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Abstract

Random and systematic uncertainties pose significant risks in charged ion therapy, po-
tentially leading to under-dosing of tumors or over-dosing of healthy tissues. This study
introduces a novel method to measure dose, range, and tumor localization in real time using
prompt gamma-ray spectroscopy (PGS) and gadolinium-based contrast agents (GBCA). Gd
accumulates in tumors and emits prompt gamma-rays and X-rays upon irradiation. While
neutron capture by Gd is well-understood, this research highlights the role of particle-induced
X-ray emission (PIXE) as a key interaction affecting the Gd signal. The study benchmarks
and improves PGS models for Monte Carlo simulations and experimentally investigates the
spectral response of Gd under varying particle beam conditions. The underlying physics of
characteristic X-rays was analyzed, and the feasibility of using Gd and PGS for accurate
dose and tumor monitoring was explored. This work lays the groundwork for the clinical
use of PGS with GBCAs, offering a promising approach to enhance accuracy in particle

therapy.






Zusammenfassung

Zufillige und systematische Ungenauigkeiten stellen erhebliche Risiken in der Schweri-
onentherapie dar, da sie zur Unterdosierung im Tumor oder zur Uberdosierung im gesunden
Gewebe fiihren konnen. Diese Studie stellt eine neue Methode vor, Dosis, Reichweite und
Tumorlokalisierung mithilfe von ’prompt gamma-ray spectroscopy (PGS)” und Kontrast-
mitteln auf Gadoliniumbasis (GBCA) in Echtzeit zu messen. Gd reichert sich in Tumoren
an und emittiert Gamma- und Rontgenstrahlung bei Bestrahlung. Wéhrend Neutronenein-
fang von Gd gut verstanden ist, unterstreicht diese Arbeit die Rolle von Partikel-induzierten
Rontgenemissionen als Schliisselinteraktion im Einfluss auf das Gd Signal. Diese Studie
vergleicht und verfeinert PGS Modelle fiir Monte Carlo Simulationen und untersucht exper-
imentell das Spektrum von Gd unter verschiedenen Einstellungen des Teilchenstrahls. Die
zugrundeliegende Physik der charakteristischen Rontgenstrahlung wurde analysiert und die
Umsetzbarkeit des Einsatzes von Gd und PGS zur akkuraten Dosis- und Tumorkontrolle
wurde untersucht. Diese Arbeit legt den Grundstein fiir den klinischen Einsatz vom PGS
mit GBCAs mit einer vielversprechenden Herangehensweise, die Genauigkeit in der Par-

tikeltherapie zu verbessern.
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Chapter 1
Introduction

It is widely recognized that particle beams offer superior physical selectivity compared to
photons. This advantage is due to their unique dose deposition, which reaches its maximum
(the Bragg peak) at an energy-dependent depth before abruptly falling off. These charac-
teristics allow for reduced entrance and exit doses compared to conventional X-ray therapy.
This enhanced precision in targeting tumors allows for greater conformity to the tumor re-
gion while significantly sparing healthy tissues. Moreover, due to the higher local ionization
density of heavy ions, particle therapy offers increased biological effectiveness, increasing
the tumor control probability of treatments. These advantages have driven the growth of

this modality in medicine, leading to significant advancements in cancer treatment.

1.1 Motivation

The main argument for particle therapy in reducing the deposited dose to surrounding healthy
tissue comes with significant challenges, as the steep dose gradient at the distal edge of the
Bragg peak makes accurate range determination critical, as errors can profoundly impact
the dose received by healthy tissue. Patient mispositioning, organ motion, and anatomi-
cal changes between and within treatment fractions (e.g., tumor shrinkage, weight loss, or
cavity filling) are uncertainties that can lead to inefficient dose delivery to the target and
overexposure of organs at risk to undesirable radiation. Furthermore, the treatment plans
are also susceptible to errors, such as inaccuracies in tumor delineation and stopping power
estimations.

As shown in Figure [.1], safety margins are commonly applied in standard clinical prac-
tice to expand the treated volume, statistically accounting for these uncertainties. However,
the use of safety margins can hinder the full potential of particle therapy, as shown in Figure
1.2, where suboptimal treatment strategies, such as multi-field or patched-field plans, are

employed at the expense of potentially superior single-field plans. Alternatively, to this and



2 Motivation

other solutions, working groups such as AAPM TG-40 and AAPM TG-62 (Kutcher et al.
[1994], of Physicists in Medicine et al) [2005]), along with many researchers, support the
application of in vivo particle therapy monitoring techniques such as positron emission to-
mography (PET), prompt gamma imaging (PGI), particle imaging and others. Successful
implementation of these methods can minimize safety margins and allow new beam direc-

tions, enhancing the overall efficiency of the treatment.
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Figure 1.1. Averaged margins (solid, blue) used at different proton and ion therapy centers.
Data adapted from Greilich [2017]. The distribution of tumor depths for patients is also
shown as a histogram. The dashed red line represents the goal of range monitoring: reducing

the margins used in treatment plans.

(@) “optimal”, single- (b) multi-field plan (c) patched-field plan
field plan
tumor
soft tissue
g heart (OAR)
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tissue dose range uncertainties moderate dose to
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OAR due to range tissue influence of range
uncertainties uncertainties along

the patch line

Figure 1.2. Planning strategies in proton therapy and their sensitivity to range uncertainties.
Adapted from Knopf and Lomax [2013].

To be successfully integrated into clinical practice, these techniques must satisfy specific
criteria: they must not interfere with the treatment beam or the patient, should be easily
mountable, must not prolong treatment time, and should be compatible with the features of
the therapy facility (e.g., beam time structure). Unlike particle imaging, PET and PGI are

well-established methods that have already achieved clinical application (Moglioni et al.



Project’s Description 3

[2022], Richter et al. [2016]). Both rely on secondary radiation induced by the particle

beam to provide range and indirect dose measurements.

The main challenge with PET, which relies on gamma-rays emitted from positron annihi-
lation, is its limited effectiveness due to delays in signal acquisition (e.g., the time required to
transport the patient to a PET scanner). These delays result in reduced detection of radiation
induced by short-lived isotopes due to their rapid decay and biological washout (Handrack
et al. [2017]). Efforts to improve PET include the developing in-beam PET systems, which
aim to capture signals quasi-instantaneously (Bisogni et al, [2017], Ferrero et al) [2018]).
In contrast, PGI measures prompt radiation emitted on a nanosecond timescale, providing
real-time feedback. Additionally, PGI signals are less affected by secondary interactions,
background noise, or biological effects. However, the main challenge with PGI lies in de-

tecting secondary photons, which can have energies up to 10 MeV.

Various approaches for PGI have been proposed, utilizing features such as counts, time-
of-flight, and energy. Among the most promising solutions for in-vivo particle therapy mon-
itoring is prompt gamma-ray spectroscopy (PGS). Studies such as Hueso-Gonzélez et al.
[2018] have demonstrated that PGS achieves high statistical precision, with a mean accu-
racy of =1 mm for range measurements. In addition to its role as a range monitoring tech-
nique, PGS offers the unique capability to measure the elemental composition of tissues
(Magalhaes Martins et al. [2020a], Polf et al. [2013]]) and can be used as a beam probe in fa-
vorable anatomic sites (Freitas et al. [2021]], Magalhaes Martins et al| [2021]). Furthermore,
Tian et al) [2018] demonstrated the reliability of using prompt gamma-rays for in vivo dose
monitoring. These findings demonstrate the potential of PGS for in vivo monitoring appli-
cations. Notably, while previous studies have primarily focused on using PGS for range

measurements, direct dose measurements using PGS have yet to be reported.

1.2 Project’s Description

This study introduces a novel method to simultaneously measure dose, range, and tumor lo-
calization in real-time and in vivo using PGS and gadolinium-based contrast agents (GBCA).
Widely used in magnetic resonance imaging, these agents accumulate within tumors once
administrated to patients. Interestingly, when GBCA is irradiated with a particle beam,
the gadolinium (Gd) within the tumor can undergo a series of unique interactions (Gréfe
et al. [2014]). While previous understanding has primarily focused on the neutron capture
process by GGd, which results in the emission of energy in the forms of electrons, prompt
gamma-rays, and characteristics X-rays, this study has focused on an additional interaction:

the particle-induced X-ray emission (PIXE) from the Gd.
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Grife et al. [2010, 2011] demonstrated the feasibility of using GBCA for in vivo studies,
and [Van Delinder et al. [2020] later proposed its use for tumor localization. These studies
are grounded in the understanding that the emission of characteristics X-rays and prompt
gamma-rays from (Gd occurs through neutron capture. The unique properties of Gd make
GBCA a valuable material for applications where tumor regions are studied in contrast to
healthy tissue, particularly given that Gd has one of the most significant cross sections for
thermal neutron capture when compared to other elements. A similar outcome is expected
for PIXE. However, this interaction directly excites the electronic shells of Gd, also resulting
in X-ray emission.

Building on this knowledge, the approach in this study aims to use these physical prop-
erties as a surrogate for dose and tumor localization measurements. Furthermore, it seeks

to integrate these with PGS measurements for range monitoring.



Chapter 2

Theoretical Background

2.1 Physics of Particle Therapy

Particle therapy uses charged ionsl, including protons and heavier ions with kinetic energies
of a few MeVs up to approximately 220 MeV and 430 MeV /u, respectively, to target both
superficial and deep-seated tumors effectively. This is achieved through sophisticated facil-
ities capable of delivering mid-relativistic particle beams (velocities > 50% of the speed of
light) with ranges varying from a few millimeters up to ~ 30 cm (Haberer et al. [2004]). As
they enter an absorbing medium, the charged ions are slowed down by losing their kinetic
energy, mainly through inelastic collisions with atomic electrons (electromagnetic Coulomb
interactions). In addition to energy loss mechanisms, the lateral scattering of charged ions
is predominantly due to elastic collisions with atomic nuclei. It is equally important to con-
sider the nuclear reactions between the particles and the targets within the medium. Despite
the negligible energy loss associated with these interactions, they induce secondary radiation
and nuclear fragmentation, which can be detected to achieve in vivo treatment monitoring in
particle therapy. This chapter provides a comprehensive understanding of the physical prin-
ciples underlying particle therapy treatments, focusing on potential mechanisms that can be

used for therapy monitoring.

2.1.1 Energy Loss in a Medium

The energy loss of charged ions, which is primarily mediated by inelastic collisions, is
a stochastic process. Consequently, due to the probabilistic nature of these interactions,
physical models use statistical methods, treating it as a mean energy loss. Bohrt [[1915] pro-
posed an initial model following Bragg and Kleeman’s [[1905] initial research on the field.

Based on classical collision power, Bohr’s theory correlated well with empirical data in in-

'In this study, the terms “charged ions” and “particles” are used interchangeably.
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termediary energy ranges, but for lower and higher energies, the theory had a significant
discrepancy. Subsequently, including quantum mechanical and relativistic effects, Bethe
[1930] and Bloch [[1933] developed a more accurate model for the mean energy loss. When
defined per unit path length (dx), the mean energy loss is commonly known as the linear

stopping power (dE /dx) and provided by the Bethe-Bloch equation,

dE Z1 ,[1. 2m.?B*v*AE 00 , 0 C
— (=) =pK=—2? |21 - = 2.1
() = PE g™ o 12 =577 @.1)
K = 47N ar’m.c? (2.2)

where N 4 is Avogadro’s number, Z and A the atomic number and weight of the target, 7.
and m, the classic electron radius and mass, z and 5 = v/c the atomic number and velocity
of the projectile, the density of the medium, v = 1/ \/1—762 the Lorentz factor, I the mean
ionization/excitation energyﬂ, and AF,,,, represents the maximum energy a projectile can
transfer in a single collision. The additional corrections are characterized by the density
correction, §/2, and shell correction, C'/Z, terms. The former accounts for the reduction
in the effective electric field (polarization of the medium) experienced by ultra relativistic
projectiles, whereas the latter accounts for the fact that electrons are not stationary and is

more important for lower velocities.
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Figure 2.1. Total (solid, black), electronic (dash-dotted, red), nuclear (dashed, green) stop-
ping power as function kinetic energy for protons shot into A-150 tissue equivalent plastic
target. Data reproduced from the NIST database (M.J.Berger et al| [2017]).

A more practical representation is the mass stopping power, which accounts for the

medium’s density and is expressed in units of MeVem?g~!. In addition to the collision

2The mean ionization/excitation energy, I, is determined empirically from measurements. In practice, I
is typically estimated using the ICRU and NIST tables, although empirical mathematical approximations are

also possible.
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stopping power (electronic), the total stopping power also includes radiative processes (nu-
clear stopping power), such as Bremsstrahlung. However, these processes have a negligible
effect in the context of particle therapy, as shown in Figure 2.1|, which depicts the total sop-
ping power as a function of the kinetic energy of protons. The total stopping power is a
propriety of the absorbing medium. It can divided into three distinct regions: at lower ener-
gies, increases and reaches a peak, in the intermediate energy range, decreases as a function
of 1/53%. Finally, the last terms of equation influence the behavior of the total stopping

power at relativistic energies.
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Figure 2.2. Relative deposited energy in an A-150 tissue-equivalent phantom as a func-
tion of depth for a photon beam of 6 MeV (solid, orange) compared to proton (solid, blue)
and carbon beams (solid, green) of 158.8 MeV and 301.6MeV /u (or a range of 17.5cm,
dashed, red), respectively. Data obtained from Monte Carlo simulations (GEANT4 v11.1.2,
Agostinelli et al| [2003])

The rate of energy loss per unit area (usually with units of kel /m) caused by ionizing
interactions is then inversely proportional to the velocity of the particles. Consequently, as
the particles slow down, the rate at which they lose their energy increases, resulting in a
sharp peak near the end-of-range followed by a distal fall-off, known as the Bragg peak.
This behavior can be observed in figure 2.2 for different charged ions and has a vital role in

the rationale of using particle therapy as opposed to conventional radiotherapy.

Particle Range

The total distance a beam of charge ions travels within a tissue, regardless of the directions
of motion, can be defined as a (projected) range, 12 (or Rp;ojected), and is the position where
50% of the initial number of particles come to at rest, or experimentally, at the depth along

the distal fall-off of the Bragg peak where the relative energy deposited reaches 80% (Rs)
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of its maximum value (Paganetti [2012]). In particle therapy, however, the range is de-
fined in terms of its mean due to statistical fluctuations in energy loss caused by inelastic
interactions that the particles undergo. This results in slight differences in the total distance
traveled by particles with the same energy, a concept known as range straggling. To account
for these phenomena, Seltzer and Berger [[1983]] introduced the Continuous Slowing Down
Approximation (CSDA) range. The approximation is that the charged ions between colli-
sions travel small distances, losing their energy continuously to the tissue. In dosimetry,
this energy transfer is known as linear energy transfer (LET). High LET radiation, typical of
heavy charged particles, causes concentrated damage to biological tissues, enhancing cancer

cell destruction while sparing surrounding healthy tissue.

RProjected - RCSDA -
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Figure 2.3. Schematic diagram of charged particles traversing an A-150 tissue-equivalent
plastic target. The dashed red line denotes the projected range position, while the arc lengths
of the black lines represent the CSDA range. Heavy charged particles such as protons (dot-
ted, ' H*) and carbons (solid, 12C") scatter less than electrons (dash-dotted), resulting in

minimal differences between their projected and CSDA ranges.

Figure .3 shows the difference between the CSDA and projected range. It can be seen
that the CSDA range, Rcspa ~ Rprojected, fOr particles commonly used in particle therapy.
The CSDA range, Rcspa, can be calculated by integrating the inverse of the total stopping
power (S;,) with respect to the energy in the interval from their initial kinetic energy, £;"",

torest, £, = 0,

0
Rcospa = / —SI;% dE (23)

init
Ek

Straggling and Multiple Scattering

The CSDA range provides a deterministic approach to estimating the range of charged ions
in tissue. However, in particle therapy, it is necessary to consider the stochastic fluctuations

of the energy loss of individual ions. These fluctuations, referred to as energy straggling,
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cause a broadening of the Bragg curve when translated into range as particles move progres-
sively deeper into a tissue. In the limit of a thin target and many collisions, the distribution
of these fluctuations becomes Gaussian (Ahlen [1980], Lewis [1952]). Its variance, 0%,
is related with the variance of range straggling, 0%, by equation R.4. For a charged ion,
or 1s approximately proportional to R and inversely proportional to the square root of the
particle’s mass. The latter is a key rationale for the use of heavier ions in particle therapy,

allowing for better targeting of the tumor site while maximizing the spare of healthy tissues.
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Elastic multiple Coulomb scattering (MCS) experienced by the charged ions may also
alter the range, albeit to a significantly lesser degree. The importance of MCS comes from
its effect in the lateral scattering, spreading an initially parallel beam into an approximated
Gaussian angular distribution (Attix [2008]). Figure 2.4 demonstrates the lateral scattering
for protons of different energies and carbon. MCS decreases with particle mass and energy,
and it is clinically relevant for particle therapy when treating tumors close to organs at risk
(OAR). It plays a significant role in defining the lateral penumbra and contributes to range

uncertainties of particle therapy treatments.
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Figure 2.4. Lateral scattering of a proton (solid and dashed, blue) and carbon (solid, green)
initially parallel beams of 5 mm full width at half maximum traversing air and then an A-
150 tissue-equivalent plastic target. A comparison of the lateral scattering of a proton with
that of a carbon ion of the same range (solid lines) shows that heavier charged ions have a
lower lateral scattering. Data obtained from Monte Carlo simulations (GEANT4 v11.1.2,
Agostinelli et al) [2003]).
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2.1.2 Nuclear Reactions

In addition to the energy loss through Coulomb interactions, charged ions also lose energy
due to direct interactions with target nuclei. While these nuclear interactions contribute
significantly less to overall energy deposition than electromagnetic processes, they play a
critical role in range monitoring techniques. In such reactions, physical quantities such as the
charge, energy-momentum and angular momentum are conserved (Basdevant et al. [2005]).
Figure .3 illustrates the primary mechanisms through which a charged ion can undergo a

nuclear reaction during particle therapy treatments.
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Figure 2.5. Primary mechanisms through which a charged ion can undergo a nuclear re-
action during particle therapy treatments: (a) elastic nuclear reactions; (b) inelastic nuclear
reaction with single emission of a particle and de-excitation gamma-rays; (c) inelastic nu-

clear reaction with fragmentation of the projectile.

In the case of elastic nuclear reactions (or MCS), the scattered charged ion exchanges
momentum with the target nucleus but remains unchanged, contributing only to the lateral
scattering of the particle beam. For an inelastic nuclear reaction to occur, the charged ion
needs sufficient energy to overcome the Coulomb barrier of the nucleus (Podgorsak et al.
[2006]). Additionally, as an endothermic reaction, the nuclear reaction cannot take place

unless the energy in center-of-mass exceeds a specific threshold energy, £} ;p,, approxi-
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mated by equation 2.5, where Q-value is the reaction energy, m,, and m,, the masses of the

projectile and target, respectively.

Bt ~ —Q (1 + %> 2.5)

my

Inelastic nuclear interactions can be further divided into two categories: reactions where
the recoil nucleus remains intact but is left in an excited state, which may later decay by emis-
sion of secondary radiation (e.g., prompt gamma-rays); and spallation reactions, in which
a high-energy charged ion interacts with the nucleus, leading to ejection of multiple nucle-
ons (e.g., protons, neutrons or fragments). This results in the transformation of the original
nuclide into a different one, with the nucleus undergoing significant changes (Newhauser
and Zhang [2015]). At the moment, there is no definitive model that accurately describes
nuclear interactions. However, various approaches have been developed to simulate these
interactions. In Monte Carlo simulations, the process is usually divided into four stages.
The first is the intra-nuclear cascade, characterized by a fast exchange of energy and mo-
mentum. Following the pre-equilibrium phase, the system can form an intermediate, highly
excited compound nucleus, in which the total energy of the reaction is distributed among
the nucleus. The third is the decay of the compound nucleus through evaporation. Finally,

the de-excitation phase of the residual nucleus occurs.

Neutron Induced Reactions

In particle therapy dosimetry, neutron emission is an important by-product of nuclear reac-
tions, as their interactions contribute to the additional dose absorbed by healthy tissue. These
neutrons cover a wide range of energies in tissue. Figure .6 illustrates this with an example
of neutron energy spectra at different depths resulting from proton (Epot0n, = 158.8 MeV)
irradiation of an A-150 tissue equivalent plastic target. Neutrons lose energy primarily by
elastic scattering with atomic nuclei such as ' H. Inelastic scattering is another interaction
where neutrons transfer energy to the nucleus, leading to excited states and emission of sec-
ondary radiation. As the neutrons slow down, the probability and significance of neutron
capture increases inversely with velocity (1//3), reaching a maximum for thermal neutrons
with energies of 0.025 eV. This interaction produces a heavier isotope in an excited state of
the same element with an increased mass number, releasing the excess energy by emitting
secondary radiation.

Neutron capture by hydrogen, n + 'H — 2H + 7, ,,,..,» is an example of such interac-
tion, where a deuteron is formed, and the binding energy of the deuteron nucleus is emitted,
with 100% of probability, as a gamma-ray with an energy of 2.22 MeV. While often con-

sidered noise in range monitoring, these gamma-rays can be useful for energy calibration
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Figure 2.6. Energy-weighted differential neutron fluence spectra at 3 different depths:
Rgy = 17.5cm (solid, red), Rgy + 5.0 cm (solid, green) and Rgy — 5.0 cm (solid, blue),
for a proton beam with 158.8 MeV shot into an A-150 tissue-equivalent phantom. Data ob-
tained from Monte Carlo simulations (GEANT4 v11.1.2, Agostinelli et al|[2003]).

purposes (Hueso-Gonzalez et al/ [2018]). If the neutron capture cross-section is significant,
this reaction can also be utilized in neutron capture therapy (NCT). In this case, elements
with a high neutron capture cross section, such as ' B and '37(Gd, are injected intravenously,
intratumorally, or peritumorally. Then, they are irradiated with neutrons to induce neutron
capture, resulting in localized release of high LET ionizing radiation, beneficial for targeting
cancer cells (Malouff et al. [2021]).

Cross-Section

The cross section, o, is generally used to describe the collision or interaction of two particles.
This quantity measures the probability of a reaction occurring and can be calculated if the
particle flux, ¢, the number of reactions per unit time, N,..qctions,» and the number of targets,
Niargets per unit volume are known. In the case of thin targets, o is given by equation R.d.
Conversely, in Monte Carlo simulations, o is usually calculated using equation 2.7, where

A is the mean free path of the particle and n is the density number of targets.
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In general, the cross-section varies with both the energy and the angle at which the
particle is scattered. Therefore, the total o can be expressed as an integral over the scattering
angle, 0, and the azimuthal angle ¢, as a double differential cross section as seen in equation
R.8, where dQ = sin 8dfd¢ is the infinitesimal solid angle element.
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In the context of nuclear reactions in particle therapy, it is frequently observed that o
for inelastic nuclear interactions between the particles and the tissue rises sharply and then
smoothly transits towards a power-law, o (E) o« E~", or exponential fall off, o (F)
e(=2F) at higher energies. Figure 2.7 depicts the values of the proton-carbon and proton-
oxygen inelastic cross sections as a function of the proton kinetic energy. In both cases,
the inelastic cross section is related to the energy deposited by the particles, and the by-
products of these interactions (e.g.: de-excitation gamma-rays) play a significant role in

beam monitoring.
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Figure 2.7. Proton-carbon (green) and proton-oxygen (red) inelastic cross sections values
as function of the proton kinetic energy. Experimental data obtained from Bauhoff [1986]
and Monte Carlo simulations (GEANT4 v11.1.2, Agostinelli et al. [2003]).

2.1.3 Induced Secondary Radiation

In particle therapy, induced secondary radiation represents an important tool for treatment
monitoring, particularly in the context of range monitoring. Several types of induced sec-
ondary radiation act as probes, providing important information about the interactions be-
tween the particle beam and the tissue. Nuclear fragmentation results in the production of
secondary particles, while prompt gamma-ray radiation is emitted immediately after nuclear
reactions and provides real-time data. Equally important is the delayed radiation produced
by the decay of unstable nuclei. Less common, but recently important due to the use of
new high-Z materials, is Particle-Induced X-ray Emission (PIXE). The following sections

describe these emissions in more detail.
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Nuclear Fragmentation

The pre-equilibrium and evaporation stages of an inelastic nuclear reaction govern nuclear
fragmentation. In general, it results in the loss of the primary ion flux in the beam, the trans-
mutation of the recoil target and (or) the primary nucleus, and leads to isotropic emission
of neutrons and charged particles such as protons and light ions (fragments). The result-
ing nucleus may be further excited and subsequently emit additional secondary radiation,
such as gamma-rays. In proton therapy, the flux decreases by approximately 1 % per cm
(Newhauser and Zhang [2015]) and the emitted target fragments locally contribute to the
deposited energy and the lateral spread of the beam. On the other hand, heavier ions com-
prising multiple nucleons can undergo additional nuclear fragmentation. Projectile frag-
ments are produced with a Lorentz boost in the beam direction, deviating only slightly in
angle. Consequently, the lighter charged fragments result in energy deposition behind the
Bragg peak. This effect can be observed in Figure 2.2, which shows a characteristic dose-
tail in the depth-deposited energy profile of the carbon beam. It is, therefore, fundamental to

consider the characteristic dose-tail when considering treatment directions aiming at OARs.

Prompt Gamma-Rays

A class of secondary radiation induced by the nuclear interaction of a particle beam with or-
ganic tissue involves prompt gamma-rays emitted during the de-excitation phase of inelastic
nuclear interactions. In the context of particle therapy, for lighter isotopes, such as * He, the
relaxation of the nucleus occurs by the emission of lighter nuclei. In contrast, the nuclear
energy level gaps in heavier isotopes are narrower, with possible nuclear transitions ranging
from a few keVs to 10 MeV. In this case, discrete and continuum gamma-ray emission is
promoted. As an example, Figure R.§ shows part of the nuclear energy level structure of a
common element found in particle therapy, 60.

In general, other elements have a similar structure and de-excitation process, where the
ground state is reached either with a single transition or with a series of sequential transi-
tions through intermediate energy levels. Each transition may involve gamma-rays emission
with energies specific to the differences between these levels, resulting in a characteristic
gamma-ray spectrum for every isotope. Additionally, nuclear transitions occur almost in-
stantaneously, with characteristic times on the nanosecond scale. When de-excitation occurs
in the projectile rather than the target, Doppler broadening occurs due to the varying veloci-
ties of primary particles, which can complicate the analysis of discrete spectral lines. Due to
its high cross-section values, dependence on deposited energy, and high energies that allow
photons to escape the body with negligible attenuation, prompt gamma-ray emission is one

of the most extensively studied types of secondary radiation for beam monitoring.
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Figure 2.8. Nuclear energy levels (solid, black) for 1°0O. Energy level states up to 9 MeV
and their correspondent total angular momentum are shown. The principal de-excitation
channels (blue arrows) and their characteristic decay times are also reported. Adapted from
NuDat [2024].

Delayed Radiation

In particle therapy, nuclear reactions can produce unstable isotopes that, contrary to prompt
gamma-rays, emit radiation over a relatively long period; these are known as delayed emis-
sions. The most common and valuable emission for beam monitoring is the positron (57)
resulting from the production of neutron-deficient nuclei isotopes during beam irradiation.
Example of such isotopes in living tissue, are ''C,, "> N and '°O with half-lives (T 2) of
about 20, 10, and 2min, respectively. Physically similar to prompt gamma-rays, and de-
pending on the used charged ion, 57 activation results either from target fragmentation only
or from the formation of both target and projectile positron-emitting fragments (Parodi et al.
[2001]). Subsequent interactions of 5 through inelastic Coulomb collisions with the atomic
electrons lead to the most likely annihilation at rest with the emission of two 511 keV pho-
tons, emitted in opposite directions (at an angle of 180 °) due to the conversation laws of
energy-momentum. Alongside prompt gamma-ray, positron emission is one of the most

important and widely researched features for beam monitoring.

Particle Induced X-Ray Emission

As the charged ion moves through the material, atomic ionization mediated by Coulomb in-
teractions leaves vacancies in the inner and outer shells of the atoms that pass by, resulting

in a unstable electron atomic distribution. In a very short period of time (order of fem-
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tosecond), the electronic structure is reorganized by the drop down of electrons of higher
shells into the former vacancies. In the process, a competition of secondary radiation is
emitted, including characteristic X-rays, Auger electrons and Super Coster-Kronig (SCK)
electrons. The latter occurs only for transitions involving the L shell and higher. For low
atomic number targets, and assuming /K transitions, most transitions are non-radiative. As
Z increases, the probability of X-ray emission increases and becomes predominant. In ad-
dition, the binding energy of inner shell electrons increases, and so does the photon energy.
This is particularly important when using high Z materials in particle therapy. The relative
high-energetic X-ray photons are no longer fully attenuated by the body, and can potentially

be used as a new source of information for beam monitoring.

2.2 Therapeutic Concepts

In the following sub-sections, key therapeutic concepts pertinent to particle therapy and to

this study are briefly introduced.

2.2.1 Absorbed Dose

In radiation therapy and dosimetry, an essential physical quantity is the absorbed dose, D.
This quantity is prescribed by physicians for tumor treatment, by radiation protection of-
ficers as exposure limits to workers, and referenced by researchers while performing irra-
diation studies in radiotherapy. The International Commission on Radiation Units (ICRU,
Thomas [2012]) defines absorbed dose as the mean energy, d &, per unit mass, dm, imparted
to an absorber, D = % with units of Gy = Jkg™'. The absorbed dose quantity is applies
to both direct and indirect ionization radiations. The rate at which the absorbed dose is
delivered over time, t, is defined by D = D/dt.

2.2.2 Linear Energy Transference

As mentioned before, the chemical and biological effects of the absorbed dose depend on its
LET, therefore knowing the LET of a given radiation beam is important when prescribing
doses in radiotherapy. The LET is measured in units of keV /um, with low LET (sparsely
ionizing) radiation classified as bellow 10 keV /um when compared with high-LET (densely
ionizing) radiation (Podgorsak et al| [2006]). Photons (2keV/um for X-rays produced by
a 250 kVp source) are considered low LET radiation, while neutrons, low energetic elec-
trons and heavier charged particles, such as protons (17 keV /um at 2 MeV) and heavier ions
(100 keV /pum to 2000 keV /um), are usually high LET radiation (Podgor$ak et al{[2006]). It
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is important to know that, in most cases, the LET value depends on the energy of the particle

and is inversely related to its energy.

2.2.3 Relative Biological Effectiveness

The relative biological effectiveness (RBE) is used to quantify this individual chemical and
biological response of different ionizing radiation and is defined as the ratio of reference
dose (usually X-ray photons from a 250 kVp source or gamma-rays from a C'ogy source) and
tested dose that produces the same biological effect. The RBE varies not only with the type
of radiation but also with type of tissue, dose, dose rate, and fractionation. In general, the
RBE increases with LET to reach a maximum (> 3 for heavier charged particles) before

decreasing as LET continues to increase.

2.2.4 Tumor Control vs. Tissue Complications

The objective of radiotherapy is to give dose to a tumor while minimizing exposure to
healthy tissues. Therefore, it is important to analyze two distinct features when planning
a treatment: tumor control probability (TCP) and normal tissue complication probability
(NTCP). The former measures the likelihood that a specific radiation dose will provide tu-
mor control or eradication, while the latter measures the likelihood of adverse side effects

on healthy tissue for a specific dose.

TCP: Tumor
control probability

NTCP: Normal tissue

complication probability

Probability [%]

Therapeutic
—>
window

\\\!\\\‘\\\‘\\\‘

Dose [Gy]

Figure 2.9. Therapeutic window defined by the tumor control probability (solid, blue) and

the normal tissue complication probability (solid, red).

Figure 2.9 depicts the TCP and NTCP curves as a function of the dose. These curves
define the therapeutic window for radiation therapy, representing the range of radiation doses

that achieve effective TCP while minimizing NTCP. Increasing the radiation dose improves
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TCP but also raises NTCP, requiring careful optimization of treatment plans to maximize

outcomes while reducing side effects.

2.3 Particle Beam Delivery

The production of moderately relativistic charged ions has a long history. Lawrence and Liv-
ingston [[1932] first developed the cyclotron to accelerate protons, and later advancements
led to the development of synchrotrons, allowing higher energies and delivery of protons
and heavier ions (McMillan [1945], [Vekslert [1957]). Today, clinical facilities are based on
either of these technologies or a combination of both (synchrocyclotron). As reported by
the Particle Therapy Co-Operative Group (Particle Therapy Co-Operative Group), in 2024,
there are 67 cyclotron facilities, 43 synchrotron facilities, and 18 synchrocyclotron facilities,
with many more under construction. In this section, the concepts of particle beam delivery
will be briefly introduced. Additionally, the Heidelberg Ion Therapy Center (HIT) and the
Marburg Ion Therapy Center (MIT) are also described due to their relevance to this study.

2.3.1 Ion Sources

The beam delivery process starts with the distinct production methods for protons and heav-
ier ions. Protons can be produced by several methods (Muramatsu and Kitagawa [2012]),
while heavier ions are created exclusively by using an electron cyclotron resonance (ECR)
ion source. A duoplasmatron ion source is often sufficient for producing protons. The
source produces the ions by applying an arc discharge of hydrogen gas, ionizing the hydro-
gen atoms and leaving behind individual electrons and singly charged protons (1 /). ECR
can also be used for protons but is, generally, the only method available to produce heavier
ions at particle therapy facilities. The ions are produced as a result of collisions between
accelerated electrons and a gas consisting of molecules with the desired ion (e.g., COs for
carbons). This process dissociates the molecules and strips away electrons, creating posi-
tive charged ions. Both protons and carbons are then extracted from the created plasma by
strong electric fields. If not fully stripped of their electrons, as is usually the case, the ions

pass by a further process where the remaining electrons are removed by a stripping foil.

2.3.2 Accelerators

To effectively treat deep-seated tumors, ions must be accelerated to achieve sufficient kinetic
energy. The most common accelerators, cyclotrons and synchrotrons, use electric fields to
impart kinetic energy to charged ions while relying on magnetic fields to control and direct

their motion.
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In a cyclotron, particles are accelerated by an electric field that oscillates at a certain
radio frequency (RF). This acceleration occurs within a uniform magnetic field created by
two D-shaped dipole magnets with their straight sides facing each other. The perpendicular
magnetic field causes the particles to undergo cyclotron motion. The particles are acceler-
ated until they reach the maximum energy (ranging from 200 MeV to 250 MeV, Braccini
[2017]), limited by the cyclotron’s radius and strength of the magnetic field. Variable-
thickness absorbers, known as energy degrades, are used to adjust the final beam energy
to desired levels. The quasi-continuous particle beam is delivered collimated, with short
bunch widths of 7T3,, < 2ns in micro-periods of 7'y = 10 ns (Krimmer et al. [2018)]).

In contrast, synchrotrons rely on a different mechanism for particle acceleration. They
consist of a circular ring in which electromagnetic resonant cavities accelerate particles to
high energies. Unlike in cyclotrons, particles are kept at a constant radius by strong variable
magnetic fields. The beam is typically delivered in macro-periods of 7, = 10s, corre-
sponding to the injection, acceleration, and extraction cycle of the accelerator. The duty
cycle extraction of the particles is done over several seconds (varying from hundreds of ms
to 8 s, depending on the facility and mode of operation) and is referred to as a spill. Within
a spill, particles are extracted with 73, ranging from 15 to 75 ns and 7'y ranging from 100 to
350 ns, depending on the energy and type of the particle (Magalhaes Martins et al. [2020b]).

Particle therapy monitoring techniques depend on the beam micro- and macro-periods
for effectively detecting induced secondary radiation. Therefore, its use and limits vary de-
pending on the type of accelerator considered. While the shorted 73, in cyclotrons allows
the use of the RF signal without any additional detector to distinguish between prompt ra-
diation and delayed radiation (Testa et al. [2010]), the also shorted 7'y, complicates their
independent detection. Proton bunch drifts against the RF signal have been observed (Pet-
zoldt et al. [2016]), complicating this process even further and requiring re-synchronization.
In contrast, synchrotrons have a longer 7},,, and the RF signal is not sufficient for defining a
useful time window for the independent detection of prompt radiation. Here, an additional
detector to track the beam delivery with sub-nanosecond resolution and capable of handling
high intensities is needed. A positive aspect is the longer 7}, and T}, improving the separa-
tion of background signals and enabling more efficient data processing, especially during the
spill pause (Dal Bellg [2020]). In the case of particle imaging, the ion beam macro-structure

sets the minimum constraints to complete a full particle imaging (Volz [2021]]).

Towards Ultra High Dose Rates

Recently, a novel approach called FLASH radiotherapy has been shaping the future tech-
nology of accelerators. The modality uses ultra-high beam intensities (UHDR), depositing

a significant amount of dose in a short period of time. The rationale, validated experimen-
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tally by different groups (Atkinson et al| [2023]), is that using these UHDR (> 40 Gy/s),
which are significantly higher than those used in conventional radiotherapy (< 0.03 Gy/s),
reduces the side effects on healthy tissue (shifting the NTCP curve to the right in Figure R.9),
while maintaining the TCP, thereby increasing the therapeutic window (Limoli and Vozenin
[2023]). FLASH doses are relatively easy to achieve with photons and electrons. However,
current particle facilities are not prepared to deliver ultra-high intensity beams at the levels
required. Due to the high beam currents available in some existing commercial devices,
cyclotrons can more readily be adapted for FLASH irradiation. In contrast, synchrotrons
require sophisticated beam techniques to achieve FLASH dose rates. Nevertheless, new
accelerators are emerging to support this modality. These include laser-driven proton ac-
celerators, for which further research is required before they can be applied in the clinic
(Kroll et al|[2022]). With regard to particle therapy monitoring, this technique presents an
additional challenge, as the high intensities and new macro- and micro-structures impose

additional limits.

2.3.3 Techniques for Beam Shaping and Delivery

The final step of beam delivering is the modulation of the energy and spatial distribution of
the beam. The energy modulation objective is to spread out the Bragg Peak (SOBP) width
over a usable area. The modulation is achieved by using a range modulator wheel (passive

scattering) of by varying the beam energy (pencil beam scanning).

Passive beam systems start with a narrow particle beam of width, ¢ = 1 cm (Bortfeld
et al| [2005]). Subsequently, the beam is broadened into the desired field size through the
use of scatter foils. A rotating range modulator wheel is then used to achieve optimal tumor
coverage (or distal conformation) with a SOBP. The final beam shape is achieved using
milled apertures and compensators. The apertures are used to define the lateral boundaries
of the treatment field, ensuring that the radiation conforms to the tumor’s outline. At the
same time, the compensator shapes the distal edge of the dose distribution.

In contrast, active beam delivery methods, such as the raster scanning method developed
at Gesellschaft fiir Schwerionenforschung (GSI, Haberer et al. [[1993]), represent a more
advanced, efficient and precise approach. In pencil beam scanning, the beam is directed
across the transverse plane, perpendicular to the beam axis, using dipole magnets, while the
particle range is controlled by varying the beam energy. This enables a three-dimensional
dose conformity. As an alternative to the raster scanning method, the scanning process can
occur as discrete spots or in continuous motion. Pencil beam scanning offers superior dose
conformity to the target, reduces unwanted beam contamination (e.g., neutron production),

and minimizes the need for extensive hardware. Treatment plans based on active beams use
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multiple energy layers, each with a specific distribution of spots to match the prescribed dose
to the target. These plans are typically calculated using sophisticated algorithms based on
Monte Carlo simulations (Knopf and Lomax [2013]), achieving greater accuracy, albeit at a
higher computation cost. Spot separations generally range from 2 mm to 10 mm (Ur Rehman
et al. [2022]), with beam delivery times governed by magnetic adjustments occurring within
milliseconds. The beam position and energy are closely monitored during delivery using

multi-wire proportional chambers and ionization chambers to ensure precise targeting.

2.3.4 Heidelberg and Marburg Ion Therapy Centers

The experimental measurements for this study were carried out at Heidelberg Ion Therapy
Center (HIT) and Marburg Ion Therapy Center (MIT), two leading particle therapy facilities
in Europe. HIT, operational since 2009, was the first European center to use both protons and
carbon ions for treatment, treating over 8,000 patients to date. The center layout is shown
in Figure .10d. It is equipped with four beam stations: two with a fixed horizontal beam
(H1 and H2 rooms), one with a gantry and other one used for quality assurance (Q-A room),
development and research activities. Its state-of-the-art accelerator system comprises ECR
ion sources, a linear accelerator (LINAC), and a synchrotron. The facility provides a wide
range of beam parameters for protons and ions suchas * He, 12C and '°O. Proton and carbons
energies up to 250 MeV /u and 430 MeV /u, respectively, allowing penetration depths of up
to 35 cm in patients. The spill macrostructure comprehends a Ty, ~ 10 s with a duty cycle
of 55% (Magalhaes Martins et al| [2020b]). In 2021, HIT achieved a milestone by treating
the first patient with helium ion therapy using pencil beam scanning, a world-first (Jikel
et al) [2022]).

Similarly, MIT shares much of HIT’s technology, including the use of a raster scanning
method developed at GSI and a similar accelerator chain, as shown in Figure R.104. It
features four treatment rooms: three with horizontal beams (H1, H2 and H3 rooms) and one
with a semi-vertical (45°) medical beam outlet (Scheeler et al) [2016]). While delivering
protons and carbon ions with characteristics comparable to HIT, its beam delivery system
differs slightly, with a longer extraction time of 80%. Additionally, MIT is actively pursuing
the development of FLASH irradiation techniques for research purposes (Zink et al. [2024]).
Both centers achieve UHDR through fast extraction, using kicker magnets to deflect the

circulating beam in a single turn, typically within a few milliseconds (Scheeler et al. [2016]).
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(a) Heidelberg lon Therapy Center
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(b) Marburg Ion Therapy Center

Figure 2.10. An overview of (a) Heidelberg lon Therapy Center and (b) Marburg Ion Ther-
apy accelerator. The ECT ion sources feed the LINAC, where the ions undergo a first stage
acceleration. This is followed by further acceleration in the synchrotron. Next, the beam
is distrusted by the high-energy beam transport line (HEBT) to one of several destinations:
the horizontal treatment rooms (H1, H2, H3), the gantry, the semi-vertical beamline, or the
quality assurance (Q-A) room. Adapted from Ondreka and Weinrich [2008] and Scheeler
[2016].
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2.4 In Vivo Particle Therapy Monitoring

The unique physical and radiobiological characteristics of particle therapy provide an op-
portunity for highly targeted and biologically effective radiotherapy, potentially improving
clinical outcomes across various tumors types when compared to conventional radiother-
apy. However, the steep dose gradient at the distal edge of Bragg peak makes particle
therapy more sensitive to discrepancies between the delivered and prescribed treatment con-
ditions. Patient mispositioning, organ motion, and anatomical changes between intra- and
inter-fraction (e.g., tumor shrinkage, weight loss, or cavity filling) are examples of uncer-
tainties that can lead to significant underdosing of the clinical target tumor (CTV) region
and over-dosing of OAR, compromising TCP and NTCP. Furthermore, the treatment plans
are also susceptible to errors, including the clinician’s estimation of the tumor volume and
the determination of stopping power values from computed tomography (CT). To account
for such factors, safety margins are introduced in standard treatment plans, where a larger
target volume (planning target volume, PTV) is defined as the area to be treated.

Figure [1.1| shows the averaged safety margins dimensions used in clinical practice. These
margins typically vary from 2 to 3 % of the proton range, with an additional fixed margin
ranging from 2 to 3 mm. For deep-seated tumors, these values are approximately 1 cm. An-
other constrain is that clinicians are reluctant to aim a beam at a tumor right in front of an
organ-at-risk (see Figure [.2), and particle treatments are delivered using sub-optimal beam
angles in multi-field or patched-field plans. This avoid the placement of the distal-edge to-
wards the OAR with the cost of a less conformal therapy. In this context, significant efforts
have been made to address these limitations introduced by range uncertainties and to de-
velop a system capable of in vivo particle therapy monitoring, ideally in real-time and under

clinical conditions. The following sections outline the latest advancements in this field.

2.4.1 Particle Imaging

In particle therapy, X-ray CT images are commonly used to estimate stopping power val-
ues by measuring electron densities of the tissue. However, due to intrinsic differences in
how photons and charged ions interact with matter, these estimations are a major source
of range uncertainties. An ideal solution would be to directly measure the stopping power
using charged ions. To achieve this, a transmission particle beam is necessary for patient
imaging. The concept of proton CT was first proposed by Koehler [[1968], but technologi-
cal limitations at the time prevented its full exploration. Subsequent studies demonstrated
that proton CT could offer improved contrast and dosimetric benefits, with potential dose
reductions by a factor of 10 to 20 when compared to conventional CT images (Schneider

and Pedroni [1995]). Despite its potential, proton CT has faced challenges with spatial res-
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olution due to MCS of protons, although recent advancements have achieved resolutions of
1 mm, sufficient to meet clinical requirements, as outlined by Schulte et al. [2004]]. Dedi-
cated reconstruction algorithms have been developed to further mitigate the effects of MCS,
enhancing image quality. In theory, heavier ions such as 4™ He scatter less than protons, po-
tentially offering improved image quality. However, studies on helium CT have shown
marginal improvements over proton CT (Piersimoni et al. [2018], [Volz et al. [2021]]). A
more interesting approach involves the use of a mixed-beam technique, where a small pro-
portion (10 %, corresponding to a 1% dose increase to the patient) of " He is added to a
12+ ion beam. In this novel technique, both ions share the same kinetic energy, but 4™ He
has a greater range, allowing its use for beam monitoring (Volz et al| [2020]). Ion imaging

represents a promising solution as an indirect beam monitoring technique.

2.4.2 Positron Emission Tomography

The first method to be successfully applied as in-vivo range monitoring was the positron
emission tomography (PET). This technique uses the annihilation photons from S emit-
ters, as detailed in section R.1.3. The process occurs from the point of particle entrance until
the nuclear reaction channel cross-section reaches zero at the Coulomb barrier. These cross-
sections are generally within the range of 10 to 20 MeV /u, corresponding to a residual par-
ticle range of approximately a few mm in tissue. In cases where the process is induced only
by target fragmentation (e.g., proton-induced), the general activity is, in first approximation,
constant from the skin until the final range of the primaries. However, when including pro-
cesses involving positron-emitting fragments of the projectile (induced by heavier charged
ions than protons), the depth activation profile typically shows a pronounced maximum
shortly before the end-of-range of the ions (Parodi et al) [2001]). Additionally, for projec-
tiles heavier than protons, significantly lighter fragments create a tail of 57 emitting target
fragments extending beyond the Bragg peak. The resulting photons have a high probabil-
ity of escaping the patient, and their coincident detection and activity distribution have the
potential to retrieve the Bragg peak position during particle therapy treatments.

PET scans can be performed either shortly after treatment (in-beam or quasi-online,
Bisogni et al. [2017], Ferrero et al| [2018]) or a few minutes post-treatment (offline, Han-
drack et al. [2017]). The in-beam approach allows the detection of processes induced by 5T
emitting species with shorter half-lives, whereas offline scanning is conducted in a nearby
room and only isotopes with half-lives exceeding a few minutes contribute to the PET im-
age. Consequently, offline PET accuracy is limited to a precision of a few millimeters due
to low statistics caused by patient repositioning, scanning delays, and, most significantly,

the biological washout of the isotopes (Handrack et al. [2017]). In contrast, in-beam PET
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benefits from substantially higher ST activity, potentially achieving sub-millimeter preci-
sion (Cuccagna et al. [2024]]). However, this precision is constrained by prompt and neutron
radiation, making the implementation of real-time in-beam PET with cyclotrons particularly
challenging. Its use is more suitable for synchrotron-based facilities, where off-spill times
are free from prompt radiation (Ferrero et al. [2018]). In-spill acquisitions are still feasi-
ble using short-lived emitters (Sportelli et al) [2013]]). Nevertheless, to achieve sufficient
statistics, PET imaging typically requires scan times of several minutes, often extending
post-treatment Ferrero et al| [2018]. This limits PET imaging to integral dose deposition,
making spot-by-spot range monitoring difficult.

PET-based beam monitoring has already reached clinical implementation and is now
undergoing clinical trials (Moglioni et al) [2022], Tashima et al. [2020]). Further research
focuses on time-resolved measurements of the arrival time differences (time-of-flight, TOF)
of photon pairs detected in coincidence Knopf and Lomax [2013]. TOF-PET’s practical
advantage is based on the improvement of the signal-to-noise ratio of reconstruction images
rather than the spatial resolution, which reduces artifacts and alleviates issues related to

limited-angle image reconstruction.

2.4.3 Prompt Gamma-Ray Imaging

ESystems based on prompt gamma-rays can be classified into two main categories: imaging
systems with physical or electronic collimation and non-imaging systems. The determina-
tion of the beam range is achieved through the use of specific physical quantities, including
energy, TOF of charged ions, and spatial distribution of emission. The depth profile of pro-
ton induced prompt gamma-rays is similar to target-emitting 5% in PET but with a smaller
gap to the distal edge of the Bragg peak. The translation of these features to an imaging
technique was first proposed by Stichelbaut and Jongen [2003], who suggested determining
the beam range by measuring the yield of prompt gamma-rays along the beam’s depth-
dose distribution. Following preliminary validation through experimental results, several
research groups emerged worldwide to further validate this technique, later termed prompt
gamma-ray imaging (PGI).

The most straightforward collimator geometry for PGI is the multilayered collimator
system (Min et al| [2012]). The concept, known as the multi-slit camera and depicted in
Figure R.114, is to obtain axial depth profiles of the prompt gamma-ray yield at 90° relative
to the beam direction. A more sophisticated approach is the knife-edge slit camera depicted
in Figure (Smeets et al. [2012]). This design is based on the physical principle of

3Note: This section includes modified excerpts from the chapter Imaging for Daily Range Monitoring
of Treatment Beam,” authored by Pryanichnikov, A.A., Freitas, H., Parodi, K., and Volz, L., in the book
“Introduction to Particle Therapy: An Educational Handbook” (Foka, Y., Vretenar, M., & Seco, J., eds.)
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classical optics, which has been adapted for PGI. The concept can be applied using either
passive (Richter et al. [2016]) or pencil beams (Xie et al. [2017]) and enables the detection of

emitted prompt gamma-rays along the longitudinal axis with standard deviations of 2 mm.

proton multi-slit proton knife-edge
beam collimator beam collimator
gamma gamma
_— detector l detector
Phantom ——— Phantom '
(a) Multi-slit camera schematic (b) Knife-edge camera schematic

Figure 2.11. Schematics of two types of cameras: (a) multi-slit camera using simple col-
limation of prompt gamma rays to obtain their 1D spatial distribution, and (b) knife-edge

camera, which combines collimation with optical principles to achieve the same result.

Previous PGI techniques rely on heavy collimators, which present a significant obsta-
cle to their clinical feasibility. A promising alternative approach is the Compton camera,
which is depicted in Figure R.12. This technique uses an electronically collimated system
comprising multiple position-sensitive detectors to obtain the spatial distribution of prompt
gamma-rays. At least one scattered detector and one absorber are required, although multi-
ple scattered planes are typically used. The physical principal of the technique is based on
the Compton formula, cosf., = 1 — m.c? (E;,1 - E 1), where F, is the incident photon
energy, £, the photon energy after the scatter with a angle 6., m.c* = 511keV the mass
rest energy of the electron. The total energy of the photon is obtained by summing the de-
posited energy in both the scatter and absorber plan. The prompt gamma-ray energy- and
position-resolved detection from the multiple detectors restricts the direction of the incident
photon in the so-called Compton cones. The origin of the photon can then be determined
with the vertex superposition of a few cones. Reconstruction algorithms, generally based
on iterative methods, allow for the generation of 2D or even 3D images of the charged ions
path. Despite its complexity associated with the high detector load, and the high percentage
of random noise (or false coincidences), Draeger et al. [2018] reported 3D images possible
of detecting range shifts of 2 mm for the delivery of a 2 Gy spot beam.

A further uncollimated technique is the concept proposed by Golnik et al. [2014], Prompt
Gamma-Ray Timing (PGT), which uses the time interval between the particle exit at the
nozzle (including the process of transport through the tissue) and the detection of a prompt
gamma-ray, for beam monitoring. The transit time, ¢, (x,), between the initial position, z,

and the range of the particle, z(p), is indirectly measured by the temporal prompt gamma-ray
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Absorber

Scatterer

Source 3

Figure 2.12. Schematic illustrating the principle of a Compton camera, in which prompt
gamma-rays scatter in the first detector and are absorbed in the second. The design enables
reconstruction of the spatial distribution of emitted photons by determining their incoming

direction based on the physical principle of Compton scattering.

emission, thus determining the particle TOF, as described by,

b () = / " o(B() " dr = / (B E)Sw(B) " AE (29)
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where, v the velocity of the ion, F its energy and S the associated mass stopping power
for a material of density p. PGT is particularly suitable for treatments using cyclotron accel-
erators, as they can provide a time reference from the bunch RF. The final range of the parti-
cle is derived mathematically through CSDA. The technique achieves maximum efficiency
at photon energies ranging from 3 MeV to 7 MeV, which allows for neutron background re-
jection. Depending on the statistics, Hueso-Gonzalez et al. [2015] demonstrated the detec-
tions of range shifts ranging from 5 mm to 2 mm. As previously mentioned, a common issue
in cyclotrons is the drift of the accelerator bunch time. To address this, Petzoldt et al. [2016]
proposed using an external particle bunch tracker to compensate for the drift, ensuring more
precise synchronization with the accelerator’s reference timing and its use in synchrotron fa-
cilities. The principle relied on the detection of scattered ions in a hydrogen-containing foil
placed at the nozzle exit. Later, more sophisticated bunch monitors based on scintillating
fibers were used. These advancements make it possible to perform precise TOF measure-
ments and background correction of uncorrelated events. A similar technique to PGT, is
the Prompt Gamma-Ray Peak Integration (PGPI) proposed by Krimmer et al. [2017]. PGPI
exploits the integral in prompt gamma-ray TOF distributions, along with count rate ratios,
to determine the particle beam range. It potentially achieves a range accuracy of 3 mm with
a standard number of particles per spot (10%).

First proposed by Verburg et al| [2012], energy-resolved measurements offer an alterna-
tive to time-resolved methods for range monitoring. This approach, coined prompt gamma-

ray spectroscopy (PGS), uses the energy spectrum of prompt gamma-ray emissions to pro-
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vide absolute range monitoring of a particle beam. Specifically, it uses the intensity ratio
of the characteristic lines of the gamma-ray spectrum, which are monotonic and unequivo-
cally invariant, to achieve beam monitoring. Furthermore, the spectroscopy nature of PGS
makes it possible to obtain information about the composition of the targets. Thus, one can
measure elemental concentration changes (e.g., levels of tumor hypoxia and tracking of the
calcification in brain metastases) and tailor the treatments accordingly (Magalhaes Martins
etal.[2020a]). PGS can be used independently or as an adjunct to other techniques based on
secondary prompt gamma-ray emission. The combination of PGS and time-resolved mea-
surements has led to significant improvements in determination of the beam range. Dal Bello
et al. [2020] demonstrated the versatility of the technique for heavier charged particles, such
as '2C, where features extracted from PGS spectra can be used for beam monitoring. De-
spite challenges such as the statistics per prompt gamma-ray line and target heterogeneities,
PGS has a statistical precision of approximately 1 mm.

New techniques for prompt gamma-ray monitoring are still evolving, with a shift to-
wards cost-effective options like coaxial detectors (Hueso-Gonzéalez and Bortfeld [2019])
and the use of nanoparticles to enhance prompt gamma-ray emission (Galanakou et al.
[2022], Penninckx et al. [2021]). As it nears clinical integration, the focus is increasingly
on dose measurements and reconstruction strategies (Foglia et al| [2024]), making it a tool

for both range measurement and dose monitoring.

2.44 Emergent Techniques

Techniques such as magnetic resonance image (MRI) and ionoacoustic imaging are alterna-
tives that can also be used as particle monitoring technique. Instead of secondary induced
radiation, they use different physical features to achieve particle therapy monitoring.

MRI has previously been applied on the unconventional interpretation of standard 7'1-
weighted images. The 7'1 weighted signal is dependent on tissue properties that undergo
changes after the particle irradiation, indicating the dose distribution of a particle beam
(Pham et al, [2022]). However, the signal becomes visible only as early as 10 days follow-
ing radiation therapy and can, therefore, only be used retrospectively. In particle therapy
monitoring, this technique has recently become a major area of research as a guided therapy
technique. Its in-beam integration into particle therapy allows real-time tracking of tumor
position and movement, enabling treatment plans to be better aligned with the target. The
use of MRI in this modality leads to improved TCP with less toxic treatment margins and the
potential for adaptive particle therapy. A major breakthrough was recently achieved by On-
coRay [2024] (National Center for Radiation Research in Oncology), which inaugurated the
world’s first prototype of a whole-body MRI system for online imaging. This development
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marks an important step forward in particle therapy monitoring techniques.

Ionoacoustic imaging is an innovative monitoring technique based on the principles of
acoustic wave generation that combine the possibility of obtaining anatomical structure im-
ages, as in MRI, with the additional capability of range measurements (Kellnberger et al.
[2016]). For each pulse of charged ions, local thermal expansion and contraction of the tis-
sue occur due to heat generation where the dose is deposited. This process emits pressure
waves whose amplitude is directly proportional to the dose. In turn, these waves propagate
as ultrasound signals, which can be detected using ultrasound imaging devices. The ideal
beam macrostructure for optimal conversion of energy into thermoacoustic is achieved when
T,, < 1 us and high-intensity pulses are used, making synchrocyclotrons the most suitable
accelerator to be used with this technique (Lehrack et al| [2017]). Alternatively, ionoa-
coustic imaging can be used in other accelerators through artificial modulation of the beam
profile (Jones et al. [2015]). Under these conditions, in the plateau region of the depth-dose
profile, the energy deposition is relatively uniform and extends over a larger volume, gen-
erating cylindrical waves that propagate outward from the beam axis. In contrast, at the
Bragg peak, where the energy deposition is highly localized, the resulting wavefront is ap-
proximately spherical. This distinction enables the use of temporal and spatial properties of
acoustic signals to determine the particle range with high precision. The former property is
a dual of TOF in PET and PGI, and plays a critical role in achieving sub-millimeter edge
detections. The first in vivo observation of ionoacoustic imaging was reported in 1995 dur-
ing liver tumor treatment with a proton beam delivered by a pulsed synchrotron accelerator
(Hayakawa et al. [1995]). Recent research has focused on pencil beam scanning, and efforts
aim to optimize electronics and data processing, with promising applications for advanced
delivery techniques like FLASH.






Chapter 3
Gadolinium in Medical Physics

Gadolinium-based contrast agents (GBCA) are widely used in MRI due to the paramagnetic
properties of the Gd*3 ion. In this oxidation state, where G'd loses three electrons, its elec-
tron configuration becomes [ X e] 4 f with seven unpaired electrons in the 4f sub-shell (Gao
et al. [2015]). Following administration to a patient, the GDCA will be distributed between
the blood and the extracellular spaces. Given that tumors possess a leaky blood vasculature,
a compromised endothelium, or an underdeveloped lymphatic drainage system, molecu-
lar contrast agents can passively accumulate in tumors via their vascular permeability to
macromolecules (Zhou and Lu [2013]). This results in a transient increase in permeability
and retention. Free Gd ™ ions are toxic, therefore in medical applications, they are sealed
inside a linear or macrocyclic ligand that is either non-ionic or ionic to prevent them from
interacting with healthy tissue. In contrast to their linear counterparts, macrocyclic ligands
form closed rings, thereby conferring greater stability. lonic ligands are charged and more
water-soluble, whereas non-ionic ligands are uncharged and generally cause fewer side ef-
fects. The Gd*3 ion in GBCAs interacts strongly with the main magnetic field, shortening
tissue relaxation times (71 and 7'2), which enhances the visibility of internal structures and
abnormalities during imaging procedures (Mahmood et al,| [2022]). Approximately 35% of
MRI examinations involve the use of GBCAs (Fraum et al. [2017]).

Among the seven naturally occurring isotopes of Gd, *>Gd (14.8% abundance) and
157Gd (15.7%) have some of the most significant cross-section values for thermal neutron
capture, at 6.074 x 10* and 2.537 x 10° barns (NuDat [2024]), respectively. Only the noble
gas nuclide '*° X e has a higher cross-section value. The process for a neutron capture of
157G d is depicted in Figure B.1d. Following Gd neutron capture event, Auger (including
SCK) electrons, internal conversion (IC) electrons, gamma-rays, and X-rays are released.
On the one hand, Auger and IC electrons are exploited in NCT because of their very short
ranges, causing highly localized damage directly to cells containing (Gd, especially in the

nucleus if Gd has accumulated there. This makes them effective in targeting cancer cells
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Figure 3.1. The diagrams depict two distinct physical processes that may occur when
Gd is irradiated with particles. (a) Neutron capture process: a neutron is absorbed by a
157G d nucleus, resulting in an excited *8Gd* state. This state quickly decays to the stable
158 d, releasing energy in the form of gamma-rays, X-rays, and electrons through inter-
nal conversion and Auger processes. (P'Gd + n =18 Gd* ='"* Gd + v-rays + X-
TaYS + €ermal conversion T Cauger)- (0) PIXE: A charged particle (proton) interacts with the
electron shells of an atom, causing inner-shell ionization, followed by the emission of char-

acteristics X-rays.

while minimizing effects on surrounding cells. On the other hand, photon emission, not as
relevant in NCT, can be used to obtain information about the outgoing treatment, partic-
ularly for applications where the tumor region wants to be studied against healthy tissue.
Table describes the primary photon emissions from thermal neutron capture and their
relative probability. Gréfe et al, [2010, 2011], first demonstrated the feasibility of using
the photon emission to measure the distribution and uptake of the GBCAs during in vivo
studies. Van Delinder et al| [2020] subsequently proposed its use for tumor localization in

proton therapy.
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Table 3.1. The most relevant isotopic emissions of 1°7Gd and 1> Gd resulting from neutron
capture by G'd, including X-Ray and prompt gamma-ray energies with their respective prob-

abilities.

Isotope Abundance [%] Cross Section [b] Emission Type Energy [keV]/ Probability [%]

X-ray (Ka) 43.0/18.2

X-ray () 49.0 /4.5

7Gd 15.7 2.537 x 10° 79.5/9.8
Prompt 181.9/18.1

gamma-ray 944.2 /7.8

6750 /2.4

X-ray (Ko) 43.0/29.1

15Gd 14.8 6.074 x 104 X-ray (K) 49.0 /7.1
Prompt 88.9/15.3
gamma-ray 199.2/22.4

While previous understanding focused primarily on the thermal neutron capture by Gd,
it maintains open its study for additional physical interactions such as PIXE and the removal
of neutrons within the target region. The former is depicted in Figure and results in the
emission of supplementary X-rays. The latter, has the consequence of reducing the emission
of 2.22 MeV gamma-rays resulting from hydrogen neutron capture. Moreover, the study of
(d as surrogate for dose measurements and its use with heavier charged ions than protons

1s still to be researched.






Chapter 4
Research Methodology

The chapter describes all the materials used in the experimental measurements and Monte
Carlo simulations. It is followed by a brief overview of the acquisition system’s main com-
ponents, including example results obtained with the system and an outline of the data pro-
cessing methods. Finally, the methodology of the research campaigns conducted to obtain

the results for this study is presented.

4.1 Experimental Targets

4.1.1 Gadolinium Based Contrast Agent

A commercially available GBCA Dotarem® (gadoteric acid from Guerbet LLC) was used.
This GBCA is valued for its low risk of nephrogenic systemic fibrosis and is commonly
used in MRI of the brain, spine, and associated tissues (U.S. Food and Drug Administration
[2017]). Dotarem® consists of a 0.5 mmol mL ™" aqueous solution of gadoterate meglumine,
with a density of 1.18 gem ™3 at 20 °C. Its empirical formula is Cy3 H,45013N5Gd, and it is
classified as an ionic, macrocyclic molecule. Water was used as a control in the experimental

measurements to serve as a baseline for comparison with the G'd results.

4.1.2 PMMA Blocks

Polymethyl-methacrylate (or PMMA) was used to access changes in spectra as a function of
the tissue and to study the underlying physics behind the emission of Gd signal. In general,
blocks with an area of 15 x 15 cm? and variable thickness were used. The block were aligned
to obtain a different tissue equivalent thickness between the beam and the target. It should
be also mentioned that the PMMA material was defined in Monte Carlo simulations based
on the study that has been done by Hiinemohr et al/[2013].

35
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4.1.3 Sample Containers

Two different containers were used to hold the GBCA solutions and the reference (water):
the original 15 mL glass vial provided by Guerbet LLC and 5 mL Eppendorf® tubes. In
both cases, the room isocenter was consistently aligned with the center of the vials during

experimental measurements.

4.2 Detectors and Acquisition Systems

The experimental measurements in this study followed a standard setup, as illustrated in Fig-
ure §.1. The majority of experimental campaigns were performed using a PGS prototype
system that had been previously developed at DKFZ in collaboration with HIT (Dal Bello
[2020]). The PGS system is capable of measuring photon energy spectra with energies rang-
ing from tens of keVs up to 10 MeV, including both gamma- and X-ray spectra. The proto-
type consists of a photon detector, an anti-coincident shield, a beam tracker, and associated
electronics. Limited to a few experimental campaigns, a cadmium telluride (CdTe) detec-
tor was also employed, significantly improving the resolution photon energy spectra up to
200keV. The following sections described the detector system and data analysis, focusing

on the PGS prototype.

4.2.1 Prompt Gamma-Ray Prototype
Photon Detector

The photon detector for most of this work was based on an inorganic C'e Brs hygroscopic
scintillating crystals optically coupled to a Hamamatsu photomultiplier tube (PMT) R9240-
100. It has a decay time, Tcep,, = 20nsand a 5.1 g cm ™ density. The crystal is protected by
Teflon™ and aluminum and has a cylindrical shape with a diameter 3.81 cm and length [ =
7.62 cm. When compared with other crystals used in PGI, such as LaBr?, the CeBr? has
similar characteristics but a lower background. The resolution of the detector as a function

of the energy in keV is given by,

3
FWHM A;
———— x100(%] =) - (4.1)
E :
=0 (\/E)
where the A; coefficients are given in Roemer et al, [2015] and c is a correction factor
due to crystal-dependent variations (e.g., shape, size, and other intrinsic properties). The
crystals used in this study exhibited a resolution of approximately 20 % and 4 % at 32keV
and 662 keV, respectively.
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Beam tracker: time-of-flight measurements
O CeBr, detector: gamma-ray and x-ray (up to 10 MeV)
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Figure 4.1. Schematic representation of the general experimental setup used in this study,
including a beam tracker for time-of-flight measurements, an inorganic scintillator (C'e Brs),
a semiconductor (C'dT'e) for photon measurements, and an anti-coincidence shield for noise
suppression. The system can be used as a whole or with individual detectors for specific

configurations.

Anti-Coincident Shield

The anti-coincidence (AC) detector surrounds the photon detector with eight optically sep-
arated, azimuthally symmetric segments of bismuth germanate (BGO) crystals. Each seg-
ment is optically coupled to an independent Hamamatsu R1924 PMT with a custom pre-
amplification circuit. With a decay time of 750 = 300ns, the BGO crystals provide an
energy- and time-resolved signal, serving as an AC shield in PGS measurements. This setup
suppresses the background due to photons that are not fully absorbed, with partial energy
escaping from the photon detector due to Compton scattering or single and double escape
events arising from pair production and subsequent annihilation. The time resolution be-
tween the photon detector and the AC shield is 3.58 ns FWHM (Dal Bello et al) [2019]).
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Beam Tracker

To obtain prompt gamma-ray events correlated with the particle bunch delivered by the ac-
celerator, a beam tracker detector was used. The prototype is equipped with an array of
sixty scintillating fibers with a decay time of Tgeamiracker @and a sub-nanosecond time reso-
lution of 0.8 ns (Magalhaes Martins et al) [2020b]). The fibers, designed BC'F' — 12, and
manufactured by Saint Gobain Crystals, have a diameter of 0.5 mm and are agglomerated
in an alternating even-odd pattern. Each group of fibers is optically coupled to two Hama-
matsu PMTs R657, resulting in a configuration of 30 fibers per PMT. The entire system is
enclosed in a light-shielding plastic box with external windows for the particle beam, con-
structed from 10 pm-thick aluminized mylar. The beam tracker is typically placed between
the beam nozzle and the target, enabling TOF measurements and background suppression

of uncorrelated events (e.g., gamma-rays induced by hydrogen neutron capture).

FlashCam FADC Electronic Module

The PMTs readout was performed with a high-performance analog-to-digital (ADC) con-
verter, namely the FlashCam FADC (Puehlhofer et al, [2015]). The system offers a 12-bit
resolution in a multi-channel acquisition mode, with the capacity to digitize data at a rate
of 250 MS s~!. The readout of all active channels is controlled by a single internal trigger,
which can be pre-configured for each channel and initiated individually. The transmis-
sion of data is performed by a flexible ethernet-based interface with a data transfer rate of
2 GByte s~ '. Each acquisition in this study was conducted on an event-by-event basis, with
single traces ranging from At = 200 ns to At = 400 ns and sampling intervals of 6t = 4 ns
for the photon and AC-shield detector setup and ¢ = 1 ns for the beam tracker detector. The
Flashcam FADC operates as a non-paralyzable system and follows the dead time correction

model, where the true count rate /V is approximated by

N,

mxp)

where, V,, represents the measured count rate, 7 the dead time Knoll [2010]. A dead
time measurement follows each trace, allowing the use of this model for dead time cor-
rections. In this study, dead time was found to be negligible for beam intensities bellow
1 x 10%ionss™'. For higher intensities, dead time corrections were applied to account for

system limitations.
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4.2.2 Cadmium Telluride

In order to gain a better understanding of the low energy levels observed in the photon energy
spectra, a subset of experimental measurements were conducted using the Amptek® X-123
Cadmium Telluride (CdTe) detector (Amptek [2017]), which includes the CdTe semicon-
ductor detector, a preamplifier, and its own digital pulse processor. The CdTe detector as
an active area of 25 mm? (180 times smaller than the photon detector) and a thickness of
1 mm, optimized for detecting X-rays and gamma-rays in the energy range of 5 to 150 keV.
The energy resolution is lower than 1.5 keV at 122 keV, improving significantly the spectra
lines analysis within its intended energy range when compared with the C'e Brs detector. It
should be noted that, due to its limited availability, the system was used only in a subset of

experimental measurements.

4.2.3 Data Analysis

The analysis algorithms were implemented in both C++ and Python. For Python, the li-
braries used included numpy (Harris et al. [2020]), scipy (Virtanen et al. [2020]), and scikit-
learn (Pedregosa et all [2011]). For C++, the ROOT framework (Brun and Rademakers
[1997]) was utilized. The following sections describe the data steps used to obtain the pho-
ton energy spectra for each experiment, including background suppression using the anti-
coincidence shield and time-resolved measurements. The raw data processing and back-
ground suppression were performed exclusively for the prompt gamma-ray detector system.
The calibration and extraction of spectral features procedure was similarly applied in both,
the PGS system and the C'dT'e detector.

Raw Data Processing

The data processing starts by determining the features of each event acquire by the photon
detector. This process implies a baseline restoration and single or multiple fits for each peak
found in the event (with minimum peak separation of 20ns) with Exponential modified
Gaussian (EMG) model(s),

ft,a, p,o,\) = %e[_(t_“)Q/QUQ] {1 +erf [%} } 4.3)

The EMG distribution is defined as the sum of independent normal and exponential
random variables, where ¢ is the time, a is the Gaussian amplitude, o is the Gaussian sigma,
1 1s the position of the unmodified Gaussian, A is the relaxation time parameter of exponent
used to modify Gaussian and er f = \/%7 fOZ e~ dt (Kalambet et al] [2011]]). For each event

and peak, the detected information on the event identification, a, i, o, A, and a score based on
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2

the adjusted coefficient of determination (12,

, metric) were recorded. Not all detected
peaks were considered valid. Some events exhibited poor shapes (e.g., due to overflows or

pile-ups), while others were uncorrelated with prompt gamma-rays. Figure shows the

2

adjusted» ODtained from experimental measurements.

2
adjusted?

distribution of two key features, A and R
Events were filtered based on these features to reduce noise in the data. For the R
a threshold of thrs.ore = 1 — 7.50 was defined. For the A\, a Gaussian fit was applied to
the peak associated with the no-noise events, and only events within a 5o window were

considered.
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Figure 4.2. Example distributions of (a) RZ;,,,.q and (b) A obtained from a PGS measure-
ment. Only events within the green area are selected to construct the photon energy spectra

and perform the analysis.
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Beam Macro-Structure

As mentioned in Section 2.3.2, a spill is defined as the duty cycle period during which the
beam is active within its macro-structure. For each event, a timestamp is recorded by the
photon detector and the beam tracker. By measuring the rate at which events are detected,
it is possible to extract information about the duration of each spill and off-spill period, as
well as the total number of spills. Additionally, this analysis enabled the distinction between
events occurring within a spill and delayed events detected off-spill, with the photon energy
spectra obtained from spill-associated events. Figure §.3 depicts the results of a spill analysis
as an example. Spill identification was accomplished by calculating the event rate through
derivation and applying a threshold cut. The experimental values obtained were consistent
with those reported by Haberer et al) [2004] (5 s) and Scheeler et al. [2016] (8 s) for the HIT

and MIT institutes, respectively.

Raw data
Spills
---- Threshold

1400
1200

1000

Rate [events[3]

800
600

\\\\\\\\\\\\‘\\\‘\\\,\

400

200

(o] L8 LT R S B ES popley ey b e O b
60 70 80 90 100 110 120 130 140

Time [s]

Figure 4.3. Extracted section of a PGS measurement at HIT, where is depicted the event rate
(solid, blue) as function of time. A threshold is applied to generate a square wave, enabling
the identification of spills or periods when the beam is active during the high phase of the
pulse. For this specific measurement, the average duration of the active beam and inactive
phase is 4.84 + 0.25 s and 3.44 £ 0.73 s, respectively.

Background Suppression

Background suppression due to neutrons and scattered and delayed radiation was achieved
using the photon detector, the AC shield and the beam tracker. The application of the AC
shield suppresses events where the photon energy is not fully absorbed by the detector. Only
events registered by the photon detector in anti-coincidence with the following conditions
were included in the spectra: events arriving at the AC shield after being detected by the

photon detector, Aty = t&<hL, — 1565 < 0, and events with energies, Epco > 225keV.
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The beam tracker detector is essential for filtering uncorrelated events that would oth-
erwise distort the prompt gamma-ray spectra. A typical TOF spectrum derived from the
timestamp differences between the photon detector and the beam tracker is shown in Fig-
ure #.4. The spectrum can be divided into three regions: the prompt radiation region, the
scattered radiation region, and the time-independent radiation region. The prompt gamma-
ray region consists of a AtZS,. ~ 3ns to 10ns window and is followed outward by the
scattered radiation (Compton events) region, which exceeds At54%¢ed ~ 5ns or more be-
yond the prompt gamma-ray region, depending on the experimental setup and the charged
ion used. The time-independent radiation region, consisting mostly of delayed radiation,

occurs largely outside the previously defined regions.
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Figure 4.4. TOF spectrum divided into three sections: prompt radiation (red), scattered radi-
ation (green) and delayed or time-independent radiation (yellow). Prompt radiation (dashed,
red) events were fitted with a Gaussian distribution. In PGS, only events defined at ;4 4= 30

(AtFS . = 9.65ns) are included in the photon energy spectra.

The application of these techniques and their effects on the photon energy spectra are
shown in Figure§.3. As aresult of the AC technique, suppression of the Compton continuum
is evident at low energies (< 3 MeV), and the single and double escape peaks are effectively
suppressed in the de-excitation lines of 12C' and '°0O. Moreover, hydrogen neutron capture
and the 57 annihilation line, a time-uncorrelated event, is also mitigated after the application
of the TOF technique. These and previous filters improve the signal-to-noise ratio (SNR)

and provide better resolved photo-peaks.

Energy Calibration

This study uses two calibration techniques to interpret the photon spectra in terms of energy
rather than a non-informative quantity, such as ADC channels: offline and on-the-fly cali-

bration. For the oftline calibration, various radiation sources with well-known decay lines
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Figure 4.5. A calibrated photon spectra of a PGS measurement is presented, including:
raw data, data filtered using the TOF technique, data filtered using the AC shield, and the
combination of both methods. The annihilation peak (from 5 decay, 0.511 MeV), hydrogen
neutron capture peak (2.22 MeV), and the de-excitation lines of 12C and 0O are highlighted

in gray.

were used. The following sources were used: 2’ Na with a positron annihilation peak at
511keV; %°Co with decay lines at 1.173MeV and 1.333MeV; 33 Ba with selected decay
lines at 32keV, 81keV and 356 keV; 3"C's with characteristic X-ray and gamma-ray peaks
at 32keV and 662keV, respectively; and 2! Am with the 60keV peak specifically used.
This initial calibration is subject to several sources of error, such as energy shifts caused by
variations in the particle beam intensity, discrepancies in source-detector orientation, and
intrinsic non-linearities of the photon detector. To mitigate these issues, an online calibra-
tion is performed using the known positions of high-energy spectral lines produced during
charged ions’ interactions with the medium. This approach allows for fine-tuning of the

calibration process. The AC detector was calibrated exclusively using the offline method.

Extraction of Spectral Features

The photon spectra in this study typically consist of characteristic energy lines superimposed
on a continuum background, which primarily results from Compton scattering interactions
on the target and detectors. The background in itself can complicate the analysis of spec-
tral features. Therefore, after obtaining the photon spectra, a baseline restoration based on
the sensitive non-linear iterative peak (SNIP) algorithm ([Ryan et al., 1988]) was applied.
Then, peaks of interest were identified and analyzed. These peaks were fitted with single
or multiple Gaussian or Lorentzian functions in order to extract parameters such as mean

energy, amplitude, and area.
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4.3 Research Campaigns

4.3.1 Prompt Gamma-Ray Benchmarking

Reﬂecting the crucial role of Monte Carlo simulations in the progress of beam monitoring
techniques, this study starts by developing models for GEANT4 v11.1.2 (Agostinelli et al
[2003], [Allison et al| [2006, 2016]), FLUKA v4-4.1 (Béhlen et al| [2014], Ferrari et all
[2005]) and MCNP6 v2 (Werner et al! [2018]). A comparative analysis of these models was

conducted with experimental results obtained at HIT, aiming to improve the accuracy and

effectiveness of PGS in clinical settings.

Figure 4.6. Experimental set-up. The detector is on the left, the PMMA is in the middle,

and the exit point of the proton beam is in the background.

Figure }.6 shows the general experimental setup used for the experimental measure-
ments. PGS spectra measurements were obtained by shooting a proton beam into a PMMA
target, which was placed 100.0 0.5 cm away from the nozzle. In total, three blocks of size
15 x 15 x 5cm?® were used. The blocks were aligned to obtain a tissue equivalent block
thickness of 15 cm. The PG detector was located 25.0 + 0.5 cm away from the proton beam
isocenter and perpendicular to the beam. A total of 5 proton irradiations was conducted with
similar durations (~ 150 s) but different beam characteristics. Table . 1| contains a summary
of the beam information. The range of particles was determined using the calculated CSDA
ranges at different energy values, with the assistance of NIST (M.J.Berger et al|[2017]) data.

To replicate the experimental data, different Monte Carlo codes were used. Next, follows

the description of the physics lists and methods used in each toolkit.

"Note: This section includes modified excerpts from the submitted work: Freitas, H., Nobakht, E., Griiner,
F., & Seco, J. (2024). A Comparative Analysis of GEANT4, MCNP6, and FLUKA on Proton-Induced

Gamma-Ray Simulation.
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Table 4.1. Run number, initial proton kinetic energy, beam lateral FWHM and the corre-

sponding Rosp 4 range used in Prompt Gamma-ray Benchmarking campaign.

Run Energy [MeV] FWHM [cm] Respa [cm]

1 89.91 1.75 5.514
2 99.74 1.58 6.633
3 110.24 1.44 7.923
4 120.05 1.34 9.212
5 129.52 1.25 10.53

MCNP6

Initially, only the proton data libraries were used. However, the gamma-ray emission spectra
in these datasets are very coarse and lack the precision required to identify specific gamma-
ray lines, especially in the low energy range. Therefore, all proton-induced reactions were
simulated using the physics models. It is generally assumed that when a proton strikes an
atomic nucleus, it initiates a sequence of nuclear reactions, including an intranuclear cas-
cade (INC), pre-equilibrium, evaporation or fission, and finally, the de-excitation of the
residual nuclei through gamma-ray emission. This process can be divided into two main
stages, and there are several different models for modeling each stage: INC models pre-
dict nucleon-nucleon collisions resulting in the emission of prompt particles. Subsequently,
evaporation/fission models address some or all of the following: pre-equilibrium, evapora-
tion, fission, and the de-excitation of residual nuclei (Kraan [2015]). In MCNP6, the default
INC model is Bertini for nucleons and pions, while the ISABEL model is used for other par-
ticle types (Werner et al. [2017]). For this study, however, the ISABEL model was used for
all incident particle types. Upon completion of the INC stage, the energy of the highly ex-
cited nucleus is dissipated by the evaporation of neutrons, protons, and light ions. This was
achieved in this study by using the Dresden evaporation model combined with the Ruther-
ford Appleton Laboratory fission model. Several discrete and continuous energy neutron
data libraries were tested for neutron induced interactions. Regarding scattering gamma-ray
emissions, the default ACE model was changed to the Cascading Gamma-Ray Multiplicity
model, which has been integrated into version 6.2 of MCNP6 code and has several advan-
tages over the use of ACE data libraries (Wilcox et al. [2014]). Finally, the pulse height
tally '8 was used, which records the number of pulses detected in a user-specified energy

bin, analogous to a detector response function.
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GEANT4

In GEANT4, the investigation begins by identifying the combinations of models and cross-
sections that are most suitable for this analysis. Among those recommended by GEANT4 for
medical physics applications, the following physics were selected: QBBC, QGSP_BIC_HP,
and QGSP_BIC_A11HP. These physics lists were combined into a modular physics list with
the GAEmStandardPhysics_option4. All physics lists are hybrid models that combine
the Bertini pre-compound models (for energies < 6 GeV) with the Binary Ion Cascade.
The main differences lie in the cross sections values used and in the application of high
precision models for neutrons (HP) and for both neutrons and protons (A11HP) (Agostinelli
etal/[2003], Allison et al|[2006, 2016]). In the simulation settings, a custom scoring system
capable of recording essential information about each interaction event was developed. This
scoring system specifically recorded data on the amount of energy deposited in the detector
per event, the time at which each event initially interacted with the detector, and the type
of particle involved. Only the energy deposited by photons was exclusively considered
to construct the prompt gamma-ray spectrum, while neutrons and electrons were excluded
from the analysis. Furthermore, the scoring process was also restricted to the active part of

the detector to focus on the relevant interactions.

FLUKA

In the FLUKA toolkit, for the energy ranges employed in this study, the PEANUT package
was used, including its General Intra-Nuclear Cascade (GINC). This package provides a
higher level of detail and consists of a comprehensive pre-equilibrium stage followed by
different equilibrium processes (e.g., evaporation, gamma de-excitation). Inelastic cross
sections for hadron-hadron and hadron-nucleus interactions are derived from experimental
data and established data tables (Bohlen et al) [2014], Ferrari et al. [2005]). Unlike previous
toolkits, FLUKA adopts certain default settings predefined for specific problems. For this
study, two settings were used: HADROTHE, adapted for particle therapy calculations, and
PRECISIO, designed for precise simulations. The DETECTOR card was employed to gather
all the PG spectra.
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4.3.2 Gadolinium Response to Ion Irradiation

A set of experiments and equivalent simulations was designed to acquire the photon energy
spectra of a GBCA target resulting from ion irradiation. The experimental measurements
were based on the setup depicted in Figure @.1|. Either the prompt gamma-ray system or
the C'dTe detector (when available) to assess the response of the GBCA to ion irradiation.
Dotarem® was used with pre administration concentrations (see Section §.1]) as the GBCA
for this study. The following subsections describe the Monte Carlo physics used in this

study, followed by the experimental setups and a description of the obtained measurements.

Monte Carlo Physics

The two primary mechanisms, neutron capture and PIXE, of photon emission as a result
of proton interactions with Gd are considered. A similar approach to the previous bench-
marking simulation was used, and the physics list was constructed based on QGSP_BIC_HP
and G4EmStandardPhysics_option4 modules. The latter has a crucial role in the simula-
tions, as it is responsible for the fluorescent, auger, and PIXE processes. By default, only
fluorescence is active; however, the Auger production and PIXE were also activated for this
simulation. Moreover, the ECPSSR_ANSTO model was used. This model is based on the
theoretical work of Bakr et al) [2018], providing the proton and « ionization cross section
of the K, L and M shells up to 5 MeV /u, in targets with Z < 93. Beyond the energy range
where shell ionization cross sections are explicitly provided, the ECPSSR model (Paul and
Bolik [[1993], Paul and Sacher [1989]) employs its internal calculation method. The model
PIXE

is extensible to the ionization cross section oy,

ionization cross section, g /X"

of a generic ion by scaling the proton

using the following scaling relation (Bakr et al| [2022]),

M
O-iJLDIXE = Zesz O-ZJ:IXE (Ebeam ﬁ:) (44)

where, Z. is the effective electric charge, Fj.., the kinetic energy of the incident ion,

M, and M), are the masses of the proton and the ion, respectively.

Photon Spectral Response

The first set of experiments aimed to access and compare the spectra of a vial filled with
either Dotarem® or water. The experimental setup was analogous to the one in Figure 4.7,
The beam and the targets were aligned with the isocenter, and only the photon detector was
used. The detector was placed at 90° relative to the beam direction and 15.0 4= 0.5 cm from
the isocenter. Both solutions were directly irradiated with monoenergetic single-spot proton
beams with energies of Eje,, = 51.82MeV (with Bragg peak beyond the isocenter) and

Eyearn = 100.45 MeV (transmission beam). The corresponding beam currents were [jeq,, =
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2 x 10%ionss ™' and Iyeqm = 8 X 107 ionss ™, respectively. Spectra ranging approximately
from 30keV to 700keV (low energy spectra or LES) and from 350keV to 7MeV (high
energy spectra or HES) were measured and obtained for the Gd and water solutions. The

experience was replicated for the (Gd solution using Monte Carlo simulations.

Figure 4.7. Experimental setup used for measuring the energy spectra of water and
Dotarem® solution. The photo, taken at the HIT institute, shows the vial target, the noz-

zle, and the C'eBry detector. The target vial contained either water or Dotarem®.

Signal Quantification

As discussed later (see Section b)), the previous results narrow the focus of this study to the
gadolinium K, and Kz characteristics X-rays emissions induced by proton irradiation of
the Dotarem® and water solution. In a subsequent step, the quantification of the gadolinium
signal as a function of the dose is focused on. In this case, three different proton beam
energies were used, Fyeqn, = 51.82MeV, 55.34 MeV and 58.72 MeV. The individual depth-
dose profile of each beam is depicted in Figure §.8. The corresponding deposited doses per
ion in the gadolinium target, determined by Monte Carlo simulations were, (1.63 x 1071° +
8.4 x 10712) Gyion™', (1.85 x 10724+ 8.1 x 1072) Gyion™', and (2.04 x 10712 £ 7.7 x
10~'*) Gyion™!, respectively. The photon detector was placed at 90° relative to the beam
direction and 25.0 & 0.5 cm from the isocenter. Due to the poor resolution of the photon
detector, the K, and K 3 were merged in the spectra (see Section B), and therefore, quantified
as one signal, K{%.

To evaluate the influence of the dose rate on the photon spectra response, additional
measurements with a fixed proton beam energy of Ej..,, = 55.34 MeV were conducted
at different dose rates, 0.03Gys ', 0.09Gys ! and 0.30 Gys™'. The irradiation time was
varied to achieve the same set of doses (2.5, 5.0, 7.5, 10 and 12.5 Gy) for each dose rate.
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Figure 4.8. Depth-dose profile for three different beam energies: Fpeor, = 51.82MeV
(blue), 55.34 MeV (purple) and 58.72 MeV (green), resulting from proton irradiation of a

vial filled with Dotarem®.

Two sets of measurements were acquired, one with the photon detector at 90° relative to the
beam direction and 25.0 £ 0.5 cm from the isocenter (vial) and the other at 50.0 4= 0.5 cm.

(a) Vial Irradiation (b) Vial Irradiation with PMMA

Figure 4.9. Experimental setup used for ion (proton, helium and carbon) irradiation of
water and Dotarem® solutions without (a) and with (b) a PMMA between the nozzle and
the target. The photos, taken at the HIT institute, show the vial target, the C'e Brs detector

and the C'dT'e detector. A energy spectra was measured for each configuration.

Various Charged Ions

To evaluate the capabilities of PGS in detecting GBCA agents for different charged ions,

®

a vial filled with either Dotarem™ or water was irradiated. The charged ions used for irra-

1

diation were: proton with an energy of 51.82MeV, helium with 54.15MeVu™ -, as well as

1

b

carbon ions with an energy of 95.67 MeV u~'. The beam intensities were, 2 x 10% ions s~
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2 x 107ionss™ !, 2 x 10%ionss™!

, respectively. For each irradiation, the photon spectra
were obtained using the photon and the C'dT'e detector. The experimental setup used for
these measurements is shown in Figure #.9. Similar to previous experiments, the detectors
were places at 90° relative to the beam direction and 25.0 & 0.5 cm from the isocenter. To
preliminarily determine whether the K g‘é emission was primarily due to PIXE or neutron
capture, four PMMA slabs of 1 cm each were introduced between the nozzle and the target,
positioning the proton beam’s end-of-range within the PMMA. This setup ensures that if a

signal is detected, it is highly likely to be due to neutron capture.

Underlying Physics

Previous measurements indicate that at lower energies, the primary physical process as-
sociated with K S‘é emission is PIXE. Through Monte Carlo simulations, the underlying
mechanisms of X-ray emission by GGd were studied. Before obtaining the cross-sections for
processes associated with the irradiation of Dotarem®, benchmarking was successfully con-
ducted using a thin GGd target, with the results shown in Figures and §.11). Additionally
simulations involved the study of the Gd PIXE and neutron capture cross-sections for a thin
target consisted of GBCA and for different thickness of PMMA.
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4.3.3 Dose-Dependent Spectra Variations in Gadolinium

BMonte Carlo simulations (using the same physics described in the previous section) were
performed using GEANT4 to investigate the dose-dependent spectra of GBCA under vari-
ous conditions of proton irradiation and evaluate the feasibility of using GBCA for in vivo
dosimetry. The study used an elliptic cylinder water phantom with a major and minor axis
of 25 cm and 15 cm, respectively. At the center of the phantom, a target volume measuring
2 x 2 x 2 cm?®, composed of Dotarem®, was placed, as shown in Figure f.12. A uniform dose
of 2 Gy was delivered to the target using pencil beam scanning, and the deposited doses in
the target, as well was the phase space of secondary photons, were analyzed under different
transverse and longitudinal displacements of the target. The phase space was recorded in a
box of 7.5 x 7.5 x 7.5 cm?, surrounding the target. The next sub-sections describe in detail
the treatment plan used and the applied conditions.

S —— T T,

—

1
ey |

Figure 4.12. Schematic representation of the setup used in the Monte Carlo simulations of

°\

the Dose-Dependent Spectra Variations in Gadolinium and Simultaneous Range and Tumor
Localization using Gadolinium campaigns. The blue area represents the elliptical cylinder
water phantom, the green area represents the target and the scorer volume is delineated in

red.

Design and Optimization of the Treatment Plan

An optimized pencil beam scanning treatment plan was created to uniformly cover the entire
target (tumor) volume with a physical dose of 2 Gy per fraction, as is typical in a fractionated
irradiation schedule. Pencil beams were arranged in a squared matrix with a theoretical spac-
ing of 3 mm along the longitudinal (beam) direction and 5 mm in the transverse orthogonal
plane. This resulted in the use of 8 energy layers ranging from 124.44 MeV to 139.27 MeV
(see table {.2)) and 25 points per layer (see table §.3), forming a total 200 pencil beams. In
practice, the available energies at HIT were used, adding slightly different distances for the

longitudinal spacing. The layers and points configuration are depicted in Figure .13

2Note: This section includes modified parts from the submitted work: Bras, M., Freitas, H., Gongalves,
P., & Seco, J. (2024). In vivo dosimetry for proton therapy: A Monte Carlo study of the Gadolinium spectral

response throughout the course of treatment.
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Table 4.2. Energy layer number, initial proton kinetic energy (Fpeqrm ), beam lateral FWHM
and the corresponding CSDA range used in the Dose-Dependent Spectra Variations in

Gadolinium campaign.

Energy Layer EBeam [MeV] FWHM [cm] Rgo [em]

1 124.44 1.34 113.73
2 126.90 1.33 117.24
3 129.32 1.33 120.80
4 131.11 1.32 123.28
5 133.48 1.31 126.79
6 135.23 1.31 129.35
7 137.55 1.30 132.90
8 139.27 1.30 135.64

Table 4.3. Sorted pencil beam number in the transverse plan and their correspondent Carte-
sian coordinates in ¢m for the treatment plan (with isocenter at (z,y, z) = (0,0, 12.5) cm)

used in the Dose-Dependent Spectra Variations in Gadolinium campaign.

Point 1-5  Point 6-10 Point 11-15 Point 16-20 Point 21-25
(-1.0,-1.0) (-0.5,-1.0) (0, -1.0) (0.5,-1.0)  (1.0,-1.0)
(-1.0,-0.5) (-0.5,-0.5) (0, -0.5) (0.5,-0.5)  (1.0,-0.5)

(-1.0,0) (-0.5, 0) (0, 0) (0.5,0) (1.0, 0)
(-1.0,0.5) (-0.5,0.5) (0, 0.5) (0.5,0.5) (1.0, 0.5)
(-1.0,1.0)  (-0.5, 1.0) 0, 1.0) (0.5, 1.0) (1.0, 1.0)

The treatment plan optimization was based on the Sequential Least Squares Quadratic
Programming (SLSQP, Kraft [1988]) algorithm, an iterative method for constrained non-
linear optimization problems. The minimization problem, which minimizes the square de-

viation of the dose, is given by

. A arge A issue
HEI] f(W) = farget Z (Dz(w)t - Dtarget)2 + ! Z (Dj<w) - th’ssue)2

Ntarget i Ntissue

subject to  D;(W) < Diax, Vj € tissue
4.5)
where, w are the weights of each pencil beam, D;(w) is the dose at the i-th voxel in
target region, Dy,,4.¢ is the prescribed dose to the target, D;(w) is the dose at the j-th voxel

in healthy tissue, Dy;ssue and D4, are the reference and maximum doses in healthy tissue,



54 Research Campaigns

€ i E
< 1 S,
2 F 2 1 ——————o——
. 2] |
> 0.5 >
o o-
-0.5) ‘ ‘
C ~I o e—e—e—o——
—lf
Covan v o v bvw el v v a v ay S ST S N AR}
11 115 12 125 13 135 14 -1 0 1
Depth [cm] X-Axis [cm]

Figure 4.13. Longitudinal (zy) and transverse planes for the treatment plan (with isocenter
at (z,y, z) = (0,0,12.5) cm) used in the Dose-Dependent Spectra Variations in Gadolinium
campaign. The energy layers (dashed, blue), the distribution of pencil beams (circle, blue)

in the transversal plan and the target limits (solid, red) are represented.

Atarget a0d Agss0e are penalty factors for the target and tissue regions, and Nygrger and Nyjssye
are the number of voxels in the target an non-target regions, respectively. No margins were
applied when creating the optimized treatment plan. The resulting dose distribution in the
target for the longitudinal plan is depicted in Figure #.14.

Longitudinal and Transversal Displacements

To recreate a realistic scenario in which target movements occur both intra- and inter-fraction,
the target was shifted both in transversal and longitudinal axis. Since the adopted geometry
is simple and symmetrical, movements in the transversal plane were represented by 1.0 mm,
3.0 mm, 8.5 mm and 16.0 mm shifts only in y-axis and in the positive direction relatively to
the target’s original position. In the longitudinal axis, the same shifts were applied in both
the upstream (toward the beam nozzle) and downstream directions. The effects of these
movements on dose to target are depicted in Figure as dose-volume histograms (DVHs)
of the Gross Tumor Volume (GTV) for each scenario. For the optimal treatment plan, the
dose received by 95% of the target volume (Dys.,) is 1.96 Gy, and 100.0 % of the target
volume receives at least 95 % (Voso,) of the prescribed dose. The corresponding metrics for

scenarios with target displacements are presented in Table §.4.
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Figure 4.14. Dose distribution map (upper) and dose-depth profile (bottom) for the opti-

mized treatment plan. The targets limits are represented by the red region.

Table 4.4. Dose metrics, Dgso, and Vo5, for the GTV under different target displacement
scenarios in both transverse (positive direction of y-axis) and longitudinal (downstream and
upstream) directions in the optimized treatment plan. The reference values for no displace-
ment are Dgso, = 1.96 Gy and Vy54, = 100.0 %.

Transversal Downstream Upstream
Shift [mm] Doys v, [GY] Vos v [%] Dy, [GY] Vos v [%] Doys v, [GY] Vos v [%]
1.0 1.95 99.42 1.94 96.72 1.96 100.0
3.5 1.76 85.57 1.25 83.12 1.93 97.51
8.5 1.00 57.48 0.04 57.83 1.69 73.51

16.0 0.18 16.12 0.00 24.67 1.48 38.82
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Figure 4.15. DVHs of the GTV for the optimized treatment plan (solid black line) without

target displacements, and with target displacements: (a) transverse displacement along the

positive y-axis, (b) displacement in the downstream direction, and (c) displacement in the

upstream direction.
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4.3.4 Range and Tumor Monitoring using Gadolinium and PGS

The Monte Carlo simulation shown in Figure #.12, along with the treatment plan described
in Section }#.3.3, was used to evaluate how PGS can be combined with GBCA to achieve
synchronized range monitoring and tumor localization. The previous score volume was di-
vided into 2 mm slits, and the photon spectra were recorded for each slit. By extracting the
features of K f% emission and C''? de-excitation line, range and tumor localization measure-
ments for individual energy layers were obtained. Additionally, cases of beam overshoot

and beam undershoot were simulated to further demonstrate the potential of this technique.






Chapter 5

Results

This chapter presents all the experimental and Monte Carlo results divided according to
the experimental campaigns defined in the research methodology chapter. All experimental
data were collected at HIT and MIT in collaboration with DKFZ.

5.1 Prompt Gamma-Ray Benchmarking

0 This campaign started by irradiating the PMMA target with single-spot and monoenergetic
proton beams in the first set of experiments. Figure shows the spectra obtained for the

various beam energies used in this work.

Energies:
89.91 MeV
99.74 MeV
110.24 MeV
120.05 MeV
129.92 MeV
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Figure 5.1. Prompt gamma-ray spectra resulting from proton irradiation of PMMA. Mea-

surements were obtained for different proton energies.

'Note: This section includes modified excerpts from the submitted work: Freitas, H., Nobakht, E., Griiner,
F., & Seco, J. (2024). A Comparative Analysis of GEANT4, MCNP6, and FLUKA on Proton-Induced

Gamma-Ray Simulation.

59
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The most statistically relevant lines in the spectra, resulting from inelastic interactions
of the proton with the target, include the boron (** B} -,01rev — ° B 71smevs B 718 Mey —
By ), carbon (M'C3 gomev > ' Coiss PChugomev — 205, nitrogen (N5 gips0 —
0B s amevs NS 313 mev — 14N, ), and oxygen de-excitation lines (1°0OF 150 pey — O0,5.)-

Additionally, neutron activation of hydrogen (n +*H — 2H + 75923 Mmev) 1S present.

Monte Carlo Spectra

The benchmark analysis began by selecting the most suitable options for MCNP6. Then, the
simulations were ran using the data tables and models. The MCNP6 results, for the beam
energy of Epeq, = 110.24 MeV, are shown in Figure . It is evident from the figure that
data tables are inconsistent when compared to the experimental spectra. Therefore, all the
proton-induced reactions were simulated using physics models. Among the various models
tested, the ISABEL model provided the best fit to the data. However, none of the models
could account for the oxygen de-excitation line (*°Of 130mev — 1°O,.5.) observed in the
experimental results.

In GEANT4, two models were tested, the QBBC and the QGSP_BIC and its extensions. The
results for both models and their extensions are depicted in Figure 5.3. The QGSP_BIC_HP,
excluding background considerations, shows good agreement with the experimental data
for energies below 3MeV. However, an exception is the !C' de-excitation line, which is
overestimated. Regarding the '?C' de-excitation line, it is underestimated, which is consis-
tent with findings in previous studies (Wronska et al) [2021]]). Similar to the results from
MCNP6, the oxygen de-excitation line is also missing from the spectra.

In FLUKA, only two default options were used, the HADROTHE and PRECISIO defaults.
The results, depicted in Figure .4, exhibit similar behavior between the two, with the for-
mer displaying a small artifact near the double escape peak of the carbon de-excitation
line (**C; y59mev — 2Cy.5.). Although the oxygen de-excitation line is more prominent

in FLUKA, it is still significantly underestimated.

EMPIRICAL Spectra

The results observed in Figures 5.2 to 5.4 are not satisfactory enough for future research on
PGS, especially regarding the oxygen PG line, 0} 130 pev — 190, .s.. To address this issue,
a new model was developed to simulate the de-excitations resulting from inelastic interac-
tions between protons and carbon and oxygen nuclei. This new model is referred to as the
EMPIRICAL model. The new model was integrated into the GEANT4 toolkit due to its open-
source nature, though it can be implemented in any generic simulator toolkit. The model

relies on experimental and theoretical cross-sections, opg, obtained from the literatureg,
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Figure 5.2. Simulated prompt gamma-ray spectra in MCNP6 using various nuclear data tables

(upper) different intra-nuclear cascade models (bottom).
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Figure 5.3. Simulated prompt gamma-ray spectra in GEANT4 using a model based on ex-

perimental and theoretical cross-sections obtained from the literature.

particularly when sufficient experimental data is not available. This model disregards all

gamma-ray emissions resulting from inelastic processes during a G4Step of primary parti-
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Figure 5.4. Simulated prompt gamma-ray spectra in FLUKA for different defaults.

cles and evaluates whether de-excitation emissions occur. At each step and for each possible
gamma-ray energy of interest, the step length, Ax, and the kinetic energy, Fy;, of the parti-
cle are obtained, then the mean free path (see equation 2.7), is determined, followed by the
cumulative probability, 1 — exp‘%. Finally, a random number is generated; if the event is
accepted, a new secondary gamma-ray with a specific energy of a de-excitation line is added
to the event for subsequent processing. The resulting PGS spectra for Fjeq,, = 110.24 MeV
is depicted in Figure [5.9.
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Figure 5.5. Simulated prompt gamma-ray spectra in GEANT4 using a model based on ex-

perimental and theoretical cross-sections obtained from the literature.

2Data based on results from Belhout et al! [2007], Boromiza et al| [2020], Dyer et al! [1981], Foley et al.
[[1962], Hosobuchi et al.) [2023], Kiener et al. [[1998], Kozlovsky et al) [2002], Lang et al| [[1987], Lesko et al.
[[1988], Narayanaswamy et al) [[1981], Rahma et al| [2023], Yoneda et al| [2023].
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Quant

ification of Spectra Lines

The most relevant statistical results for the lines are depicted in Figures 5.6 to 5.9 as a

function of beam energy for both experimental and Monte Carlo data.
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Figure 5.6. Quantification and comparison of the '°B de-excitation lines observed in the

PGS resulting from proton irradiation of PMMA.
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Figure 5.7. Quantification and comparison of the ' C' and '?C de-excitation lines observed

in the PGS resulting from proton irradiation of PMMA.
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Figure 5.8. Quantification and comparison of the 14N and 2 H (resulting from neutron cap-

ture of ! H) de-excitation lines observed in the PGS resulting from proton irradiation of

PMMA.
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Figure 5.9. Quantification and comparison of the °0O de-excitation line observed in the
PGS resulting from proton irradiation of PMMA. The results of GEANT4 and MCNP6 are

suppressed due to their inability to reproduce the *O de-excitation line.
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5.2 Gadolinium Response to Ion Irradiation

This campaign began by irradiating vials filled with either Dotarem® or water with monoen-
ergetic proton beams to better understand the gadolinium (Gd) response to ion irradiation
(see Figure B.7). Figures to show the spectra obtained from both solutions across
different spectral energy ranges. The measurements were performed using two beam modal-
ities: one with the Bragg peak positioned inside the sample and the other in the transmis-
sion beam modality. The mirrored experiment results using Monte Carlo simulations are
depicted in Figure and only for the Gd solution target.
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Figure 5.10. Low energy spectra of vials containing Dotarem® (solid red) and water
(solid blue), irradiated by a proton beam with Ej.., = 51.82MeVu™! and Iy =
2 x 10%ionss™'. The inset highlights the K% signal.
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Figure 5.11. High energy spectra of vials containing Dotarem® (solid red) and water (solid
blue), irradiated by a proton beam at Ejy.o,, = 51.82MeVu ! and e, = 2 x 10% ions st

The most relevant prompt gamma-ray lines are labeled in the figure.
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Figure 5.12. Low energy spectra of vials containing Dotarem® (solid red) and water (solid
blue), irradiated by a transmission proton beam with Ej.q, = 100.45MeVu ! and Iyeq,, =

8 x 107 ionss™'. The inset highlights the K{% signal.
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Figure 5.13. High energy spectra of vials containing Dotarem® (solid red) and water (solid

blue), irradiated by a transmission proton beam with Ej.q, = 100.45MeVu ! and Iyeq,, =

8 x 107 ionss~'. The most relevant prompt gamma-ray lines are labeled in the figure.

When comparing the Gd-based solution LES and water spectra, the results reveal a dis-

tinguishable peak. The (GGd peak can be identified as electronic transitions (K, and Kp)

related emissions. Due to the poor resolution of the detector, the K’edges peaks merge in

this region of the spectra. The merged peak was designated as the Kg‘é signal. At higher

energies, no peaks expected from Table 3.1 were observed.
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100.45MeVu~! (solid, red). The K¢¢ and KﬁGd peaks are clearly identified and distin-
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Figure 5.15. Monte Carlo simulated high energy spectra of a vial containing Dotarem®,

irradiated by a proton beams with energies of 51.82MeV u™! (solid, yellow) and Ejeqm =

100.45MeV u~! (solid, red). The most relevant prompt gamma-ray lines are labeled in the

figure.

The Monte Carlo simulations produced a spectra response similar to the experimental

results regarding the G'd emissions presented in TableB.1|. The high resolution of the spectra

allow the individual identification of K¢ and K ﬁGd peaks. The several lines observed in the

spectra are not related with GGd response or their yield is to low to draw any conclusions. As

aresult of the first experiments in the following steps, only the LES spectra were considered.
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Photon Spectral Response

The K f% signal was characterized for three different proton beam energies, corresponding
to three different doses, as shown in Figure 5.16. The dose-rate dependence of the photon
detector was also analyzed at three different intensities. The results are presented in Figures
for two different setups, with the photon detector positioned at 25.04-0.5 cm and 50.0+
0.5 cm from the isocenter. To better understand this dose rate dependent behavior, Figures

and present an analysis of the raw data processing parameters, dejusted and .
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Figure 5.16. The Kocffé signal as a function of the dose for a vial filled with Dotarem®,

irradiated with three different proton beam energies: Fyeq,, = 51.82MeV u™! (solid green),

55.34MeV u~! (solid blue), and 58.72MeV u~! (solid red).
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Figure 5.17. The Kffﬁl signal as a function of the dose and dose-rate (D) for a vial filled
with Dotarem® and irradiated by protons with Ej.,,, = 55.34 MeV u~!'. The signal was
measured with a detector at (a) 25.0 £ 0.5 cm and (b) 50.0 £ 0.5 cm from the vial.



Gadolinium Response to Ion Irradiation 69

, X107 L, X107
4 D =0.03 Gys* o D =0.03 Gys*
s D =0.09 Gys*t IS D = 0.09 GyS*
> . > :
3 —— D=0.30 Gys?* T 20|— D=030Gys*
N F N n
‘© = ‘©
E 10— E r
=] - (=} -
z i z
L 10+
5 L
Ok | L T T I L | L n L L 0 L | I s L n L
0.8 0.9 1 0.8 0.9 1
R2-Adjusted R?-Adjusted
(a) Detector at 25.0 + 0.5cm (b) Detector at 50.0 = 0.5 cm

Figure 5.18. Distribution of the R, parameter for different dose rates, 0.03 Gy st

(solid, green), 0.09 Gy s~ (solid, blue) and 0.30 Gy s~* (solid, red), and positions of the
detector: (a) at 25.0 4= 0.5 cm cm from the target and (b) at 50.0 + 0.5 cm cm of the target.

" x10~° " x107°

8 4 Db=0.03Gys! 4 D =0.03 Gy
< 5= -1 < N = -1
g D=0.00 Gys S .. D =0.09 Gy
3 —— D=0.30 GyE* 3 —— D=0.30 Gy&*
N F N

T 3

£ £ 1

o [=}

z 05 2

0.5

LA L B B R B

T D T —
AfsT Als

(a) Detector at 25.0 &= 0.5cm (b) Detector at 50.0 = 0.5 cm

Figure 5.19. Distribution of the \ parameter for different dose rates, 0.03 Gy s~ * (solid,
green), 0.09 Gy s~ (solid, blue) and 0.30 Gy s~ (solid, red), and positions of the detector:
(a) at 25 cm from the target and (b) at 50 cm of the target.

Various Charged Ions

Spectral measurements resulting from GBCA irradiation with different ions are shown in
Figure and .21, for the CeBrs and the C'dTe detector. A significant improvement in
the resolution of the spectra is noticed with the C'dT'e detector, at the cost a lower photon
detection efficiency due to its reduced active volume. The quantification of the K, + K3z
peaks of Gd for the spectra measured with the C'dT'e yielded areas of (8.12 £+ 0.49) x
1075 events, (1.3040.01) x 10~3; events, and (2.22+0.01) x 10~%; events for proton, helium

and carbon, respectively. The corresponding doses were, (1.63+£0.11) x 1071 Gy proton™*,
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(1.11 4+ 0.11) x 1072 Gy helium ™" and (6.59 + 0.46) x 1072 Gy carbon™'. The insertion
of a 4 cm slab between the nozzle and the Gd target resulted in the suppression of the Gd

signal, most likely indicating that the interactions were primarily due to PIXE.
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Figure 5.20. Spectra measurements of a vial filled with water or Dotarem®, irradiated with
(a) protons, (b) helium, and (c) carbon. The spectra were obtained using the C'e Brj detector,
including an additional configuration where 4 cm of PMMA was placed in front of the

gadolinium solution.
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Figure 5.21. Spectra measurements of a vial filled with water or Dotarem®, irradiated with
(a) protons, (b) helium, and (c) carbon. The spectra were obtained using the C'dT'e detector,

including an additional configuration where 4 cm of PMMA was placed in front of the

gadolinium solution.
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To further address the physics behind these processes, Monte Carlo simulations were
performed to obtain the P/ X E and neutron capture cross-sections for the irradiation of a
GBCA thin target with a proton beam. Additionally, PMMA was included, and its thickness
was varied to account for changes in the neutron capture cross-section as a function of tissue
thickness. The results are presented in Figures and 5.23.
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5.3 Dose-Dependent Spectra Variations in Gadolinium

B The PGS technique, with its extension to X-ray measurements, allows for time-resolved
measurements during the delivery of a particle therapy treatment. By analyzing the mi-
crostructure of the particle beam, the spectral response of individual or grouped pencil beams
can be obtained and evaluated, allowing access to the K Scﬁl photon emission yield from each
pencil beam. Figure shows the changes in the K f% yield comparatively to the changes
in the dose delivered by each pencil beam to the GBCA target in the Monte Carlo simulation

of the full treatment plan described in section }.3.3.
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Figure 5.24. Relative dose delivered to the (Gd target by single-spot proton beams in the
treatment plan (top, blue bars) and the corresponding induced K Sfé yield (bottom, red bars).

The treatment plan points that most contribute to the dose coverage of the target are
those from the high-energy plan, at 139.27 MeV (Rcspa = 16.1 cm), contributing to 34 %
of the prescribed dose. Conversely, the points in the plane orthogonal to the beam path
with the highest contributions are the midpoints between the corners of the cubic-shaped
target ((0, 1), (0,—1), (1,0) and (—1,0), with units of cm) each contributing in average
11.8 £ 0.1 % to the prescribed dose. Following these are the corner points ((1,1), (1, —1),
(—1,1), and (—1, —1)) and the central point ((0,0)), contributing 9.72 £ 0.02 % and 14 %

3Note: This section includes modified parts from the submitted work: Bras, M., Freitas, H., Gongalves,
P., & Seco, J. (2024). In vivo dosimetry for proton therapy: A Monte Carlo study of the Gadolinium spectral

response throughout the course of treatment.
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to the total dose. A similar pattern is observed in the Kg‘é yield of the individual pencil
beams. The midpoints yield in average 11.7 £ 0.7 % of the total emission, the corner points
9.56 4= 0.20 % and the central point 15.0 %. This shows a good agreement between the dose

contributions of each pencil beam and the K SCB’ photon emission yield.

Transverse Motion

The transverse displacements were analyzed by grouping the pencil beams along the beam
direction (see Table §.3 and Figure as a reference for the subsequent analysis). Figure
relatively shows the effects that target displacements have in the dose and K’ S % yield.
As the tumor shifts transversely, the dose deposition by the pencil beams changes signifi-
cantly based on their position relative to the target. The significant single spot proton beams
at the negative and central yz-plane (pencil beams number 1, 3, 11, 13, 21 and 23) deliver
progressively less dose as the target moves out of their field, decreasing approximately 10 %
for the maximum displacement. In contrast, the pencil beams at the positive yz-plane (pen-
cil beams number 5, 15 and 25) contribute more dose as the tumor moves into their field.
The variations in dose are mirrored in the K g‘é signal. This linear correlation is depicted in
Figure where variations in the dose are as a function of variations in the K f% signal.
The relationship between dose and the K OCf % signal, considering the impact of full treatment

and various transverse motions of the target, is depicted in Figure 5.27.
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Figure 5.25. Deviations in (a) dose and (b) ngg yield from the standard scenario caused

by transverse movements of the target.
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Figure 5.27. Kffé yield as function of the total dose prescribed to the target for different
transverse shifts. The linear fit (dashed, black) result in the following relation, K ;‘fg”ts =
(1.82 4 0.01) x 10® Dose — (54 + 8).
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Longitudinal Motion

Unlike the study of transverse target displacements, the impact of longitudinal shifts along
the beam direction is better addressed by grouping pencil beams belonging to the same
energy layer. Figure depicts a similar analysis as the previous one. In this case, all the
energy plans delivery progressively less dose to the target as it moves downstream. When
the target shifts upstream, the points on the low-energy plans contribute more to overall dose
deposition, while in higher energy plans the overall dose deposition decreases. Notably, the
Kg‘é increases with upstream shifts. This trend highlights a differing behavior between
dose deposition and the K fuﬁl signal. The relationship between dose and the Kg% signal,

considering the impact of full treatment and various longitudinal motions of the target, is
depicted in Figure [5.30.
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Figure 5.28. Deviations in (a) dose and (b) Kgi% yield from the standard scenario caused
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5.4 Range and Tumor Monitoring using Gadolinium and
PGS

The treatment plan and setup of the Section was used to obtain measurements of the

K S % and '2(C line as a function of the depth. The accumulated results for each energy layer
in Figure are depicted in Figure 5.31].
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Figure 5.31. The K f‘é line (blue) and the *2C line (green) are shown as a function of depth.
The GBCA target and the range (red) are included for reference.



Chapter 6
Discussion

This thesis presents developmental advancements toward a novel application in prompt
gamma-ray spectroscopy (PGS). The proposed application explores the potential of com-
bining gadolinium(Gd)-based contrast agents (GBCAs) with PGS to enable real-time vivo
particle monitoring. The study included a comprehensive benchmarking of PGS for pro-
ton therapy using various Monte Carlo simulation tools, experimental measurements of the
gadolinium photon spectra response under different charged-ions irradiations, and an analy-
sis of its spectral features across various doses and dose rates, including investigation of the
underlying physics. Furthermore, the research explores the feasibility of using gadolinium
as a surrogate for dose measurement and its integration with PGS for tumor and range mon-
itoring. Therefore, this study aims to investigate the steps necessary to advance this promis-
ing PGS application toward practical implementation in clinical settings. In this chapter,
the most critical findings, achievements, and limitations of the research are summarized

and discussed in the following sub-sections addressing the following answers:

1. Which physics models are most suitable for use in Monte Carlo simulations of PGS?
2. Isusing GBCAs as a surrogate for dose measurements feasible?

3. Can in vivo range monitoring be improved with synchronized tumor and range mon-

itoring?

4. What are the underlying physics behind the spectral response of Gd under particle

irradiation?
5. What are the theoretical limitations of this novel technique?

This study analyzed prompt gamma-ray spectra resulting from proton irradiation of a
PMMA target at clinical energies. Punctual discrepancies were observed in the predicted

prompt gamma-ray emissions simulated by MCNP6, GEANT4, and FLUKA when compared with
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experimental data. To address this issue, a new GEANT4 model (EMPIRICAL) was developed

using experimental and theoretical data from the literature.

In the context of PGS analysis, the most prominent low-energy prompt gamma-ray lines
(< 1.5MeV) are the '°B lines, reproduced only by GEANT4 (see Figure 5.6). Discrepancies
in the EMPTIRICAL model and others emerged from limited experimental data in this range
(Kozlovsky et al. [2002]). However, experimental data for proton inelastic interactions with
carbon have recently become available in the literature (Hosobuchi et al,| [2023], Rahma
et al. [2023]), providing valuable insights. For energies between 1.5 and 3.0 MeV, key de-
excitation lines include * NV, 11, and 2.223 MeV gamma-rays from neutron capture of L H.
However, analyzing these lines in Figure 5.8 and 5.7 (left) is challenging due to significant
contributions from competing reactions. The EMPTRICAL model and FLUKA perform better
in this energy range, following the trends and magnitudes observed in the experimental data.
At higher energies, the "2Cf 30y — 2Cys. and 005 150 vey — 00, 5. lines are the most
relevant. Results for the '2C line, shown in Figure 5.7 (right), revealed some discrepancies.
While FLUKA and GEANT4 reproduce their behavior, MCNP6 best matches the experimental
magnitude. FLUKA tends to overestimate the line, whereas GEANT4 underestimates it by a
factor of approximately 2, consistent with findings from previous studies (Schumann et al.
[2015], Verburg et al/ [2013]). While not accurately predicting the magnitude of the 2C
line, the EMPIRICAL model aligns well with experimental trends. For instance, compared
to the experimental value of (8.22 4 0.15) x 1078 events MeV ', the EMPIRICAL model’s
estimate of (8.63 4= 0.71) x 1078 events MeV ' demonstrates reasonable agreement. Most
Monte Carlo codes poorly reproduce the 1°0 prompt gamma-ray line, but using the EMPIR-
ICAL model significantly improved accuracy, bringing results closer to expected values for

the beam energies studied (see Figure 2.§).

Across the different Monte Carlo toolkits, the inelastic cross-sections for proton inter-
actions with 2C and °0O align well with experimental data (Verburg et al. [2012]). These
processes rely on distinct physical models, influencing the prompt gamma-ray emission
stage, which varies across toolkits. In MCNP6, prompt gamma-ray emission is more isotropic,
closely matching experimental observations, contributing to its superior performance for
the ?C' de-excitation line compared to the forward-biased prompt gamma-ray emission in
GEANT4 (Kiener et al. [[1998], Styczynski [2009]). Conversely, FLUKA and GEANT4 incor-
porate more advanced and adaptable nuclear de-excitation and photon-evaporation models
(Agostinelli et al. [2003], Allison et al) [2006, 2016], Bohlen et al, [2014], Ferrari et al.
[2005]). However, MCNP6, being library-dependent, lacks the customization of other toolk-
its, and its nuclear data tables’ limited energy resolution constrains their application in sim-
ulations. For the photo-evaporation process, particularly the gamma-ray cascade in 10,

the primary transition is an E3 transition emitting a 6.13 MeV photon (see Figure 2.9), as
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the £/0 transition (6.05 MeV) is forbidden for transitions between spin-zero states, decaying
only via internal conversion (Kibédi et al| [2022], Zganjar and Wood [[1995]). However,
GEANT4 prominently displays the £0 transition in its PG spectra. These discrepancies un-
derscore the need for ongoing refinement of toolkit models. While empirical approaches,
like the EMPTRICAL method, partially address these issues, further advancements in physical
modeling are essential to enhance the predictive accuracy of 0O PG emission simulations

in proton therapy.

The future of real-time adaptation treatments relies on information not only about the
beam’s range but also about the target mapping. For example, recent research focuses on
implementing image-guided systems in particle therapy treatment rooms (OncoRay [2024]).
In this regard, gadolinium is crucial as it provides a X-ray signal that facilitates this process.
This signal enables precise target positioning mapping, while PGS can offer range measure-
ments and valuable feedback for real-time treatment adjustments. Figure shows that

tumor localization is still possible even for beams that undershoot the target.

The potential of gadolinium, or its form as a contrast agent, to serve as a surrogate for
dose measurements in particle therapy is grounded in features presented in this study. When
irradiated with charged ions, secondary induced radiation is emitted and can be detected in
real-time using an external photon detector. Upon analysis of such radiation, a noticeable
peak emerges when comparing the response of a GBCA solution to that of a tissue-like
material, such as water. This peak appears within the energy range of the electron shell

transitions and is better identified as the characteristic X-ray emission of Gd. Compared

to prompt gamma-ray emission, the line presented in Figures (.10, 5.12 and [5.14 exhibits

a magnitude two orders higher. From the previous results, one can hypothesize using the
(Gd peak yield to extract information throughout the course of a particle treatment. Figure
presents the first preliminary studies supporting this application. A linear dependence
on dose was observed as an essential attribute of an effective dose-monitoring detector.
Such a detector must reliably measure dose across varying beam intensities or dose rates.
This capability become even more critical with the growing interest in ultra-high dose rates,
mainly due to recent discoveries about the FLASH effect. Interestingly, many detectors

typically used in conventional radiotherapy underperform under these conditions.

The results shown in Figure demonstrated a small dose dependence of the PGS sys-
tem. However, this was attributed to limitations associated with using an over-dimensional
CeBr3 inorganic scintillator unsuitable for energy measurements in the keV range. To ad-
dress this, a more suitable detector, such as a C'dT’e detector, was used alongside the C'e Brs
detector to analyze changes in the Gd signal for different ions. The C'dT'e detector outper-
formed the C'e Br3 in terms of resolution, although its efficiency was lower mainly due to its

reduced size. Both carbon and helium ions show increased cross section for the GGd signal.
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This was expected, as the primary physical process identified during the measurements was
PIXE, scaling quadratically with the effective charge of the ion (Bakr et al, [2022]).

To correlate the GGd signal with the dose, the next logical step was to understand how
its cross-section changes with proton energy in GBCA. For a thin target, neutron capture
processes are almost negligible when compared to PIXE. This result aligns with initial ex-
pectations, as the production of neutrons is significantly low in a thin-target environment.
However, in particle therapy, tumor depths can range from a few millimeters to depths of
20 cm or more, depending on their location. This variation in depth is a crucial factor to con-
sider when using this technique. Simulating the tissue effect showed that neutron capture
processes start to be significant at 5 cm deep. Analyzing these results, distinct cross-section
behaviors are observed depending on the physical process involved. The neutron capture
cross section remains approximately constant above ~ 30 MeV while GGd PIXE cross sec-

tion plateau is at =~ 90 MeV (depths greater than 5 cm).

Towards clinical applicability, this technique was studied over the course of a Monte
Carlo simulated treatment plan. Figure shows how the induced photon secondary
spectra would change for single-spot beams in a treatment plan. A more statistically ro-
bust approach is spot merging to improve data quality (Kim et al) [2019]). The use of this
technique allows the tracking of patient geometry changes through variations in the Gd sig-
nal. For transverse motions, changes in dose delivered correlate directly with changes in the
Gd signal (see Figure [5.25). Meanwhile, longitudinal shifts impact proton energy and range,
reducing doses and signals for distal movements. Conversely, upstream shifts increase the
(d signal due to higher proton energy and an enhanced PIXE cross-section, even though
the deposited dose may decrease (see Figure 5.30).

The dose-dependent spectra results show that the sensitivity of PIXE to particle energy
is essential, as the energy deposited will significantly influence the Gd signal. This implies
that the relationship between the Gd signal and the absorbed dose is not linear. A constant
cross-section would be preferable for achieving more precise dose measurements. To ad-
dress this challenge, one should determine the residual range of the proton or construct the
Gd signal based on the type of physical interaction from which it originated. The former
can be effectively achieved using PGS as a complementary technique. The latter challenge,
distinguishing processes by time-resolving technique, is plausible given that neutrons are
generally slower than time-resolved measurements, which can differentiate protons and sec-

ondary thermal neutron-induced interactions.

Finally, it is crucial to consider factors such as the concentration of GGd in the tumor,
geometrical aspects like the source-detector distance, and photon attenuation in tissue. The
concentration of Gd can be addressed using imaging techniques such as MRI. Specifically,

quantitative MRI analysis, correlating T1 times with Gd concentrations, or PGS, could be
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used to retrieve this information during the treatment. Photon attenuation is another critical
factor, as Gd emits low-energy photons that are highly susceptible to attenuation depending
on the amount of tissue between the tumor and the detector. Emerging techniques such as
FLASH therapy could enhance the applicability of this approach. The high doses used in
these methods may produce a sufficiently strong signal for detection, even after accounting
for tissue attenuation. Specifically, in the case of FLASH therapy, this technique could ad-
dress the limitations posed by the extremely high dose rates, where conventional dosimetry

tools underperform.






Chapter 7
Conclusion

This study highlights the potential of integrating gadolinium-based contrast agents (GB-
CAs) with prompt gamma-ray spectroscopy (PGS) for real-time, in vivo particle therapy
monitoring. The findings support the feasibility of this technique for dose measurement,
range verification, and tumor localization.

In summary, the benchmarking of Monte Carlo tools revealed specific discrepancies
for relevant de-excitation lines, particularly those associated with carbon and oxygen. Ad-
ditionally, we applied a new model based on experimental and theoretical cross sections,
which improved the reproduction of the oxygen de-excitation line. Then, irradiation of
GBCA resulted in new findings related to the underlying physics of the most prominent Gd
emission photon, the characteristic X-ray photon. Previous understanding and applications
of this emission focused on the neutron capture by Gd. However, this study demonstrated
that particle-induced X-Ray emission is the primary contributing process in the low and in-
termediary energies range. These findings underscore the importance of considering both
physical processes for effective monitoring in clinical scenarios, particularly in deeper tu-
mors. Spectral measurements across different ions hint at carbon therapy is the modality
that would take more advantage of this technique. The ability to distinguish transverse and
longitudinal motion through variations in the Gd signal demonstrates the robustness of this
approach for real-time treatment adaptation.

Challenges such as photon attenuation, the non-linear relationship between the Gd signal
and absorbed dose, and the need for time-resolved techniques to differentiate interactions
were addressed. The study also mentions the potential of using imaging modalities like
MRI for GGd concentration quantification and integrating PGS with novel techniques such
as FLASH therapy to overcome the limitations of conventional dosimetry at high dose rates.

In conclusion, this research provides a strong foundation for advancing PGS combined
with GGid for real-time vivo particle therapy monitoring. Future work should focus on refin-

ing simulation models, improving detector technology, and expanding experimental valida-
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tion to facilitate clinical implementation and further improve the precision and efficacy of

particle therapy.
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