance, its bias voltage and readout electron-
ics, Wp can be calculated as a function of the Fano factor (F), the energy necessary to create
one electron-hole pair () and the energy of the gamma-ray (E), as shown in equation 2.29.
In the case of germanium, the value of is low ( 3 eV) so a large number of electron-hole
pairs are produced, which results in good statistics from the charge collection and therefore
a good energy resolution [82].

Wp = 2p (2In2)F E (2.29)

2.6 Electronics readout and pulse processing

Radiation detectors require pulse processing electronics to extract the information from the
pulses produced by the detectors after the incident particles interact with them. There are
two types of pulses: linear and logic. Linear pulses carry information through its amplitude
and shape, while logic pulses carry information only with its presence. Usually, linear pulses

are produced by the interactions and then converted to logical pulses.

There are two di erent ways of processing a signal: the traditional analog signal processing
and the digital signal processing. The basic components of aanalog pulse processing
chain are shown in gure 2.7. Once the particles interact with the detector, their energy
is converted into a current pulse. The total charge is too small so the current is sent to a
preampli er, a charge sensitive module, that integrates the pulse converting the current into
a voltage step that is proportional to the charge (Q). Then, the shaping ampli er converts
the signal into a form suitable for measurements, usually a semi-Gaussian pulse whose height

corresponds to the output voltage (Vpeak) and is proportional to the deposited charge. The
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signal will then be digitised by the analog-to-digital converter (ADC) of a multi-channel
analyser (MCA). The MCA will produce the energy distribution of the incident particles.
Simultaneously, the shaped signal is also sent to a timer or discriminator that sets a threshold
for the events by generating a trigger, limiting the events that will be recorder by the MCA

to those whose height is larger than the threshold.

Figure 2.7: Schematic diagram of the detector and electronics readout chain in radiation
measurements [53].

In digital pulse processing (DPP) systems however, the detector analogue signal is
digitised with a sampling ADC immediately after the preampli er that digitises the pulse, at
xed time intervals, into discrete samples. The digitised signal will then be shaped digitally, as
the samples are sent to a eld-programmable gate array (FPGA) that has been programmed
with DPP algorithms to perform the energy, time and pulse shape analysis of the digitised
pulses as shown in gure 2.8. Digitised pulses are processed in software, so the digital processor
is the key element that shapes and digitises the signal every few nanoseconds. Finally, the

communication interface transfers the information to a laptop.

Figure 2.8: Schematic diagram of signal processing with a digitiser [86].
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In all the experiments that are part of this project the signals are processed digitally using
a CAEN digitiser, model DT5730 [86]. The digitiser has 16 channels and supports two types
of DPP based algorithms: pulse shape discrimination (PSD) and pulse height analysis (PHA).

Both of the algorithms are described in detail in the following chapter.

2.7 Summary

The protons generated during therapy penetrate the human body, and they can interact with
matter in two di erent ways: via EM or nuclear interactions. Protons primarily interact

with the atomic electrons via Coulomb interactions, depositing energy along their path. The
energy deposition can be characterised by the Bethe-Bloch formula. This formula shows an
inverse dependence with the square of the protons speed, therefore the energy deposition
is maximum at the end of the proton's path, when their speed tends to 0. This gives the
energy deposition a characteristic shape, the BP. The range of the protons can be estimated
from that same formula. Simultaneously, protons may be scattered by the target nucleus.
Although this process does not a ect the range much, it causes the beam pro le to spread

along the path.

Protons can also interact with matter via nuclear reactions. These interactions do not
a ect the proton range, but reduce the dose as protons are removed from the beam. Nuclear
reactions also are responsible for the production of secondary particles, including gamma-
rays, neutrons and other ions,. The probability of emission of a certain particle is determined
by the cross section of the responsible reaction. The two most important secondary particles
emitted during PT are gamma-rays and neutrons, and their interaction mechanisms have been
described in this chapter. The gamma-rays generated as secondaries are uncharged particles,
and therefore they interact with matter through the photoelectric e ect, Compton scattering

or pair production.

The PGs emitted along the protons path are specially important, as they are used to
determine the position of the BP, providing a real-time method for range veri cation. The
main idea of the project is to detect the PGs from NPs that are radiosensitizers, therefore
the basis of the enhanced permeability and retention e ect that govern the dose enhancement

are explained.
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In this the chapter, the two types of detectors that are most commonly used in gamma-ray
spectroscopy (scintillators and semiconductors) are introduced. Their interaction mechanisms
and main properties have been described. The chapter concludes with a review of the elec-

tronics readout and pulse processing mechanisms.
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Chapter 3

Experimental set up

In this chapter, we present the con guration of the experimental PG detector setup that
was developed for this thesis project. It consists of two di erent types of radiation detectors:
a scintillator and a semiconductor, and their mechanical collimators. To study the NPs
e ect, ve dierent targets were developed in house with di erent materials, dimensions and
concentrations. Finally, the characterisation of the two detectors will be presented, including

their energy calibrations and energy resolutions, obtained using radioactive sources.

3.1 Targets

Five targets were used in this project: two nanoparticle-based targets, a solid PMMA target,
a water target and a water phantom. All of them can be seen in gure 3.1.

Two nanoparticle-based targets  were designed in house for the experimental work.
Both targets are compounds of magnetite (FgO4) diluted in water, as the feasibility of this
material for dose enhancement has been proven before [87; 88]. The density of the nal
material is calculated with the respective water and magnetite concentrations (fvater] and
[magnetite]), and their densities ( ) using equation 3.1. The rst target is a NPs uid with
a 5% concentration of magnetite, which translates to a uid density of 1.21 g/cn®, and it is

contained in a plastic box of dimensions 37 37 16 mm?®.

fluid = [water] water +[magnetite] magnetite (3.1)
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