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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 verification 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 (Fe3O4) target was developed in house, consisting

of a solution of nanoparticles diluted in water. The detection system consists of two different

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 different beam energies. In the current work, it is found that

the CLLB detector allows for the distinction of different 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 profile.

The results presented suggest that the combination of both methods provides a viable

way to determine the range of the protons and confirm 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 sufficient for localising

the intensity profile of the characteristic gamma rays from the nanoparticles with a precision

of a few mm, hence providing an additional tool for in-vivo range verification.
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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

offers proton beam therapy, and they have three different 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, reflects the increased adoption of proton therapy as

a radiation treatment technology.

In this chapter I will firstly introduce proton therapy (PT), and compare it with traditional

photon therapy. After describing the physical basis of proton interaction with matter, several

range verification 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

significantly and almost eliminates the exit dose, as shown in figure 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 effects.

- 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].

3



Proton therapy: Overview Introduction

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 technique 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 field, creating a uniform dose in the target volume after superimposing

the dose contributions from all fields [3]. In order to obtain a homogeneous dose distribution

in the target volume, a superposition of many BPs with different 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 figure 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 finite range in tissues, whose value is affected by the characteristics

of the tissue they interact with. The precision and accuracy of the treatment planning and

delivery are affected by the uncertainties in the proton range that arise from many different

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 verification [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 verification

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

1.2 Range verification methods

Protons have a finite range which has an inherited spread and the prediction of its exact

value can be affected by the uncertainties. To fully exploit the advantages of proton therapy,

monitoring the beam range is crucial since it will reduce the effect 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

verification 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-

ification in hadrontherapy, and the use of these images for range verification was firstly 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 verification 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+ → γ + γ (1.1)

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

of the tissue and several reactions will occur, generating different positron emitters. Each

of the emitters will contribute differently to the total PET signal, and the final 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 different decay

time, the PET images obtained for range verification 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 verification depending on when the acquisi-

tion begins: in-beam PET, in-room PET and off-line PET. Each modality has its advantages

and disadvantages in terms of acquisition time, data quality and cost effectiveness [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 effect of biological washout will be negligible, and the activity level in the tissue will be
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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 significantly because the time

elapsed between the irradiation and the detection is brief. Isotopes with short half lives, like

15O, 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 T1/2 (min) Reaction channel
12C(p,pn) 11C

11C 20.385 14N(p,2p2n) 11C
16O(p,3p3n) 11C

13N 9.965 16O(p,2p2n) 13N
14N(p,pn) 13N

15O 2.037 16O(p,pn) 15O

30P 2.498 31P(p,pn) 30P

38K 7.636 40Ca(p,2p2n) 38K

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

Off-line PET begins when the irradiation has stopped. It requires the transfer of the

patient to a different 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

15O 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. 11C. 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

significantly 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 first proposed for

range verification 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 affected 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 different human tissues have different 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 verification 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 different 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 verification 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 verification depends on the design of highly

efficient 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 efficiently 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 finite 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 reflect 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)
12C 12C(p,pn) 11C∗ 2.0

12C(p,p’) 12C∗ 4.44
16O 16O(p,p’) 16O∗ 6.13

16O(p,pα) 12C∗ 4.44
16O(p,pn) 15O∗ 5.24
16O(p,2p) 15N∗ 5.27

14N 14N(p,p’) 14N∗ 1.64, 2.13
40Ca 40Ca(p,p’) 40Ca∗ 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 verified 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 effective.

NPs enhance the radiation effects 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 effect (EPR) [30].

The increase of the dose in cancer treatments when nanoparticles are inside the tumoural

region can be quantified with the dose enhancement factor (DEF). The amplification of radi-

ation effects with high-Z nanoparticles as radio-enhancers was first 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 (BaSO4) 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 offers a better conformational dose

than conventional therapy, but due to the uncertainties its applicability is limited. Several

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

Currently, PET is the most studied technique with off-line PET range verification methods

being applied clinically. Despite the progress in this field in the past few years, the method re-

mains expensive and the absence of dedicated detection systems is challenging. Furthermore,

the effect of biological washout limits the accuracy of this method.

The use of PGs for range verification is not affected by biological washout, as the emission

is almost instantaneous. The main challenge for PG is the lack of a cost-effective detector

that allows online beam monitoring during the clinical irradiation.

Nanoparticles have been proven to amplify the radiation effect 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

verification 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 profile. The detection system combines two different

types of crystals, a monolithic inorganic scintillator of Cs2LiLaBr6(Ce) (CLLB) and a high-

purity germanium detector (HPGe) to study and compare the response of both materials

through in-beam measurements. The configuration and characterisation of the detectors is

introduced in chapter 3.

Different concentration magnetite (Fe3O4) targets have been created to study their effect

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 different

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 deflect 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 figure 2.1.
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Figure 2.1: Schematic illustration of proton interaction mechanisms: (a) energy loss via inelas-
tic Coulombic interactions, (b) deflection 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 defined as the Stopping Power (S). However, it is preferred to define

the energy loss independent of the mass density of the absorbing material, hence the Mass

Stopping Power (S/ρ), in which ρ is the material density, is more often used, and is defined

in equation 2.1.
S

ρ
= − dE

ρ dx
(2.1)

The energy loss of protons is described by the Bethe-Bloch formula (equation 2.2)

where NA is Avogadro’s number, rc is the classical Bohr radius, me 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, δ is the density correction, β = v/c

is the ratio of the velocity of the particle (v) to the speed of light (c), and I 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/β2). 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.

− dE

dx
= 4πNAr

2
cmec

2Z

A

z2

β2

[
ln

2mec
2γ2β2

I
− β2 − δ

2
− C

Z

]
(2.2)

The average path length travelled by a charged particle until it is at rest is defined 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 α is a material-dependent constant and the exponent p depends on the proton beam

energy [39].

R(E) =

∫ E

0

(
dE′

dx

)−1

dE′ (2.3)

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 effect called range straggling, that results in a broadening of the BP [40]. Three

different 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 (σ∆) can be estimated as a function of the proton beam

range, as shown in equation 2.5 [44]. In this equation R0 is 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].

σ∆ ≈ kRm
0 (2.5)
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For this reason, the range is an average quantity, defined for a beam energy and not for

individual particles, and in proton therapy the Mean Projected Range (R0) 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 defined as

the depth in water in which the dose is 80% of the total dose (d80), as shown in equation 2.6.

R0 = d80 (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 figure 2.1(b), but the scattering angle does not affect the range

of the proton beam. Hard scatters are relatively infrequent, and only 20% of the protons in

the beam suffer 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 deflection

by scattering is characterised by the scattering power (T), defined as a function of the mean

squared scattering angle (θ) and the thickness of the absorber through which the proton

travelled (x), as in equation 2.7 [37].

T =
d < θ2 >

dx
(2.7)

In PT the MCS effect 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 affect 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

where < θ2 >
1
2 is the root mean square scattering angle [46].

P (θ) ≈ 2θ

< θ2 >
exp

( −θ2

< θ2 >

)
dθ (2.8)
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2.1.2 Nuclear interactions

Nuclear interactions are harder to model, but their biological effect 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 specific type of nonelastic reactions in which the final 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 effect 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 16O, as this nuclei is the most abundant in the human body by volume.

The first reaction, shown in equation 2.9, corresponds to the decay of the first excited level of

12C, produced after the proton irradiation of 16O, and emitts a PG of 4.44 MeV. The second

reaction, shown in equation 2.10, corresponds to the inelastic scattering of 16O that emitts a

PG of 6.13 MeV.

16O(p,pα)12C∗ (2.9)

16O(p,p’)16O∗ (2.10)

The probability of a nuclear interaction to occur is measured by the cross section (σ),

that has units of barn (1 barn = 10−28 m2). 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 figure 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 3. Cross-section of 6.13, 6.92, 7.12 and 4.44 MeV gamma emission due to proton-induced
reactions on 16O.

incident energies, GEANT4 and MCNP6 seem to better fit the experimental data, although
due to the resonances it is somewhat difficult to determine the trend in the measurements. The
ENDF/B-VII results are similar to GEANT4.

3.3. Discrete lines of oxygen-16

The first three excited levels of 16O that can decay through gamma emission are at 6.13, 6.92
and 7.12 MeV (Tilley et al 1993). Gamma emission from these states to the ground state
results in most gamma emission at lower incident proton energies, for which the simulation
results and measurements are depicted in figure 3. The cross-sections for the important
6.13 MeV gamma line have been the subject of a large number of experimental studies.
As the detailed measurements by Kiener et al (1998) show, various narrow resonances exist
at low proton energies.

For the 6.13 MeV line, the TALYS and EMPIRE codes produce quite similar results, which
mostly fit well to the experimental data, expect for an overestimation of the cross-section at
the lowest proton energies. GEANT4 gives similar results up to 20 MeV. Above 20 MeV, the
cross-section decreases rapidly to zero, which indicates the contribution of direct reactions to
this discrete level is not simulated accurately. MCNP6 fits the data poorly, predicting almost
no gamma production above 12 MeV. The proton separation energy of 16O is 12.13 MeV,
which suggests a possible model deficiency in the competition between particle and gamma
emission. The ENDF/B-VII data show an overall underestimation of the cross-section.
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Figure 3. Cross-section of 6.13, 6.92, 7.12 and 4.44 MeV gamma emission due to proton-induced
reactions on 16O.

incident energies, GEANT4 and MCNP6 seem to better fit the experimental data, although
due to the resonances it is somewhat difficult to determine the trend in the measurements. The
ENDF/B-VII results are similar to GEANT4.

3.3. Discrete lines of oxygen-16

The first three excited levels of 16O that can decay through gamma emission are at 6.13, 6.92
and 7.12 MeV (Tilley et al 1993). Gamma emission from these states to the ground state
results in most gamma emission at lower incident proton energies, for which the simulation
results and measurements are depicted in figure 3. The cross-sections for the important
6.13 MeV gamma line have been the subject of a large number of experimental studies.
As the detailed measurements by Kiener et al (1998) show, various narrow resonances exist
at low proton energies.

For the 6.13 MeV line, the TALYS and EMPIRE codes produce quite similar results, which
mostly fit well to the experimental data, expect for an overestimation of the cross-section at
the lowest proton energies. GEANT4 gives similar results up to 20 MeV. Above 20 MeV, the
cross-section decreases rapidly to zero, which indicates the contribution of direct reactions to
this discrete level is not simulated accurately. MCNP6 fits the data poorly, predicting almost
no gamma production above 12 MeV. The proton separation energy of 16O is 12.13 MeV,
which suggests a possible model deficiency in the competition between particle and gamma
emission. The ENDF/B-VII data show an overall underestimation of the cross-section.

Figure 2.2: Cross-section of 4.44 and 6.13 MeV gamma ray emission due to proton-induced
reactions on 16O [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

56Fe, and their gamma production cross section for different proton energies can be seen on

figure 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 56Fe and the production of 56Co, the

cross section peaks at around 14 MeV, while for the third reaction, that corresponds to the

production of 55Fe, the cross section reaches a maximum value at 24 MeV.

56Fe(p,p’)56Fe (2.11)

56Fe(p,n)56Co (2.12)

56Fe(p,pn)55Fe (2.13)
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Figure 2.3: Cross-section for different nuclei produced via proton irradiation of 56Fe. 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 different 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 (λ)

are related by the Planck-Einstein relation (eq. 2.14), in which h represents the Planck

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

E = hν =
hc

λ
(2.14)

Gamma-rays, in the range of a few keV to several MeV, interact with matter via three

main processes: photo-electric effect, Compton scattering and pair production. The probabil-

ities of each of these interactions occurring are characterised by their individual attenuation

coefficients (τphotoelectric, σCompton and κpair). The attenuation of the photon beam inten-

sity (I) is given by equation 2.15, where I0 is the initial photon intensity, µ is the total linear

attenuation coefficient (in cm−1) defined as the sum of the individual attenuation coefficients,

as shown in equation 2.16, and x is the thickness of the absorber in cm.

I = I0e
−µx (2.15)

µ = τphotoelectric + σCompton + κpair (2.16)

The photoelectric effect 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, where Eb represents the binding energy of the

photoelectron in its original shell [53].

Ee− = hν − Eb (2.17)
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The probability of photoelectric absorption per atom is approximately calculated as a

function of the energy (Eγ) and the atomic number (Z), where n varies between 4 and 5

depending on the energy of the gamma ray [54]. The photoelectric effect is the dominant

mechanism for low energy gammas interacting in absorber materials of high atomic number

Z, as shown in figure 2.4.

τphotoelectric ≈ constant · Zn

E3.5
γ

(2.18)
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Figure 2.20 The relative importance of 
the three major types of gamma-ray in­
teraction. The lines show the values of Z 
and hv for which the two neighboring 
effects are just equal. (From The Atomic 
Nucleus by R. D. Evans. Copyright 1955 by 
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In addition to Compton scattering, another type of scattering can occur in which the gamma-ray 
photon interacts coherently with all the electrons of an absorber atom. This coherent scattering 
or Rayleigh scattering process1 neither excites nor ionizes the atom, and the gamma-ray photon 
retains its original energy after the scattering event. Because virtually no energy is transferred, 
this process is often neglected in basic discussions of gamma-ray interactions, and we will also 
ignore it in the discussions that follow. However, the direction of the photon is changed in 
coherent scattering, and complete models of gamma-ray transport must take it into account. 
The probability of coherent scattering is significant only for low photon energies (typically 
below a few hundred keV for common materials) and is most prominent in high-Z absorbers. 
The average deflection angle decreases with increasing energy, further restricting the practical 
importance of coherent scattering to low energies. 

B. Gamma-Ray Attenuation 

1. ATTENUATION COEFFICIENTS 

If we again picture a transmission experiment as in Fig. 2.21, where monoenergetic gamma rays 
are collimated into a narrow beam and allowed to strike a detector after passing through an 
absorber of variable thickness, the result should be simple exponential attenuation of the 
gamma rays as also shown in Fig. 2.21. Each of the interaction processes removes the gamma­
ray photon from the beam either by absorption or by scattering away from the detector 
direction and can be characterized by a fixed probability of occurrence per unit path length in 
the absorber. The sum of these probabilities is simply the probability per unit path length that 

• 

Source 

I Del 

Figure 2.21 The exponential 
transmission curve for gamma 
rays measured under "good 
geometry" conditions. 

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

The second process of attenuation of gammas is Compton 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 (θ) of the gamma, that is calculated with the Compton scattering formula (equation

2.19), where m0c
2 is the rest-mass energy of the electron (511 keV), hν is the incident gamma-

ray energy and hν ′ is the scattered gamma-ray energy.

hν ′ =
hν

1 + hν
m0c2

(1− cosθ)
(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 differential scattering cross section (equation 2.21), where

r0 is the classical electron radius and α = hν/m0c
2 [56].

σCompton ≈ constant · Z (2.20)

dσ

dΩ
= Zr20

(
1

1 + α(1− cosθ)

)2(1 + cos2θ

2

)(
1 +

α2(1− cosθ)2

(1 + cos2θ)[1 + α(1− cosθ)]

)
(2.21)

At higher energy levels, the pair 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+ = hν − 1.022 MeV (2.22)

The probability of pair production increases significantly for higher energy gammas, as shown

in figure 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 affects the proba-

bilities of different 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 (EA) is defined as a function of its atomic mass (A), the neutron

energy (En) and the angle of the collision (θ), as shown in equation 2.23 [58]. The smaller

the difference in mass of the neutron and the nucleus, the more effective 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 effective as a moderators. For this reason,

hydrogenous materials are used for neutron attenuation [59].

EA = En

[
4A

(A+ 1)2

]
cos2θ (2.23)

When neutrons undergo inelastic 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 verification

purposes, as they are not emitted due to the proton interaction, and therefore shielding tech-

niques need to be implemented during range verification 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,γ) can have a substantial contribution to background

in PGI, and to reduce its effect 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 effects 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 effect. 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

final destination [64]. Simultaneously, they tend to accumulate in the tumoural tissue, ac-

cording to the enhanced permeability and retention effect (EPR) [30; 65]. The EPR

effect relies on specific 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 effective and selective accumulation of nanoparticles in tumours [66]. The

EPR effect 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 benefits of using NPs in cancer treatment can be quantified with the dose enhance-

ment factor (DEF), defined as the ratio of the dose with nanoparticles over the dose without

it, as shown in equation 2.24.

Dose enhancement factor → DEF =
Dose with NP

Dose without NPs
> 1 (2.24)

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 amplification of radiation effects with high-Z nanoparticles

as radio-enhancers was first 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 effect 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

(BaSO4) 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 nanoparticles with external beam radiotherapy has already been eval-

uated in clinical trials, showing improvements in efficacy 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 classified in two categories: organic and inorganic crystals. The

classification 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 CsI or NaI [72]. The scintillation mechanism is different for different types

of scintillator crystals.

In organic scintillators, the scintillation mechanism called fluorescence arises from tran-

sitions in the energy level structure of a single molecule [53]. The singlet energy levels

(spin = 0) are labelled as S0, S1, S2 and S3. The energy spacing between the ground state (S0)

and the first excited state (S1) is around 3 to 4 eV, while the spacing between higher states is

smaller, as shown in figure 2.5. Higher singlet electronic excited states are quickly de-excited

to level S10 via internal conversion without emitting any radiation [73]. Then they decay to

the ground state, emitting scintillation light in a process known as prompt fluorescence that

has a time scale of nanoseconds (10−8 s). The triplet energy levels (spin = 1) are labelled as
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T1, T2 and T3. Molecules from the first triplet decay to singlet ground states via phosphores-

cence, that emits light with a longer emission time (µs to hours depending on the material)

and different wavelength spectrum than the fluorescence. A transition called inter-system

crossing transforms singlet states in level S1 to the first triplet (T1). Some molecules may be

thermally excited back to the S1 state, and decay through fluorescence in a delayed process

called delayed fluorescence that emits the same spectrum as fluorescence, but with longer

emission times [73].
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of π-electron singlet states S0, Sl9 S29 S3... up to the π-electron ionization 
energy I„. The energies of these states, relative to the ground state, are 
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and Longuet-Higgins (1954) and Pople (1955). It appears that the level 
spacings in the other aromatic molecules, which are used as organic scin-
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by a second suffix, e.g. S00, Sol9 S029 etc. for the vibrational sub-levels of 
S0. There is also a sequence of excited π-electron triplet states Tl9 T29 T3 . . . , 
each lower in energy than the corresponding singlet state. Although the 
absorption transition from S0 to ΤΎ is spin-forbidden, the triplet states may 
be populated by other means to be considered. At higher energies, usually 
above 2s3, there is also a series of σ-electron excited states, The presence of 
these σ-excited states obscures the observation of any higher π-excited 
states in absorption spectrometry. In terms of this energy level system the 
π-electronic absorption spectrum arises from transitions from the lowest 

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

Inorganic crystals, however, have a different 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

inefficient 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 modified. 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 figure 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.
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is preferentially ionized and electrons excited with the activator rapidly transition within
10−7 s. As the atomic number increases, the binding energy approaches the photon energy.
Therefore, the probability of photoelectric interaction is proportional to Z4–5 (Z is the atomic
number). An inorganic scintillator is composed of a high-atomic-number material and has
a high-density level, making the probability of photoelectric interaction high. In contrast,
an organic scintillator is composed of a low-atomic-number material, meaning that the
probability of photoelectric interaction is low. Figure 3 and Table 1 show the types and
characteristics of inorganic scintillators. NaI(Tl) has high luminescence efficiency and high
detection efficiency for gamma rays. However, in that it has deliquescent properties, it
must be sealed and used in an Al container. Additionally, it is difficult in this case to
measure alpha, beta, and low-energy X-rays, which have low permeability due to the Al
container. CsI(Tl) has lower luminescence intensity and a lower energy resolution than
NaI(Tl), but it has high mechanical strength [22,23].

Figure 2. Energy band structure of an inorganic scintillator. (a) Pure crystal (b) Activated crystalline
scintillator modified [22].

Figure 3. Comparison of scintillation yield and band gap of inorganic scintillator modified [46].

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 amplification. 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 effect. Once the light

created in the scintillator strikes the photocathode of the PMT, it releases photoelectrons.
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The photoelectrons are internally amplified through dynodes with different voltages. Each

subsequent dynode releases further electrons, so there is a current amplifying effect at each

dynode [75]. At the final dynode, sufficient electrons are available to produce a pulse, that

carries information about the energy of the radiation, of sufficient magnitude for further ampli-

fication. The sensitivity of a photocathode is quoted in terms of the quantum efficiency (QE),

that is the probability for the conversion of incident photons to an electrical signal, and is

defined 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].

QE =
number of photoelectrons emitted

number of incident photons
(2.25)

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 efficiency, 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 influence of a strong

electric field 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

fields and environmental extremes however they have a relatively small dynamic range due

to the finite 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.
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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 γ-rays differing 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 as Z4.5, 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 (Eg), the Boltzmann constant (k) and the proportional constant characteristic

of the material (C) as equation 2.26 shows.

p(T ) = CT 3/2exp

(
− Eg

2kT

)
(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 (ϵ) 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)) ϵ (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 different
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 field 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 preamplifier [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].

F =
observed statistical variance

E/ϵ
(2.27)

The FWHM of a gamma ray detected by a germanium detector can be calculated as shown

in equation 2.28, where wD is the peak width due to detector effects and wE accounts for the

broadening of the peak width due to electronics effects.

FWHM =
√

w2
D + w2

E (2.28)

While wE is dependent on the detector capacitance, its bias voltage and readout electron-

ics, wD can be calculated as a function of the Fano factor (F), the energy necessary to create

one electron-hole pair (ϵ) and the energy of the gamma-ray (E), as shown in equation 2.29.

In the case of germanium, the value of ϵ 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].

wD = 2
√

(2ln2)FϵE (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 different ways of processing a signal: the traditional analog signal processing

and the digital signal processing. The basic components of an analog pulse processing

chain are shown in figure 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

preamplifier, 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 amplifier 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 preamplifier that digitises the pulse, at

fixed time intervals, into discrete samples. The digitised signal will then be shaped digitally, as

the samples are sent to a field-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 figure 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 different 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 affect the range much, it causes the beam profile to spread

along the path.

Protons can also interact with matter via nuclear reactions. These interactions do not

affect 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 effect, 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 verification. 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 effect 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 configuration of the experimental PG detector setup that

was developed for this thesis project. It consists of two different types of radiation detectors:

a scintillator and a semiconductor, and their mechanical collimators. To study the NPs

effect, five different targets were developed in house with different 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 figure 3.1.

Two nanoparticle-based targets were designed in house for the experimental work.

Both targets are compounds of magnetite (Fe3O4) diluted in water, as the feasibility of this

material for dose enhancement has been proven before [87; 88]. The density of the final

material is calculated with the respective water and magnetite concentrations ([water ] and

[magnetite]), and their densities (ρ) using equation 3.1. The first target is a NPs fluid with

a 5% concentration of magnetite, which translates to a fluid density of 1.21 g/cm3, and it is

contained in a plastic box of dimensions 37×37×16 mm3.

ρfluid = [water] · ρwater + [magnetite] · ρmagnetite (3.1)
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Figure 3.1: Targets used during the experiments: one PMMA target, two Fe3O4 targets and
two water targets.
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The second magnetite target has a more complex design, as it is a segmented target. It

is divided into two regions, that can be seen in figure 3.2, where the distance between the

two sections can be adjusted. The thickness of the first section was initially 9mm, but as

the target was specially designed for low energy beam (E≤ 40 MeV), the thickness of the

front wall was reduced by 1.5 mm, creating a circular opening of 25mm diameter. With this

modification, the final dimensions of the first section of the target are 33×33×7.5 mm3. The

second section of the target has a 1µm membrane on the front side, to contain the fluid while

minimising the stopping of the incoming protons. Its x and y dimensions are identical to the

first section for alignment, and it has a depth of 9 mm. Both sections are filled with the same

NPs fluid, that has density of 1.36 g/cm3, due to a concentration of 8.5% nanoparticles in

water.

A water phantom of dimensions 80×40×270 mm3 was created for high energy proton

beams. All of the phantom’s walls are made of plastic, except the top that is removed in order

to place the continuous NP target inside, to emulate the conditions inside the human body.

A second water target was developed for low energy beams. This target is also segmented,

and has identical dimensions to the segmented magnetite target, but the filling fluid differs

as the material inside is pure water. Both water targets can be seen in figure 3.1.

The last target is a solid polymethyl methacrylate (PMMA) target with cubic shape

and dimensions 30x30x30 mm3. The density of the target is 1.19 g/cm3. This target was

solely irradiated for low energy beams, and was placed inside the first water phantom for high

energy beam measurements.

Figure 3.2: Segmented Fe3O4 target designed in house for low energy proton beams.
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Each of the targets was placed in a remotely controlled linear platform that can move

downstream with a sub-milimetrical precision. This will allow us to scan the emission of the

gamma rays for different depths. The movement of the platform is managed by a laptop

placed inside the beam room, that was remotely controlled from the data acquisition room.

A summary of the targets, including the target material, its dimensions and densities can be

seen in table 3.1 .

Target Dimensions (mm3) Density (g/cm3)

Fe3O4 37x37x16 1.21
Fe3O4 segmented 33x33x7.5 and 33x33x9 1.36

H2O 80x40x270 1.0
H2O segmented 33x33x7.5 and 33x33x9 1.0

PMMA 30x30x30 1.19

Table 3.1: Target materials, their dimensions and densities that have been irradiated during
this project.

3.2 CLLB detection system

The first detector used during the experiment is an inorganic scintillator with a single CLLB

(Cs2LiLaBr6(Ce)) crystal. The detector is a dual gamma-neutron sensitive scintillator detec-

tor that allows for simultaneous gamma and thermal-neutron detection. These two types of

particles can be separated with pulse-shape discrimination algorithms (PSD). The CLLB is

coupled directly to a SiPM for signal readout.

The detector is cylindrical and has a 1.5 inches (3.81 cm) diameter and length. The

density of the material is 4.2 g/cm3, and it has an energy resolution of around 4% at 662 keV

for gamma-ray detection.

The detector was placed behind two lead blocks, separated by 3mm, to create a single

collimation slit. Due to the collimation slit, the CLLB will only detect the gamma rays

emitted in a certain region. The maximum area in which the gammas could be detected is

called field of view (FoV). The FoV can be calculated by equation 3.2, where w corresponds

to the slit distance, D to the width of the target, while d1 and d2 correspond to the distance

between the target and the blocks and the distance between the beginning of the blocks and

detector, respectively, as shown in figure 3.3 [89].
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FoV = w

(
1 +

2d1
d2

+
D

d2

)
(3.2)34 The configuration of a new Prompt Gamma-ray Imaging detection system

directly to SiPMs for signal readout. A larger CLLB detector with 1.5-inch in diameter and
length was also prepared as an alternative for the PG measurements.

Figure. 3.2 Schematic drawing (top view) of a CLLB detector collimated by two lead blocks.

3.1.3 Multi-slit collimated LYSO detection system

In the meantime, we also prepared a detection system based on arrays of LYSO detectors
that align with a purposely built multi-slit tungsten collimator for absolute 1D range mea-
surements. Each of the 8 LYSO detector arrays consist of 16 crystals (4×4 array) and each
individual crystal has a size of 3.2×3.2×50 mm3, as shown schematically in Fig. 3.3. The
LYSO crystal is a dense material (7.1 g/cm3) with high atomic number and hence has high
stopping power for high energy gamma-rays compared to other scintillating materials. It also
has a rather fast decay time (42 ns), relatively high scintillating light output and a modest
energy resolution of around 10 % at 662 keV. This type of scintillating crystal has been
commercially used in medical imaging systems, such as ToF PET/CT [60–62], albeit with

Figure 3.3: Schematic diagram of a CLLB detector collimated by two lead blocks and the
FoV created (top view) [89].

3.3 Single-slit collimated HPGe detection system

A second detection system, based on a High-Purity Germanium detector (HPGe), was also

used during the experiment to obtain gamma-ray spectra with a better energy resolution.

The detector has a single high-purity germanium cylindrical crystal of 51.6 mm diameter,

60 mm length and density 5.33 g/cm3.

Our detector, ORTEC model GMX-25200, is shown in figure 3.4. The crystal is mounted

in a vacuum chamber, which is attached to the liquid nytrogen dewar, because as mentioned

in section 2.5.1, germanium detectors need to be kept at a low temperature. The dewar has a

capacity of 15 L and it will be periodically filled with liquid nitrogen. The cooling down time

required by the detector is 6 hours, and the static holding time is 7 days. The detector needs

a high voltage module to operate and during the experiment the ORTEC HV 659 module is

used. The operating bias of the detector is -3500 V. If the system is warmed up while bias is

on, the automatic HV shutdown will prevent damaging the detector by minimising the risk

of preamplifier damage.
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A Beryllium layer of depth 0.5 mm is placed before the germanium crystal allowing low

energy photons to interact with the sensitive crystal due to its low atomic number. The

end cap to crystal distance, i.e the distance between the beginning of the detector and the

beginning of the germanium crystal, is 3 mm.

For collimation, two lead blocks, identical to the ones used for the CLLB, were used. The

slit width is also 3 mm, but the FoV will differ from the CLLB, as the distances between the

target, the blocks and the detector are different.

Liquid nitrogen dewar

Ge crystal

Figure 3.4: Ortec GMX-25200 High-Purity Germanium detector used in this project. The
liquid nitrogen dewar and the position of the crystal are indicated.
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3.4 Digital Pulse Processing Algorithms

The signals from both detectors are processed digitally, using a CAEN digitiser model

DT5730 [86]. The digitiser features DPP firmware, so two different algortihms, PSD and

PHA, can be implemented in the firmware.

3.4.1 Pulse Shape Discrimination

PSD algorithm allows for the differentiation between events whose shape is different. Detect-

ing the differences in pulse shape is useful to discriminate different types of radiations, and in

this work PSD will allow to discriminate the neutrons and gamma-rays when acquiring data

with a dual scintillator.

The CLLB crystal has two different decay times: a fast decay of 180 ns and a slow decay

of 1080 ns. The fractions of fast decay and slow decay are different for gamma-rays, with 61%

fast decay and 39% slow decay, and neutrons with 50% fast decay and 50% slow decay [90].

This results in different pulse shapes, in which the neutrons have a longer tail than the gamma

rays, as shown on figure 3.5(a). The signals are processed with two different energy gates,

a short one and a long one to differentiate them. A function of the ratio between both will

allow to determine the PSD factor that discriminates between the different types of radiation,

as can be seen in figure 3.5(b).

(a)

(b)

Figure 3.5: (a) PSD of a neutron (blue line) and a gamma ray (red line) signal [86].
(b) PSD ratio of the CLLB crystal versus energy [91].
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3.4.2 Pulse Height Analysis

The second pulse processing algorithm that is used during our experiment is PHA. The goal

of the algorithm is to implement a digital version of the analog chain made by a shaping

amplifier plus a peak sensing ADC. The digitiser admits signals directly from charge sensitive

preamplifiers or photomultipliers, without needing to connect a shaping amplifier, allowing

to obtain energy and time measurements [92].

The pulses are digitised and then passed through a trigger filter and a trapezoidal filter.

The trigger filter differentiates the signal twice to generate sharp pulses, after passing the

signal through a threshold. The trapezoidal filter is a filter to transform the exponential

decay signal into a trapezoid with a flat top whose height is proportional to the amplitude of

the pulse, i.e to the energy of the particle that interacts with the detector. Figure 3.6 shows

the main parameters needed to apply the PHA method with a trapezoid filter.

This algorithm is optimised for the gamma-ray energy spectroscopy using long-tail pulses

that are following a charge sensitive preamplifier stage in semiconductor detectors, and there-

fore in our experiment it is optimised for HPGe measurements.

Figure 3.6: Pulse Height Analysis with trapezoid method [92].
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3.5 Characterisation of the detectors

Characterising the detectors is a key process during any nuclear physics experiment. In this

section we introduce the two main properties of any radiation detector: the energy calibration

and the energy resolution. The energy calibration of a detectors is the function that relates

channel number to energy, and it is calculated with radioactive sources in order to evaluate

the response of the detector to radiation. The energy resolution is the ability of a detector

to determine the energy of the incoming radiation and separate radiations that are close in

energy. Energy calibration and energy resolution are obtained independently for both detector

systems and compared to the theoretical values provided by the manufacturers.

3.5.1 Energy calibration and resolution of the CLLB detector

Firstly, we calibrated the CLLB using PSD algorithms. Two common radioactive sources

were used: 137Cs and 152Eu. The first source has one characteristic gamma ray at 662 keV,

while 152Eu has six gamma rays at 779, 867, 964, 1086, 1112 and 1408 keV. A diagram of the

experimental set up used for calibration of the scintillator detector can be seen in figure 3.7.

Bias

LaptopCLLB DT5730

Cs &
Eu

Figure 3.7: Experimental set-up for the energy calibration of the CLLB detector using two
gamma-ray sources (137Cs and 152Eu).
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The uncalibrated energy spectra of 137Cs and 152Eu is illustrated in figure 3.8, where 6

peaks can be clearly differentiated. The two peaks from 152Eu, at energies 1086 keV and

1112 keV, merge together into a peak whose centroid is the average of the two, at 1099 keV.

Each of the peaks follows a Gaussian distribution, while the background follows a linear

trend. An algorithm was created to fit the peaks to a Gaussian function plus a first degree

polynomial for the background, as can be seen for the 662 keV peak in figure 3.8. The

obtained calibration points are then fitted to a linear function to obtain the function that

relates energy and channel number, as shown in figure 3.9. The calibration function that

can be applied to the gamma rays detected by the CLLB to convert channel number (x) into

energy (E, in keV) is given by equation 3.3.

E = 7.267x− 7.767 (3.3)
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Figure 3.8: Uncalibrated energy spectrum of 137Cs and 152Eu in the CLLB detector using
PSD algorithms. The peak at 662 keV is fitted with the sum (red line) of a Gaussian function
(green line) plus a linear polynomial (blue line)

Once the histogram has been calibrated, the Full Width Half Maximum (FWHM) is

obtained as a function of sigma, as shown in equation 3.4. The FWHM value is then be used

to determine the energy resolution of the CLLB detector, using equation 3.5.

FWHM = 2.35σ (3.4)
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Energy resolution (%) =
FWHM

centroid
· 100 (3.5)

The resolution obtained is (5.97±0.09)% at 662 keV, that is slightly worse than the man-

ufactured established value of 4% at 662 keV, due to the use of PSD algorithms that are not

ideal for energy spectroscopy. During this project we also implemented PHA algorithms for

the CLLB detector, so we need to obtain the energy calibration and resolution for this mode

of DPP, as the values will vary from the previous ones.
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Figure 3.9: The fitted linear function for channel vs energy for the calibration of the CLLB
detector using 137Cs and 152Eu peaks.

Using a set-up identical to the one illustrated in figure 3.7, the calibration of the CLLB

detector using PHA algorithms is performed. The same calibration sources are used (137Cs

and 152Eu). The uncalibrated spectra can be seen in figure 3.10. We observe that the peaks

are shifted towards lower channel numbers in comparison to the previous one (shown in figure

3.8), therefore we expect a higher value for the first degree coefficient. After applying the

sum of a polynomial and a Gaussian function to fit the peaks, we obtain the new calibration

polynomial (in keV), given by equation 3.6.

E = 13.41x− 20.21 (3.6)
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The energy resolution is again be calculated using equation 3.5, and the final value ob-

tained is (6.02±0.02)%. This value is very similar to the one obtained previously, because the

PHA algorithm used was optimised for the germanium detector and not the CLLB.

Comparing the results obtained from the two DPP algorithms, we can conclude that the

resolution does not change notoriously. In general, we would expect a better energy resolution

for PHA algorithms, but as the parameters of PHA pulse processing were optimised for

the HPGe, the value obtained is not ideal for CLLB. However, the calibration does change

significantly, and this will need to be taken into account when we run the experiment.
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Figure 3.10: Uncalibrated energy spectrum of 137Cs and 152Eu in the CLLB detector using
PHA algorithms.

3.5.2 Energy calibration and resolution of the HPGe detector

The HPGe detector was calibrated using PHA algorithms, that are ideal for semiconductor

detectors, as discussed in section 3.4.2. The experimental set-up used for calibration can be

seen schematically in figure 3.11, where two commonly used radioactive sources were placed

in front of the germanium detector: 137Cs and 152Eu.
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High
Bias

LaptopHPGe DT5730

Cs &
Eu

Figure 3.11: Experimental set-up for the energy calibration of the HPGe detector using two
gamma-ray sources (137Cs and 152Eu).

As shown on figure 3.12, each of the sources produces its own spectra as they were mea-

sured individually. The uncalibrated spectra of the sources has several peaks, of which six

are fitted (the ones in the region of interest, between 600 keV and 1500 keV). Using the same

algorithm that was developed for the CLLB calibration each peak is fitted to a Gaussian func-

tion plus a linear background. The relation between the energy of the gamma rays detected

(E) and the channel number (x) is calculated with a linear fit of the points. The obtained

function for the energy calibration, in keV, is given by equation 3.7.

E = 11.74x+ 7.05 (3.7)

The energy resolution of the HPGe is obtained using equation 3.5. HPGe has a very good

efficiency, and our particular Ortec detector has a theoretical resolution of 0.15% for 1332

keV. The experimental value at 1332 keV, obtained with a Cobalt 60 gamma-ray source, is

(0.162± 0.007)%. This result is very close to the one provided by the manufacturer, and the

slight difference can be justified by the age of the crystal, that was produced in 1986.
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Figure 3.12: Uncalibrated energy spectrum of 137Cs and 152Eu in the HPGe detector using
PHA algorithms.

3.6 Summary

This chapter shows the different components of the experimental set up. Firstly, the speci-

fications of the different targets irradiated during the experiments are introduced. Later on,

the configurations of the two PGI detectors used as part of this project are described. The

first detector is a monolithic CLLB scintillator, while the second detector is a semiconduc-

tor HPGe detector. The electronic digital pulse processing algorithms that are implemented

during the experiment are described.

Finally, the characterisation of both detectors is shown by studying the detector response

to low energy gamma rays by using radioactive sources. Their energy calibrations are cal-

culated, showing a good linear response for both detectors. The detector resolutions are

obtained as a function of the energy, and the results provide a value of 6% for 662 keV in

the CLLB detector and a much better result, of 0.162% at 1.332 MeV for the HPGe. The

resolution values adjust well to the one provided by the manufacturers, confirming that out

set up works correctly.
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Chapter 4

Geant4 Monte Carlo simulation

Monte Carlo (MC) methods are widely used to simulate complex problems that involve the

transport of particles through matter, and is a critical toolkit in nuclear physics [93; 94]. For

this thesis, the MC simulation was performed with the GEANT4 toolkit (version 10.05.p01)

as it includes a complete range of functionality, including tracking, geometry, hits and physics

models [95].

In this project, the code was developed to study the emission of PG after the irradiation

of a magnetite target, and compare it with the PG emitted from a water target. Several

magnetite concentrations were initially modelled to study the change in the BP position, as

well as the dose enhancement. The two detector systems, CLLB and HPGe, were implemented

to study the detector response of our set-up. Finally, the intensity profile for two different

magnetite targets, placed alone and in water, were studied at two different beam energies to

understand how the emission of PG varies along the target length, with the slow down of the

protons, and the effect the collimation slit has in this distribution.

4.1 Physics Lists

The physics processes are implemented in Geant4 by different physics lists. In this work

protons and γ rays are the main particles of interest. With this objective, three physics lists

were included in the simulation: RadioactiveDecay, emstandard-opt4 and QGSP-BIC-HP.

RadioactiveDecay is needed to model the de-excitation of the generated excited nuclei, while

Emstandard-opt4, is used for modelling the EM interactions and for tracking with higher
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accuracy the hadrons, ions and electrons, using the most accurate standard and low-energy

model [96]. The list QGSP-BIC-HP utilises the binary cascade model that describes the

production of secondary particles generated through interactions of protons and neutrons

with nuclei. This list is highly recommended for medical applications, and it is ideally used

at energies below 200 MeV [97; 98].

The validation of the simulation must be performed to confirm that the Physics Lists

chosen reproduce the experiment accurately. The EM processes and nuclear interactions will

be validated independently. To validate the hadron interactions, which occur during the

proton irradiation of the target, the cross sections must be obtained and compared to the

literature, while for EM processes the range of proton beam will be obtained. In this project,

the validation of the nuclear processes was performed with the total inelastic cross section of

56Fe. The obtained results are shown in figure 4.1, where one can observe a good agreement

between literature and simulation. The slight variation between the two can be explained

with the difference in software to model them: our result has been produced with Geant4,

whereas the tabulated values from TENDL are calculated with the Talys software [51]. The

simulated result confirms the feasibility of QGSP-BIC-HP as an appropriate physics list for

proton therapy simulations.
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Figure 4.1: Total inelastic cross section of 56Fe simulated in Geant4 compared to the literature
value [51].
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4.2 Range

To validate the EM models in the simulation, the BP was initially simulated for various beams

of 106 protons with energies ranging from 36 MeV to 150 MeV, to study how the range varies

with the energy of the incoming protons.

To assure that the beam stops inside the phantom, a uniform cylindrical water target of

radius 4 cm and length 30 cm was created. For the water material we use the already defined

material G4 WATER. Figure 4.2 displays the simulated dose-depth curve for the target,

where we can observe that the range increases with the energy of the beam, while the dose

rate decreases as the energy increases. Furthermore, one can observe that the BP broadens

for higher energy beams due to the increase of depth that enhances the range straggling.
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Figure 4.2: Geant4 simulated Bragg curves for a water phantom irradiated with a beam of
106 protons, with energies of 36 MeV (black line), 66 MeV (blue line), 100 MeV (green line)
and 150 MeV (orange line).

Once the BP curves have been validated for a generic water phantom, the target material

can be modified to pure magnetite (Fe3O4). The magnetite material needs to be defined by

the user, and in order to do so we must implement each element individually. Once the two

elements (Fe and O) have been defined, we create the final material, which is a combination
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of these two nuclei, specifying their mass fraction as a percentage. Finally, the density of

the fluid must be implemented. Magnetite has a higher mass density (5.2 g/cm3) and atomic

number compared to water, so the protons will stop earlier in the target, notoriously reducing

the range of the beam. The comparison between the BP curves for a pure water phantom

and a pure magnetite target can be seen in figure 4.3, where two different beams irradiated

each of the targets.

The difference in the range for both materials is clearly visible: the position of the BP is

shifted towards lower values for the magnetite, as expected due to the material properties.

From this plot, and knowing the small concentration of magnetite in the experimental diluted

targets, we can predict that the BP for our target fluid will be closer to the water results. The

higher the concentration of magnetite, the more it will shift away from this value, towards the

pure magnetite BP. This plot also shows a difference in the dose between the two materials,

and this dose variation will be studied in more detail in the following section.
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Figure 4.3: Geant4 simulated Bragg curves for water (blue) and magnetite (orange) for a
beam of 106 protons and energies 66 MeV (dashed line) and 100 MeV (solid line).
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4.3 Dose Enhancement with NPs

Magnetite NPs exhibit dose enhancing behaviour, that has been previously studied by other

groups experimentally [87] and with Monte Carlo simulations [99]. To analyse the effects of

the dose enhancement in the target, five different simulations were performed with a beam

of 106 protons at energy 100 MeV. In every simulation a target of identical dimensions to

the one designed for the range measurement was created and filled with magnetite diluted

in water. The concentration of the two materials varied in every simulation, to analyse the

possible cases, from pure water (Fe3O4 concentration equals to 0%) to pure magnetite (100%

Fe3O4 concentration). To obtain the total dose deposited in the phantom, the integration of

the depth-dose histograms was performed.

The DEF can be calculated from the simulation, by integrating the total dose and dividing

by the reference dose (i.e pure water), as shown in equation 2.24. The results show that

DEF increases as a direct function of the magnetite concentration, as expected. The obtained

values of the DEF for different percentages of magnetite and water concentration in the target

material can be seen in table 4.1. The DEF reaches a maximum of 4.26 for a pure magnetite

target, which agrees well with other studies [87; 100]. Our targets, described in section 3.1,

have a 5% and 8.5% concentration of magnetite, respectively, so the dose is enhanced by

12.6% for the continuous target, and between 12.6% and 25.2% for the segmented one. These

results confirm the feasibility of the magnetite targets as a dose enhancer agent.

[Fe3O4] (%) [H2O] (%) DEF

0 100 1
5 95 1.1262
10 90 1.2516
25 75 1.6775
50 50 2.4017
100 0 4.2556

Table 4.1: Simulated DEF for different concentrations of magnetite and water in a cylindrical
phantom that is irradiated with 106 protons of 100 MeV.
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4.4 Experimental Geometry

After studying the range and DEF simulated in a generic phantom with different energy

beams, we can confirm that the results from the simulation are in good agreement with ex-

perimental observations, confirming that the implemented physics models are correct. Hence,

we can develop a more complex geometry in order to replicate the experimental targets, de-

tection systems and collimators, described in chapter 3. The obtained results will then be

used for future comparison between the experimental work and the simulation.

The implementation of the geometry consists of two different parts: initially we must im-

plement the targets, with the adequate geometries and concentrations, and then the detection

system. The detection system includes the two detectors introduced previously (CLLB and

HPGe), as well as their respective collimation systems.

4.4.1 Targets

A logical volume must be created for each target individually. All of our targets will be defined

as solid boxes, hence their length, width and height must be implemented. The composition

of the target is key, therefore, the elements that compose the target material, their atomic

number, mass number, as well as their relative abundances must be defined. The total density

of the material also needs to be implemented for accurate calculations.

Two different magnetite NPs targets were designed in-house for this simulation. For

simplicity, the targets were defined as a uniform compound of magnetite diluted in water,

instead of taking into account the size of the nanoparticles that conform the target. This

approximation is accurate because the dimensions of the NPs are not relevant to our project,

as the beam spot size during clinical treatments is in a higher scale (σ ≈ 2 mm), and therefore

the effects of the nanoparticles’ diameter are negligible for the PGI analysis we perform. The

two magnetite targets, whose properties were given in table 3.1, can be seen in the Geant4

visualisation shown in figure 4.4.

Two water targets are created during the simulation: a large water phantom, and a

segmented target. The segmented target has the same dimensions as the magnetite target,

and since the concentration of magnetite and water in the target can be modified directly,

there is no need to define a separate segmented water target, as the two are never irradiated
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together. The continuous water target, of dimensions 40×80×270 mm3, is filled with pure

water (G4 WATER), and will be used to place the magnetite target inside for higher beam

energy simulations (above 40 MeV), and it can also be seen in figure 4.4.

Fe3O4

H2O phantom

Segmented target

Figure 4.4: Geant4 simulated targets: a long water phantom, a magnetite cube and segmented
target of variable composition.

4.4.2 Detection systems

The detection system in this project is formed by two detectors and their respective col-

limators. Although none of the electronic components are implemented in the simulation,

implementing the detectors is a more complex process. The detectors are first created as

logical volumes, whose placement and dimensions can be modified. Then, the volumes will

need to be defined as sensitive volumes in order to detect the deposition of energy (hits). A

hit is a snapshot of the interaction of the particles in the sensitive region of the detector, so

each time a track goes through a sensitive volume and loses energy a hit will be created [101].

The hits will then be added and can later be analysed. The hits’ information is crucial, as it

directly relates to the detector’s response.
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Two different sensitive volumes are created, one for each detector. For the CLLB detector,

a G4Tubs class is defined that corresponds to a cylinder of length and diameter 1.5 inch. The

elemental composition of the CLLB is defined, as well as the density of the material that is

obtained from the manufacturer [90]. The detector is defined as an ideal crystal, i.e perfect

energy resolution is considered. The HPGe detector is defined following the same geometric

class: a cylindrical Germanium crystal, of radius 5.16 cm and length 6 cm, is created and

then defined as a sensitive volume in order to track radiation. To reproduce the real detector

as accurately as possible, a Beryllium layer needs to be defined and placed before the crystal.

This layer is a logical volume, as it is designed for attenuation purposes and does not measure

radiation. To maintain consistency through our simulation, the HPGe is also defined as an

ideal detector.

Each of the detectors are placed behind a pair of collimators in order to solely detect the

gamma-rays emitted perpendicular to the target. Every collimator is defined as a solid box

of dimensions 10×12.6×5.2 cm3, made from pure lead (Pb). A pair of such collimator blocks

is placed immediately in front of each detector, and the distance between the two blocks will

is kept constant at 3 mm to for a collimation slit. The position of the collimators, and the

detector, will be shifted relative to the water phantom between the different simulation runs

to study the emission of PG at different target depths.

The complete simulated geometry with the targets, detectors and collimators is adjusted

for each of the experiments, as the target, target material, target placement and distances

between the targets, the collimators, and detectors will differ between the experiments. How-

ever, a general representation of the whole simulated set-up can be seen in figure 4.5. This

image shows all the components: the unsegmented magnetite target placed inside the water

phantom for high energy proton beam irradiation, in which both collimators are separated

10 cm from the target, and the detectors are immediately placed behind the collimators.

55



Experimental Geometry Geant4 Monte Carlo simulation

H2O phantom

Fe3O4
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Figure 4.5: Geant4 simulated set up consisting of a magnetite target placed in a water phan-
tom, a CLLB detector, a HPGe detector and four lead blocks acting as collimators.

4.4.3 Resolution Effects

Prior to the proton irradiation of the targets, both detectors are tested to ensure that they

function correctly in the simulation. The two gamma-rays from a 60Co radioactive point

source were simulated, with energies of 1.172 MeV and 1.332 MeV. For simplicity the emission

probability of both gamma-rays was set to be identical, producing 106 emitted gamma rays

in total. The detectors’ faces were placed 21.4 cm away from the source, aligned with the

centre of the collimator window, and the emission distribution was set to be isotropic. The

targets were removed to avoid any possible interaction with the gammas.

The ideal spectra obtained for both detectors, is shown in figure 4.6. We observe that

the two gammas have been detected in both detectors, and their energies correspond to

those expected from the radioactive source. Furthermore, we observe that when using the

same radioactive source, placed at the same distance from both detectors, the CLLB detects
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a higher number of counts than the HPGe detector, which is a direct result of the higher

efficiency of the material.
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Figure 4.6: Geant4 simulated spectra for ideal CLLB and HPGe obtained with a 60Co placed
equidistant to both detectors.

Both detectors are responding to radiation and reproduce the expected spectra, so the next

step is to obtain a more realistic response of both detectors by implementing the resolution.

The resolution of the detectors is implemented as a Gaussian function, whose mean will be the

energy of the detected radiation and the standard deviation is defined as the corresponding

energy resolution of the detector. We assume that the resolution is constant, even though

this is a coarse approximation it is valid here because there are always relatively high energy

gamma-rays involved, and the resolution values are 4% for CLLB and 0.15% for HPGe, as

calculated in chapter 3. The result after convoluting the expected detector resolution is shown

in figure 4.7. There is a broadening of the peaks for both cases, but the effect is more notorious

in the CLLB detector, as its resolution is worse. The broadening of the peaks is much wider,

but the two peaks are clearly separated, and can be identified as two different gamma-rays.
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With this result, we can conclude that while both detectors will be useful for PG detection,

the CLLB will not allow us to differentiate between gamma-rays that are very close in energy,

and will have much broader peaks than the HPGe.
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Figure 4.7: Geant4 simulated spectra for a 60Co placed equidistant to both detectors with
resolution 0.15% for HPGe (orange) and 4.0% for CLLB (pink).

4.5 Statistics of prompt gamma-rays

Secondary radiations are generated instantaneously as the incident protons slow down in the

phantom, and includes PG, neutrons, scattering protons, electrons, positrons and other ions.

The study focuses on the PG primarily, as these are the particles we will detect during our

experiment. The secondary prompt gamma-rays produced during the proton irradiation of

the different targets will be studied in this section. Studying the statistics of the secondary

particles emitted has been crucial for the design of the targets and optimisation of the exper-

imental set-up.

4.5.1 Prompt gamma-rays emitted

To verify the feasibility of the magnetite target as a gamma-ray emitter, we irradiated the

target of lowest concentration (5%) with a proton beam of 109 protons, and a beam energy
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of 38 MeV. As the NPs are diluted in water within the target, we also irradiated a pure

water target of identical dimensions, with the same beam to identify the gamma-rays that are

originated from the NPs. A comparison between the spectra of the emitted gamma-rays from

the target can be seen in figure 4.8, in which we observe that there are several characteristic

gamma-rays originating from the magnetite that are not present in the water target.
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Figure 4.8: Geant4 simulated PG emitted spectra for water and magnetite targets with a
proton beam of 38 MeV and 109 protons.

Figure 4.8 shows that there are five common gamma rays between the two targets. Their

energies are 511 keV, 3.86 MeV, 4.44 MeV, 5.24 MeV and 6.13 MeV. While the first energy

corresponds to the annihilation gamma-ray, the other three gammas are due to the oxygen

component of the targets. The 3.86 MeV gamma-ray originates from the E1 transition of 13C,

that can be produced directly by the proton beam via the 16O(p,p+3He)13C∗, or with the

secondary neutrons via 16O(n,α)13C∗. The gamma-ray with energy 4.44 MeV is associated to

the 16O(p,pα)12C reaction, while the 5.24 MeV gamma-ray originates from 16O(p,np)15O∗.

The inelastic scattering reaction, 16O(p,p’)16O∗, is responsible for the 6.13 MeV PG. The

total PGs emitted at 511 keV are higher in the Fe3O4 target, while the other four PGs have a

higher yield per proton for the water phantom, due to an increase in the oxygen concentration.
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Table 4.2 shows the yield per proton of each PG for both target materials.

Energy (keV) Transition H2O yield Fe3O4 yield

511 Annihilation 1.64 x 10−3 1.95 x 10−3

3860 16O(p,p+3He)13C∗ or 16O(n,α)13C∗ 8.69 x 10−5 8.50 x 10−5

4440 16O(p,pα)12C∗ 2.42 x 10−3 1.78 x 10−3

5240 16O(p,np)15O∗ 3.25 x 10−4 2.67 x 10−4

6130 16O(p,p’)16O∗ 1.01 x 10−3 8.32 x 10−4

Table 4.2: Energies of the common gamma rays emitted from the magnetite and water targets
during the proton irradiation, associated transitions and yield per proton for each target.

We can also observe that three of the peaks, at 4.44 MeV, 5.24 MeV and 6.13 MeV, are

wider than other gamma-rays in the spectra, which can be explained with Doppler Effect.

The Doppler broadening of spectral lines occurs if a gamma ray is emitted while the nucleus

is in motion. The broadening directly relates to the life time of the element, if the element’s

life time is shorter than the time of flight of the nucleus, broadening will occur [102; 103].

The two aforementioned processes have very short half-lives: while the excited 12C decays

within the lifetime τ = 6.1×10−14 s, the 15O∗ decays within τ = 3.25×10−12 s and the 16O∗

has a lifetime of τ = 2.7×10−11 s, which explains the broadening of the peak [104].

Looking at the differences between the two targets we observe that most of the charac-

teristic PGs from magnetite are emitted in the low energy region, particularly below 4 MeV.

Focusing the analysis on those with highest intensities, the spectra is reduced to the gamma

rays located with energies between 800 keV and 1400 keV. A close-up of this region is shown

in figure 4.9, where each peak is labelled with their corresponding gamma-ray energy.

The PGs intensity varies for the different energies, and therefore the yield per proton of

every gamma-ray needs to be calculated to understand the contribution of each of them to the

final spectrum. This information is also used to determine the number of protons required to

irradiate the target during the experiment, in order to obtain sufficient statistics. The yield,

energies and associated nuclear reactions of each PG are summarised in table 4.3.

Table 4.3 show that all the transitions, but one, come from the proton irradiation of

56Fe. This result is expected, as it is the main contributing isotope in natural iron, with an

abundance of 91.75% [105]. The other reaction comes from the irradiation of 54Fe, the second

contributing isotope with an abundance of 5.85% and a strong charge exchange cross section.
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The two main gamma-ray contributions correspond to the 847 keV and 1238 keV gamma-

rays, both generated from the inelastic scattering of 56Fe. The first gamma-ray, at 847 keV,

corresponds to the E2 transition from 2+ → 0+ in 56Fe, while the one at 1238 keV is associated

to the E2 transition 4+ → 2+. These results confirm that the simulated histograms agree with

the expected literature value [106], as the inelastic scattering of 56Fe is the most likely reaction

to occur during the proton irradiation of an iron target, due to its higher cross section.
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Figure 4.9: Geant4 emitted PG spectra for a magnetite target irradiated with a proton beam
of 36 MeV in the region between 0.8 MeV and 1.4 MeV. Each major peak is labelled with its
energy.

Energy (keV) Transition Yield per proton

812 56Fe(p,n)56Co 5.18 x 10−4

847 56Fe(p,p’)56Fe 1.13 x 10−3

930 56Fe(p,n+p)55Fe 3.38 x 10−4

935 54Fe(p,n)54Co 2.08 x 10−4

1037 56Fe(p,p+2α)48Ti 1.17 x 10−4

1225 56Fe(p,γ)57Co 5.49 x 10−4

1238 56Fe(p,p’)56Fe 6.45 x 10−4

1316 56Fe(p,n+p)55Fe 5.73 x 10−4

Table 4.3: Energies of the gamma rays emitted from the magnetite target during the proton
irradiation, in the energy range 800-1400 keV, and associated transitions and yield per proton.

61



Statistics of prompt gamma-rays Geant4 Monte Carlo simulation

4.5.2 Prompt gamma-rays detected

To study the detector response much higher statistics are needed and in order to achieve

the desired number of events, several parallel runs will be performed on the Viking research

computing cluster [107].

For this project a total of 1010 protons with a beam energy of 36 MeV irradiate the

magnetite target with 5% NPs concentration. The spectra of the emitted gammas, and the

ones detected by ideal CLLB and HPGe detectors, in the region between 0.65 and 2 MeV,

can be seen in figure 4.10. From this figure we can confirm that ideal detectors are capable

of detecting the characteristic gammas from iron after the proton irradiation. A quantitative

comparison for the 847 keV gamma-ray shows that the percentage of detected gammas in the

CLLB is 0.130%, while for the HPGe the value is reduced to 0.070%. Therefore, an ideal

CLLB will detect 1.86 times more PGs with an energy of 847 keV than the HPGe. This

difference between the two materials can be explained with the difference in effective atomic

number between the materials, as the interaction probability depends on Z, as explained in

section 2.2.1.
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Figure 4.10: Geant4 detected gammas by the ideal CLLB and HPGe detectors in the energy
range 0.6 to 2 MeV.
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To compare the simulation with the experimental results, we need to enact the energy

resolution of both detectors. The results can be seen in figure 4.11, where one can observe

that that this implementation will not drastically modify the detected PGs for the HPGe

detector, but it will notoriously affect the CLLB spectrum. The low energy resolution of the

CLLB detector will broaden the peaks, and it will not allow us to differentiate the gamma

rays in the region between 700 and 900 keV, as the peaks coalesce into a broader peak.
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Figure 4.11: Geant4 detected gammas by the ideal CLLB and HPGe detectors, and compar-
ison with realistic detectors in which the energy resolution has been implemented.

4.6 Prompt-gamma intensity profile

The emission of gamma-rays in a target is non uniform, as the statistics of prominent PG

increase as a function of depth, reaching a maximum near the BP region. The PG intensity

versus depth distribution for various energies will show how the intensity of emission varies

through the target, in order to draw conclusions on the BP position. In this section, the PG

intensity profile will be studied for different beam energies and targets, in order to evaluate

the intensity profile.
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4.6.1 Segmented target

To study the variation of the intensity for different positions, the irradiation of the segmented

magnetite target, with a 8.5% NPs concentration, is performed. The dimensions of the target

are shown in table 3.1, and the separation between the two targets is set to 1.6 cm. This

target is ideal to study how the intensity changes before reaching the fall-off region, as there is

an air region between the two targets that will allow us to study the possible gamma-rays that

go through the collimator slit and will be detected, even when they have not been emitted

perpendicularly to the beam line.

A beam of 1010 protons with an energy of 36 MeV irradiated the target. The intensity

histogram as a function of depth for the energy region between 700 keV and 1000 keV is shown

in figure 4.12 for the emitted gamma rays, in which the limits of the target are indicated.

Three regions are differentiated: the first one corresponds to the front part of the segmented

target, the middle region is the air gap between the targets and the third region is the second

part of the segmented target. We observe that no characteristic PG are emitted in the region

between the two segments of the target, as expected.
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Figure 4.12: Geant4 simulated PG energy versus depth in a segmented magnetite phantom
irradiated with a proton beam of 36 MeV. Three different regions are visible corresponding
to the two parts of the magnetite target (between 0 mm and 7.5 mm and between 23.5 mm
and 33 mm), while the middle region (between 7.5 mm and 23.5 mm) corresponds to the air
gap between the two segmented sections.
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Figure 4.12 shows that in both of the segmented magnetite regions, there are two main

gamma-rays. Their energies are 812 keV and 847 keV, which correspond to decays from

excited 56Co and 56Fe, respectively. The emission of the 812 keV gamma-ray reaches a

maximum before the BP region, and it stops after the protons have reached this region where

their speed is 0. However, the gamma-ray from 56Fe reaches a maximum at the end of the

proton path, but its emission does not stop once the BP has been reached. The intensity of

this PG lowers, but it is still emitted until the end of the target, even passed the BP region.

This is because the population of the 847 keV state can also occur by secondary neutrons,

generated during the proton irradiation, which continue past the BP region and can excite

the 56Fe nuclei present in the final region of the magnetite target.

The collimation slit is then placed at different target depths to obtain the histograms for

different positions, separated by a 3 mm window. To simulate the moving of the linear stage,

the collimators will be placed at different depths to study the PG profile versus the positions.

Figure 4.13 shows how the intensity of several gamma-rays changes within the target region.

We can observe a run in which no characteristic gamma rays from iron are seen, this is the run

collimated at 10.50 mm and represented with a dashed line. It corresponds to the inter-space

between the two parts of the segmented target, and therefore no characteristic gamma rays

are emitted nor detected as there are no NPs in this region.

In figure 4.13, the second run with lowest statistics corresponds to a collimation window

placed at 31.50 mm, this is past the Bragg peak. In this region, the protons have fully stopped

in the target and no gammas are emitted from the proton irradiation. However, a remaining

peak at 847 keV is visible, and it corresponds to the first excited state of 56Fe generated by

the neutron irradiation of the target, which agrees with the previous results.

The different gamma-rays peak at different positions, due to the direct relation of the cross

sections with the energies, that was shown in figure 2.3. The 847 keV gamma, originating

from the inelastic scattering of 56Fe, will peak before the 812 keV, as the cross section for the

inelastic scattering of 56Fe reaches a maximum later than the cross section for the production

of 56Co, responsible for the 812 keV gamma-ray.
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The variation on the intensity of the gamma-rays versus the position can be used to draw

conclusions on the proton range: the emission of gamma-rays will be maximum for the region

before the BP, and the number of gammas will depend on the cross section of the process.

However, the different gamma rays show maximum number of counts at different collimator

positions.
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Figure 4.13: Geant4 simulated PG spectra for different positions of the slit collimations in
the segmented NPs target.

To study in more detail the variation in intensity as a function of depth for the differ-

ent gamma rays, the yields from the dominant reactions are plotted as a function of depth

separately. Figure 4.14 shows how the counts vary with the position independently for the

four processes with the highest cross sections. We observe that in the second region of the

target they all peak at the same depth, while in the first region the position of the peak

changes between processes. The 812 keV gamma-ray from 56Co peaks later than the other

gamma-rays, which agrees well with the expected results from the cross-sections.
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(a) Gamma-ray intensities as a function of the
depth for protons on 56Fe.
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(b) Gamma-ray intensity as a function of the
depth for charge exchange reaction populating
the first excited state in 56Co.
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(c) Gamma-ray intensities as a function of depth
for a neutron knockout reaction producing 55Fe.
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(d) Gamma-ray intensities as a function of depth
for a two neutron knockout reaction producing
55Co.

Figure 4.14: Projection of the intensity profile for different collimator positions for the seg-
mented target. BP position is indicated with a dashed line. The uncertainties in x and y are
too small to be visible, 0.1 mm and ≤2500 counts respectively. For clarification, the size of
the collimated window is indicated in the x axis for each of the points.

The results obtained for the segmented target are affected by the empty region between

the targets, which changes the statistics of the detected gammas in the limits of the targets.

For this reason, and due to the collimator width, the results obtained when the collimation slit

is placed at the end of the first target, or the beginning of the second, can not be compared to

the results obtained when the collimation window covers a bigger target region. To compare

the two sets of results we must collimate the empty region with 1.5 mm of each of the targets,

disregarding the air region between the two of them. This reduces the geometric effects,

producing results that can be compared accurately with the other regions. With this new
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collimation geometry we reproduce the previous results, obtaining a new distribution that

can be seen in 4.15. The trend is smoother now, as we have no air gaps between different

measurements. The overall trend remains the same: the number of counts increase, until the

region before the fall-off, and then the counts decrease quickly. The results obtained show

how important it is to choose an appropriate collimation slit.
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(a) Gamma-ray intensities as a function of the
depth for protons on 56Fe.
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(b) Gamma-ray intensity as a function of the
depth for charge exchange reaction populating
the first excited state in 56Co.
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(c) Gamma-ray intensities as a function of depth
for a neutron knockout reaction producing 55Fe.
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(d) Gamma-ray intensities as a function of depth
for a two neutron knockout reaction producing
55Co.

Figure 4.15: Projection of the intensity profile for different collimator positions, after elim-
inating the empty air region between the two segmented targets. BP position is indicated
with a dashed line. The uncertainties in x and y are too small to be visible, 0.1 mm and
≤2500 counts respectively. For clarification, the size of the collimated window is indicated in
the x axis for each of the points.
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To further study the effect of different collimation slits the total the number of events

detected for several collimation windows for the 847 keV gamma ray can be seen in figure

4.16. One can clearly observe the effect of different sized windows: the number of gammas

detected is lower for narrower slits, as fewer events pass through it. Widening the collimation

window allows to detect more gammas, however the precision in the spatial origin of those

gammas will be reduced. Therefore finding the optimum slit size is key, as we want to obtain

enough statistics and reduce the position determination error as much as possible.

In the experiment a compromise between the number of events and the precision in the

positioning to relate the 847 keV gamma emission to the BP must be reached. With the

results obtained in figure 4.16, we observe that if a 1 mm or 2 mm window are used, the

number of gamma rays detected drops significantly, while if the window size is 3 mm or 4

mm the variation in number of events is not that notorious. As a reduction in the positioning

error is desired, a 3 mm window is the ideal collimation slit for this project.
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Figure 4.16: Geant4 simulated emitted PG counts versus position in the magnetite segmented
target for the 847 keV PG using different collimation slits: 1 mm (blue), 2 mm (green), 3 mm
(violet) and 4 mm (orange).
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4.6.2 Continuous target

To compare the results, the same analysis must be performed for the continuous magnetite

target. Figure 4.17 shows the intensity profile for the magnetite target with 5% concentration,

placed inside the water phantom, and irradiated with a proton beam of 66.5 MeV. The walls

of the magnetite target are indicated with black lines, and we can observe that the emission

of the characteristic gamma-rays never exceeds the region of the target, proving that all the

observed gammas are characteristic from the magnetite. The BP is also indicated with a

dashed line, and we observe that the maximum intensity of the gamma-rays is reached before

the BP. Therefore, the placement of the collimator system is crucial to detect the desired

gamma rays. Depending on the placement of the collimator window, some gamma-rays will

not be visible. If we place the collimator system between the beginning of the target and

the BP, all the gamma-rays will be observed and their intensity will vary depending on the

collimator’s position, reflecting the cross section for the corresponding nuclear reaction at

that proton energy. Contrariwise, if we place the collimation slit beyond the BP only the 847

keV gamma-ray will be detected.
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Figure 4.17: Geant4 simulated PG energy versus depth in a magnetite target placed inside a
water phantom and irradiated with a proton beam of 66.5 MeV. Emission is maximum before
the BP, indicated with a dash line.
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Figure 4.18 shows the projection of the intensity plot obtained in figure 4.17, using a 3 mm

cut, for four different positions: at the beginning of the target (fig. 4.18a), in the BP (located

at 36.46, and shown in fig. 4.18b), past the BP (fig. 4.18c) and at the end of the target (fig.

4.18d). We can observe that initially the gamma-ray with highest intensity is the 812 keV,

but as we approach the BP region the 847 keV dominates. If we collimate past the BP region,

the only visible peak of the spectra will be the 847 keV. Hence, for experimental purposes,

we know that when we align our target with the collimator system we should always detect

the 847 keV gamma-ray, and the intensity will change based on the positioning of the target

with respect to the collimators. Due to the cross section dependence, other gamma-rays, such

as the 0.74 MeV gamma-ray, will only be visible at the beginning of the target, when their

intensity is maximum.
slice_px_of_ha
Entries  941873
Mean   0.8201
RMS    0.06065

Energy (MeV)
0.7 0.75 0.8 0.85 0.9 0.95 1

N
u

m
b

er
 o

f 
E

n
tr

ie
s

310

410

510

610

slice_px_of_ha
Entries  941873
Mean   0.8201
RMS    0.06065ProjectionX of biny=117 [y=32.5..32.9]

(a) Collimated at 32.7 mm

slice_px_of_ha
Entries  768851
Mean   0.8268
RMS    0.0534

Energy (MeV)
0.7 0.75 0.8 0.85 0.9 0.95 1

N
u

m
b

er
 o

f 
E

n
tr

ie
s

310

410

510

610

slice_px_of_ha
Entries  768851
Mean   0.8268
RMS    0.0534ProjectionX of biny=122 [y=34.4..34.7]

(b) Collimated at 34.5 mm

slice_px_of_ha
Entries  23154
Mean   0.8478
RMS    0.0586

Energy (MeV)
0.7 0.75 0.8 0.85 0.9 0.95 1

N
u

m
b

er
 o

f 
E

n
tr

ie
s

310

410

510

610

slice_px_of_ha
Entries  23154
Mean   0.8478
RMS    0.0586ProjectionX of biny=127 [y=36.2..36.6]

(c) Collimated at 36.4 mm

slice_px_of_ha
Entries  4105
Mean   0.8485
RMS    0.07658

Energy (MeV)
0.7 0.75 0.8 0.85 0.9 0.95 1

N
u

m
b

er
 o

f 
E

n
tr

ie
s

310

410

510

610

slice_px_of_ha
Entries  4105
Mean   0.8485
RMS    0.07658ProjectionX of biny=157 [y=47.2..47.6]

(d) Collimated at 37.4 mm

Figure 4.18: Projection of the intensity profile from figure 4.17 for different collimated po-
sitions. The uncertainties in x and y are too small to be visible, 0.1 mm and ≤2500 counts
respectively. For clarification, the size of the collimated window is indicated in the x axis for
each of the points.
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The variation in intensity that we have seen before can be used to draw conclusions

concerning the range. If we integrate the projected gamma-rays for the different peaks, we

can analyse the trend the intensity follows. These results, for the different reaction channels

and characteristic gamma-rays, can be seen in figure 4.19. We observe that, that, in all the

cases thereafter, the number of counts increases smoothly until the region before the BP and

then decreases.
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(a) Gamma-ray intensities as a function of the
depth for protons on 56Fe.

 Position (mm)
0 10 20 30 40 50 60

 C
ou

nt
s

0

200

400

600

800

1000

1200

1400

1600

1800

2000
310×

412 keV
931 keV
1316 keV

Fe55Fe(p,pn)56 i

(b) Gamma-ray intensities as a function of depth
for a neutron knockout reaction producing 55Fe.
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(c) Gamma-ray intensity as a function of the
depth for charge exchange reaction populating
the first excited state in 56Co.
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(d) Gamma-ray intensities as a function of depth
for a two neutron knockout reaction producing
55Co.

Figure 4.19: Projection of the intensity profile for different collimator positions for the un-
segmented magnetite target. The uncertainties in x and y are too small to be visible, 0.1
mm and ≤2500 counts respectively. For clarification, the size of the collimated window is
indicated in the x axis for each of the points.
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Figure 4.19 also shows that all the PG from a single reaction mechanism follow the same

trend, however between different reactions the depth in which the PG emission is maximum

changes. This is due to the difference of the cross sections for each of the processes: the

reactions that reach the maximum cross-sections at higher energies will peak well before

those that reach the maximum at lower energies, as the energy of the protons is reduced

along the depth of the phantom. Determining where the emission of PG is maximum will

allow us to study the position of the BP. The results obtained for a target with lower magnetite

concentration still show positive results, that agree well with the segmented target.

4.7 Summary

Initially, the position of the BP for different beam energies in a water phantom was studied

to validate the code. The target composition was then changed to pure magnetite, in order

to study the reduction in the BP position. The concentration of magnetite in the target was

implemented with values between 0% and 100% to study the effect this material has in the

dose, and the different DEF were calculated. These results showed that with the experimental

targets we designed, decribed in chapter 3, the expected dose enhancement is in the range of

12.6% for the continuous target and between 12.6% and 24.2% for the segmented target.

After testing the physics of the simulation with generic targets, the experimental geometry

was implemented. The dimensions and materials of targets and detectors were simulated to

replicate the experimental set-up. Resolution of both detectors was implemented and analysed

with a 60Co source, where we observe that HPGe will differentiate better between different

PG, due to its excellent energy resolution.

The characteristic PG from magnetite were studied, and associated to their corresponding

transitions. The yield per proton was calculated, showing that the 847 keV gamma-ray is

emitted with the highest intensity, as expected from literature. The resolution study was

applied to determine if the distinguish-ability between the characteristic PGs can be observed

in the experimental set-up. Results show that the HPGe will differentiate these peaks, while

for the CLLB many of the peaks will coalesce into a broader peak.
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Finally, the intensity profile was studied separately for the segmented and continuous

targets. In both cases we observe how the emission of PG changes along the depth of the

target, and how the behaviour of the gammas, originating from different transitions, differ.

The obtained results agree well with the tabulated cross-section obtained from TENDL [51],

as those gamma-rays, emerging from transitions that peak at higher energies, will have a

maximum PG emission before those whose maximum cross section is reached at lower energies,

since the protons slow down in the phantom. The effect of different collimation slit widths

was also studied in the segmented target, proving that choosing a suitable window for the

collimators will be key for the data acquired during the experiment.
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Chapter 5

In-beam experiment with the CLLB

In this chapter, we introduce the set-up and methods for the two experiments performed with

the CLLB scintillator detector. The experiments took place at the University of Birmingham

and KVI-CART, with energy beams of 38 MeV and 66.5 MeV, respectively. The low energy

beam is rarely applied in clinical cases, but it is ideal to study the characteristic PGs emitted

from the proton irradiation of magnetite, as most cross sections of interest of 56Fe peak

between 10 and 25 MeV. The medium beam energy is used in clinic for treatments of superficial

tumours, such as ocular melanomas. The results obtained using a magnetite target with 5%

concentration and a water target are presented.

The aim of both experiments is to determine if characteristic gamma-rays emitted from

the NPs target can be detected with a single CLLB detector, and to characterise the detector

performance at two different beam energies. The secondary goal is to calculate the ratio of

the water and the magnetite material to determine if it follows a trend that can be used to

draw conclusions on the position of the BP region.

5.1 In beam experiment at 38 MeV

The experiment was performed in the MC40 cyclotron facility at the University of Birming-

ham [108]. The proton beam had an energy of 38 MeV and intensity of 108–109 protons per

second. The beam was pulsed at a radio frequency of 26 MHz, corresponding to a period of

approximately 38.46 ns. The beam spot size was σ ≈ 2 mm, which is comparable to the one

applied in clinical treatments.
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5.1.1 Methods

Three targets were irradiated during the experiment: the 5% concentration iron NPs target,

the water phantom and the PMMA target, described in chapter 3. All three targets were

placed on the moving platform, to scan the emitted PG at different depths.

The CLLB detector, of radius 1.5 inches, was placed behind two identical lead blocks that

created a single collimation slit of (3.5±0.5) mm. The blocks were placed 12.7 cm away from

the beam line, and the CLLB detector was placed immediately behind the collimation slit,

as shown schematically in figure 5.1. The collimation system was used to guarantee that

the measured PGs are the ones emitted perpendicularly to the beam line. Simultaneously,

a plastic scintillator was placed at the beginning of the beam line to monitor the incoming

structure and timing of the protons. Both detectors were individually connected to the CAEN

digitiser DT5730. Coupling the CLLB detector with the plastic counter in coincidence mode

will allow us to reject the background and neutron-induced noise. A picture of the real

experimental set-up obtained during the DAQ process can be seen in figure 5.2.
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Figure 5.1: Schematic drawing of the experimental set-up used at the University of Birming-
ham for the irradiation with a proton beam of 38 MeV (top view, not in scale).
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Figure 5.2: Experimental set-up used at the University of Birmingham for the irradiation
with a proton beam of 38 MeV (top view, beam comes from the right hand side)
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The CLLB detector was initially calibrated with two radioactive sources: 22Na (with γ

decays of 511 and 1275 keV) and 24Na (with γ decays at 1358 and 2754 keV). The uncalibrated

energy spectra of both radioactive sources can be seen in figure 5.3, where the peaks are

labelled. Due to the threshold applied during the experiment, the 511 keV gamma ray is not

visible, and therefore can not be used for calibration. In the same figure, we can observe

two more gamma-rays, at energies 1732 keV and 2243 keV, that correspond to the single and

double escape of the 2754 keV gamma-ray from 24Na.
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Figure 5.3: Uncalibrated energy spectra from 22Na and 24Na detected in the CLLB.

The CLLB detector is a dual gamma-neutron detector, therefore, to discriminate the

neutrons the DPP algorithm has to be implemented during the experiment is PSD. This al-

gorithm allows for the separation of gammas and neutrons, based on the different decay times

of both particles, as discussed in section 3.4.1. To apply the PSD algorithms we measured

the energies with two different windows: a short one (EnergyShort) and a long one (Energy).

Plotting a function of the two in a 2D histogram will allow us to separate the neutrons from

the gammas, as shown in figure 5.4. A comparison of the measured energies of the secondary

particles emitted after the irradiation of a water target can be seen in figure 5.5, with and

without applying PSD. There is no reduction in the number of gammas detected, because the

neutron induced noise is minimum. However, we observe that the thermal neutron-induced
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peak is completely removed after the discrimination. When the neutron peak is eliminated,

we observe a gamma-ray with an energy of 3.42 MeV, which corresponds to the double escape

peak of the gamma line of interest 16O(p,x)12C at 4.44 MeV.
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Figure 5.4: Pulse shape discrimination ratio obtained with the CLLB for a 38 MeV proton
beam. Two regions are clearly differentiated for neutrons and gamma rays.
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5.1.2 PGs in the CLLB

The neutron cut will be applied to all the runs in order to study the emission of PGs in

the different target media. Figure 5.6 shows the uncalibrated PG energy histograms for the

three target materials: water, PMMA and magnetite. The gamma lines from the reactions

of interest, 16O(p,pα)12C at 4.44 MeV and 16O(p,p’)16O at 6.13 MeV, are indicated. The

three runs have been acquired at the same depth in the target, and they are normalised to

the total integrated charge. We observe that the maximum emission of gammas at 4.44 MeV

comes from the PMMA target, as it has a carbon component that is not present in the other

two materials, so the PG will not only be emitted from 16O(p,pα)12C, but also from the

inelastic scattering of Carbon 12C(p,p’)12C. On the contrary, the intensity of the 6.13 MeV

PG is maximum in the water target. These results are expected, as the oxygen concentration is

much higher in water. The emission of PGs at this energy is significantly higher for magnetite

compared to PMMA, which can be explained with the material’s composition: the magnetite

NPs are diluted in water, therefore the oxygen concentration is higher for the NPs target.

h1
Entries  803779

Mean      401

RMS     213.4

Channel
200 400 600 800 1000 1200 1400

C
ou

nt
s

0

2000

4000

6000

8000

10000

12000

h1
Entries  803779

Mean      401

RMS     213.4

h1
Entries  803779

Mean      401

RMS     213.4

Magnetite
PMMA
Water

6.13 MeV

4.44 MeV

Figure 5.6: Uncalibrated energy spectra for the magnetite, PMMA and water targets for a
beam energy of 38 MeV. Each spectrum has six characteristic peaks with its energies labelled.
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The PG emission is enhanced for different materials at different energies. Comparing the

three materials we observe that for low energies (below 3 MeV) the PG emission is enhanced

for magnetite and PMMA, while in medium energies (between 3 MeV and 5 MeV) the en-

hancement only occurs on the PMMA target. In the high energy region, the enhancement

is only visible in the water target. To study the regions separately, the histograms shown in

figure 5.6 must be calibrated. After the calibration, the enhancement can then be calculated

numerically, by dividing the histograms of magnetite and PMMA by water, and applying a

coarse binning. The experimental results can be seen in figure 5.7, where the value of the

ratio changes for the different energy regions and target materials. These results suggest that

the ratio can be used for range verification purposes.
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Figure 5.7: PGs intensity ratio of two histograms H2O/Fe3O4 and H2O/PMMA obtained
with a coarse energy binning.

While this method does not determine the precise position of the BP, it is a good indication

to determine if a certain tissue or material has been irradiated in comparison to water. The

low energy resolution and statistics do not affect the results and, even without resolving any

peaks, we can determine if the tumour has been irradiated or not. This can be applied to

real-time beam monitoring during the treatment: in vivo measurement of the PG emission

from 16O must be performed and, depending on the material, the value of the ratio must

reach a certain value. If the ratio is outside the tolerance limits, it indicates that the BP is

located in a different tissue, and therefore the irradiated region is not the tumoural area.
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After these results, the analysis will focus on the detection of characteristic PG from the

magnetite NPs target. All the runs shown in figure 5.6 were obtained with a threshold of 210

least significant bit (lsb), that corresponds to approximately 1000 keV. This value is too high

to detect characteristic PGs from iron, so we lowered it to 400 keV (60 lsb). Figure 5.8 shows

the magnetite spectra for the same position of the collimator with two different thresholds.

We can observe that the structures created in the high threshold run in the region between

1 MeV and 1.5 MeV, are artefacts and not characteristic PGs. However, in the low threshold

runs there are several structures that are related to the magnetite target.
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Figure 5.8: Calibrated energy spectra from a proton irradiated magnetite target for two
different thresholds (60lsb and 210 lsb), acquired with the CLLB detector. The runs are not
normalised to the total integrated charge.

To study the characteristic magnetite structures in the region of interest we obtain the

energy spectra at two different collimator positions: 8 mm into the target and 12 mm. Each

of these measurements needs to be corrected to obtain the absolute position, considering

the plastic thickness of the front side of the box (zcontainer=2.8 mm) and the thickness of

the plastic scintillator (zplastic=1 mm). The absolute position, for which the runs have been

acquired, can be calculated with equation 5.1.

zabs = zcollim + zcontainer + zplastic (5.1)
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The correction factor is 3.8 mm for this experiment, hence the experimental measurement

were acquired in the region after the BP, as the range of a 38 MeV proton beam in water

is 13.55 mm [109]. Hence, the statistics of the gamma-rays emitted are lower than desired,

and from the simulation results we expect to only detect the PG at 847 keV. The obtained

histograms for both positions can be seen in figure 5.9, where we observe similar structures

for the two runs, as they correspond to the same region (past the BP).
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Figure 5.9: Calibrated PG energy spectra from a magnetite target with the collimators placed
at two different positions: 8 mm (blue) and 12 mm (orange).

To confirm that the PGs detected are characteristic from the target, and not background

related, we subtract the run in the furthest position from the BP to the one with the collima-

tors in the closer position. This subtraction will eliminate all the background components,

showing only the PGs originating due to the proton irradiation of the target. Figure 5.10

shows the subtraction of the runs, where we can observe a clear peak structure between

800 keV and 900 keV. To determine the peak energy, it is fitted with a Gaussian function

and the obtained centroid corresponds to 849(2) keV. This value agrees well with the value

reported in the literature for the transition from the 2+ to 0+ ground state of 56Fe [110].

The experimental result confirms that characteristic gamma-rays from a NPs target can be

detected during the proton irradiation of the target.
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Figure 5.10: Subtracted spectrum of the magnetite target irradiated with a proton beam
of 38 MeV. A clear structure is identified at 849(2) keV, that corresponds to the 2+ → 0+

transition from 56Fe with an energy of 847 keV.

5.1.3 Conclusions

This subsection illustrated the experimental set-up, methods and results for the in-beam

experiment at the University of Birmingham, using a proton beam of 38 MeV. The energy of

the beam is ideal for studying the production of characteristic proton-induced gamma rays

in different targets. The experimental set-up was initially tested with well-known targets,

such as water and PMMA. Thereafter, the in-house designed magnetite target was placed in

a moving platform and irradiated, and the gamma-ray energy spectrum was measured with

the CLLB at different target positions. After comparing the spectra of the three materials

we observe that the ratio of emission relies on the concentration of certain elements in the

media. The yield of PGs at the characteristic 4.44 MeV and 6.13 MeV vary for PMMA, water

and magnetite, and therefore this result could determine which material has been irradiated.

This method can be applied for in vivo measuring of the range and will help to determine

if the material in which the BP is located is the desired one, based on the ratio obtained at
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different energies.

The detection of characteristic PGs from magnetite is the second part of the experiment.

Due to the limited beam time, only two runs with the appropriate threshold were acquired.

The interference of the plastic scintillator and front of the target modified the absolute depth

that the protons reached in the target, and the measured positions correspond to the region

after the BP. As expected from the simulation, in this region the emission of characteristic

gammas is reduced to one single gamma, at 847 keV. After performing the subtraction of the

two runs to eliminate the background, we detected a gamma-ray transition corresponding to

an energy of 849(2) keV, which agrees well with the currently accepted value of 847 keV for

the 2+ → 0 + transition in 56Fe. This result confirms the initial idea that a NPs target can

be used as a gamma emitter for range verification in proton therapy.
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5.2 In-beam experiment at 66.5 MeV

The second experiment took place at KVI-Center for Advanced Radiation Technology (KVI-

CART), in Netherlands. The cyclotron at this facility reaches higher energies, so the ex-

periment can be performed in conditions closer to those applied in clinic. The aim of this

experiment is to detect characteristic gamma-rays emitted from the NPs target placed in a

water phantom, to emulate human-body environmental conditions.

5.2.1 Methods

The beam was pulsed at a radio frequency of 25 MHz, corresponding to a period of 40 ns.

The intensity of the beam was 109 protons per second, and all the measurements took place

in a two minute window, so a total of 1.2 × 1011 protons irradiated the targets in each run.

The energy of the beam was 66.5 MeV, which is a clinically suitable energy.

The detection system is similar to that used in Birmingham, and a schematic diagram

depicting the setup can be seen in figure 5.11. The phantom configuration varies to adapt

the targets to a higher beam energy, as the range of the protons increases with the energy.

For this reason, and due to its dimensions, the magnetite target needs to be placed inside a

water phantom, so the protons slow down in the water and completely stop inside the NPs

target for a maximum gamma-ray emission.
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Figure 5.11: Schematic drawing of the experimental setup used at KVI-CART for the irradi-
ation with a proton beam of 66.5 MeV (top view, not in scale).
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The CLLB detector was collimated with two lead blocks separated by 3 mm. The blocks

are placed 12 cm away from the beam line and perpendicular to the beam. Both targets will

be placed in the linear moving platform, in order to evaluate the intensity of the detected

PGs from the nanoparticles target for different collimated regions, before, during and after

the BP. A picture of the setup used during the experiment is shown in figure 5.12.

Water phantom NPs target

Lead blocks

CLLB detector
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Collimation slit
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Figure 5.12: Experimental set-up used during the beam irradiation at KVI-CART with a
proton beam of 66.5 MeV. The picture was taken before the experiment, and the separation
between the different elements does not correspond to the actual dimensions during the beam
irradiation.
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In this section, the experimental results that were obtained for a proton beam of 66.5

MeV are presented. Before starting the irradiation of the targets, the gamma-ray energy

spectra of two radioactive sources, 137Cs and 152Eu, placed together was obtained with the

1.5 inch CLLB detector. The first peak, at 662 keV corresponds to the 137Cs source, while

the five remaining have their origin in the 152Eu source. Each of the peaks will be fitted with

a Gaussian function plus a linear function for background, as shown on figure 5.13 for the

137Cs photopeak. Each of the obtained centroids will then be associated to the well-known

energies to obtain a second degree calibration polynomial. The polynomial obtained for the

CLLB in this experiment is shown in equation 5.2, where we observe that the response of

the CLLB is almost linear and has an offset of 10.52 keV, which agrees well with previous

calibrations of the detector.

E (keV ) = 0.001877x2 + 7.155x+ 10.52 (5.2)
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Figure 5.13: Uncalibrated energy spectrum from 137Cs and 152Eu obtained with the CLLB
with all the peaks labelled. The energy peak at 662 keV peak is fitted to a Gaussian function
(green) plus a linear function (blue). The final fitting function will be the sum of the two,
and is shown in red.
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Once the calibration polynomial has been obtained, we apply it to all the runs acquired

during the experiment to determine the energy of the PGs detected with the set-up. Figure

5.14 shows that there is a shifting between the runs: the later they are acquired with respect

to the calibration sources (measured at the beginning of the experiment) the more they shift

towards lower energies. This shifting in the spectra is due to the instability of the temperature

through out the experiment, that affects the SiPM performance, as its noise increases with

the temperature. The drift between the different runs can be modelled by analysing the

shifting of the neutron peak with time, and calculating a correction coefficient based on the

neutron peak shifting. The correction coefficient is calculated as a function of the centroid

position of the neutron peak for the first run when t=0 (µneutron
0 ), and the centroid position

of the run of study at a certain time t (µneutron
t ), as shown in equation 5.3. Figure 5.15 shows

the correction coefficient versus time for the experiment, where we can appreciate that the

trend is relatively smooth, due to a progressive variation of the temperature in the experiment

room.

corr(t) = 1− µneutron
0 − µneutron

t

µneutron
t

(5.3)
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Figure 5.14: Calibrated energy spectrum from CLLB detector for different times and colli-
mator positions. A shift between the runs is observed.

89



In-beam experiment at 66.5 MeV In-beam experiment with the CLLB

Figure 5.16 shows the difference in the position of the neutron peak, before and after

applying the correction, and compares it with the initial run. We observe that the correction

is needed to align the different spectra accurately, and this is crucial for obtaining an accurate

energy of the characteristic PGs.
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Figure 5.15: Correction coefficient versus time for the 66.5 MeV proton beam experiment,
obtained with the neutron peak.
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Figure 5.16: Neutron peak positions for the reference run (black), and a different run, with
(orange) and without (blue dashed line) applying the correction factor.
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Once the correction factor has been applied to all the runs, and all the checks with the

neutron peak have been made, we proceed to suppress this structure. The pulse processing

algorithm was again PSD, therefore we can apply restrictions to the obtained spectra in

order to eliminate the thermal neutrons peak. Following the same procedure that we used

in section 5.1.1, we obtain the 2D histogram of the energy function with two different gates

to differentiate the gamma ray and neutron contributions. Figure 5.17 shows the two well

differentiated regions for neutrons and gamma rays. The neutron region has a longer tail than

in the Birmingham experiment, because there are more neutrons contributing to the specta.

Once PSD has been applied we observe that the thermal neutron-induced peak is removed,

and the background is slightly reduced, as shown in figure 5.18, where we can observe the

calibrated energy histograms of secondary particles emitted from the magnetite target placed

in water with and without PSD.
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Figure 5.17: Pulse shape discrimination ratio obtained with the CLLB for a 66.5 MeV proton
beam. Two regions are clearly differentiated for neutrons and gamma rays.
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Figure 5.18: Calibrated energy spectrum from a magnetite target placed in water with (or-
ange) and without (blue) PSD. The characteristic neutron peak is obvious.

5.2.2 PG in the CLLB

After the calibration and discrimination of the CLLB detector, the runs for the different

targets can be analysed. Two sets of data were taken for each position of the collimators: one

with the water target alone and one with the magnetite target placed inside the phantom.

A comparison of the two spectra can be seen in figure 5.19, where both materials show the

six characteristic gamma-rays from water, as expected due to the presence of a large water

phantom in both of them. These come from the transitions 16O(p,x)12C, at 4.44 MeV, and

16O(p,p’)16O at 6.13 MeV. Due to the small size of the detector, their single and double escape

are also detected. There is also a peak in both materials at an energy of 2.6 MeV, whose origin

relies on the lead blocks placed for collimation purposes and therefore is not characteristic

from the targets. There are two other structures in the low energy region (below 1 MeV)

that are visible for both targets, and are not associated with any known transitions in the

irradiated materials. Therefore we can considerate these structures as artefacts due to the

threshold applied for the DAQ process.
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Figure 5.19: Experimental spectra for the water target and magnetite target placed in water
irradiated with a proton beam of 66.5 MeV and obtained with the CLLB detector collimated
at the same depth.

The figure above shows a difference in the intensity between the magnetite and the water

histograms, especially for the 6.13 MeV PG. In the previous experiment we determined the

ratio for two different materials, and such ratio provides conclusions on the irradiated material.

After obtaining positive results in the previous experiment, we now want to perform the same

ratio analysis, but only the magnetite material and for different positions of the collimators:

before, during and after the BP. The obtained results for the ratio of the water phantom

divided by the magnetite, for different positions are plotted in figure 5.20. At low energies

(below 4 MeV) the ratio is smaller than the unit, and after that it increases because the

emission of characteristic PGs is higher in water than in magnetite. We observe that for the

high energy region (above 5 MeV), the ratio is minimal for the region beyond the BP. The

region between 5 MeV and 6.13 MeV shows a higher value for the region before the BP, and

this agrees well with the expected results, as the collimation window creates a FoV in which

not only the PGs in the middle of the collimator are detected, but also the ones emmited

within the FoV. This explains that before the BP the FoV includes more PG than in the BP,

as the FoV also contains the section beyond the BP in which the emission of gammas is null.
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These experimental results can be used not only to draw conclusions on the material that

has been irradiated, but as an indicator of the region irradiated and if it corresponds to the

BP or not. The variation of the ratio in different regions proves again that, with a very low

resolution and low statistics set-up we can obtain an indicator of whether the BP region has

been reached, hence we can deduce if the NPs have been hit or not, allowing us to stop the

beam helping to determine the position of the BP and if the tumour has been irradiated

during the proton therapy treatment.
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Figure 5.20: PGs intensity ratio of H2O/Fe3O4 for three different positions: before, after and
during the BP with a coarse energy binning.

After the analysis of the ratio, the goal is to obtain the emitted gamma-rays from the

radiomarker target. In order to do so, we need to clear the spectrum and eliminate the

previously mentioned structures that are not characteristic of the irradiated material, as well

as any other structures that do not come from the magnetite target and any background

contribution. Hence, the subtraction of the two runs must be performed. The resulting

subtracted histogram for the BP position run is shown in figure 5.21, where we observe a

significant structure in the 800 keV region. After applying a Gaussian function to fit the

structure, we obtain that its centroid corresponds to an energy of 845(2) keV. This value

agrees well with previous experimental results, and corresponds to the currently accepted

value for the transition from the first excited state to the ground state of 56Fe.
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Figure 5.21: Subtraction of the magnetite placed in water and water only experimental PG
histograms to determine characteristic gammas from the magnetite target. A clear structure
is visible at 845(2) keV.

The same analysis is performed for all the acquired runs, before and after the BP, and

we can confirm that the 847 keV structure is visible in all of them. The number of counts

obtained for each run can be seen in table 5.1, where we observe that the statistics of the

peak are quite low. This explains why no other characteristic structures are visible in the

spectrum. From the simulation results obtained in table 4.3, we know that the following PG

with highest intensity is at 1238 keV, but its emission yield is 0.57 times the yield of the 847

keV. Therefore, the number of counts for the second most likely structure will be in the order

of a thousand, and divided over a few bins the counts are too low to form a clear structure.

Position (mm) Counts in 847 keV

36 2058
37 2162
38 1679
39 1557
43 731

Table 5.1: Number of counts for 847 keV PG obtained at different detector positions in a
magnetite target irradiated with a 66.5 MeV proton beam.
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To study how the number of each detected events changes depending on the position of

the collimator, the subtraction for all the pair of runs we have obtained has been performed.

Later on, the integration of the number of counts under the peak is calculated to determine

how many PG are emitted at each position. The results obtained in table 5.1, have been

plotted in figure 5.22, to show graphically how the number of counts varies with the position.

The number of counts increases, reaching a maximum at 37 mm, which corresponds to the

position before the Bragg Peak. The value then decreases, as predicted by the simulation,

that is also plotted in figure 5.22. The variation in the number of counts between experiment

and simulation is due to the perfect efficiency of the detectors in the simulation.
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Figure 5.22: Integrated counts versus position for the PG detected at 845(2) keV after the
subtraction of the magnetite plus water runs minus the water alone. The position of the BP
is indicated with a dashed line.

The change in the counts versus the position shows that the positioning and perpendicular

alignment of the collimation slit is key to obtaining good quality data. The experimental

spectra for the magnetite placed in water, acquired at different placements of the collimation

slit, can be seen in figure 5.23. This figure shows how the intensity of emission changes at

different depths of the phantom. There is a significant change in the number of counts for the

high energy PG originating after the interaction of the protons with the oxygen nuclei. The

number of counts decreases proportionally to the distance of the collimators in the target,

i.e counts are maximal at 34mm, when the FoV of the collimation slit comprises water and

magnetite, and minimal at 43 mm, when the collimated region is exclusively magnetite. To

study the behaviour of both PGs separately, we apply the same algorithms we used for the
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847 keV: integrate the total number of counts for each of the runs and analyse the gradient.

h0
Entries  466527
Mean     1802
RMS      1470

Energy (keV)
0 1000 2000 3000 4000 5000 6000 7000 8000

C
ou

nt
s

10

210

310

410
h0

Entries  466527
Mean     1802
RMS      1470

34 mm

36 mm

37 mm

38 mm

39 mm

43 mm

Figure 5.23: Experimental spectra for the magnetite target placed in water irradiated with
a proton beam of 66.5 MeV and obtained with the CLLB detector collimated at different
depths.

The experimental results of the integration for the gamma-rays at 4.44 MeV and 6.13 MeV

can be observed in figure 5.24. In both cases, there is a reduction in the number of counts as

we increase the position of the collimator. We also observe that the maximum corresponds

to 34 mm, which is before the magnetite target. The change in trend, in comparison to

the one obtained for the 847 keV (shown in figure 5.22), is easily explained by the fact that

the magnetite target is placed inside a water phantom. This implies that the collimation

window does not only allow PG from the magnetite to pass through, but also from the

water. It is impossible for us to differentiate which characteristic gammas come from the

oxygen component in the magnetite and which ones come from the water phantom, when we

place the target in water. This also explains why the maximum number of counts is reached
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far away from the BP, at 34mm, because in that region the collimation slit covers a wider

region of the water target, and therefore the detected PGs are mostly emitted from oxygen

in the water. The water phantom has a higher oxygen concentration, therefore the emission

is higher. Simulated results are also represented in figure 5.24, where we observe a good

agreement between experiment and simulation, confirming that for the characteristic PGs of

water we can not establish a relation between maximum emission and number of PG detected.
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Figure 5.24: Comparison of experimental and simulated intensity of the 4.44 and 6.13 MeV
PG (in counts) versus the position of the collimator window (in mm) for the gamma-rays
originated after the proton irradiation of the magnetite target placed in water. The position
of the BP is indicated with a dashed line.

To study the characteristic emission of 4.44 MeV and 6.13 MeV PGs from the oxygen

component in the magnetite target, the target should be irradiated alone. Our experimental

data was acquired with the magnetite placed inside the water phantom, therefore a subtraction

of the water runs must be applied to the magnetite runs to show the characteristic trend of

the PG emitted exclusively from the magnetite target. The experimental results, obtained

after the subtraction, for the two gamma-rays are shown separately for each of the energies

in figures 5.25 and figure 5.26, respectively.
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Figure 5.25 shows the experimental counts for the 4.44 MeV PG, and a comparison with

the simulated data. We can observe that the trend is similar for both: the number of counts

increases, reaching a maximum before the BP position and then it decreases. The gradient in

the number of counts is higher in the simulation, which can be explained with the alignment

of the collimator. In the simulation, the detectors are aligned precisely at 90◦ with respect to

the beam, but during the experiment the collimation window was aligned perpendicular to

the target with the use of lasers, and so was the target with respect to the beam. The lack of

mechanical devices for alignment can lead to small variations in the positioning angles, and

therefore in the FoV. Due to this experimental uncertainty, and the width of the 4.44 MeV

gamma-ray, it is impossible to determine experimentally the precise position in which the

maximum number of counts are obtained for this energy, as a plateau is observed for the

maximum yield between 37 and 38 mm. From the simulation, we observe that the maximum

emission is obtained at 37 mm, which agrees with the experimental results.
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Figure 5.25: Experimental and simulated counts (scaled) versus collimator position for the
PG detected at 4.44 MeV after the subtraction of the magnetite placed in water minus the
water runs. The maximum emission for simulation is obtained at 37 mm and the BP is
indicated with a dashed line.
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The same analysis is performed for the 6.13 MeV PG, and the results for simulation and

experiment are shown in figure 5.26. The trend of this figure aligns better with the expected

results: the number of counts increase, reaching a maximum before the BP position, and

then they decrease again. Due to the narrower structure of the 6.13 MeV, the effects of the

FoV are not as notorious in this peak, showing a clear maximum emission point at 38 mm.

This is 1 mm beyond the peak position obtained for the 4.44 MeV and for 847 keV, which

is expected from the theory: while the inelastic scattering of 56Fe peaks at 14 MeV, and the

emission of 4.44 MeV via 16O(p,p’α)12C∗ peaks around 20 MeV, the mechanism responsible

for the 6.13 MeV PG, the inelastic scattering of 16O, peaks at a lower energy, and therefore

the maximum emission of PG will take place deeper inside the the target, since the protons

need to lose more energy through the interaction with the target material to reach the highest

production energy that leads to maximum number of gamma-rays emitted.
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Figure 5.26: Experimental and simulated counts (scaled) versus collimator position for the
PG detected at 6.13 MeV after the subtraction of the magnetite placed in water minus the
water runs. The maximum emission is reached at 38 mm for experiment and simulation and
the BP is indicated with a dashed line.
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5.2.3 Conclusions

The experimental set-up, methods and results for the in-beam experiment at KVI-CART

using a proton beam of 66.5 MeV have been introduced in this section. Due to the high

energy of the beam, the magnetite target was placed inside a water phantom that slows down

the protons in order to stop them in the middle of the magnetite target.

The ratio between the magnetite and water runs is performed, showing a ratio value that

changes depending on the irradiated material and the position of the collimator. These results

can be used to draw conclusion on which region has been irradiated, and determine if the BP

has been reached or not.

To obtain characteristic results from the magnetite target, the subtraction of the runs

with magnetite and water and with water alone, for the same positions, must be performed.

Experimental results show a gamma peak 845(2) keV, that is consistent with the expected

PG from inelastic scattering of 56Fe at 847 keV. These results prove the efficiency of a NPs

target as a PG emitter, showing that even when the concentration is low and they are placed

inside a body-like environment, the emission will be detected. The statistics of the 847 keV

peak is low, due to the low concentration of magnetite in the irradiated target. Considering

that this is the most intense gamma-ray of all those emitted, it is expected that with the

current set up the other characteristic PG emitted after the proton irradiation of the target

are not detected.

Further analysis on the intensity of the counts for different collimator positions shows

that the number of counts increases before the BP region, and decrease after for the 847 keV,

as well as for the 4.44 MeV and 6.13 MeV. The position at which the emission is maximal

directly correlates with the cross-section of the responsible process, as these processes that

peak at higher energies will have a maximum emission earlier in the target than the ones

which peak at lower energies. The experimental results were compared with the simulation,

showing a strong agreement between the two.
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5.3 Summary

This chapter illustrated the experimental set-up, methods and results for the two in-beam

experiments with the CLLB dual scintillator. The first experiment took place at the University

of Birmingham, with an energy beam of 38 MeV, and the second one at KVI-CART with

a proton beam of 66.5 MeV. In both cases the magnetite target with a 5% magnetite NPs

concentration diluted in water was placed on top of the moving platform and irradiated,

but for the 66.5 MeV experiment it was placed inside a water phantom to emulate human

body-like conditions and allow for the protons to stop inside the target.

In both experiments the characteristic PG at 847 keV, emitted from the inelastic scattering

of 56Fe, was detected. These results show the feasibility of NPs target as PG emitters, and

therefore they can be used for range verification while simultaneously enhancing the dose.

While the experimental results at 38 MeV only show the feasibility of the target as a PG

emitter, the analysis of the 66.5 MeV results expand beyond this, showing that by measuring

the PG profile at different depths we can obtain a clear trend in the number of counts versus

the position which directly correlates with both the cross section of the responsible process

and the range of the protons. The relation with the cross section can be seen when comparing

PGs originating from different processes: those that have a maximum cross section at higher

energies will emit a maximum number of gamma rays earlier than those whose cross-sections

peak at low energies, as the energy of the beam is reduced with the depth. The experimental

results obtained for 847 keV, 4.44 MeV and 6.13 MeV confirm this, and their comparison with

the simulation provides a positive agreement. They will peak at different depths depending

on their cross-sections, but all of them peak before the BP position.

The ratio of the magnetite to water runs was also performed in both cases, determining

that the yield of PGs can be used to study which material has been irradiated, and if we are

in the BP region, before of after. These results can be used, not to determine numerically

the BP, but to experimentally determine when the irradiated tissue corresponds to the tu-

moural region, in which the NP are located and when we are irradiating healthy structures.

The results can be used to determine when to stop the beam during therapy, reducing the

irradiation of the healthy tissue.
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The emission of characteristic PG from the magnetite NPs target will allow us to verify the

range of the protons, as the number of counts in the characteristic PGs will change significantly

with the position. This information can be used in order to stop the proton beam once the

847 keV is not detected, as this means the irradiated region does not correspond to the NP

material that is accumulated in the tumour, and therefore healthy tissues are being irradiated.

The experimental results show that when NPs are accumulated in the tumoural region

and a low resolution system is used, we can determine if the tissue irradiated corresponds to

the tumour or not, based on the ratio of the different gamma rays. Furthermore, this system

can be used to study the intensity variation of PGs, which correlate with the proton range.
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Chapter 6

In-beam experiment with the HPGe

In this chapter we introduce the improved experimental set up, including a high resolution

germanium detector, that was used for the in-beam experiment at the MC40 cyclotron facility

at the University of Birmingham.

This experiment aims to characterise the HPGe detector performance for PGs and extend

the experimental results, by detecting more characteristic gamma-rays from a radiomarker

target. Segmented targets were used in order to precisely study the variation in the intensity

of the gammas with the position of the collimators. The results obtained for a 36 MeV proton

beam are then presented and compared to simulation.

6.1 Methods

The proton beam was pulsed at a radio frequency of 26 MHz, corresponding to a period of

38.5 ns. The beam energy was fixed at 36 MeV, while the beam current varied through the

experiment, and was limited by the count rate of the detectors (109 protons/s).

A photograph of the experimental setup is shown in figure 6.1. In the center of the

photograph, aligned with the beam is a moving platform in which the targets were placed

during the experiment. On one side of the moving platform we placed a single-slit CLLB

collimated system consisting of two lead blocks, situated 10.5 cm away from the beam line,

forming a (3.0 ± 0.1) mm collimation slit. The CLLB detector is placed directly behind the

collimation blocks to measure the PGs emitted perpendicular to the beam line. On the other

side of the target, another (3.0 ± 0.1) mm collimation slit is created with two identical lead
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blocks, placed at the end of the moving platform The HPGe detector is situated 12 cm away

from the blocks, due to constraints of the support structure. Both detectors were connected

to different channels of the DT5730 digitiser, discussed in chapter 3, and data was acquired

using the PHA firmware, as the experiment was optimised for the HPGe detector.

Four different targets were placed on top of the moving platform: two segmented targets

(one filled with magnetite and one with water), the long water phantom and the cubic PMMA

target. The water and PMMA targets are used for calibration and testing of the detectors, as

the energies of their emitted gamma-rays are well known. The magnetite target is irradiated

to detect characteristic gamma-rays from the material and study their intensity profile.

CLLB

HPGe

Collimators

Platform

Figure 6.1: Front view of the experimental set up used during the beam irradiation at Birm-
ingham University with a proton beam of 36 MeV. The main components are indicated.
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The two detectors were simultaneously calibrated, by placing the radioactive sources in

the centroid between the detectors. Three different radioactive sources were used to cover

a wide energy range: 60Co (γ decay at 1173 and 1332 keV), 137Cs (γ decay at 662 keV)

and 152Eu (γ decay at 344, 779, 1085, 1112 and 1408 keV). The obtained spectra for the

radioactive sources will be analysed separately for each detector.

The calibration histograms for the CLLB detector can be seen in figure 6.2. Due to the

detector resolution, the gamma-rays at energies 1085 and 1112 keV cannot be separated in

the energy histogram, and they merge into a single gamma of energy 1099 keV, as shown in

figure 6.2. Each peak is associated to its corresponding energy, and the obtained function

for the energy calibration is given by equation 6.1, where we observe that the second degree

coefficient is small, compared to the others, due to the good linear response of the CLLB.

ECLLB (keV) = 0.003856x2 + 12.94x− 13.77 (6.1)
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Figure 6.2: Uncalibrated energy spectrum from 60Co, 137Cs and 152Eu obtained with the
CLLB detector.

The uncalibrated spectra, acquired with the HPGe detector, can be seen in figure 6.3.

We observe that the the peaks are narrower than the ones obtained for the CLLB, which

is expected due to the better resolution of the detector. However, we can observe that all
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the peaks are in a low ADC channel number, which is due to the sub-optimal adjustment

of the coarse gain. The spectrum resolution does not reflect the detector’s intrinsic energy

resolution, as for HPGe a value of 0.25 keV/channel would be a suitable setting for the ADC,

while in this experiment the value is approximately 11 keV/channel. This deteriorates the

effective resolution of the detector in the acquired runs, and therefore the results presented

here have this ADC-related limitation. Due to the insufficient ADC channels in the peaks,

the calibration can not be performed with the fitting of a Gaussian function plus a linear

background, as the entire Gaussian distribution often fits within one or two ADC channels. To

overcome this limitation, an algorithm that reproduces Gaussian distributions, with different

mean and sigma values will be created and applied for all the peaks that cover more than one

bin. All the calculated Gaussian functions will produce a histogram that is then compared to

the selected peak. The χ2 function is calculated, and the values of the mean and sigma that

minimise the deviation between the experimental and the simulated histograms will be used

for the calibration. Figure 6.4(a) shows the 2D histogram that represents the χ2 function with

respect to the sigma and mean values, and it will allow to determine the optimal combination

of parameters for each peak.
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Figure 6.3: Uncalibrated energy spectrum from 60Co, 137Cs and 152Eu detected in the HPGe.
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Once the minimum χ2 is determined, the values of the mean and sigma are fixed and

the histogram is reproduced taking into consideration how many counts form the peak. A

comparison between the reproduced and experimental histograms can be seen in figure 6.4b,

where we observe a good agreement between the two.
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Figure 6.4: (a) 2D plot of the deviation between the calculated Gaussian distribution and the
experimental results for various mean and sigma values. (b) Calculated Gaussian distribution
and comparison to the original data.

This method was repeated for all the peaks that spread over at least two bins. The ex-

tracted mean values will be used for an initial HPGe energy calibration, in which the channel

number is proportional to the energy. The function, f(x), that gives the relation between the

two can be seen in equation 6.2, where x corresponds to the channel number. After applying

this initial calibration to the radioactive sources runs, a study of the quality of the approxi-

mation was performed. For this purpose, an analysis of the correlation between the tabulated

energy and the energy obtained with this polynomial must be performed. The comparison,

shown in figure 6.5, shows a direct correlation that can be fitted with a second degree poly-

nomial, g(x), shown as a purple line. The equation for the second degree polynomial is given

by equation 6.3, where we observe that the quadratic component is minimum.

f (x) = 11.78x (6.2)

g(x) = −6.218 · 10−6x2 + 1.014x+ 5.09 (6.3)
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The final calibration function for the HPGe detector is obtained as a composition of the

two functions, as shown in equation 6.4. This final second degree polynomial constitutes the

function for the energy calibration of the detector. This calibration function also shows a

very small coefficient for the second degree component, due to the excellent linear response

of the HPGe.

EHPGe (keV) = f(x) ◦ g(x) = −8.629 · 10−4x2 + 11.945x+ 5.09 (6.4)
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Figure 6.5: Energy of the calibration sources obtained during the experiment after applying
a Gaussian modelling, versus energy of the sources in the literature.

After applying the energy calibration functions to both detectors (eq. 6.1 and 6.4, for the

CLLB and HPGe, respectively), we can calculate the energy resolution at different energies.

Table 6.1 shows the values obtained for four different energies. The CLLB resolution is

slightly worse in comparison to the measurements acquired with the PSD firmware, in which

a value of 6.02% was obtained for 662 keV. This relies on the fact that the DAQ and DPP

algorithms were optimised for the HPGe detector. The HPGe resolution is affected by the

compression of the spectra towards lower ADC channel numbers, due to the sub-optimal gain

setting, reaching a value of 0.56% for 1332 keV in comparison to the 0.162% obtained during

the initial testing of the detector with an analogue shaping amplifier and a multi-channel

analyser. This deteriorates the quality of the in-beam spectra, but the results obtained with
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this configuration, for the HPGe readout, still allows for a 5.8 times better distinguishability

between gamma-rays than the one obtained with the CLLB detector.

Energy (keV) Resolution CLLB (%) Resolution HPGe (%)

662 6.55(2) 1.12(1)
779 5.02(1) 0.89(7)
1173 4.05 (3) 0.69(4)
1332 3.75(3) 0.56(3)

Table 6.1: Resolution values for the CLLB and HPGe detectors at different energies obtained
with radioactive sources during the experiment.

6.2 PGs in the HPGe

The HPGe detector is implemented in the set-up with the objective of detecting more charac-

teristic PGs, and discriminating between PGs close in energies. The experiment was optimised

for this detector, and therefore PHA algorithms are applied for the data acquisition process.

From previous experiments, we know that the CLLB detector can handle beam intensities

of 109 protons/s when placed behind the 3 mm single slit collimator [89], but it is required

to test the response of the HPGe detector before acquiring data.
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Figure 6.6: Uncalibrated energy spectra for different beam currents in the HPGe detector.
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The detector response was tested by progressively increasing the beam current, between

0.5 nA and 74 nA. The detector response to different beam currents is shown in figure 6.6,

where we observe a direct relation between the number of counts and the beam intensity.

While we observe a good spectrum for all the beam intensities, a compromise between

the beam current and the capacity of the detectors must be reached in order to acquire good

quality data. From the obtained histograms shown in figure 6.6, we can confirm that setting

the beam current to 40 nA is adequate for our experiment, as it corresponds to an intensity

of 1.6×109 protons/s, a value that can be handled by both detectors.

After determining a suitable beam current, the targets were alternated individually on top

of the moving platform, placing each of them individually. Each target was irradiated for 3

minutes, with a total of 2.88×1011 protons impinged on them at a given position. A medium

threshold was applied to exclude the background in the low energy region, removing the

events at energies below 200 keV but retaining the important PGs. The obtained calibrated

histograms, for the segmented targets, with the collimation slit placed in the BP region can

be seen in figure 6.7, where we can observe that in the region below 2000 keV there are many

characteristic gamma-rays that are only present in the magnetite runs, which agrees with the

Geant4 simulation.
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Figure 6.7: Calibrated energy histograms for segmented water and magnetite targets using a
proton beam of 36 MeV and 2.88×1011 protons.
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It is important to note that the energy of the main gamma-rays in the low energy region,

which coincides with the energy of the calibration sources, is well reproduced. This can be

seen by the 511 keV gamma-ray line, while the high energy region suffers a deviation from

the expected values, indicating that the calibration obtained with sources cannot be safely

extrapolated to these high energies gamma rays. The characteristic 6.13 MeV gamma-ray is

shifted towards lower energies, and the same occurs for the 4.44 MeV gamma-ray. A new

calibration, including the oxygen-originating gamma-ray values as well as their single and

double escape peaks, is performed. The new calibration polynomial that covers the entire

energy range is given by equation 6.5, where we observe significant differences in the second

order and the offset terms, and a very small variation in the first degree term. A comparison

of the magnetite spectrum with the two calibrations is shown in figure 6.8, where the new

calibration only shifts the peaks in the high energy region, improving the results.

EHPGe (keV) = −2.17 · 10−4x2 + 11.88x− 3.23 (6.5)
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Figure 6.8: Comparison of the magnetite PG spectra for two different calibrations: if only
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The analysis of the characteristic PGs from magnetite was then performed using this new

calibration. From the results obtained in the simulation, particularly in figure 4.8, we know

that the majority of the characteristic gamma-rays from magnetite are emitted with energies

between 800 keV and 1400 keV, hence the search for PGs that are a signature of magnetite

will be restricted to this region. The obtained spectra can be seen in figure 6.9, where several

structures are detected. The value of the energies obtained with the fit are labelled on the

figure, while the error in these values corresponds to 6 keV, as this is the minimum difference

between gammas we can measure due to the limited energy resolution imposed by the ADC

channel width. For this reason, the peaks at 930 and 935 keV cannot be detected separately,

and they merge into a peak structure with a mean of 933(6) keV. The same applies to the PGs

at 1225 keV and 1238 keV, that coalesce into another structure at 1233(6) keV. All the other

peaks of interest are individually detected. The peak with the highest intensity corresponds

to the 847 keV gamma-ray, due to the higher cross section for the inelastic scattering of the

proton with the 56Fe nucleus.

A comparison between the experimental energies obtained after the fitting, the Geant4

simulation, the literature values and the associated nuclear reactions are summarised in table

6.2. All the PGs can be associated with a main proton induced reaction, which indicates that

the signature of PGs from magnetite can be detected. There is a very good agreement between

the literature, simulation and experimental results, which confirms that the magnetite NPs

target is a good PG emitter, that can be used to draw conclusions on the proton range.

Eexp (keV) Esimu (keV) Elit (keV) Reaction

808(6) 812(1) 812 56Fe(p,n)56Co
845(6) 847(1) 847 56Fe(p,p’)56Fe
933(6) 930(1) 931 56Fe(p,n+p)55Fe
933(6) 935(1) 935 54Fe(p,n)54Co
1038(6) 1037(1) 1037 56Fe(p,p+2α)48Ti
1233(6) 1225(1) 1224 56Fe(p,γ)57Co
1233(6) 1238(1) 1238 56Fe(p,p’)56Fe
1317(6) 1316(1) 1316 56Fe(p,n+p)55Fe

Table 6.2: Energies of the experimental gamma-rays detected with the HPGe, simulated with
Geant4 and obtained values from the literature, as well as the nuclear reactions channels from
which they originate.
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As the magnetite NPs are diluted in water, the high energy region of the experimental

spectrum must show the characteristic high energy PGs from water. The PGs detected

between 3 MeV and 7 MeV are shown in figure 6.10, where six structures are indicated. They

correspond to the 4.44 MeV PG from 16O(p,x)12C and the 6.13 MeV PG from 16O(p,p’)16O,

as well as their single and double escapes due to the small size of the detector. We can

observe that in this region the peaks are narrower, as the relative resolution improves and the

limitation imposed by the coarse ADC plays a smaller role. This shows that the sub-optimal

adjustment of the coarse gain is a limiting factor in the low energy region, but not in the

high-energy part of the spectrum.
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Figure 6.10: Experimental spectrum for a magnetite segmented target in the region between
3000 and 7000 keV. Characteristic PGs from the oxygen in the water are clearly seen, as the
magnetite NPs are diluted in water.

6.2.1 Intensity profile

Once the spectrum has been calibrated throughout the entire energy region and the charac-

teristic PGs from the magnetite target have been identified, the intensity variation of the PG

with the position of the collimator can be studied. The analysis is initially performed for the

847 keV gamma ray, as the statistics are higher for this value. Figure 6.11 shows the number

of counts under the peaks versus the position of the collimator for the experiment, for the

emitted gamma ray counts originating from a particular 3 mm region along the beam axis

(scaled by a factor 2000) and for the detected gamma ray counts in the simulation. There is

a good agreement between simulation and experiment, as both show the maximum number

of counts in the same collimator positions. There are two experimental maxima: one in the

first part of the target, when the collimator is placed at 3 mm and the second maximum is

reached in the second segment of the target, precisely at 24mm. While the first maximum is

due to the collimator width effect (explained in section 4.16), the second maximum relates

to the proton range, as this position corresponds to the maximum emission of PG that takes

place before reaching the BP. From the comparison of experiment and simulation, we can

conclude that the PG emission for the segmented magnetite target at 847 keV is maximum at
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an absolute depth of (24.0 ± 1.5) mm in the target material. It is also worth noting that the

number of emitted counts from the simulation drops to zero in the region between the targets,

as no PGs are emitted perpendicularly to the target for said region. The simulated results for

the detected counts in the HPGe detector, however, show that the number of counts detected

is reduced drastically, but is not zero. This discrepancy can be explained based on the fact

that the emitted number of PGs is obtained with the projection of the target emission, and

therefore in the air gap there are no counts emitted. However, the detected PGs are gamma

rays that have been created in the target, and travelled through the collimator window, which

could include PGs that are not emitted completely perpendicular to the target, such as scat-

tered PGs, background and gamma-rays from any region of the phantom that leak through

the collimator. Experimental results confirm this, showing the detection of characteristic PGs

in the air region, which originate from the magnetite regions.

These results confirm that a collimated HPGe detector is capable of measuring the 1D

intensity profile for each gamma ray, and a study on the variation of the number of counts for

characteristic PGs leads to conclusions about the range of the proton beam. The detection

system could be applied to determine the region of the BP.
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Figure 6.11: Comparison of the number of counts in the 847 keV PG versus the position for
experiment (black line), and simulation (blue line for emitted, and orange line for detected).
A good agreement is observed, and all three cases reach their maximum in the same positions.
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The same analysis is performed for two peaks corresponding to the other two reactions

most likely to occur: 812 keV, from 56Fe(p,n)56Co and 1317 keV from 56Fe(p,np)55Fe. The

results are presented in figure 6.12, where we can observe that the first peak always occurs at

3 mm, confirming that this maximum is due to the combination of the segmented target and

the collimator window, and is not a direct consequence of the particular reaction, as studied

with the simulation in section 4.6. The position of the second peak changes for the different

reactions, reflecting the energy dependence of the cross section for each reaction. The PG

from 55Fe peaks at 22 mm, this is before the 56Fe, that peaks at 24 mm while the 56Co peaks

at 26 mm. These results agree well with their cross sections: the cross section for 55Fe is

maximum at higher energies than the others (as shown in figure 2.3), therefore the maximum

emission of PG will be reached at a higher energy than for the other two processes, and this

happens at a smaller depth in the target as the beam reduces its energy in the interactions

with the target material.
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Figure 6.12: Comparison of the number of counts versus the position for three different
gamma-rays: 812 keV from 56Co (pink solid line), 847 keV from 56Fe (black solid line) and
1317 from 55Fe (blue solid line). Each of them peak at a different depth, indicated with a
dashed line, due to their different cross sections.

The intensity variation for each gamma ray can be used to determine the region of the

BP, as the intensity of every PG drops drastically. Furthermore, the obtained results show

an excellent agreement with the known cross sections for the corresponding reactions, con-
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firming that the identification of PG is correct and they are associated to the aforementioned

transitions.

6.3 PGs in the CLLB

The data acquired with the CLLB in previous experiments showed positive results for the

847 keV gamma-ray, as discussed in sections 5.1 and 5.2. During this experiment, the CLLB

detector acquired data in PHA mode, therefore the discrimination between neutrons and

gammas is not possible, hence the thermal neutron peak will be visible at 3.2 MeV. Figure

6.13 shows the obtained experimental spectra for the segmented water target, after applying

the calibration obtained in equation 6.1. We observe that the peaks in the low energy region

agree with the expected results by looking at the 511 keV, but the high energy region is

shifted towards lower energies, similarly to the HPGe spectra.
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Figure 6.13: Calibrated energy spectrum, acquired with the CLLB detector in PHA mode,
for the segmented water target after the irradiation with a proton beam of 36 MeV and
2.88×1011 protons. The 511 keV gamma-ray peak, the neutron peak at 3.2 MeV and the
water characteristic PG peaks at 4.44 MeV and 6.13 MeV are indicated.

It is noted that the higher the energy of the gamma ray, the higher the deviation is, as

the calibration was performed with radioactive sources whose energies are below 2 MeV. To

apply the calibration to the whole energy region, we need to correct it by adding the gamma-

rays from water to the calibration polynomial. The centroids for the 6.13 MeV, as well as
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its double and single escape will be added, while for the 4.44 MeV only the single escape

peak can be added, as the double escape is hidden underneath the neutron peak. The final

calibration function, given by equation 6.6, is applied to the whole energy region of interest.

E (keV) = 0.005129x2 + 12.75x− 7.256 (6.6)

The calibrated histograms for water and magnetite, at the same collimator position, and

normalised by the integral charge, can be seen in figure 6.14. The spectra shows a higher

detection of PGs for the magnetite target in the region below 4 MeV, as expected, because the

characteristic PGs from the iron component are emitted in this energy range. The intensity

of the gamma-rays converge after the 4.44 MeV PG. For higher energies, the trend is the

opposite: the statistics are higher for water, as the 6.13 MeV peak comes from the irradiation

of oxygen, and the Oxygen concentration is higher in the water-only target compared to the

NPs solution. These results agree well with the experimental results, obtained in the two

previous experiments, at 38 MeV and 66.5 MeV (reported in chapter 5).
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Figure 6.14: Calibrated energy spectrum acquired with the CLLB detector in PHA mode,
for the segmented water target, after the irradiation with a proton beam of 36 MeV and
2.88×1011 protons. The 511 keV, neutron peak at 3.2 MeV and water characteristic PGs at
4.44 MeV and 6.13 MeV are indicated.
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The ratio between water and magnetite runs can be performed, to quantify numerically

the difference between both runs at different energies. The experimental ratios, obtained

by dividing the water histograms by the magnetite histograms at two different collimator

positions, before the BP and in the BP region, are shown in figure 6.15. The trend of the

ratio is overall smooth, as it increases progressively. However, it is important to note that

the drop in the ratio that occurs in the 3.2 MeV region does not relate to the emission of

the PGs, as it is caused by the thermal neutrons detected with the CLLB. These come from

the impossibility to eliminate the thermal neutron peak from our acquired PG spectra, and

therefore those points do not need to be considered for the analysis.

The ratio value is smaller than the unit at low energies, and increases after that because

the emission of PGs from iron dominates the low energy region, and the oxygen reactions

are enhanced in the high energy region. The trend of the ratios agree well with the obtained

results from KVI-CART (shown in figure 5.20), which shows consistency and confirms that,

even with a coarse energy region, the combination of NPs and a low resolution detector can

be used to determine if the BP region has been reached or not during the treatment.
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Focusing the analysis on the NPs segmented target, we observe in figure 6.16 the exper-

imental spectra obtained for different collimator positions. As we look at deeper sections of

the target, the number of gammas noticeably increases. This increase is very clear in the PGs

that originate from the proton irradiation of the oxygen, but also in the low energy region

(between 500 and 1000 keV), where we can observe a clear structure for the run at 16 mm,

which is not visible in the other two runs. Fitting the position to a Gaussian function plus

a linear background, we obtain that the energy of the peak corresponds to 835(4) keV. This

result is deviated 10 keV from the expected PG from inelastic scattering of 56Fe, in which

the deviation can be explained by the resolution of the detector. The energy resolution of the

CLLB obtained during the experiment is 4.050% at 1173 keV, so in lower energies the value

of the resolution will be higher. Therefore the 812 keV and 847 keV gamma-ray coalesce to

a wider structure, whose centroid will have an energy value between the two of them.
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Figure 6.16: Calibrated energy spectrum acquired with the CLLB detector in PHA mode for
the segmented magnetite target at different collimator positions for a 36 MeV proton beam.
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A close-up of the 800 keV region can be seen in figure 6.17, where we observe the merged

structure of the 812 keV and 847 keV PGs. For comparison, the histogram obtained with the

simulation, in which the experimental resolution has been convoluted is shown, supporting

the claim that the distinction of these two neighbouring peaks is not possible. This figure

also shows that no other characteristic PGs from the magnetite are detected in the region

of interest. Comparing the results with those obtained for the HPGe in figure 6.9, explains

why we do not detect any other gammas, as the structures will broaden and merge with the

background.

A direct consequence of the resolution of CLLB is that an intensity profile for the charac-

teristic 847 keV gamma ray cannot be obtained, as this gamma ray merges with others, from

different processes, into the same structure. A direct comparison with the HPGe intensity

profile is therefore not possible.
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6.4 Summary

This chapter illustrated the results for the in-beam experiment, using a 36 MeV proton beam

and segmented targets, that took place at the University of Birmingham. The segmented

targets were irradiated with a proton beam of 2.88×1011 protons, and two detection sys-

tems were used simultaneously. The first detection system is the HPGe detector, that was

implemented with the main objective of detecting more characteristic gamma rays from a

magnetite target, and to study the intensity profile of particular PGs as a function of depth.

The second detection system, the CLLB scintillator, was used to study the ratio of the PGs

between two different materials.

The resolution of both detectors was obtained, showing a value of 4.05% for the CLLB and

0.698% for the HPGe, at 1173 keV. These results indicate that the HPGe will differentiate

structures that coalesce in the CLLB, as it was later proved for the 847 keV PG.

The analysis of the PG spectra was performed separately for both detectors. The HPGe

showed very positive results, detecting not only the 847 keV PG, but another five characteristic

gamma rays originating from the irradiation of iron in the magnetite compound. The study

of the intensity versus the position of the collimator shows an excellent agreement with the

simulated data, where we observe a maximum in the first segment of the target, that is due to

the collimator window, and a second one in the region before the BP. This second maximum is

of particular interest for this project, as it directly relates to the cross sections of the different

processes and allows us to draw conclusions on the range of the proton. The intensity study

was performed for three different PGs (at 812 keV, 847 keV and 1316 keV) that originated

from different reaction mechanisms. The region of maximum emission changed for each of the

PGs, and the results showed a good agreement with the tabulated cross sections. The results

can be used to indicate the region of the BP, by studying how the intensity of each gamma

ray changes with the depth of the target. The maximum will be reached in the region before

the BP, independently of the reaction that induces the PG. These results can be applied in

a clinical environment by studying the characteristic emission at different depths, and when

the value begins to decrease the irradiation must be stopped, as the BP region would have

been reached.
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The CLLB results will not show all the characteristic PGs, as the detector’s resolution is

worse and the set-up is not optimised for this detector. A comparison between the magnetite

and water targets shows that the intensity in the spectra varies for the different regions, and

hence the ratio of the two is obtained at different positions. The ratio shows a maximum value

for the high energy region, where characteristic PGs from water dominate. Furthermore, the

overall ratio is lower in the BP region than out of it. A clear distinction between regions

can be determined from the ratio value, and therefore it can be used during the treatment to

determine if the BP region has been reached in the tumou,r in which the NPs are accumulated.

The ratio can be obtained in-vivo, and a decrease in the value must be observed. The

irradiation must stop once the ratio value starts increasing again, as this determines that the

BP is no longer located in the NPs region, and healthy structures beyond the tumour are

being irradiated.

Overall, positive results are obtained for both detection systems which can be used for

range verification purposes. The HPGe detects characteristic PGs from the NPs, and the

variation in intensity allows to determine when the BP region has been reached. The CLLB

determines the region of the BP with the variation of the ratio for the divided histograms.
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Chapter 7

Summary and outlook

In this final chapter a general overview of the thesis is presented. Thereafter, the main exper-

imental and simulated results of the project are discussed. Conclusions are drawn concerning

the aforementioned results. Finally, an outlook is provided to examine the potential work in

PGI of nanoparticles for range verification in proton therapy treatments.

7.1 Summary

PT is an emerging modality for cancer treatment that induces a better dose conformation

compared to traditional proton therapy, and due its the localised dose deposition (i.e the

BP) the dose applied to healthy structures and tissues nearby is greatly reduced. However,

there are many sources of uncertainties in clinical practice that affect the range of the proton

beam. A miscalculation in the range leads to the under-dose of the tumoural region, while

overdosing the normal tissues in a more severe way than traditional photon therapy, which

leads to a reduction of the effectiveness of the treatment.

Therefore, to reduce beam range uncertainties, in-vivo monitoring of the range is crucial

to fully exploit the advantages of PT. Several range verification methods have been developed

in the past that rely on the detection of PGs or beta emitters. PG radiation has a crucial

advantage compared to other methods, as it is produced instantaneously and exits the pa-

tient’s body without interacting with any organs or tissues. Consequently, the information

they carry is undisturbed and can be used to draw conclusions on the beam range.
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Another technique used to exploit the advantages of PT is the use of radio enhancers, to

increase the effectiveness of the treatment. Metallic NPs have been used as radiosensitisers

because, due to their high atomic number, they have the ability to increase the therapeutic

effect of PT. In the past few years, the use of nanoparticles as dose enhancers has been

widely extended. Due to their small size, they have the ability to travel through the blood

and accumulate in the tumoural region, without extravasating to other healthy structures,

according to the EPR effect.

This project focuses on the combination of both techniques: a NPs dose enhancer material

is used to determine the range of the proton beam. This novelty combination improves PT

treatments by allowing the verification of the proton range, while enhancing the dose in the

tumoural region. Several dose enhancer materials were considered, but due to its low price,

high atomic number and biocompatibility, magnetite (Fe3O4) was the chosen material. Two

NPs targets of magnetite diluted in water were designed in house for this project. A dedicated

detection system, consisting of a scintillator and a HPGe, was developed and tested at two

different facilities, to explore the PG emission at three different beam energies: 36 MeV, 38

MeV and 66.5 MeV. Simultaneously, a Geant4 Monte Carlo simulation was developed to prove

the feasibility of the material as a dose enhancer agent, and a prompt gamma-ray emitter.

Three in-beam experiments have been conducted as part of this project. Initially, the

detection system was assessed with a proton beam of 38 MeV, to study the performance of

the CLLB detector in a low neutron-induced background. Then, a more clinically-realistic

experiment was performed at an energy of 66.5 MeV. Finally, a HPGe detection system was

added to the detection system, and tested with a beam energy of 36 MeV.

The results obtained with the CLLB showed the detection of the characteristic PGs from

magnetite, proving the feasibility of a NPs material as a gamma-ray emitter. The current

results also support that a modest energy resolution gamma-ray detector can be used with

sufficient sensitivity in resolving different target materials by applying the ratio method that

is sensitive to coarse energy regions, rather than individual gamma rays. This is possible due

to the increased emission of prompt gamma-rays in the low energy region of the spectrum

from the localised nanoparticles, as opposed to the more abundant elements in the tissues,

which emit relatively few low-energy gamma rays.
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The ratio method can also be used to verify the position of the BP, as the value of the

ratio decreases notoriously for this region. The results suggest that the overall ratio is lower

in the BP region, so a differentiation between regions can be used to determine if the BP

region has been reached.

It is also found that, when using a realistic nanoparticle concentration, the intensity profile

can be obtained from the gamma-ray yields of several reactions, if the detector has sufficient

resolution to avoid the coalescing of two structures. The intensity profile directly correlates

with the cross section of the originating processes. The dependence of the BP position with

the cross sections can be used to localise the BP region with a precision of a few mm. This

provides an additional method for in-vivo range verification. To obtain the required intensity

profile, a gamma-ray detector of with a few keV resolution is required to resolve the required

characteristic gamma-rays independently, as they are often close to each other in energy due

to the relatively high level density observed in iron.

7.2 Outlook

The experiments performed for this project prove the practicality of a NPs target as dose

enhancer agent and a prompt gamma-ray emitter. The emission of characteristic prompt

gamma-rays, after the proton irradiation of the NPs, can be used to draw conclusions on the

range of the protons, and the composition of the irradiated tissue.

The ratio results obtained with the CLLB suggest that a low energy resolution scintillator

can be used in PT to obtain PG measurements, as the ratio of coarse energy regions is

sensitive to tissue composition and behaves as an indicator of whether the NPs inside tumour

have been irradiated or not. There is no need to resolve any structures, as the density and

composition of the material are enough to determine which region has received radiation.

This technique could be implemented, as low energy resolutions are widely available.

The study of the intensity profile of the characteristic PGs, showed a good agreement with

the tabulated cross sections, and therefore can be trusted to determine the position of the

BP region. However, for this application higher resolution detectors are needed, in order to

separate the gamma rays and evaluate their intensity profiles separately.
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We can confirm that the studied technique has the potential to improve PT treatments.

The next proposed step in this research is to evaluate the ratio values and intensity profile in

a more realistic phantom, with higher proton beam energies to replicate clinical conditions.

A further analysis into different NP materials would be beneficial, to expand the obtained

results to other elements, but also to reduce the technical demand for a high resolution

detector. If the emitted characteristic gamma-rays from the NPs material are distant in

energy, the measurements could be acquired with the same low resolution detector that can

determine the ratio of the materials, eliminating the need for a high resolution detector and

reducing the cost of implementing this technique in clinic.
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[26] F. Hueso-González, M. Rabe, T. A. Ruggieri et al. A full-scale clinical prototype for pro-

ton range verification using prompt gamma-ray spectroscopy. Physics in Medicine & Bi-

ology, volume 63 (2018)(18): p. 185,019. URL https://doi.org/10.1088/1361-6560/

aad513.

[27] J. M. Verburg and J. Seco. Proton range verification through prompt gamma-ray spec-

troscopy. Phys Med Biol, volume 59 (2014)(23): pp. 7089–7106.

[28] Z. Kuncic and S. Lacombe. Nanoparticle radio-enhancement: principles, progress and

application to cancer treatment. Physics in Medicine & Biology, volume 63 (2018)(2):

p. 02TR01. ISSN 1361-6560. URL https://iopscience.iop.org/article/10.1088/

1361-6560/aa99ce.

[29] S. K. Golombek, J.-N. May, B. Theek et al. Tumor targeting via EPR: Strategies to

enhance patient responses. Advanced Drug Delivery Reviews, volume 130 (2018): pp.

17–38. URL https://doi.org/10.1016/j.addr.2018.07.007.

[30] Y. Matsumura and H. Maeda. A new concept for macromolecular therapeutics in cancer

chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor

agent smancs. Cancer Res, volume 46 (1986)(12 Pt 1): pp. 6387–6392.

[31] J. F. Hainfeld, D. N. Slatkin and H. M. Smilowitz. The use of gold nanoparticles to

enhance radiotherapy in mice. Physics in Medicine and Biology, volume 49 (2004)(18):

pp. N309–N315. ISSN 0031-9155, 1361-6560. URL https://iopscience.iop.org/

article/10.1088/0031-9155/49/18/N03.

[32] C. T. Badea, D. P. Clark, M. Holbrook et al. Functional imaging of tumor vasculature

using iodine and gadolinium-based nanoparticle contrast agents: a comparison of spectral

micro-CT using energy integrating and photon counting detectors. Phys Med Biol,

volume 64 (2019)(6): p. 065,007.

[33] A. K. Hauser, M. I. Mitov, E. F. Daley et al. Targeted iron oxide nanoparticles for the

enhancement of radiation therapy. Biomaterials, volume 105 (2016): pp. 127–135.

132

https://doi.org/10.1088/1361-6560/aad513
https://doi.org/10.1088/1361-6560/aad513
https://iopscience.iop.org/article/10.1088/1361-6560/aa99ce
https://iopscience.iop.org/article/10.1088/1361-6560/aa99ce
https://doi.org/10.1016/j.addr.2018.07.007
https://iopscience.iop.org/article/10.1088/0031-9155/49/18/N03
https://iopscience.iop.org/article/10.1088/0031-9155/49/18/N03


BIBLIOGRAPHY Summary and outlook
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