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Abstract

External beam radiotherapy (EBRT) is one of the major tools in the arsenal to fight cancer. The
main objective of this treatment modality is to utilize the curative potential of ionizing radiation
combined with minimal radiation-induced damage to healthy tissue and sensitive organs. Cutting-
edge technologies like proton therapy, which exhibits higher dose conformity, have been developed
to precisely deposit dose at the tumors. Despite the several advantages of proton beams over photon
beams, its performance is still limited when treating small tumors without affecting the surround-
ing tissue. Using small beam spots at the target can overcome this limitation. Moreover, distinct
small spots can be used for fundamental radiobiological studies to reveal the mechanisms of the
bystander effect. In addition, narrow beams are also desirable for different proton-based treatment
modalities, including GRID therapy.

The primary aim of this work is to develop techniques to produce a narrow beam and small
spot to increase treatment efficacy of proton therapy. Based on Monte Carlo simulation, we have
assessed three different beam shaping techniques. Metal collimators can produce a narrow beam
of protons. However, it can not produce a very small spot at a deep-seated target. The smallest
transverse size (o) of a collimated proton beam at 155 mm depth was more than 1.5 mm observed
with a 0.5 mm collimator. The performance could not be improved with smaller collimators. In
addition, a narrow collimator reduces the Bragg peak to surface dose ratio by decreasing the dose
at the spot. In contrast, a magnetically focused beam of conventional energy could produce a large
Bragg peak to surface dose ratio, even though it could not practically further reduce the spot size.
Considering high-energy focused beams, our assessment revealed their superiority in producing
small transverse spots. This approach can produce a submillimetric spot at 155 mm depth in water.

In our study, the magnetically focused beams produced less than 0.2% of neutrons generated
by the collimated beams. It uses the protons produced by the accelerator (much) more efficiently,
which enables them to deliver a higher dose rate. We also demonstrate their potential to produce
inhomogeneous dose distribution for GRID therapy. Additionally, we developed a novel irradiation
modality to deliver high doses at distinct points of a tumor to study immunogenic response of cells.

To produce our proposed magnetically focused beam for experimental validation, an elementary
magnetic lattice design was developed. It was found that a suitable combination of quadrupoles can
produce the desired focused beams when inserted right after the nozzle of a conventional proton
therapy beamline.

From this study, magnetically focused beams therefore appear to be a potentially highly in-
teresting candidate to be implemented in treatment. Due to low losses of accelerated protons, it
could facilitate FLASH irradiation. With their ability to deliver a very high dose rate, our proposed

irradiation modalities can bring a paradigm change in the current ideas of GRID irradiation.
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Chapter 1

Introduction

The term cancer is used to describe a group of diseases that can be initiated at any tissue or or-
gan [1]]. It is characterized by the rapid and uncontrolled growth of mutated cells. Cell proliferation
and increase in their size are natural processes in growth of tissue [2]. It is regulated strictly in a
healthy cell by a complex system of biological signals. Uncontrolled cell growth can lead to cancer,
and It has the potential to invade nearby tissue and other parts of the body through the blood and
lymphatic systems [3} |4]. Cancers introduced by migrated primary tumor cells are called metas-
tases [5], which are a major cause of cancer-induced death [[6]. With over 18 million new cases and
9.6 million estimated deaths in 2018 globally, cancer is the second leading cause of death [[7]. Due
to the increase in world population and average life expectancy, the predicted global incidence will

rise to 27.5 million new cases and 16.3 million cancer deaths by 2040 [8].

Radiotherapy (RT) is one of the most frequently used cancer treatment modalities. More than
half of the patients are treated with RT either exclusively or in conjunction with other forms of
treatment [9), 10, [11]l. X-rays are most commonly used for external beam radiation therapy (EBRT).
However, during the last decades, an increasing number of Proton therapy centers have been built,
and Norway will get its first proton therapy unit around 2024. The motivation for using proton
irradiation is the superior dose profile. In contrast to the exponential drop in the dose profile for
x-rays, a proton beam completely stops after having deposited most of the energy in the last few
millimeters of its range. This makes it possible to irradiate in front of an organ at risk. In addition,
it can limit the irradiated volume of normal tissue with a lesser dose and still ensure a high tumor

dose [[12]. Thus, proton therapy has higher conformity compared to photon-based therapy.

Irradiation of healthy tissue is inevitable during RT. The radiation-induced toxicity leads to
various side effects [13]]. It imposes a limitation on the maximum prescribed dose to tumors [14].
Several treatment modalities have been developed to reduce normal tissue damage during RT. Fun-
damentally, minimization of irradiated volume of normal tissue can lessen the problem. Moreover,

normal tissue can tolerate a higher dose and reduce injury if the irradiated volume is small, known
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CHAPTER 1. INTRODUCTION

as the dose-volume effect [15] [16]. GRID therapy uses spatially fractionated dose distribution to
treat tumors and may also reduce normal tissue complications [[17]. The idea of utilizing non-
uniform doses to enhance normal tissue tolerance was first reported over a century ago by Alban
Kohler [[18]. With reduced adverse effects on the normal tissue, this modality permits an elevated
tumor dose.

Considering severe post-radiation effects, tumor regression, and local control rates with reduced
toxicity, GRID irradiation has proven its potential to supplement conventional homogeneous dose
distribution in several clinical experiments [[19]. ProGRID [20] studies the effects of a highly in-
homogeneous dose on tumors and the corresponding immunogenic response when using proton
beams [21]. With small distinct spots of high dose, immunogenic cell death may be induced at the
unirradiated points of a tumor. Bystander effects explain this observation [22]. A narrow beam
capable of producing high doses at small spots is essential to utilize its advantages.

In addition to GRID RT, a small transverse beam size is also crucial for proton-based microbeam
radiotherapy (MRT) [23], minibeam radiotherapy (MBRT) [24], and lattice radiotherapy [25]. It can
precisely irradiate a small tumor or metastasis with an enhanced normal tissue sparing. Moreover,
it has the potential to treat noncancer diseases like epilepsy [26[]. The main objective of this work is
to develop suitable beam shaping techniques to generate precise proton beams capable of producing
distinct spots at the tumor, and reducing the dose to neighbouring tissues. In addition, we propose
a novel irradiation pattern using focused proton beams of conventional (70 MeV to 250 MeV) and
higher energy. The techniques are based on well-known accelerator physics from the high energy

physics field, applied in an innovative way for proton beam therapy.

10



Chapter 2

Theory

Radiotherapy (RT) is a multidisciplinary field. It involves several domains of science, including cell
biology, radiation physics, radiation biology, and accelerator physics. A clear understanding of all
these aspects of RT is a prerequisite to develop and administrate a treatment modality. This chapter
introduces the basic principle of RT with a brief review of the components which are essential to our
discussions in later chapters. The necessary accelerator physics theory needed to develop advanced

beam shaping techniques is also presented.

2.1 Radiation physics

Ionization is the process of acquiring charges in atoms or molecules. Gaining or losing electrons
results in an imbalance between the number of protons and electrons of an atom, giving it a net
charge. The term ionizing radiation refers to the types of radiation that has the ability to liberate
one or more electrons from an atom. The amount of energy needed to break down the bond between
a nucleus and the bound electrons is known as the electron binding energy (F}), commonly called
ionization energy. Ionization occurs if the radiation can provide energy equal or more than the E,
of the interacting material. Absorption of smaller energy quanta (less than E;) can cause excitation
of an atom where an electron moves from a lower to a higher energy level

The process of ionization can be classified as direct ionization or indirect ionization [27]. When
energetic charged particles of ionizing radiation interacts with an atom through Coulombic forces
resulting in emission of an electron, it is denoted direct ionization. In contrast, uncharged particles
like photons and neutrons can not directly interact by electrostatic force. However, they can release
charged particles through various interactions like photoelectric emission by photons or inelastic
scattering of neutrons. These secondary charged particles can initiate further ionization events by
Coulombic interactions; this called indirect ionization.

The energy transfer between the radiation and the traversed material depends on various fac-

tors, including the charge, mass, and energy of the particles (only energy for photon). The processes

11



CHAPTER 2. THEORY

of energy transfer are crucial for RT and dosimetry. The following sections will introduce a brief

description of the main processes of interactions between ionizing radiations and materials.

2.1.1 Interaction of photons with matter

The photon is the quanta of energy of electromagnetic (EM) waves. X-rays, as well as y-rays,
are part of the EM spectrum. Thus, their characteristics in a material can be explained using
photons’ interaction. Even though both are EM waves, they are classified depending on their ori-
gin. X-rays can be produced through transitions of orbiting electrons from a higher energy level
to a lower energy level. Furthermore, accelerating charged particles can produce x-rays known as
Bremsstrahlung x-rays during their period of speed reduction. On the other hand, v-rays are pro-
duced through nuclear de-excitation and annihilations of particle-antiparticle pairs. Independent

of their origin, photons interact with matter through the following processes.

Photoelectric effect

In photoelectric emission, photons are absorbed by the atoms of the irradiated target and cause
the emission of electrons known as photoelectrons. A part of the photon’s energy (E = hv) is used
to break down the bond between the nucleus and bound electron, which is equal to the binding
energy (E;) of the material, and the remaining energy is converted to the kinetic energy (T') of the

photoelectrons. According to Einstein’s equation of photoelectric emission [28]

T =FE - E. (2.1.1)

The ejection of an electron from an inner energy level produces a vacancy that subsequently is occu-
pied by a higher level electron and consequently emits the characteristic x-rays or Auger electrons.
The probability of this interaction is directly proportional to the atomic number (Z4) of the material

and inversely proportional to the photon’s energy (F—3) [27].

Compton scattering

Within the therapeutic energy range, the Compton scattering is the most frequent interaction
experienced by photons in water [29]. Incoming photons interact with atomic electrons as though
they were free [30]. To satisfy this condition, the energy of photons must be much larger than
the E} of the material. The interacting photons deliver a fraction of their energy to the electrons.
Consequently, their wavelength increases following the interactions. The direction of emitted elec-
trons and secondary photons is governed by the law of conservation of momentum and energy. The

cross-section of Compton scattering increases linearly with the electron density of the material.

Pair production

Pair production is a unique process of producing particle-antiparticle pairs (such as electron-

positron) from photons. It occurs in an electromagnetic field, commonly close to a nucleus. The

12



CHAPTER 2. THEORY
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Figure 2.1.1: Interaction processes of photons with matter: Pair production (a), Compton scatter-
ing (b), photoelectric effect (c), electronic excitation and de-excitation (d). The figure is taken from
Soliman [31].

entire energy of a photon is delivered to create the mass of the pairs and their kinetic energies.

Following conservation of energy
hy = 2WLOC2 + Tparticle + Tantiparticlea (2.1.2)

where m is the mass of the particle (and antiparticle), Tarticie and Tantiparticie are the kinetic en-
ergy of the particle and the corresponding antiparticle, respectively [27]. Pair production occurs
if the photon’s energy is larger than the threshold value, which is equal to 2mgc?. The threshold
energy for the electron-positron pair is 1.022 MeV. The kinetic energy of the produced particle and
antiparticle can be different. The direction of the particles is governed by the momentum of the

photon. If hv > 2mc?, they are emitted with a small opening angle.

Figure shows the main processes of photon interactions with traversed material. Apart
from these, photons can interact through coherent scattering and photonuclear interaction. Atoms
as a whole deflect photons in coherent scatterings. This is an elastic interaction and the energy
deposited by the photons is negligible. They are deflected at a minimal angle, and the atoms receive
sufficient energy to keep the momentum conserved. It is not relevant for radiotherapy since the
interaction process does not deliver energy to the surrounding materials.

In the photonuclear interactions, energetic photons interact with nuclei to emit nucleons (e.g.
(v,p), (7,n)). The produced protons contribute to the dose through direct ionization. However, the
amount of energy delivered by these protons is negligible compared to the competing pair produc-
tion process. In contrast, neutrons are important in radiation protection as they have higher LET

with an extended penetration depth.

2.1.2 Interaction of charged particles with matter

Unlike photons, charged particles can interact with electrons and nuclei of the traversed mate-
rial through Coulombic forces. These interactions have two distinct impacts on the particles. Firstly,
the energy of the particles decreases through collisions. The lost energy is transferred to the sur-

rounding materials. Secondly, the collisions can deflect the particles from their initial direction of

13



CHAPTER 2. THEORY

propagation, causing random scattering of the particles.

In a passage through a material, charged particles can interact with the orbiting electrons.
These inelastic collisions are mostly responsible for the energy loss. They also interact elastically
with the atomic nuclei. These collisions lead to the scattering of the particles. As the mass of the
nuclei is usually very large compared to the projectile charged particles, the amount of energy loss
through the Coulombic interactions with nuclei is insignificant.

Additionally, charged particles also experience nuclear reactions and radiative energy loss. Even
though the radiative losses like Bremsstrahlung and Cherenkov radiation are possible modes of

energy loss, they are very unlikely within the therapeutic energy range for protons [|32, 33].

Inelastic Coulombic scattering

The inelastic Coulombic scattering is the most frequent interaction process of charged particles
in a material. These interactions with orbiting electrons can transfer energy to the surrounding
material, leading to ionization and excitation of the atoms. The amount of energy delivered through
a collision is very small; however, the large electron density causes many collisions producing a
significant cumulative energy loss. As a consequence of these interactions, the kinetic energy of
the particles decreases, which can be considered a quasi-continuous process. In addition to energy
loss, these collisions can cause deflection of the charged particles from their original direction of
propagation. However, due to the larger mass of protons (approximately 1832 times of electron
mass), the deflection is negligible, and they follow almost a straight path. Contrarily, electrons are
scattered prominently, which impacts their depth-dose profile.

Considering the interactions’ impact parameter, the distance of closest approach for the pro-
jectile following its initial trajectory, inelastic scatterings can be classified into two groups: Soft-
and hard collisions. If the impact parameter of charged particles is considerably larger than the
radius of the atom, they usually interact with the atom as an entity. This interaction is called soft
collision, which leads to atomic excitation or ejection of valence electrons. In contrast, an impact pa-
rameter smaller than the atomic radius leads to hard collisions. The charged particles interact with
individual orbiting electrons and cause ionization through their ejection. These ejected electrons,
known as delta rays (§-ray), carry away a considerable amount of energy from the interaction point.
They have the potential to causes further ionization and excitation through Coulombic interactions.
The path of energy dissipation of a §-ray is different than the path of the primary charged particle
from hence it originated. The largest possible energy transfer to a stationary electron by a charged

particle can be expressed as

2 1 2
Eper = om0 |14 9™ (52) } (2.1.3)

- u e\
where m. and M are the mass of an electron and charged particle, respectively, and 3 is the speed
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CHAPTER 2. THEORY

of the charged particle in units of the speed of light (¢) [32]. For a proton of energy E,, it can be
approximated as

E
Bjer ~ . (2.1.4)

Following equation the maximum energy of electrons produced by a 250 MeV proton beam is
about 500 keV, and the corresponding range of j-ray from a proton track is about 2.5 mm. Usually,
most of the electrons have energy far below 300 keV, with a range of less than 1 mm [34]. This
information is crucial for determining the “production cut” (discussed in chapter[3) and the accuracy

of the spatial dose distribution of a proton beam.

Multiple Coulomb scattering

In their passage through a material, charged particles like protons also interact with the atomic
nuclei. As we mentioned before, these Coulombic interactions cause deflection of the particles from
their initial direction of propagation. The observed angular dispersion of the particles can be ex-
plained using the cumulative effect of several interactions. This is known as Multiple Coulomb

scattering (MCS).

The positive charge of protons and the nuclei are responsible for the frequent electrostatic repul-
sive interactions. Each of these interactions causes a slight deflection of charged particles, and the
resulting effect can be described in a statistical formulation. For small deflections, the distribution
of the scattering angles can be approximated as a Gaussian function. Several theories have been
developed to explain and quantify the MCS. Among those, Moliere’s theory provides a complete ex-
planation [35]]. The Moliere’s characteristic multiple scattering angles (6,,), which is analogous to

the mean scattering angle, can be expressed as

1
9M—7§nﬂﬂ (2.1.5)

where Y. is the characteristic single scattering angle and B is the reduced target thickness. The
physical interpretation of . is that, on average, a proton suffers exactly one single scatter greater
than y. in its traversal of the target. For a projectile of charge number z, the characteristic single

scattering angle in a target of atomic number Z can be written as
2 2
Xe = cst/(pv)7, (2.1.6)

where p and v represent the momentum and velocity of the charged particle, respectively. The

constant c3 can be expressed as

2\ 2 272
c3 =4mNy (;) (ﬁC)ZZ Z , (2.1.7)
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CHAPTER 2. THEORY

where N, is Avogadro’s number, the fine structure constant e¢?/hic ~ 1/137, and the conversion

factor hc ~ 197 x 10713 MeV [34]. With the reduced angle

-

_ . (2.1.8)
XV B

Moliere approximated the angular distribution function f(6) of the proton space angle 6 by a power

series in 1/B as

11 N FE) )
_ Lo
£(0) RN lf O)+ —p—+ =g+ (2.1.9)
where
f”(e)—i/oo dyJo(6 y)e's yjlyj" (2.1.10)
= ; ydyJo(0 y)e 1 n 1 . .
The function f°(0°) is a Gaussian
7000 = 26707 (2.1.11)

Even though Moliere’s theory can accurately estimate charged particle scattering, it is mathemati-
cally complicated. For many applications, it is sufficient to use Highland’s simplified formula [36],
which is derived through parameterizing Moliére theory. According to Highland’s formula, the

standard deviation of the angular spread is given by

14.1 MeV d 1 d
o= ——Z 4/ — |1+ =1 — d 2.1.12
0 o *\ . [ + g 9810 (LR)] [rad], ( )

where d is the distance traversed through the material, and Lg is a constant depending on the
material, called radiation length. It is defined as the mean length of a material to reduce the energy
of a charged particle by a factor of 1/e [37]. The Ly of liquid water is 36.08 g cm? or 39.31 cm [38].
The value of 6, varies inversely with the velocity (v) of the charged particles. Thus, it gets larger
around the end of the range of a beam, where its energy is lower. This feature can be evident in
figure[2.1.2] The lateral spread of a beam of heavier particles is less pronounced. Comparing beams
with the same range in water, the angular spread of a proton beam is three times larger than a
carbon ion beam. The use of heavy ions is thus of clinical relevance for treatments near organs at

risk, allowing a safer approach to sensitive structures.

Radiative losses

A charged particle produces Bremsstrahlung x-rays when it is deflected by an electromagnetic
field. It also emits similar radiation during its deceleration phase inside an obstacle. As mentioned
earlier, the large mass of protons results in less deflection and therefore less Bremsstrahlung radi-
ation. On the other hand, electrons experience large deflection due to smaller mass. It can emit a
considerable amount of energy through the radiative loss mechanism.

Moreover, charged particles produce Cherenkov radiation if they travel faster than light in the
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Figure 2.1.2: The two-dimensional dose profile of 150 MeV proton beam shows an enhanced scat-
tering effect and beam broadening at the end of the range. The horizontal white lines shows the
initial size (2 mm) of the beam. Dose is normalized to the peak value.

medium [39], such as for electrons in water. In the context of proton RT, it does not have any

significant influence.

Nuclear reactions

High energy protons and ions encounter nuclear-nuclear collisions in the traversed material.
These interactions have two major impacts. Firstly, it reduces the number of primary particles (de-
fined later in this section). Secondly, they can produce a wide variety of secondary particles, includ-
ing protons, neutrons, deuterons, tritons, helium nuclei, and heavier ions. These secondaries have
a significant contribution to dose deposition and are important to evaluate for radiation protection.
The secondary protons in a proton beam therapy contribute around 10% of the total dose, and the
total contribution from all other secondaries is not as significant as secondary protons (less than
1%) [32]. Figure shows the relative contribution of different particles in dose deposition ob-
tained from simulation. In addition, nuclear reactions can produce ~-rays, which can be used for
real-time beam monitoring systems [40].

All nuclear reactions can be classified into three groups [34]: elastic reactions, non-elastic reac-
tions, and inelastic reactions. The total kinetic energy of the system remains conserved during the
elastic collisions. The target nuclei cause deflection of the projectiles while keeping their internal
composition unchanged. In contrast, even though the internal composition of nuclei remains un-
changed, inelastic reactions change the total kinetic energy of the system. Non-elastic reactions can
lead to the splitting up of interacting nuclei and nuclear excitation. In addition, the particle trans-
fer reaction where the ejectile differs from the projectile (X (p, ¢)Y) is also non-elastic. Total kinetic
energy of the system no longer remains conserved. The primaries and secondaries can be classified
on the basis of interaction experienced by the particles. The term primary is used to refer to the
particles which are part of the original beam. These particles can keep their identity unchanged by

taking part in scattering interaction with electrons or elastic interaction with nuclei. However, in-
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Figure 2.1.3: Depth-dose profile of 150-MeV proton beam in water. The Contribution of all other
secondaries except the secondary protons is insignificant. The dose is normalized respect to the
maximum value of the total deposited dose.

elastic or non-elastic interaction of particles with nuclei produces secondaries [41]]. In the process of
these reactions, a compound nucleus is formed before producing the products. Even the compound
system ejects a proton by absorbing a primary proton (X (p,p’)X); the ejected proton is classified as
secondary because it is not possible to distinguish between two protons of a compound system.
Simultaneously, inelastic and non-elastic nuclear interactions reduce the primary beam fluence,
as shown in figure The initial energy of the beam has an impact on the fluence at the
target (end of the range), as shown in figure The fragmentation of the projectile is also
responsible for the depletion of the primary beam. The production of secondaries increases with

depth up to the position of the Bragg peak; afterwards, it decreases [42]].

2.1.3 Stopping power

Coulombic interactions are responsible for transferring most of the charged particles’ energy
to the traversed material, causing the particles to stop eventually. The average energy loss per
unit path length through these interactions is defined as electronic stopping power (S). The more
commonly used quantity is called mass stopping power (S/p), which is defined as the amount of

energy loss per unit distance and per unit density of the material. It can be expressed as
»__ %7 (2.1.13)

where F is the mean energy loss and z is the distance traveled by the charged particles through a
material of density p. Here, several mathematical formulae have been developed to calculate (S/p)

of charged particles. A simplified formula based on Bragg and Kleeman (BK) [43] rule can estimate
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Figure 2.1.4: The fluence of protons as a function of depth in water. (a) Compares the depletion of
total, primary and secondary proton fluence as a function of depth of 150 MeV beam. The mean

range corresponds the half of the initial primary fluence of the beam. (b) Compares the primary
fluence of different energies as a function of depth.

S/p with a significant precision. According to the formula, the mass electronic stopping power is

El-p
‘; - (2.1.14)

where «. is a material depending constant and p is a constant depends on the beam energy [32].
This equation can determine S/p of proton beam with a high accuracy. The experimental or theoret-
ical data of energy and corresponding ranges of the proton beam in a material can be used to obtain
the values of constantE] a. and p. These values can also be obtained by fitting the experimental
stopping power data of proton beam.

Niels Bohr developed a more physically significant relation based on the impact parameter [44].
He used the classical concept of impulse to formulate the stopping power. Following his classical

formula, stopping power can be expressed as

2.4 203
dE  4mz°e*N, In [7 mov } (2.1.15)

dx mev? ze2p

c:  Speed of light in vaccum N.: Electron density

v: \/E—W B: 2 for incoming particle

v:  Velocity of incoming particle me: Electron mass

v:  mean frequency of electron ze: Charge of incoming particle

In this relation, the interacting atomic electrons are considered stationary, and the deflection
of charged particles is ignored. These assumptions are valid for high-energy heavy charged parti-
cles. Thus, Bohr’s equation can explain the stopping power of alpha and heavier charged particles

realistically.

Including the quantum mechanical effects of inelastic interactions, Hans Bethe and Felix Bloch

1Usually labeled with c, we used a. to avoid conflict with the Twiss parameter a.
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developed a more accurate formula for high-energy charged ions [44]. Instead of the impact pa-
rameter, their calculations were based on momentum transfer during the collision, a measurable
quantity that can provide a more realistic result. The relation is known as the Bethe-Bloch formula,

which describes the mass electronic stopping power of high-energy ions in a material [44]] as

% = —% = QTrNGszec2j;Z zn2m6027jf2w’“"'“” —25% 5 - 2% . (2.1.16)
A:  Atomic weight of matter N,: Avogadro’s number
p:  Density of matter re: Classical electron radius
d:  Density correction Wnaw: Mag‘éﬁéﬁ ‘zgﬁfg% I‘iransfer
C: Shell correction Z: Atomic number of matter
I: Mean excitation potential z: Charge of incoming particle in e

Charged particles produce an electric field around their path of propagation, which can polarize
the surrounding atoms. As a result, remote electrons are shielded from the actual electric field
strength and experience a lower net Coulombic force. At higher energy, distnance collisions are the
significant contributors to the stopping power. Thus, the inclusion of the density correction factors
0 is crucial for the high-energy beam. Simultaneously, the density of the materials impacts ¢ since
the polarization effect is more significant for dense materials like metals than low-density gases.
However, it is not significant within the clinical energy regime of proton beam therapy.

In addition, the speed of the orbiting electrons is insignificant compared to the charged particles
of high energy beam. These electrons can be considered stationary. In contrast, at lower energy,
particularly near the end of the track of a particle, this assumption is not valid because the speed
of the charged particles is equal or less than the orbiting electrons. Consequently, the Bethe-Bloch
formula becomes inconsistent with observation. The shell correction C is included to compensate
for the inconsistency with experimental data that is seen at lower energy.

As described by the Bethe-Bloch formula, the energy transfer through Coulombic interactions
increases with the charge of the projectile (22). In addition, energy loss is more significant for high-
Z materials (Z), which causes a smaller beam range in the materials of higher atomic number.
Moreover, S/p of incident particles varies with velocity following inverse square law. Consequently,
energy loss increases at a lower velocity. This feature of the Bethe-Bloch equation explains the
unique property of the depth dose profile of hadrons called the Bragg peak, which we will discuss
later in this chapter.

The mean excitation potential (I) is a material-dependent quantity, a key parameter of the
Bethe-Bloch equation. It is defined as the product of the average orbital frequency of the electrons
and Planck’s constant (h). It determines the uncertainty in the range of clinical proton beams.

Theoretically, it is a logarithmic average of v weighted oscillator strength of the atomic levels. The
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unknown value of the oscillator strength makes it difficult to calculate I with sufficient precision.

Usually, its value is estimated by fitting experimental data for S.

Range straggling

As illustrated in figure the fluence of primary protons decrease with increasing depth.
Following the Bethe-Bloch equation, the stopping power of a beam of charged particles gradually
increases with depth because the particles’ energy (velocity) decreases. Consequently, it deposits a
large amount of energy close to its stopping point.

A beam is a collection of a large number of particles. All these particles do not interact with mat-
ter identically. Due to the statistical fluctuations of their interactions, they stop at different depths.
The range of a particle beam designates the depth where the number of primary charged particles
drops to half of its initial value. It is also known as the mean projected range [32], as shown in
figure The range is a characteristic of a beam, not the individual particles. Usually, nuclear
interactions cause slow depletion of primary particles, which is ignored in the range estimation. Al-
ternatively, in clinical applications, the range is commonly defined as the depth of the distal point
of the Bragg peak (see section where the dose drops to 80% of the peak value and is labeled
by R80 [45]. Because of their large mass, protons follow an almost straight line through material,
and the average path length is approximately equal to the range. Based on this assumption, the
range of proton beams can be calculated from their stopping power as

Erap\“"t
R(E):/O <d$> JE, 2.1.17)

where R(FE) is called the continuous-slowing-down approximation (CSDA) range of the proton beam
with initial kinetic energy E. The Bragg-Kleeman rule (equation |2.1.14) leads to a simple equa-

tion [[45, 46] to estimate the range of proton beams in material with significant precision.

R(E) = a E”. (2.1.18)

Figure demonstrates a good agreement between range-energy relation in equation|2.1.18/and
a simulated result. The accuracy of range estimation can be enhanced by tuning the parameters (o,
and p) for different energy ranges.

Usually, charged particles follow random zig-zag paths in a physical medium as a result of
various interactions. Thus, the mean projected depth of a beam is slightly smaller than the CSDA
range. The ratio of these two ranges is called the detour factor [47|]. Its value is close to one
for protons and other ions [47, |48]]. The statistical fluctuation of the interaction probability of a
charged particle with electrons leads to a Gaussian distribution in energy loss. It is known as
energy straggling, which leads to different penetration depths of particles, causing range straggling.

It impacts the shape of the Bragg peak. With the penetration depth, particles experience more
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Figure 2.1.5: Comparison of range-energy relation for protons in water obtained using Bragg-
Kleemann (BK) rule and Monte Carlo simulation.

numerous interactions, leading to a more significant straggling. Consequently, it extends the width
of the Bragg peak at higher energies, as shown in figure|2.1.6bl However, particles with larger mass

experience a smaller straggling. The straggling width o is used to quantify the effect. The ratio of

O’R_ 1 FE
Sl <mc2) (2.1.19)

where m is mass of the particle mass and F is the energy of the particle [49]. The function f depends

the oz and R can be expressed as

on the material.

2.1.4 Dosimetric quantities

Dose

Dosimetry is the field of study that deals with measuring the absorbed dose deposited by ionizing
radiations in tumors, organs, or the whole body. As we have discussed in the previous section,
ionizing radiations deliver energy through different interaction processes. A clear understanding
and quantification of this energy distribution are essential to implement these radiations in clinical
applications. The absorbed dose or dose (D) is the most crucial quantity in this context. It relates

the ionization radiation with the associated biological effect. The dose is expressed as

_ de

D=2
dm’

(2.1.20)

where ¢ represents a stochastic quantity called energy imparted by the ionizing radiation. It is

defined as
€= (Rzn>u - (Rout)u + (Rin)c - (Rout)c + ZQ, (2121)

where (R;,). and (R,.:). are radiant energy of incoming and outgoing uncharged particles, (R;,,).

and (R,.:). represent radiant energy of incoming and outgoing charged particles, and 3 Q denotes
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the energy converted from mass [27]. The dose is expressed in grays (Gy), equivalent to J/kg and
defined as the expectation value of the energy imparted to per unit mass at a point of the traversed
material [27]. The integral dose (D;ntegrai) is the product of the average dose and mass of the

irradiated volume. It is expressed in units of joules and denoted as
Dintegral = Dm, (2.1.22)

where D is the average value of absorbed dose in mass m.
The fluence (®) is defined as the number of protons crossing through per unit area of a surface

normal to the direction of propagation. It can be expressed as

dN
d=—— 2.1.23
A’ ( )
where dN is the number of particles incident on a sphere of cross-sectional area dA [50]. Fluence is

expressed in m~2. Dose can be defined using fluence and mass stopping power and expressed as

D_g2 (2.1.24)
p

Dose rate (D) can be defined using the time derivative of equation [2.1.24] It can be expressed as
) (2.1.25)

where i, /a is the proton current density. The beam curent thus plays plays a crucial role in achiev-

ing a high dose rate.

Depth-dose graph

The ionizing radiations deposit energy through the interaction processes discussed earlier in
this chapter. The dose distribution depends on the type of radiation, energy, charge, material,
etc. As illustrated in figure the longitudinal dose profile of protons, electrons, photons, and
neutrons have very distinct features. The dose of uncharged particles (neutrons and photons) rises
sharply at the entrance, known as the buildup region. They liberate electrons at the surface of the
target. These short-ranged electrons deposit their energy within a few millimeters and produce the
maximum dose. Another consequence of the interaction is absorption (or complete stop) of primary
particles. Thus the fluence of the primary beam decreases. In addition, particles are also scattered
out from the initial transverse size of the primary beam, causing a drop in the fluence of primary
particles. Reduced primary fluence is responsible for the exponential decrement of the dose beyond
the peak. It can be understood from equation|2.1.24

In contrast, the dose profile of the proton beam is unique. It has a low entry dose and a sharp
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Figure 2.1.6: (a) Percentage depth dose (PDD) curves of the electron, photon, neutron, and proton
beams [51]l. (b) Depth-dose curves of proton compare the impact of beam energy on the dose profile.
The dose is normalized to the number of simulated protons and peak dose deposited by the 80 MeV
beam.

peak near the end of the track. This peak dose of the proton beam (and other hadrons) is known
as the Bragg peak [52]. The dose increases rapidly at the proximal edge of the dose curve, followed
by a sharp falloff at the distal edge. The Bragg peak of a proton depth dose curve can be explained
using the Bethe-Bloch formula given in equation As a consequence of the gradual reduc-
tion of beam energy with depth, protons travel slower. At lower speeds, higher stopping power is
responsible for an increased dose at the proximal edge. Beyond the Bragg peak, the fluence of the
primary proton drops to zero, leading to a sharp distal falloff. Due to the stochastic nature of the
interaction, all protons do not stop exactly at the same point. The width of the Bragg peak depends
on the distribution of beam energy and energy straggling. A beam with higher initial energy travels
further into the target. Thus the particles encounter more interactions. Consequently, the Bragg
peak becomes wider as shown in figure The Bragg peak of a proton beam can improve the
conformity of treatment. The dose profile of the electron beam is different even though it has an
equal charge as protons. Electrons are scattered frequently due to their small mass. Thus, the

length of the actual path traveled by the electron differs from its projected range.

Linear energy transfer

Tonizing radiation deposit energy within the vicinity of its path of propagation. It causes ion-
ization by ejecting electrons. These electrons carry energy away from the primary track. The
computation of the stopping power includes the total energy imparted by the particles, regardless
of the point of energy deposition.In contrast, the linear energy transfer (LET) only considers the
locally imparted energy, which should be specified by using a predefined maximum distance from
the track of the primary particle or maximum energy of the secondary particle beyond the which

the energy deposition is not considered as local. It is also described as restricted linear electronic

24



CHAPTER 2. THEORY

stopping power and defined as
dEA

where dE is the mean energy lost by the charged particles through electronic interactions with
surrounding material minus the mean sum of the kinetic energies in excess of A of all the electrons
released by the charged particles in traversing a distance dl [50]. LET describes the density of
energy deposition in a particle track and usually expressed with a unit of keVum~'. It depends on
the type of radiation, energy, and traversed material. High LET radiations like a beam of alpha
particles (> 10keVum™!) deposit energy with small separation, enhancing the probability of double
strand breaks of DNA. Clinical proton beams are considered low LET radiation. However, the value
of LET increases with decreasing kinetic energy of proton beams around the end of their track.
The expression of LET given in equation is applicable for a monoenergetic beam. How-
ever, in practice, particles in a beam have a range of energy, and often, multiple energies are used
to produce a uniform longitudinal dose. Thus an average value is used to quantify LET. Two dif-
ferent approaches are commonly used to calculate the average LET. These are called dose-averaged
LET (LET,) and track-averaged LET (LET;). The LETy, includes the relative dose contribution of

each individual energy deposition event as the weighting factor. It is quantified as

1" Sa(E)D(E, 2)dE

LETy; =
¢ | D(E, 2)dE

) (2.1.27)

where S.;(F) is the electronic stopping power of primary charged particles with kinetic energy F
and D(E, z) is the absorbed dose contributed by primary charged particles with kinetic energy F
at location z [53]. For n number of charged particles, LET; can be calculated from the following

expression

= . (2.1.28)

where ¢; is the energy deposition by the i-th charged particle and /; is step length.
In contrast, LET; relies on the arithmetic mean value of the fluence spectrum of LET and also
known as fluence-averaged LET. If ®(E, z) represents the fluence of primary charged particles with

kinetic energy E at position z, LET; can be expressed as

IS Sa(E)®(E, 2)dE

LET, =
‘ [ ®(E, 2)dE

(2.1.29)

We will only use LETy for further studies of radiation qualities in this thesis.
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2.2 Radiation biology

Radiobiology is an essential component of radiotherapy. This complex field of science studies the
impact of ionizing radiation on living bodies. An irradiated biological system experiences a multi-
level (molecular, cellular, tissue) consequences. The effects can be observed within 10~'8 seconds to

few years after irradiation. The time scale of different radiation effects is illustrated in figure

DNA (Deoxyribonucleic acid) is the most radiation sensitive and vital component that governs
most cellular activities. Radiation-induced DNA damage can be crucial for cells [54]. Ionizing
radiation can produce several types of lesions in DNA molecules like base damage, single-strand
break (SSB), double-strand break (DSB). Usually, healthy cells can repair damaged DNA correctly.
If a cell fails to repair DNA damage, it can cause cell death. On the other hand, an incorrect
repair can lead to cell mutation, and possibly eventually cancer. These cellular-level effects are
usually noticed within few hours of irradiation. At the tissue level, acute effects like inflammation,
bleeding, or oedema can be evident, and possibly with a short time after radiation exposure. In
contrast, chronic symptoms like fibrosis, atrophy, and even cancer can be expressed after several

months to years.
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Radiation physics | Radiation chemistry | Hadia::ion bioITgy | " iracidamage |} {indirectdamage
1015 1012 10° 106 1073 1 103 106
sec sec sec sec sec sec sec sec MW’ Free radicals & Reactive oxygen species
*lonization *Radical *DNA *Repair D Isingl 0d'", O, Hy0 ete.
*Excitation formation damage *Replication l l
'Dielect.r'\c formation +Cell death
relaxations «Somatic Cell death [
mutations o Isingle
=Cancer
~Heritable l
mutations Cell death

(a) (b)

Figure 2.2.1: (a) The time scales of radiation-induced biological events [[55]. (b) Two distinct path-
ways to introduce radiation-induced cell death [56].

Ionizing radiation can damage a cell directly through ionization or excitation of DNA molecules,
called direct effect. In addition, they can also produce reactive oxygen species (ROS) through the
radiolysis of cellular molecules, mainly water. These highly reactive products can induce cell dam-
age by reacting chemically with DNA molecules [57]]. It is known as the indirect effect of radiation
which is responsible for most of the radiation-induced damage. Figure shows two distinct
pathways to activate radiation-induced cell death. With an identical absorbed dose, different ra-
diation qualities produce various levels of biological consequence. The biological effectiveness of
radiation qualities is quantified using relative biological effectiveness (RBE). It is defined as the

ratio of absorbed dose of a reference beam of photons to the actual absorbed dose of the radiation
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under consideration, to achieve the same biological endpoint [58]. It can is denoted as

Dref

con

RBE — : (2.2.1)

-

where D,.; and D.,, are the dose of reference radiation and dose of the radiation under considera-
tion. A range of physical and biological parameters govern the RBE of proton beams. Several phe-
nomenological RBE models based linear quadratic (LLQ) model [59] have been reviewed by Rgrvik

et al. [60]. The RBE value can be estimated from the equation

RBE(D,, (¢/8)4; RBE 4z, RBE i) = % (\/(g)i 4 4Dp(%)m +4D2RBEZ,,, — (%)1), (2.2.2)
P

where D, is the physical dose deposited by protons per fraction. «, and 5, are the LQ-model
parameters [59] for the reference photon radiation [[61]. The parameters RBE,,,, and RBE,,;, are

given as

RBE e (LET) = 0.892 + 0.179(keV /pum) ' LET,,

RBEmin =1

The points of energy deposition of higher LET radiation are close to each other. Thus, it enhances
the probability of DSBs and subsequent cell inactivation. Higher LET thus leads to an elevated
RBE, as illustrated in figure However, RBE reaches its peak value for LET ~ 100 keVum™1!.

Beyond this value, RBE decreases with increasing LET, known as the overkill effect.
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Figure 2.2.2: Evolution of relative biological effectiveness of proton beam as a function of LET [62]].
Graphs for three Surviving fraction (SF) are compared.
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2.3 Radiotherapy

Radiotherapy (RT) uses ionizing radiations to treat cancer. Ionizing radiation can damage a bio-
logical system by inducing cell death mechanisms. It mostly relies on DNA strands break to initiate
irreversible damage of cancerous cells. Simultaneous impact of ionizing radiation on healthy tissue
is inevitable; however, the better repair mechanisms of normal cells give us the opportunity to im-
plement RT in treatment [62, 63]. The efficacy of RT depends on the optimization of tumor control
probability (TCP) and normal tissue complication probability (NTCP) [64]]. The TCP increases with
radiation dose following the sigmoid function up to its peak value. The NTCP also follows a similar
trend as a function of dose, as shown in figure At a very high value of dose, change in TCP
and NTCP is insignificant. A similar pattern also can be seen at a very low dose region; in between,
the dose-response changes sharply. Even though they follow the same pattern, NTCP catches TCP
at a slightly higher dose. It leads to a dose interval, called the therapeutic window, where TCP is
significantly higher than the NTCP. RT can be used within the therapeutic window to treat a tumor,
producing minimum damage to the healthy tissue. The spread of the therapeutic window depends
on various factors, including cell type. A wider window is suitable to treat tumors effectively with
a reduced side effect. If TCP and NTCP curves are very close to each other, the therapeutic window
becomes very narrow. It restricts the maximum achievable dose at the tumor to produce a curative
effect. A wider therapeutic window can be produced by enhancing the radiation effect on tumors,
like adding sensitizers or increasing the normal tissue tolerance to shift the NTCP curve toward

the higher dose [|62].

The therapeutic index (TI) is a quantitative measure to determine the safety level of RT. It is
defined as the ratio of dose to achieve two distinct biological endpoints. In general, a ratio of dose
corresponding to the 50% of the NTCP curve (T'D5q) and 50% of the TCP curve (E Dsg) is used to

obtain the therapeutic index of RT as
_ TDs
~ EDs’

TI (2.3.1)

Depending on its implementation process, RT can be classified as brachytherapy (BT), radiometabolic
therapy (RMT), intraoperative RT (IORT) and external beam RT (EBRT). In this thesis, we have
studied the characteristics of proton beams for EBRT.

EBRT is also known as teletherapy, where the source of ionizing radiation is placed outside of the
patient’s body. It is the most frequently employed treatment modality that accounts for about 90%
of total RT. Megavoltage x-ray and electron are most commonly used for EBRT. In addition, hadrons
like protons, neutrons, carbon ions have been getting popular for the last few decades. A few exotic
particles such as muon, anti-proton has also proven their potential to be employed for EBRT. Par-
ticle accelerators, usually compact size linear accelerators (linacs), are used for megavoltage x-ray

generation used for EBRT. At the initial stage, an electron gun produces a beam of electrons. These
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Figure 2.3.1: Comparison of the therapeutic window of conventional RT and FLASH RT [65].

electrons are accelerated using a high-frequency electromagnetic wave. High-energy electrons de-
celerate rapidly in a collision against a stationary metal target of high atomic number. Thus, they
produce Bremsstrahlung x-rays. It is a suitable form of radiation to treat deep-seated tumor. On
the other hand, an electron beams also can be employed directly to treat superficial tumors due to
its suitable dose fall-off within few millimeters.

The large mass of hadrons makes a beam magnetically stiff and challenging to accelerate. A
hadron therapy system is comparatively challenging to built and costly. However, a sharp fall-off of
dose behind the target makes it an attractive candidate for RT. This feature of hadrons can ensure a
localized conformal dose. Among all hadrons, the proton beam is most widely used, followed by the

carbon ion beam. Further details of proton beam therapy will be discussed in the following section.

2.3.1 Proton beam therapy

In the context of RT, the unique dose profile of the proton beam is its primary advantage over
x-rays and electron beams. As the proton beam completely stops at the end of its range, it deposits
a negligible dose beyond the target. In addition, the Bragg peak of a proton beam deposits a large
dose at tumors, sparing normal tissue. This enhances the dose conformity; however, a pristine
Bragg peak can not deposit a homogeneous dose over a longitudinally extended tumor. This limi-
tation can be overcome by superimposing multiple Bragg peaks as shown in figure The peak
homogeneous dose over an extended longitudinal space is called spread-out Bragg peak (SOBP).
Furthermore, the lateral dose profile of a proton beam has an attractive characteristic of a smaller
penumbra. Following the equation the larger mass of proton reduces its scattering angle,
leading to a smaller lateral spread of the beam. This feature of the proton beam facilitates us to
spare adjacent sensitive organs like the spinal cord. Within the therapeutic energy range, the pro-
ton beam is considered low-LET radiation, similar to x-rays. However, at the end of the track where
beam energy is low, the LET of proton beams has been found to be very high [53},[66]. Consequently,

it can produce denser ionization in the target and enhance the probability of cell death by forming
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Figure 2.3.2: Spread-out Bragg peak of proton beam.

a cluster of DNA damage [[67]. Conventionally, an RBE value of 1.1 is used for clinical treatment
planning, and it increases with the value of LET, [61]l; however, its value depends on several fac-
tors, including cell type and total dose. In recent years, several new approaches to RT have been
studied using proton beams. Among those, spatially fractionated radiation therapy (SFRT) using
GRID irradiation and FLASH radiotherapy have demonstrated their superiority to reduce normal
tissue damage.

The complex proton therapy system consists of a particle accelerator to produce high-energy
beams, the beam transport section with an energy selector, and a treatment delivery system that
includes the gantry, nozzle, snout, and patient positioning system [68]]. The basic principle of par-
ticle accelerators is discussed in sectiom The accelerated proton beam is transported to the
treatment room through a vacuum pipeline consisting of a collection of dipole and quadrupole for
beam manipulation. The details of beam focusing is included in section The gantry is the
largest component of the treatment delivery system. It allows the projection of beam from several
directions through its full (360°) or limited (0-220°) rotation. Finally, the beam is delivered to a
patient using the nozzle that is installed in the gantry. Two alternative designs are used for the
nozzle to deliver beams to treat tumors.

A passive scattering system contains scatterers, range modulators, dose monitoring chamber,
patient-specific beam-shaping collimators, and compensators. A narrow beam delivered by the
transportation system is scattered to obtain a large field size. It is shaped by patient-specific col-
limators to irradiate the tumor. The longitudinal position of dose delivery is tuned using a range
compensator.

In contrast, an active scanning system uses a narrow beam of protons to irradiate a tumor spot
by spot. It uses two orthogonal dipole magnetic fields to steer the beam in the horizontal and
vertical directions and deliver the dose at a desired point in the tumor. The energy of the beam is
tuned to manage the longitudinal position of the spot.

In the following chapters we will discuss the advanced way of beam delivery system.
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Figure 2.3.3: Active scattering (top) and Passive scanning (bottom) system of proton beam delivery
system [69]].

Spatially fractionated radiation therapy (SFRT)

The principle of SFRT is to produce a highly inhomogeneous dose distribution to reduce the
normal tissue exposure. As illustrated in figure the total field of irradiation is split into high-
dose and low-dose regions. The high-dose area is called the peak, and the low-dose area is labeled
as the valley. The most crucial parameter for SFRT is the peak-to-valley-dose ratio (PVDR). In
addition to a high PVDR, a lower valley dose is essential to achieve the goal of SFRT [23]. The

PVDR quantifies the dose contrast between peaks and valleys and can be expressed as

PVDR = DFeek , (2.3.2)
DValley

where Dp.q; and Dy gy are dose at the peak and valley region of the inhomogeneous distribution,
respectively. The Dp.qi and Dy, are usually measured at the center of the peak and valley
region indicated by the blue and green lines in figure The PVDR depends on various factors,
including beam energy, divergence, and centre-to-centre (c-t-c) distance. In practice, SFRT can be
implemented using several beam-shaping techniques. GRID irradiation is the most widely studied.
Besides, microbeam radiotherapy (MRT) and minibeam radiotherapy (MBRT) can produce dose

contrast.

GRID irradiation creates an inhomogeneous dose pattern by regulating radiation exposure.
Usually, valleys are shielded to ensure a very low dose (preferably zero). A wide variety of metal
collimators have been studied to obtained desired dose profile [70]. High dose contrast in normal
tissue is a prerequisite for GRID irradiation. However, in a tumor, two different approaches of ir-

radiation can be effective for treatments. Firstly, a homogeneous dose, as shown in figure [2.3.44al,
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Figure 2.3.4: The inhomogeneous dose distribution of SFRT produces a sharp contrast between the
peaks and valleys. The dose distributions are produced for c-t-c = 5 mm (a) and c-t-c = 12 mm (b).
The dose is normalized to the peak value.

can induce a cell death mechanism in tumors. Secondly, a highly heterogeneous dose distribution
depicted in figure can effectively treat tumors [71}|72]. The radiation-induced bystander ef-
fects can initiate a cell death mechanism close to the irradiation field where cells are not directly
exposed to radiation [22, (73, [74]. Extensive studies are required to determine the most effective

clinical dose pattern at the target.

The underlying radiobiological mechanisms to explain the SFRT is an active field of study.
The dose-volume effect, radiation-induced bystander effects, microvascular alterations, and im-
munomodulation are known for their potential role in SFRT [25]]. It reduces the risk of normal
tissue complications by irradiating a smaller volume. Moreover, the repair mechanism is stimu-
lated due to the migration of healthy cells from the unexposed part of the tissue to the high dose
area [16].

FLASH radiotherapy

FLASH radiotherapy uses ultra-high dose rates, that are orders of magnitude compared to con-
ventional RT, for a very short irradiation period [[75]. The impact of ultra-high dose rate to reduce
the normal tissue damage without impacting the tumor control probability is known as FLASH
effect [76]. Compared to ~5 Gy/minute dose rate of conventional proton beam therapy, the FLASH
effect has been observed beyond 40 Gy/second [75, |77]. One hypothesis for the mechanism of ac-
tion is that a very high dose rate causes a depletion of oxygen at the irradiated volume, leading
to a hypoxic environment in the tissue. This hypoxic condition reduces the radiosensitivity of the
cell and enhances normal tissue tolerance [[76]. Consequently, it expands the therapeutic window
as shown in figure The clinical implementation of FLASH is complicated for several techni-
cal challenges like high beam current, faster energy adjustment, rapid pencil beam scanning, and

accurate dosimetric measurements within a short time period [[78].
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2.4 Accelerator and Beam optics

2.4.1 Accelerator

Particle accelerators are complex machines designed to produce high-energy charged particle
beams for various applications, ranging from basic science research to cancer treatment. In princi-
ple, charged particles are accelerated using electromagnetic force, where electric fields are employed
to change the kinetic energy, and magnetic fields are used to alter the direction of velocity. Change

in kinetic energy (AFE) of ¢ charge in an Electric field can be formulated as
AEg = q/Eds, 24.1)

where s is the distance traveled through the electric field and field strength £ = V/d. FE is
also known as electric potential gradient. Following equation higher kinetic energy can be
achieved using a larger field gradient. However, it is limited to < 100 MV/m due to electric break-
down effects. Alternatively, a longer accelerating section can increase the energy. It is achievable
using a series of linear accelerating elements (single-pass scheme) or by passing the charged parti-
cles through the same field multiple times (multi-pass scheme). For the application of radiotherapy,
linear and circular accelerators are used depending on the choice of the ionizing beam. Usually,
x-ray and electron beam therapy are implemented using linear accelerators. In contrast, proton

and ion beam therapy systems are designed based on cyclotrons and synchrotrons.

Linear accelerators

The linear accelerator, commonly known as a linac, was developed by Widerse in 1928. He
used high-frequency alternating voltage to accelerate charged particles in a linear path. There are
several methods to implement this principle of linear acceleration to produce high-energy charged
particle beams. In one type of linear accelerator, the charged particles travel through a series
of drift tubes connected to the radio frequency (RF) sources known as Alvarez structure. It is
commonly used to accelerate protons. In this structure, the charged particles travel through the
drift tube during the half-time period of the RF source, where they are shielded from the external
field and maintain a constant speed. They accelerate in the gap between two drift tubes. With
increased energy, charged particles move faster and travel a larger distance within a given time.
For adequate acceleration, the period of RF frequency must be synchronized with the path length
that can be achieved using the increasing length of the drift tubes. This condition can be satisfied

by adjusting the length of the i-th tube following the equation

I = ”iTQRF, (2.4.2)
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Figure 2.4.1: Conceptual structure of a linear accelerator (Alvarez structure) [[79].

where v; is the velocity at the i-th tube, and 7z7 is the time period. In modern accelerators, drift
tubes are replaced by drift spaces between RF cavities, where charged particles are accelerated
by electric field. In addition, standing or traveling microwave oscillations are used to accelerate
charged particles. In principle, charged particles can reach arbitrarily high energy using a higher
potential gradient or a larger number of drift tubes. However, the maximum achievable potential
gradient is limited by the corona formation and electric discharge. Furthermore, space constraints

impose a limitation on the maximum number of drift tubes.

Cyclotron

In a cyclotron, charged particles are accelerated in a circular path to generates a continu-
ous beam of constant energy. It was first developed by the American physicists Ernest Orlando
Lawrence and M. Stanley Livingston [80]. The main structure of a cyclotron is consist of a hollow
chamber enclosed by two semicircular metal electrodes called “dee” (shape similar to “D”). These
electrodes are placed with a small gap as illustrated in figure The entire system is placed in
a uniform magnetic field perpendicular to the plane of the electrodes.

The charged particles are injected at the center of the cyclotron. An alternating electric field is
generated at the narrow gap between two dees to apply force on the particles along the direction of
their motion. The Lorentz force produced by the magnetic field acts in perpendicular to the velocity
of the changed particles and deflect to move in a circular path. The polarity of the electric field is
altered synchronously to ensure continuous acceleration of particles in the gap. The frequency of

the alternating voltage to satisfy this condition is called cyclotron frequency and expressed as

B
fciiq

= 2.4.
2rm’ (24.3)

where ¢ and m are the charge and mass of the accelerating particles, respectively, and B represents
the magnetic field strength [34]. Usually cyclotrons are driven by RF (Radio frequency) generator
with a voltage between 30 kV to 100 kV and a frequency between 50 MHz to 100 MHz [|34]. With
the increasing speed of the particles, they follow an outward spiral path. At a relativistic speed,
effective mass of the particles increases. It is compensated with reduced frequency or increased

magnetic field.
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Figure 2.4.2: (a) Principle of high energy beam production using a cyclotron [81]. (b) Schematic
diagram of a synchrotron [82].

Synchrotron

In a synchrotron, a beam of charged particles is accelerated in a circular evacuated ring-like
arrangement. It contains bending magnets to deflect the charged particles in a circular path. In
addition, quadrupole and sextupole magnets are employed for beam focusing and correction of chro-
matic aberrations, respectively. One or more acceleration cavities raise the beam energy using elec-
tric fields. The final energy of the pulsed beam produced by a synchrotron can be tuned, which is an
advantage for medical applications. The components of a synchrotron is illustrated in figure

A pre-accelerated (by a cyclotron or linac) beam of charged particles is injected into a syn-
chrotron. The beam continuously circulate in the ring and gain energy each time it passes through
the acceleration cavity. The magnetic field is elevated to keep the beam moving in the same path

with higher energy.

2.4.2 Charged particle beam optics

A beam is a collection of moving particles. For accelerator physics, their collective behavior is
more crucial than the properties of individual particles. In the following sections we will give a brief
review of relevant beam optics concepts, including coordinate system, beam optics, transfer matrix

formalism, and focusing principle. We will however not treat collective effects such as space charge

and wake-fields.

Beam focusing
A charged particle interacts with electric fields, which do not depend on its state of motion. In
contrast, only moving charged particles experience force inside magnetic fields. The interaction of

charged particles with an electromagnetic field can be described using the Lorentz force

F =¢q(E+vxB), (2.4.4)
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where F and B represent electric and magnetic field respectively. F' is the force on a particle with
q charge when it moves at a velocity of v. Force exerted by the electric field acts in parallel to the
direction of the field; however, the magnetic field applies force in perpendicular to the direction
of field and velocity of the charged particle. It can cause centripetal acceleration of the particle

following equation

va

=B, (2.4.5)

where R is the radius of curvature of the charged particle’s path.

In particle accelerators, dipoles are commonly used for bending, and quadrupoles are employed
for beam focusing. Besides, higher-order multipoles are also used for specific purposes. Chromatic
aberrations can be corrected using sextupole. Octupoles are sometimes used to to compensate field

errors.

One of the primary goals of this thesis is to evaluate suitable techniques to generate small
spots at the tumor using a proton beam. Focusing a beam at the desired point can be a solution.
Magnetic lenses in the form of quadrupole magnets (see Figure|2.4.3) are extensively used for beam
focusing where Lorentz force deflects the charged particles towards the focal point. The angle of
deflection of the charged particle depends on its initial velocity, distance d from the focal point,
and focal length f. If the entrance velocity of the particle at the lens is parallel to the designed
orbit (discussed later in section [2.4.2), the angle of deflection to focus the beam at focal point,
0 = arctan(d/f). This condition is true for a laminar beam where beam emittance is zero. In this
case, all the particles have identical transverse velocity, which is proportional to the displacement
from the reference orbit. Theoretically, an ideal lens can focus a beam to a point of zero dimension
provided that it is laminar. However, actual particle beams have non-zero emittance, as discussed
in the next section, and the particles move in various directions with a range of transverse velocity.
It is impossible to focus all these particles at a common point with a specific lens; instead, it can
change the average motion of the beam’s particles. Thus beam emittance impacts the spot size at
the target. A lower emittance is advantageous to produce smaller precise spots. However, there is

a fundamental limitation of the spot size at the focal point.

An azimuthal magnetic field (B,) can also provide a suitable force for beam focusing. The de-

flection of the charged particle produce by a magnetic field can be described by

qc
- _4p 2.4.

0 3E ol (2.4.6)
where c is the speed of light and [ is the length of the field [79]. If the length [ is not very short
compared to the focal length, B,l should be replaced by [ Bsdl. A conductor with uniform current
density is capable of producing an azimuthal magnetic field that can provide focusing force. How-

ever, it is not a practical solution in the context of particle accelerator and beam focusing. The
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Figure 2.4.3: The magnetic field inside a quadrupole [83]. Red arrows represent the direction of
magnetic field (black curve lines), and blue arrows represent the direction of Lorentz force on the
charged particles. The effective force is inward (focusing) in the vertical direction and outward (de-
focusing) in the horizontal direction. The strength of the force grows linearly with the distance from
the origin.

quadrupole is the most suitable device that can ensure material free aperture with a suitable mag-

netic field configuration for beam focusing. Its magnetic field, B = (gy, gz,0) where field gradient

g= aaByz = Bﬁc v The focusing strength of a quadrupole is defined as
- T/m)
k (m-2) ~ 0.2998 IT/m)_ 24.
(m~2) ~ 0 998 GV (2.4.7)
and the focal length of the quadrupole is
1
= —. 2.4.
f ] (2.4.8)

Figure shows the magnetic field of a quadrupole. An individual quadrupole causes focusing in
a transverse direction and defocusing in the perpendicular direction. An overall focusing effect can

be obtained using an appropriate combination of quadrupoles.

Coordinate system

A curvilinear coordinate system can be used to describe the motion of the constituent particles
of a beam in an accelerating system [[84]. Usually, accelerators are designed to produce particles
with predefined energy at a particular point of the system. However, the energy of all the parti-
cles of a beam are not exactly equal to the design value. The reference trajectory, also known as

design trajectory, is described as the trajectory followed by the ideal particles having the central
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Figure 2.4.4: The motion of charged particles in an accelerator is described using a curvilinear
coordinate system [85]].

design momentum of the accelerator [84]]. In circular accelerators, it is called design orbit. It is
usually consists of a series of straight segments and circular arcs. Particle motion is conventionally
described in a coordinate system moving along with the ideal particle. As depicted in figure |2.4.4}
the co-moving Cartesian coordinate system is centered at the design trajectory. Usually, the x-axis
and y-axis represent two transverse directions, and the z-axis is used to represent the longitudinal
direction. The position of a particle along the design trajectory is described using the s-axis. The

tangent to the s-axis gives the instantaneous direction of motion of ideal particles.

The evolution of particle beams phase space is described using three pairs of variables, each
corresponding to one 2D Cartesian coordinate system given by (z, '), (y,'), and (2, Ap). The devi-
ations of the particles’ position from the design trajectory are given by x, y, and z. The quantities
2’ and 3y’ represent the derivative of = and y with respect to s (z/ = %, y = %). Ap represents the
deviation of the momentum from the design value. The ideal particle has a momemtum p = [0, 0, p|,
while in general the particle momentum is given by [p., p,,p.]. Often it is convenient to use the
transverse momenta p, and p, instead of the angular variables 2’ and y’ with 2’ = 2,3’ = B, The

p

transverse momenta (p, and p.) are assumed to be small compared to the longitudinal momentum.

p=\[r2 42 +p2~pa. (2.4.9)

The angles of deviation in horizontal and vertical direction can be expressed as

Total momentum is thus

Pz
Pz (2.4.10)
Py

Pz

The derivative z’ and 1’ represent the horizontal and vertical slope of particle trajectory consecu-

tively and usually stated with a unit of angle, commonly mrad and prad.
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Equations of motion
Magnetic fields are used to deflect particles with transverse offsets back towards the the design
trajectory, causing an oscillatory motion around the reference orbit. In a single plane (x or y), this

motion can be described using Hill’s equation [|86]
W+ Kau=0 (u=umy), (2.4.11)

where K, represents the focusing effect on the particle due to the dipole (bending) and quadrupole (fo-

cusing/defocusing) magnets. The solution of Hill’s equation can be written as,

u(s) = vVe/B(s) cos(Y(s) + @), (2.4.12)

where ¢ is called single particle emittance. Equation [2.4.12|describes the transverse oscillation of a
particle respect to the reference orbit, known as betatron oscillation. The amplitude is proportional
to the single particle emittance, and is proportional to the phase space area of a particle at a point

in its trajectory (e = Area/r). Derivative of u(s) can be expressed as

Je

RV

[a(s) cos(¥(s) + ¢) + sin(v(s) + ¢)] . (2.4.13)

Using the Twiss parameters 3, «, and ~, the equation of the phase space ellipse can be expressed
as

Y2 (s) + 2a(s)u(s)u/(s) + B(s)u?(s) = e, (2.4.14)

where, 5(s) represents the amplitude function that depends on the focusing elements of the lattice.
a(s) describes the orientation of the phase space ellipse and defined as «(s) = ﬂT(S) ~(s) depends
on the two other Twiss parameters following the relation

1+ a?(s)
=5

(2.4.15)
Transfer matrices
A point of its phase space describes the particle’s trajectory of a beam. The motion of each
constituent particle can be calculated using a transfer matrix, transforming particle coordinates
from an initial to a final position. The coordinate transformation can be written as
uf mip M2 Uj

= ) (2.4.16)
u’f mo1 Maa| |u}

where m;; are the components of the transfer matrix M. An accelerator has several components,

such as drift sections, focusing magnets, bending magnets. The transfer matrices for these elements
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are different. Particles remain undeflected in the drift section; thus, the transfer of particles can be

expressed using a simple matrix

1 L
Mpript = , 2.4.17)

0 1

where L is the length of the drift section. The transfer matrix for quadrupoles can be represented

as
VKI —~ sin(VKl
MFocusing = COS( ) VK Sln( ) (2418)
—VKsin(VKI)  cos(VKI)
h(VKI —L sinh(VKl
MDefocusing = o ( ) \/?SIH ( ) (2.4.19)

VK sinh(vVKl)  cosh(vVKI)

where [ is the length of the quadrupole. All transfer matrices have a fundamental property of unit
determinant (det(M) = 1). If particles travel through several elements between their initial and

final point, the total composite transfer matrix is described by the product of multiple matrices

M = M, M, _1 M, _...... Mz My M. (2.4.20)

Representing a beam of particles

An ensemble of moving particles is usually described using statistical parameters. It is common
to describe the transverse phase spaces, (z,z’) and (y, y’) as bivariate Gaussian distributions. The
statistical parameters (first and second order moments) of distribution of position and slope of
particle trajectories can describe the size and divergence of beams. The Twiss parameters can be

expressed using the second moments of the beam distribution [|86]:

<U2> = Ermsﬁu(s)
(ut) = —€rmsaru(s) (2.4.21)

<ul2> = Erms’Yu(S)

Here ¢,.,,5 is called geometric emittance of the beam, and is proportional to area of the transverse
phase space. Following Liouville’s theorem, the phase space area, and therefore the geometric
emittance of the beam, is constant as the particles undergoes betatron oscillations. The standard

deviation o, and o, represent the beam’s transverse size

ou(s) =/ (u2) — (u)? = V/(U?) = V/ermsBu(s). (2.4.22)

Similarly, transverse divergences are given by ¢, and o,/

ow (8) =V €rmsTu($). (2.4.23)
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Figure 2.4.5: The phase space ellipse describes the particles motion in (u,u’) plane [79]. With
constant emittance, the area of the ellipse remains constant. The shape of the ellipse changes along
the trajectory of the particles.

Instead of tracking individual beam particles, which is computationally expensive, it is often
convenient to track only the moments of the beam distribution, since they give its size and di-
vergence. The covariance matrix (X), which is also known as beam matrix or sigma matrix, can
represent this information in a simplified way. It satisfies the relation, ¥ = ULU”. In matrix form,
it can be described as

ST U] DR (2.4.24)
(w'u) (u?) —0u Yu
The determinant of the sigma matrix gives the square of the geometrical emittance.

€2 =det(X). (2.4.25)

™ms

The geometrical emittance (¢,.,,s) of a beam, defined in equation [2.4.25 changes with energy. It is

convenient to use normalized emittance (), which is invariant under acceleration.

EN = /6’767-7”5- (2426)

where v = E/mgc? is the Lorentz factor and 3 = v/c is the relativistic velocity.

Transformation of Twiss parameters

A beam can be parameterized using its emittance, and its Twiss parameters. The Twiss param-

eters evolve as the beam propagates along the accelerator. This evolution can be calculated using
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the single-particle transfer matrices [|86], as

2 2

B miy —2mi1mia miy Bo

a| = |—miimar  miimas + miamar  —mizmaa| |ao| - (2.4.27)
2 _9 9

Y may m21M22 mao o

There is no focusing effect in a drift space. Thus, the transformation of the Twiss parameters can

be obtained from equation [2.4.27

153 1 —2s §2 Bo
al =10 1 —s| |ag]- (2.4.28)

The matrix relation in equation [2.4.28| can be described as

B = By — 2005 + 705>, (2.4.29)
a = ag — VS, (2.4.30)
Y = "Yo- (2.4.31)

In any linear optics section, beam emittance remains constant provided that there is no energy
spread. According to equation[2.4.22] 3 determines the sigma of the beam at any point of a drift sec-
tion. Thus, we can characterize the beam waist as a point with the smallest 5. At this point (waist),
the rate of change of § with respect to s (d3/ds) must be zero. Using this argument, equation

leads to the distance of the beam waist from the reference point (where the Twiss parameters are

60’ «p, and rYO)
apfBo
1+ad

(2.4.32)

Sw =

Matching

In a beam transport system, the initial values of the Twiss parameters are usually preset, which
depends on the design of the experimental requirements and pre-acceleration conditions such as
particle source. These parameters evolve along the beamline and deviate from their initial values
at different points of the system, which can be calculated using the transfer matrix. Moreover,
various applications and experiments have specific requirements of optical functions. A suitable
combination of quadrupoles and drift space can modify the Twiss parameters from their initial
value to the desired value, known as matching.

In figure a magnetic structure is employed for matching beam optics. The transfer matrix
for each constituent quadrupole can be constructed using their strength (K). Following equation

2.4.20} the product of the transfer matrices of the quadrupoles and drift spaces provides the ulti-
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Figure 2.4.6: Combination of quadrupoles used for beam focusing and matching.

mate single particle transfer matrix between the initial to a final point.

Equation [2.4.27| shows the relation between the initial and the final Twiss parameters, which
is non-linear. Conventional analytical methods can not determine the absolute solution of this
equation. However, a numerical iteration method can obtain one of the approximate solutions to
match the beam optics.

The alteration of quadrupole strength changes all Twiss parameters, thus a simultaneous match-
ing is essential in both transverse directions. Their dependence on the quadrupole strength can be
expressed as

F;, = fi(K1, Kq, K3, ... Ky,), (2.4.33)

where F; represents the Twiss parameter. After one iteration difference between the difference
between the ideal value (F}4.,;) of the Twiss parameters and the current value (Fj) can be written
as

Edea,l - FO = A(K - K0)7 (2434)

where A is known as the response matrix. K is the arbitrary starting values of the quadrupols and

K is the modified values [86]. The iterative relation can be describe as
Ki1 = K; + A7 (Figeal — F). (2.4.35)

The most effective match can be obtained with the equal number variables (quadrupole strengths
and drift spaces) and Twiss parameters. However, different algorithms are available to match any
number of constraints and optical functions. We will use a tool, MADX [87]], to obtain matching
conditions numerically. For example, MADX can calculate the incoming beam parameters needed
to reach a specific beam condition at a point (like at the boundary of a water phantom ), as discussed

in chapter[7] A brief description of MADX is given in chapter[3]
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Chapter 3

Simulation methods

Monte-Carlo (MC) simulation is a popular tool to study the microscopic world without complex ex-
periments. It is widely used to investigate the interactions of radiations with matters and evaluate
dose distribution. We used MC simulation to examine the proton beams’ interactions in a water
phantom. This chapter introduces the basics of the MC method and Geant4 simulation, including
the basic setup used in our studies. It describes the algorithms used to produce the SOBP and
calculate dose-averaged LET from the simulated data. In addition, it gives a brief description of

MAD-X, a comprehensive tool to track particles in an accelerator.

3.1 Monte-Carlo Simulation

3.1.1 Monte-Carlo method

The MC method is used to obtain a numerical solution to a problem by random sampling from a
known probability distribution based on theoretical considerations [88,[89]. It can be an alternative
tool to study a microscopic system’s behavior in the event that the analytical solution is complicated
to obtain. In principle, it can mimic a complex procedure when an experimental assessment is
impractical to conduct or costly. This idea was first adopted in the Manhattan Project during the
second world war, where it played a prominant role in developing nuclear weapons. John von
Neumann and Stanislaw Ulam recommended its inclusion to examine the properties of neutron
diffusion through the fissionable materials [90]. It was named after the Monte Carlo Casino in
Monaco to attribute the underlying concept of utilizing random numbers.

The principle of MC method for radiation transport is to simulate a large number of particles
and record their properties of interest along their trajectories. In this process, a source generates
primary particles and assigns initial values of specific properties like position, momentum, energy,
etc., depending on the simulation’s objective. These initial properties are selected randomly from a
defined distribution. A geometry is implemented to transport the particles and study their inter-

actions. The materials and dimensions of the geometry are defined depending on the goal of the
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research. Simulated particles encounter a range of interactions along their path of propagation
that can cause energy deposition. The mode of interaction and distance between any two consec-
utive interaction points are determined using several probability distributions that depend on the
physics model. It also allows producing secondary or higher-order particles and and transporting
them through the defined volume. During the interactions, properties like the energy of the par-
ticles are updated based on the physics principle. These particles are continuously transported as
long they remain inside the volume of interest. Simulation of a particle is also terminated if it is
absorbed by the interaction process like photoelectric absorption of a photon or its energy drops
below a predefined threshold value.

The interaction probabilities per unit length govern a charged particle’s transportation through
a traversed material [91]. The random sampling of interactions and their outcomes at each step
of the simulation can provide information equivalent to the Boltzmann particle transport equa-
tion [[34]. However, MC simulation’s advantage is that it is easier to implement with the same
physics model. In practice, particle transport equation is implemented in MC simulation following
three algorithms: track structure, condensed history, and mixed simulation.

The track structure algorithm can provide a detailed description of particle interactions and is
capable of producing an exact solution of the transport equation. Thus an accurate reproduction
of particle-matter interactions is possible [92]. It is a very useful feature of MC simulation for
microdosimetric and nanodosimetric studies. However, it is computationally expensive and time-
consuming, especially for higher energy particles [93]. Furthermore, these precise details of the
track structure algorithm are not interesting for many studies.

In contrast, the condensed history algorithm analyzes the cumulative impact of a large number
of collisions. At each step, the random selection of energy loss and angular deflection relies on
the multiple scattering theories to diffuse the particle spatially through the material [94]. Since
this algorithm is computationally inexpensive and more efficient, it is a natural choice to deal
with high-energy particles. Due to its convenient implementation and sufficient degree of accuracy,
the condensed history algorithm established itself as a reference method in clinical dosimetry of
macroscopic scale [95].

On the other hand, the mixed algorithm uses track structure and condensed history simulta-
neously in the same simulation with an energy threshold to optimize the process. The energy loss
by a collision above the threshold value is defined as hard or catastrophic is considered one indi-
vidual event and simulated using the track structure algorithm. In contrast, soft collisions with
energy-loss below the threshold value are grouped together, and their cumulative effect is studied
using the condensed history algorithm. It can enhance the time efficiency and accuracy of the sim-
ulation. Several authors have extensively studied the comparison between the track structure and
condensed history algorithm [96, |97, (98]

In general, the probability distributions are given by physics models, and gives the mode of in-
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teraction in a given step of MC simulation.A large number of particles should be simulated to obtain
a realistic result with physical significance. The uncertainty of the simulated outcome depends on
the number of histories (n) taken. With an increasing n, the uncertainty (e) decreases following the

relation, e =~ 1/4/n.

3.1.2 Applications of MC simulation

With the increasing complexity of a stochastic problem, MC becomes preferable over the ana-
Iytical approach due to its computational speed [99]]. It has the potential to solve a wide range
of problems [[100]. It has already been adopted in various fields, including different branches of
physics and biology, engineering, and finances [[101} 102} |103}, |104]].

Implementing MC simulation in medical physics and particle transport has been increasing
since the fourth quarter of the last century [105, 106]. Random sampling plays the central role
in MC simulation. Advancement in modern computer algorithms can provide a long sequence of
random numbers without repeating the period and offer an opportunity to use MC simulation to
probe complex problems.

The continuous growth in computation power and memory in the past few decades [[107, |108]
has enhanced its adaptation of MC simulation. Due to technological advancement, the MC method
has been proved beneficial in studying a wide range of features of radiation therapy, including dose
estimation, beam delivery systems, nuclear imaging, and treatment planning [34, 99, 109, 110,
111]. Due to its ever-growing popularity, many MC simulation codes have been developed over the
last few decades. Some of these codes are designed to implement track structure algorithm such as
Geant4-DNA, NOREC, KURBUC, etc. [[112], (113} [114]]. Simultaneously a wide range of codes are
available to implement the condensed history algorithm; among those, perhaps the most frequently
used codes are Geant4, MCNP, FLUKA, EGS, and PENELOPE [115, 116, 117, 118, [119]. In this

thesis, we have used Geant4 extensively to simulate proton beam’s interaction in water.

3.1.3 Geant4
Geant4 (GEometry ANd Tracking 4) is a general-purpose MC simulation toolkit to study the

trajectories and interactions of particles in the traversed material with an energy of a few eV to 10
PeV [120]. It was developed at CERN with a primary intention to simulate events at high-energy
physics experiments. Large group researchers, engineers, and programmers from all over the world
collaborate to maintain this C++ based toolkit. They are also responsible for the validation of new
versions of the toolkit [121]. Its modular design facilitates the user with the flexibility to customize
based on their research requirements. It is widely used in various research fields, including nuclear
and particle physics, accelerator physics, astrophysics and space science, medical physics, and radi-
ation protection. A large variety of particles can be studied using the Geant4 toolkit. It can simulate

a number of interaction processes using a wide range of physics models with corresponding parame-
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ters and cross-sections. Moreover, passage of particles through an electric and magnetic field can be
simulated. The code allows multi-threading, which can significantly reduce the computation time
of the simulation.

Geant4 offers a rich code library on which a user can build simulation tools. A user-defined
geometry is one of the prerequisites for a simulation. The entire geometry is constructed in a
three-dimensional space called the world volume. All other geometrical structures (daughters)
are placed inside the world volume. It also enables importing a geometrical configuration from
an external software like CAD (computer-aided design). Users essentially specify the materials
for the geometrical components used for the simulation. These materials can be chosen from a
predefined Geant4 database. Alternatingly, the user can construct self-defined materials specifying
their chemical and physical properties like density, temperature, constituent elements, isotope, and
their ratios.

Furthermore, the inclusion of a particle source and the desired physics list is essential. In a
simulation, the particle source defines the primary particles’ properties, such as their initial energy,
momentum, position, direction, etc. The physics list describes the available particles and their
interaction processes for the simulation. A set of predefined reference physics lists are available
for inclusion in the simulation. Additionally, it allows the user to construct a custom physics list
using a combination of models. In general, the physics list should be constructed based on the
research interest, particles, and energy range. For a given number of histories, the computation
time is determined by the physics list. Thus, an optimization between accuracy and execution time
of a simulation should be carefully tuned by choosing an appropriate physics list. The validation
studies and benchmarking of these physics lists have been performed for several applications of

medical physics [122] [123] [124] [125] [126] 127, [128, 129, [130].

3.1.4 Simulation physics

In Geant4, the processes are used to implement the physical interactions between particles and
the traversing material. All the processes provided by Geant4 can be classified into seven main
categories: electromagnetic, hadronic, decay, photolepton-hadron, optical, parameterization, and
transportation. Simultaneously, Geant4 provides a range of models to simulate various processes.
One specific model cannot simulate all possible interactions of various particles within the entire
energy range. Usually, the models are valid for particular particles within their associated energy
range. A suitable model for a given energy range can be incorporated from a collection of compet-
ing models. The experimentally obtained cross-section can describe the interactions most realis-
tically. However, experimental data are not available for all interactions over the entire energy
range. Thus, a model is a combination of theory-driven results, parameterizations, and experimen-
tal data [131]]. Several models might need to be deployed to cover the energy range of interest. The

selection of models depends on the interacting particles and energy range. Besides, the user needs
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to balance the accuracy and computation efficiency of the simulation. An appropriate combination
of multiple models and processes can portray realistic interaction behavior. It can be implemented
through a physics list that defines the primary and secondary particles of simulation, physics mod-
els and processes, production cut, step size, etc. These are the essential ingredient to execute an
accurate and precise simulation of a microscopic world. Depending on the study’s objective, the
desired physics list is incorporated through a mandatory user class called “G4VUserPhysicsList”.

In this work, the interaction of protons with water is the most crucial process to study the dose
profile of a proton beam. A comprehensive list of proton interactions with the material has been
discussed in chapter [2 These interactions can be classified as electromagnetic, elastic scattering,
inelastic scattering of protons and neutrons, and inelastic scattering of heavier hadrons. Incorpora-
tion of a hadronic model is necessary to simulate nucleus-nucleus and particle-nucleus interactions.
On the other hand, the electromagnetic model deals with the interactions that take place through
electromagnetic force. Thus, hadronic and electromagnetic physics models are essential compo-
nents of the physics list to study a therapeutic proton beam’s behavior. Because of a small variety
of options, electromagnetic interactions can be implemented conveniently. In contrast, a wide vari-
ety of exit channels makes the implementation of hadronic interaction challenging.

Geant4 offers two models to simulate electromagnetic energy loss of hadrons. These are the
default model and low-energy parameterized model. The default model relies on the analytical
description of electromagnetic interaction of all charged particles and chargeless photons down to
1 keV. The Bethe-Bloch equation is used to calculate the energy loss of hadrons with energy larger
than 2 MeV. Below this limit, a stopping power-based parameterized formula of ICRU is used to
obtain hadronic energy loss. Electromagnetic energy loss of electron and photon can be obtained
down to 250 eV using the model’s parameterization-driven low energy extension.

A physics list can be constructed by the user, which is the most flexible way of Geant4 simulation.
However, it is comparatively tricky and error-prone. For each particle type, physics models must
be specified with an effective energy range for every variant of interactions. Depending on the
application, the user needs to select the appropriate physics models because Geant4 simulates the
interactions registered explicitly in the physics lists. As a convenient alternative, Geant4 provides
a number of precompiled physics lists called the reference list. The incorporation of these prebuild
physics lists is simple and effective. Four physics lists could be used for effective simulation of

medical physics studies. These are:
* QGSP_BIC_EM (EM Option0)
* QGSP_BIC_EMY (EM Option3)
* QGSP_BIC_EMZ (EM Option4)

* QGSP_BIC_HP_EMZ (EM Option4)
These physics lists combine different sets of models different models for electromagnetic and
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hadronic processes. To study proton beam therapy’s clinical aspects with a high level of accu-
racy, QGSP_BIC_EMY is strongly recommended [132]. It activates G4EMStandardPhysics_Option3
and the Urban multiple scattering model for simulation of particle interactions. QGSP stands for
"Quark Gluon String Precompound” that initiates hadronic models to simulate the interactions of
nucleons. It can imitate high energy nuclear excitation and subsequent de-excitation. BIC refers
“Binary Ion Cascade” that activates the models to simulate inelastic interactions of ions. It is a
suitable model to simulate the intranuclear cascade [133| [134]. The electromagnetic interactions
of all particles are defined in EMY, which stands for ElectroMagnetic Y, particularly designed for

medical applications.

Detailed comparison among the aforementioned reference physics lists has been published [|134]].
The EMZ option can produce the most accurate result; however, it is computationally expensive [[134,
135]. To optimize simulation time and precision of results, we have therefore used QGSP_BIC_EMY

for all simulations of this work.

3.1.5 Range cut and step size

The simulation transport parameters like range cut and step size impact the outcomes of proton
beam studies such as LET and Dose. The range cut represents the production threshold of sec-
ondary particles [[136]. In Geant4, secondary particles are produced by various physical processes.
Continuous tracking of these particles is performed until they run out of total energy. Thus the
range of a particle depends on its initial energy. The range cut production threshold is assigned as
a distance using SetCut() method of G4UserPhysicsList(). It is internally converted to an energy
for each combination of the simulated materials. If secondary particles’ energy is less than this

threshold value, their production is aborted, and the equivalent energy is deposited locally.

Moreover, the execution time increases exponentially at lower energy. For the optimum simu-
lation time, a predefined minimum energy is needed to terminate simulation. After termination

tracking of a particle, the remaining energy is deposited locally.

The step size limits the distance between two consecutive interactions. The accuracy of a sim-
ulation also depends on the step size. It is assumed that the energy of a particle remains constant
during a step. The cross-section of interaction is energy-dependent; thus, a smaller step size can en-
sure a negligible change in energy, providing a more reliable cross-section for the entire step. On the
other hand, it significantly impacts the simulation time; thus, a balance between time and accuracy
is essential. We examined several step sizes to observe their impacts on dose profile and preferred
to use the 0.2 mm step length for the studies. The maximum range of secondary electrons (see

section [2.1.2) explains our preference of step length.
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3.2 Dose and fluence calculation

A cylindrical water phantom was modeled to analyse the proton beam’s dose deposition. The
geometrical configuration of the target (water phantom) is given in figure The entire target
was divided into cylindrical slices of 0.2 mm thickness each. The slice shown in figure [3.2.1B was

divided into 2000 concentric cylindrical elements (rings) with a radial thickness of 0.1 mm.
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Figure 3.2.1: Cylindrical configuration implemented in MC simulations to obtain dose profile. Water
phantom was modeled to study the effects of proton irradiation in a tissue-equivalent environment.

The energy deposited by the simulated particles at a volume element was accumulated. The
dose was calculated as
AFE

D= — 2.1
Am’ (32.D

where AFE is the amount of energy imparted and Am is the mass of the volume element that is

calculated as

Am = 7(rd —r?)pt. (3.2.2)

The density of water is p = 997 kgm 3, ¢ represents the thickness, and r» — r; = 0.1 mm for a ring.
The dose for any cylindrical configuration (wide or narrow) can be obtained using r; = 0 and r = 7.

The (r, z) coordinate was used to obtain the radial dose distribution as shown in figure Due
to the azimuthal symmetry of dose distribution, this configuration could provide an realistic dose
map. The (r, z) dose distribution can be used to obtain longitudinal and transverse dose profiles of
cylindrical configurations of any radius.

In parallel, a three-dimensional Cartesian grid was also employed to determine the dose depo-
sition pattern. The dimension of each 3D voxel was 0.2 mm x 0.2 mm x 0.2 mm. The amount of
energy deposited by any particle at point (z, y, ) is recorded using ROOT histograms by registring
it into the corresponding voxel. The radial distance r of point (z,y, z) from the beam’s central axis
is v/ (22 + y?), where z is the direction of propagation of the beam. Individual histograms were con-
structed for primary protons, secondary protons, neutrons, electrons, photons and alpha particles.

Simultaneously, the particle fluence was calculated along the depth at an interval of 1.0 mm.

The number of particles (V) passing through a predefined circular area around at the central axis
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Figure 3.2.2: Two-dimensional (r-z) dose profile of 150 MeV proton beam in water. The dose is
normalized to the peak value.

of the beam was recorded. The average fluence was calculated as
¢o=—5, (3.2.3)

where r is the radius of the assessed area. Fluence was calculated for a range of circular areas of

radius 1.0 to 25.0 mm, and also of 200 mm, which is the radius of the simulated water phantom..

3.3 LET calculation

The dose-averaged LET (LET,) was calculated as a function of depth in the modeled water phan-
tom. The energy deposited by protons (¢) and their step lengths (/) were determined by simulating
the interaction of a proton beam with water. The value of £2/I at each longitudinal bin of size
0.2 mm was accumulated. Simultaneously, the energy deposited by the protons was recorded to
determine )" | ¢; at each bin. These quantities were used to calculate LET; at a given depth using

equation [2.1.28

3.4 SOBP algorithm

The SOBP is constructed by superimposing multiple pristine Bragg peaks to produce a uni-
form dose over an extended longitudinal space (see figure [2.3.2). The relative intensity (fluence)
of the constituent beams is modified to achieve the goal. Bortfeld and Schlegel developed a simple
analytical method to determine the weighting factors for beam’s intensity [137|]. Numerical meth-
ods can be employed to determine the accurate weighting factors. We used the method of least
squares [138] to determine optimum weighting factors to produce uniform dose in an extended
range. The lenght (longitudinal spread) of an SOBP was split into (n — 1) segments by n equispaced

points. The unmodulated dose of m beams (of different energies) was determined at these points.
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The optimum weighting factors were determined from the numerical solution of equation

Az = B, (3.4.1)

where the matrix A gives the magnitude of doses at the target without modulation of the beams,
the matrix B contains desired doses at the target and the matrix x represents the relative fluences

of the beams. The matrices A, z, and B can be expressed as

ailz a2 - G1m fi b

, (3.4.2)

ap1  QAp2 - OGpm f'rn bn

where a;; is the unmodulated dose of beam number j at point number i, b; is the desired dose at
point number ¢ and f; is the relative intensity of beam number j to produce the desired dose. If

equation does not have any absolution solution, the error can be expressed as
e =B — Ax. (3.4.3)

The optimum solution can be found through the minimization of ¢. It can be simply done by solving
AT Ax = AT B, where A" is the transpose of A. To avoid negative weighting factors, which does
not have any physical interpretation, we used the “optimize.nnls” function of Scipy [[139] package

of Python, which determines an optimum solution for non-negative values of the weighting factors.

3.5 MAD-X

MAD (Methodical Accelerator Design) is developed at CERN for accelerators design and beam
optics analysis over many years. It is a widely used tool for tracking particles in accelerators and
lattices. The most recent version, known as MAD-X, was introduced in 2002 [[87]. Currently, it
is maintained by a dedicated group of people. It can be used using interactive mode through a
command line. Besides, MAD-X can also be executed in batch mode, where all the commands can
be provided through a file.

We used MAD-X exclusively for matching (discussed in section [2.4.2), an effective optimization
tool to determine magnet strengths to tune beam optics. It relies on the optimum solution of a
system of non-linear equations. Because of several local minima, it is often tricky to obtain the
global solution. The initial value of variables has an impact on the final solutions. Manual tuning
of initial values helps to find an optimum global solution.

The MATCH command can produce an optimum magnetic configuration based on the user-
defined constraints and ranges. MAD-X offers several matching algorithms. LMDIF and SIMPLEX

are the most commonly used algorithms, which are computationally less expensive than the JA-

53



CHAPTER 3. SIMULATION METHODS

COBIAN algorithm. Even though LMDIF is the fastest algorithm, its implementation is limited
with the number of variables is less or equal to the number of constraints. Moreover, differentiable
constraints are a prerequisite for its implementation. On the other hand, an effective solution to
a set of non-differentiable constraints can be obtained using SIMPLEX. The JACOBIAN algorithm
is suitable for a system with an arbitrary number of constraints and variables. It is more effective
when the variables are very close to the solutions. To execute the match operation, the user needs to

define at least one sequence which includes all components and their positions along the beamline.
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Chapter 4

Collimated beams

A very narrow beam of ionizing radiation is a crucial element to treat small tumors. It has the
potential to reduce side effects of treatment by decreasing normal tissue exposure [140]. It is also
an essential component to implement several proton-based treatment modalities, particularly pro-
ton microbeam radiotherapy, proton minibeam radiotherapy, and proton GRID therapy. A metal
collimator of a suitable material is naturally the first preference to produce a narrow beam due to
its simple construction and convenient implementation. The geometry and material of the colli-
mator have a significant influence on the dose distribution [[70]. It also determines the number of
secondary particles generated, including neutrons [70]. Implementation of the collimator in proton
therapy systems needs a detailed understanding of the dose profile of the collimated beam (CB).
This chapter explores the properties of CB through simulation.

4.1 Collimated beam generation

In principle, a collimator produces a narrow beam from its initial broader parent by chopping
off a fraction of initial particles based on its aperture. We have imitated the procedure in our sim-
ulations, in order to produce circular proton beams of various radii between 0.5 mm to 6.0 mm.
The length of the collimators was 200 mm, which we optimized by reducing the length until a
significant fraction of 250 MeV primary protons were not stopped. The simulations modeled cylin-
drical lead (Pb) collimators with an outer radius of 200 mm. The inner radius (R) was varied to
obtain beams of desired widths. If not mentioned otherwise, collimator radius refers to the inner
radius (radius of the hollow section).

In the simulations, the proton beam was introduced at 800 mm away from the water phantom
using Geant4 particle source. The collimators were placed between the primary source and the
cylindrical water phantom to modify the beam’s shape before reaching the circular entrance surface
of the modeled phantom. As shown in figure the center of the primary Gaussian source was

placed at the central axis of the phantom and the collimator. The direction of propagation of the
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Figure 4.1.1: Principle of CB generation scheme using lead collimator of length 200 mm and outer
radius 200 mm. The primary beam is circular Gaussian. The standard deviation of the energy
distribution of the primary beam is 1% of the beam energy. The inner radius was varied to produce
a beam of the desired size.

beam is parallel to the length of the phantom.

The Geant4 particle source generates particles based on the preset parameters. Besides particle
type and energy, the initial position and direction of each particle are essential elements of the beam
generation algorithm. The initial beam was designed to be a circular Gaussian of sizeE] (0,) 6.0 mm.
The values of the Twiss parameters, o and /3, were given as inputs. The emittance was calculated
for each set of variables, and the covariance matrix was constructed for both transverse planes.
The initial transverse phase space of the primary beam was generated using bivariate Gaussian
distribution based on the covariance matrix. The desired beam was produced by sampling from the
transverse phase space distribution. This method of beam generation was designed by following the
open-source Geant4 wrapper MiniScatter [141]]. The spatial and angular distribution of the beam
depends on the Twiss parameters. The initial value of o and 3 were 0 and 18.8 m, respectively, for
all simulations of CB. Impacts of kinetic energy were studied by simulating proton beams of various
energies. The initial beam energy at the source had a Gaussian distribution where the standard

deviation of the distribution was 1% of the beam energy.

4.2 Longitudinal Dose Profile

In the simulations, the CB entered the water phantom through the circular surface. It deposited
energy within the vicinity of its path. The desired beam should be composed of primary protons ex-
clusively. However, the presence of a metal collimator can be a reason for beam contamination. A
counter was incorporated at the entrance to record the number of different particles. As expected,

the major constituent of the CB was primary protons. However, the counter also identified sec-

1We use o, in general to represent circular beam’s transverse size, where o, = o = oy.
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Figure 4.2.1: Comparison of the depth-dose curves of proton beam of various collimator radius
obtained with beam energy (a) 100 MeV and (b) 150 MeV. The dose is calculated using cylindri-
cal elements of radius 200 mm and length 0.2 mm. The contribution of all protons (primary and
secondary) is considered for dose calculation.

ondary proton, neutron, alpha, and a small number of other particles. The relative numbers of
different particles were observed to vary with beam energy and collimator size. A similar impact of
collimators has been noticed by Guardiola et al. [70].

We calculated dose as a function of the depth. The details of the dose calculation method have
been discussed in section The dose obtained with a wide geometrical configuration provides
an average impact of energy deposition, which we labeled “average dose”. In contrast, the locally
deposited radiation energy has been quantified using the “central axis dose”, which was calculated

for cylindrical elements with a very small radius around the beam center.

4.2.1 Average dose

The average dose along the longitudinal direction was calculated using equation [3.2.1] We con-
sidered cylindrical volume elements of radius 200 mm (equal to the radius of the water phantom)
and length of 0.2 mm for dose calculation. Figure shows the dose-depth curve of proton in
water for 100 MeV (a) and 150 MeV (b) energy. For each energy, the radius of the collimator was
varied between 0.5 mm to 6.0mm. We accumulated the energy imparted by all protons (primary
and secondary) within the volume element for the dose calculation.

The depth-dose curves of proton beams (both primary and secondary) in figure [4.2.1] are similar
for all values of the collimator radius and beam energy. For a given energy, the Bragg peak (BP)
position can be predicted from the range-energy relation given in equation [2.1.18] and it is in-
dependent of the collimator radius, which explains the coincidence of BPs. In figure the
depth of BP is 76.0 mm and 155.2 mm for 100 MeV and 150 MeV beams, respectively. In gen-
eral, the surface dose (Dg,,-) of the 100 MeV proton beam is larger than the 150 MeV beam. For a
1 mm collimator, the Dg,, of 100 MeV and 150 MeV proton beam are 9.46 x 10~ nGy/proton and
7.21 x 10~* nGy/proton, respectively. The higher stopping power at smaller energy is responsible
for the enhanced Dg,, of lower energy beam (see equation [2.1.16). In addition, the Bragg peak
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dose (Dgp) of 100 MeV proton beam is 50% higher than the 150 MeV beam.The range straggling,
which becomes more significant with increased range, explains this difference along with the more
notable drop of primary fluence of a higher energy beam (see figure [2.1.4D).

It is also remarkable that the Dg,,,. slightly varies with the collimator radius in spite of identical
energy. It is 8.01 x 10~* nGy/proton for 0.5 mm proton beam with 150 MeV initial energy, which
is 10.1% higher than the 1.0 mm beam of identical energy. In contrast, smaller discrimination in
Dg,, among various collimator sizes can be observed for the 100 MeV energy. It decreases from
9.70 x 10~* nGy/proton to 9.46 x 10~* nGy/proton when collimator radius increases from 0.5 mm
to 1.0 mm. Overall, Dg,, of a narrow beam is higher than a wider one of the same energy, and
the difference among various collimator radius is more prominent for the higher energy (150 MeV)
proton beam. However, for both energies, the discrepancy in Dg,,,- disappears at larger R (>2.0 mm).

The discrimination of Dg,, among different collimators can be explained using the concept of
slit scattering and secondary particle dose. The slit scattered protons are produced if the degra-
dation of the proton’s energy through the interactions with the collimator is insufficient to stop it
completely [[142]. These protons can be classified into “inners” and “outers” categories. A proton is
considered to be in the prior category if it enters through a collimator’s opening and grazes through
the far corner. In contrast, a proton from the outers category enters outside the nominal radius
but managed to back into the collimator’s hollow space through multiple scattering. Protons from
both these categories contaminate the beam with lower energy particles. As a consequence of their
reduced energy, the slit scattered protons have a smaller range than their non-interacting counter-
part. A collimator with a smaller opening is likely to produce more slit-scattered protons (larger
fraction of the total number of protons). The lower energy slit scattered protons deposit their energy
within a small depth of water, caused an enhanced Dg,,.. It can also be a reason for the different
Dg,, of collimated and non-collimated beams we observed in simulations. The Dg,, of 150 MeV
proton beam was 7.21 x 10~* nGy/proton for the 1.0 mm collimator, which was 4.6% higher than the
non-collimated beam of identical energy.

The probability of slit scattering increases as the collimator gets narrower. In addition, the
initial beam energy can influence the number of slit scattered protons. At higher energy, protons
are more likely to survive without being stopped by the interactions. This energy effect can be
noticed in figure where the 150 MeV proton beam has a higher Dg,,, dose enhancement for
smaller collimator radius.

In addition, a significant number of secondary particles produced by the collimator were recorded
through simulations. The number of secondaries was observed to increase for narrow collimators
and higher beam energy. These secondaries can contribute in Dg,,.. However, the depth-dose curves
produced using exclusively the energy deposits from protons exclude exclude the contribution from
other particles. According to the definition of secondary proton discussed in section the slit

scattered protons are in this category. Their effect can be excluded by considering primary proton

58



CHAPTER 4. COLLIMATED BEAMS

le—3 3_01e—3
4
2.5
H 5
§3 4§2.0
e e
3> 31s
= £
] v1.0
wn wn
al a
0.5
0 0.0
0 20 40 60 80 0 20 40 60 80 100 120 140 160
Depth [mm] Depth [mm]
(a) (b)

Figure 4.2.2: Comparison of the depth-dose curves of proton beam of various collimator radius ob-
tained with beam energy (a) 100 MeV and (b) 150 MeV. The dose is calculated using cylindrical
elements of radius 200 mm and length 0.2 mm. The contribution of the primary protons is consid-
ered for dose calculation.

exclusively for dose calculation. The identical depth-dose curves of primary protons in figure [4.2.2]

are in good agreement with our reasoning.

4.2.2 Central axis dose

The evaluation of the central axis dose reveals interesting features of CB. We used cylindrical
volume elements of 0.5 mm radius and 0.2 mm length at the beam’s central axis to determine the
local dose deposition. The depth-dose curves for 100 MeV and 150 MeV proton beam are depicted
in figure A sharp contrast between the average dose and the central axis dose can be noticed
from their longitudinal dose profile. The Dg,, of 100 MeV proton beam is higher than the Bragg
peak dose (Dpp) for 0.5 mm and 1.0 mm collimators. It is also true for 150 MeV proton beam. In
addition to 0.5 mm and 1.0 mm, it exhibits a higher Dg,, for 1.5 mm and 2.0 mm collimators. The
central axis depth-dose curve approaches the characteristic proton depth-dose curve (with a higher
value of Dgp) as the collimator radius increases. However, it simultaneously reduces the magnitude
of the dose at the beam’s center. The depletion of proton fluence at the center of a beam can explain
the unusual pattern of the central axis depth-dose curves produced with a narrow collimator [|32].

The proton fluence at the central axis was determined in the simulations, and the result is shown
in figure A circular area of radius 1.0 mm around the central axis was considered for fluence
quantification using equation The number of incident protons within this predefined area
was recorded. Both primary and secondary protons were considered in the fluence calculations.
As we have discussed in section [2.1.2] inelastic nuclear interactions reduce fluence, as it can cause
depletion of primary protons. The cross-section of nuclear interactions within the therapeutic range
can not explain the sharp drop of central axis proton fluence observed for narrow collimators as
shown in figure This rapid drop of fluence was produced because of scattering out of proton
from the center of the primary beam. Considering a narrow beam, the fraction of primary protons

moving out along the transverse direction is very large, leading to a drastic drop of the center
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Figure 4.2.3: Comparison of the central axis depth-dose curves of proton beam of various collimator
radius obtained with beam energy (a) 100 MeV and (b) 150 MeV. The dose is calculated using
cylindrical elements of radius 0.5 mm and length 0.2 mm.
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Figure 4.2.4: Evolution of the central axis proton fluence obtained for (a) 100 MeV and (b) 150 MeV
proton beam as a function of depth in the water phantom. The impact of the collimator radius is
compared for both of the energies. The fluence is calculated for a circular area of radius 1.0 mm.

axis fluence. Consequently, the central axis dose decreases following equation A broader
beam experiences a smaller drop of fluence at the central axis. The simultaneous inward scattering
of protons from the periphery of the beam balances the outward scattering, leading to a lateral
equilibrium at the beam’s center. The most prominent drop can be noticed if the fluence is calculated
for an area equal to the collimator’s aperture.

As illustrated in figure both Dg,, and Dgp of a proton beam at the central axis decrease
as a function the collimator radius. The drop in Dgp is prominent for 100 MeV beam. It decreases
from 33.5 nGy/proton to 5.3 nGy/proton while the radius increases from 0.5 mm to 6.0 mm. Within
the same range of collimator radius, the Dgp of 150 MeV proton beam decreases from 5.6 nGy/pro-
ton to 2.7 nGy/proton. In contrast, Dg,, varies within a larger range, from 114.7 nGy/proton to
1.3 nGy/proton for 100 MeV and 84.2 nGy/proton to 0.96 nGy/proton for 150 MeV beam energy. As
the fluence changes reciprocally with the area (7R? for a circular beam), it drops at the surface of
the water phantom as a function of radius. Consequently, the dose at the surface decreases with R

following the inverse square law (1/R?).

60



CHAPTER 4. COLLIMATED BEAMS

35 120
o -@- Energy: 100 MeV e -@- Energy: 100 MeV
30 .\\ -%- Energy: 150 MeV 100 \“ -%- Energy: 150 MeV
— ‘e, = R
§25 S 8o %\
g LN 1) Wy
put iN E \ \
Ezo e, X 60 AL
Q N Q (Y
£15 o, £ ‘\‘\
N \.\ US’ 40 ‘.\
Q10 \o\‘ Q * O
et S 20 S N
5 *'--*---*--—*---*___*____*_ ‘.--. \!::‘ ==
R Kk 0 T @@ -0 @
1 2 3 4 5 6 1 2 3 4 5 6
Radius [mm] Radius [mm]
(a) (b)

Figure 4.2.5: Evaluation of (a) Dgp and (b) Dg,, of proton beam (calculated at the central axis)
as a function of collimator radius. Impact of initial beam energy is compared using 100 MeV and
150 MeV beams.

Even though both Dgp and Dg,. decrease with the collimator radius, the rate of reduction

of Dg,, is more prominent than the Dgp. Consequently, the Bragg peak to surface dose ra-

tio (Dgp/Dg,,) at the central axis of the proton beam increases with the collimator radius as il-
lustrated in figure The gradient of graphs decreases after an initial rise. A larger value
of Dpp/Dg,, is desirable, at least greater than 1, which implies a larger dose at the target point
than the surface. The Dgp/Dg,, of the 100 MeV proton beam is 0.292 for 0.5 mm collimator. It
is saturated at around 4 beyond 5.0 mm collimator, whereas 150 MeV proton beam starts with
0.0665, which is approximately 23% of 100 MeV. Within the assessed range of the collimator ra-
dius, it (150 MeV beam) does not reach its saturation. The value of Dpp/Dg,, is 2.75 for 6.0 mm

collimator. It is around 70% of 100 MeV proton beam of an identical collimator. A higher Dgp/Dg..
can be achieved with a wider beam. In contrast, a narrow beam geometry deposit several folds

larger surface dose than the Bragg peak dose that can be a potential limitation of its (CB) practical
implementation.

Figure shows the ratio of dose of 100 MeV and 150 MeV (D;qp/D150) proton beam as
function of collimator radius. The ratio of Dg,, of these two energies remains constant for all
collimators. In contrast, the ratio of the Dgp drops significantly. It provides a piece of crucial
information to determine the CB’s suitability at the treatment system. With lower beam energy, a
smaller radius of the collimator can provide a several times higher peak dose than a higher energy
beam. Thus, a narrow collimator can be preferred to produce a small high dose spot in a shallow

region. By contrast, a higher energy narrow CB is limited by the multiple scattering and can not
precisely deliver a large dose at the target point.
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Figure 4.2.6: (a) Comparison of the Dgp/Dg,, of 100 MeV and 150 MeV as a function of collimator
radius. (b) D1go/ D150 at the Bragg peak and surface of the water phantom.

4.3 Two dimensional dose profile

two-dimensional (z-z) dose profiles of CB are illustrated in figure[4.3.1] We considered the beam’s
central section (0.2 mm along y-axis) instead of the entire beam’s projection on the z-z plane. It can
provide a more meaningful impression of 2D dose distribution. The volume of the scoring voxel
was 0.2 mm X 0.2 mm X 0.2 mm. Amount of energy deposited by the primary and secondary protons
within each voxel was accumulated in the simulations. The ratio of this accumulated energy and
mass of the voxel is used to obtain the dose.

The impact of the beam’s initial energy and collimator radius on the dose distribution can be
evident in the 2D dose profile. As the beam gets narrower, the shallow region’s dose becomes
significantly higher than the target’s dose (BP dose), which we have also noticed in the central axis
dose profile. Due to the smaller stopping power at higher energy, the amount of energy deposition
by the protons at the entrance is smaller. However, it is confined within a smaller volume of the
water phantom and, in consequence, produces a higher dose. With increasing propagation depth,
the stopping power gets larger and more energy is deposited at the BP region. The simultaneous
lateral expansion increases the volume of the energy deposition and reduces the BP dose of a narrow
beam.

In addition, 150 MeV proton beam exhibits a lower dose at BP compare to 100 MeV beam. It
can be seen in figure that the position of Bragg peak of 150 MeV proton beam is more than
twice as deep as 100 MeV beam. In its longer passage in water, 150 MeV beam encounters a higher
number of MCS and expands more along the lateral direction. Consequently, deposited energy is
spread over a larger mass and reduces dose.

The proton beam generated with the 1.0 mm collimator produces a significantly higher dose at
the non-target region, especially with 150 MeV initial energy. Thus, it might be challenging to treat
a deep-seated small tumor using CB. However, the spot size of a lower energy beam is smaller. It

implies that a small tumor near the surface can be effectively irradiated using a narrow CB.
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Figure 4.3.1: Two-dimensional physical dose profiles of 100 MeV (left) and 150 MeV (right) proton
beams with collimator radius of 1.0 mm, 3.0 mm, and 6.0 mm. The dose is normalized to the peak
value and the number of protons entered inside the water phantom.

4.4 Transverse dose profile

As the beam propagates through water, protons experience various interactions, as we have dis-
cussed in chapter [2] The MCS causes deflection of particels (see section [2.1.2). Consequently, the
beam spreads out, and its transverse profile changes with depth. The beam energy strongly influ-
ences the overall effect of the MCS. At higher energy, the scattering angle is very small following
Highland’s formula given in equation The energy of the beam decreases as it goes deeper
into the water, and the scattering effect becomes more prominent. At the last few mm of its range,
the beam experiences the most significant scattering effect, and it expands at the highest rate along
the lateral direction.

The cylindrical collimators cut out the initial Gaussian beam’s tail and provide a well-defined
circular beam at the entrance of the water phantom. The radius of the circular beam at the en-
trance depends on the collimator’s opening. In figure the two-dimensional (z-y) transverse
dose profiles of 150 MeV proton beam at 20.0 mm and 155.2 mm (BP) depth are compared for col-

limator radius of 1.0 mm, 3.0 mm, and 6.0 mm. Despite their circular shape, the beams have a
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Figure 4.4.1: Two-dimensional transverse dose profile of 150 MeV proton beam at 20 mm (top
row) and at Bragg peak (bottom row). The dose profiles are obtained for the collimator radius of
1.0 mm (left), 3.0 mm (middle), and 6.0 mm (right). The dose is normalized to the peak dose value
and the number of proton entered into the simulated water phantom.

Gaussian distribution. There is a significant difference in beam dimension at the shallow region
governed by the collimator radius. In addition, they have a very sharp edge in this region. As the
beams propagate, their transverse size grows. The difference between their transverse size is less
pronounced at the BP region, especially among the beams generated by the 1.0 mm and 3.0 mm
collimator.

We have quantified the increase of beam’s transverse dimension using the standard deviation
of the lateral distribution of energy deposition (we will specify it as transverse beam size or beam
size (0)). The Gaussian fit of the simulated data has been obtained using ’fit’ function from ROOT.
This function provides fit parameters, including the standard deviation of the distribution. The
full width at half maximum (FWHM) is another commonly used parameter to quantify the lateral

expansion of a beam, and for a Gaussian distribution it is related to o as

FWHM = 2v21n20 ~ 2.3550. 4.4.1)

Figure shows the expansion of the transverse size of 100 MeV and 150 MeV proton beam as
a function of depth. The difference among the beams’ size is more significant in the shallow region.
This disparity in o gets compressed as the beam travels deep into the water. All the simulated

beams, independent of collimator radius, follow a similar pattern of lateral growth. In a narrow
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Figure 4.4.2: Evolution of the transverse size of (a) 100 MeV and (b) 150 MeV proton beam as a
function of depth in the water phantom. The impact of collimator radius is compared for both of the
energies. The statistical error in ¢ was found within 2 micrometers.

beam, protons are more likely to scatter out from their primary beam dimension. Thus, the relative

spread of the 0.5 mm beam is most notable.

The Bragg peak plays the most crucial role in the treatment using proton RT. The transverse
dose profile at this region is an important parameter to evaluate beam performance to treat small
tumors preciously, sparing healthy tissue. Figure illustrates the transverse dose profile of
100 MeV (a) and 150 MeV (b) proton beam at their Bragg peaks. The spread of the distribution is

smaller for the lower energy beam. However, it increases faster as a function of collimator radius.

In figure [4.4.4] we have assessed the collimators’ efficiency to produce narrow beams at the
Bragg peak, which position is generally considered as the target of RT using proton beam. We have
calculated transverse beam size at Bragg peak for 100 MeV and 150 MeV proton beam with a range
of collimator radius (figure[4.4.4a). As we mentioned before, the 150 MeV proton beam produces the
Bragg peak much deeper than the 100 MeV beam. It encounters more scattering interaction; as a
result, it has a larger transverse size at BP. A narrower collimator can reduce the transverse beam
size, but the effect diminishes for a collimator of a very small radius, as shown in figure[4.4.4a] With
a 150 MeV proton beam, the transverse size at BP is not practically impacted below R = 1.5 mm.
However, there is an opportunity to slightly reduce the final spot size of 100 MeV proton beam by
using a narrower collimator. A collimator of 0.5 mm radius can keep the 100 MeV beam’s transverse

size below 1.55 mm at the Bragg peak.

In figure[4.4.4Db] the growth of transverse beam dimension with depth is quantified using the per-
centage increase of o between entrance (10.0 mm) to the BP. The 0.5 mm collimator with 150 MeV
energy exhibits the highest growth of 830%. Using an identical collimator with a 100 MeV beam
leads to a 409% increase. As the collimator radius gets larger, this growth declines. The 6.0 mm

collimator ends up with 67% and 37% change for 150 MeV and 100 MeV proton beam, respectively.
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Figure 4.4.3: Transverse dose distribution of (a) 100 MeV and (b) 150 MeV proton beam at the
Bragg peak obtained for a range of collimator radius. The dose is represented as a percentage of
the peak value. Graphs are fitted using the Gaussian function.
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Figure 4.4.4: (a) Comparison of the beam size of 100 MeV and 150 MeV proton beam at the Bragg
peak as a function of collimator radius. The statistical error in o was found less than 4 um.

(b) The percentage growth in transverse size of 100 MeV and 150 eV proton beams between en-
trance (10 mm) and the Bragg peak.
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Figure 4.4.5: (a) Comparison of the evolution of transverse beam size for four different energies
as a function of depth. Results are obtained with 1.5 mm collimator. (b) Evolution of beam size
(produced with 3.0 mm colliamtor) at the Bragg peak as a function of initial energy.

The increased range of proton beam at higher energy leads to a more extensive lateral expansion

of the beam at its Bragg peak. The o of 100 MeV, 150 MeV, 200 MeV, and 250 MeV proton beam
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is determined at various depths in water. Figure shows a gradual increase in o for all beam
energies. The curve’s gradient gets steeper at the end of the range as the beam energy is lower.
Less scattering of a higher energy beam is responsible for their slower growth in transverse size.
The proton therapy system uses a range of energies to produce the SOBP, which is needed to treat
a large field of radiation with a homogeneous dose. The energy variation can create a significant
difference in lateral profile between entry and exit surfaces with a particular collimator radius. The

transverse beam size at BP depends on initial energy following a non-linear relation, as shown in

figure |4.4.5b

4.5 Linear energy transfer

The method to determine the dose-averaged LET (LETy) based on the simulation has been dis-
cussed in section The step-limit (section has the potential to impact the value of LETy,
which has been reviewed by Fada et al. [563]. We carried out our simulations with a step-limit of
0.2 mm. In terms of the radiobiological impact of the proton beam, the primary and secondary pro-
tons are indistinguishable. The energy spectrum of the secondary protons differs from the primary.
Thus, the contribution of both primary and secondary protons is considered in the L ETy; calculation.
Figure shows the LETy as a function of depth for 100 MeV and 150 MeV proton beam.

At the entrance, the LET, is usually smaller for both energies independent of collimator ra-
dius (with a few exceptions, which we will discuss later). It increases after the plateau region,
and sharp growth can be noticed at the last few centimeters of the beam’s range. The increasing

stopping power with reduced beam energy (equation [2.1.16) explains this property of LET,.
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Figure 4.5.1: Evolution of LETy as a function of depth obtained for (a) 100 MeV and (b) 150 MeV
proton beam. The Bragg peak position and range are obtained from the simulated data. Contribu-
tion of both primary and secondary protons are considered.

In addition, an impact of collimator radius on the LET, can be noticed in figure It is es-
sentially due to the fact that the fraction of secondary proton at the entrance varies for different
collimators, as discussed earlier in this chapter. With 100 MeV initial energy, LET, at the water en-

trance (1.0 mm depth) is 2.48 keV/um for 0.5 mm collimator. However, an identical setup recorded
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LET, of 6.73 keV/um using a 150 MeV beam. The LET, at entrance decreases with increasing
collimator radius for both energies. The impact is more significant at higher energy because the
generation of secondary protons at the collimator is elevated with the increased energy of a beam.

In contrast, LET, at the Bragg peak and beyond is not impacted by the collimator aperture. How-
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Figure 4.5.2: LET, of 1.5 mm collimated proton beam as a function of depth. Four energies are
compared. At higher energy, the L ETy is significantly lower at the Bragg peak of the beam, opposite
is true at entrance

ever, it changes with beam energy. Higher energy beam has a smaller value LET} at its Bragg peak.
As it can be seen in figure that a lower energy proton beam has a higher dose at the Bragg
peak. As a consequence of more prominent range straggling, protons of a high energy beam stop
over a larger longitudinal distance and smeared out the Bragg peak. Thus, the fraction of lower
energy proton decreases at the Bragg peak and reduces LETy, as shown in figure|4.5.2

A very high LET, can be observed beyond the range of the beams. The major fraction of the
primary protons stop before this region. Therefore, the L EFT, calculation relies on inadequate data.
Moreover, the enhanced LET, can be explained using the higher fraction of secondary protons in
this region.

The LETy calculated using only primary protons was identical for all collimators with a given
energy. The exclusion of secondary protons eliminates the discrepancy of the entrance value of the
LETy,. The distinctive contribution of primary and secondary proton in the LET,; has been shown
by Romano et al. [143]]

We evaluated the impact of primary and secondary protons on the LET,. The results obtained
for a 2.0 mm collimator are depicted in figure The contribution of the primary (green) and
secondary (red) protons are plotted on the same axis. Their combined contribution (blue) represents
the LET, for all protons is consolidated in the same graph. The smaller energy of secondary protons
is responsible for their short-range and enhanced LET, at the entrance.

In addition to the LET,, figure also shows the relative fluence of the primary, secondary
and total protons as a function of depth. The number of secondary protons at any depth is very

small compared to the primary protons. However, independent of the collimator radius, this number
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Figure 4.5.3: Comparison of the LET, obtained for primary, secondary and all protons. Fluence is

measured for the total cross section of the water phantom. The results are obtained for 2.0 mm
collimator.

gradually increases to a peak and drops slowly to practically zero beyond the primary proton beam’s
range. In contrast, the primary proton fluence starts with its largest value and decreases very
slowly. Inelastic nuclear interactions cause this slow reduction of primary fluence. Within the
Bragg peak’s proximity, the primary proton fluence drops to ~85% and ~80% for 100 MeV and
150 MeV beam consecutively. With 160 MeV beam energy, a ~20% drop in primary proton fluence

has been reported [[41], which is very similar to our result.

4.6 Relative biological effectiveness

The relative biological effectiveness (RBE) is one of the most relevant parameters to quantify
the cell-killing efficiency of radiation for a given dose. In addition to the LET and dose, the RBE
depends on a few other parameters such as biological endpoint, cell type, cell hypoxic status, and

fractionation sensitivity. However, our RBE quantification depends on dose and LET,;. We used

equation to calculate RBE for our simulated dose profile of proton beams.
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Figure 4.6.1: Evolution of the RBE of (a) 100 MeV and (b) 150 MeV proton beam as a function of

depth. The impact of the collimator radius is more prominent for the higher energy beam at the
entrance of the water phantom.
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Figure illustrates how the RBE changes with the propagation of the proton beam into
the simulated water phantom. As expected, these graphs follow a similar pattern as LFET;-depth
relations shown in figure The RBE at the entrance is higher for narrow collimators. With
a 0.5 mm radius, the RBE at the surface of the water phantom is 1.33 and 2.09 for 100 MeV and
150 MeV beam, respectively. These values drop with increasing radius, and they are saturated at
around 1.1, that is the standard value of RBE for proton beam within therapeutic energy range [61].
Following LET,, with particular beam energy, the RBE at the Bragg peak is independent of the
collimator radius. However, the RBE of a narrow beam calculated at the entrance of the water
phantom is impacted by the initial beam energy. With a higher beam energy, the RBE is larger due
to its higher entrance LET, as shown in figure [4.5.2

4.7 Neutron Dose

Neutrons are produced inside the water phantom by nuclear interaction, accompanying other
secondaries. In addition, the components of the beam modification system, like the nozzle, can
also produce neutrons. The secondary neutrons have a broad energy spectrum, and a fraction of
these neutrons has higher energy to penetrate a large distance. Thus, the high LET neutrons can
irradiate the whole body of patients.

Figure [4.7.1| compares number neutron generated at the collimator by a 100 MeV and 150 MeV
proton beam. It is normalized to the number of entering protons after collimation. A narrow colli-
mator favors a larger number of nuclear interactions before the water phantom, and consequently
produces more secondaries. For both 100 MeV and 150 MeV energies, the initial number of neu-
trons gradually decreases as the collimator radius increases. Despite the fact that the neutron
number decreases similarly as a function of collimator radius, the impact of energy is indisputable.
A higher energy beam enhances the production of secondary neutrons. The 0.5 mm collimator irra-
diated with a 150 MeV proton beam delivers about five (4.95) times more neutrons than the number
of entering protons. In contrast, it is only about 1.5 times for 100 MeV. The ratio of the initial beam
size (before the collimator) and the collimator radius plays the most vital role in modifying the
relative number of secondary neutrons.

The impact of beam energy on neutron generation can be seen in figure The number of
initial neutrons increases with beam energy at a steady rate, as shown by the bar chart in fig-
ure High energy proton beams generate more secondary neutrons by nuclear interactions at
the collimator. As they propagate in the water phantom, neutrons are absorbed, and their energy is
deposited. Simultaneously, the secondary neutrons are produced by nuclear interactions. The vari-
ation of the number of neutrons as a function of depth for four different energies is illustrated in
figure[4.7.2b] These can be interpreted as relative fluence of secondary neutrons. All different ener-

gies generate a similar pattern of neutron fluence. It increases within the first few centimeters. At
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Figure 4.7.1: Comparison of the initial number of neutrons at the surface of the water phantom
obtained for 100 MeV and 150 MeV proton beam with various collimator radius.

the end of the build-up region, neutron fluence reaches the peak, where neutrons achieve a longitu-
dinal equilibrium. Afterward, it decreases gradually with depth as the capture process dominates
over the generation process. The higher energy of proton beams can generate more relativistic
neutrons. These high-energy neutrons are capable of producing more neutrons by participating in
nuclear reactions. Consequently, an elevated neutron fluence can be seen for higher energy beams.
Moreover, the energy of secondary neutrons produced by protons depends on the kinetic energy of
the primary beam. A higher energy beam generates energetic neutrons, which can travel further.

Thus the peak neutron fluence of the high-energy proton beam is deeper into water.
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Figure 4.7.2: (a) Number of neutrons at surface for different energies obtain for 2.0 mm collimator.
(b) The number of neutrons as a function of depth for four energies.

The collimator radius also dominates the neutron fluence inside the water phantom. As shown
in figure [4.7.3] independent of radius, normalized number of neutrons varies with depth following
similar relation. However, its value is larger for a smaller radius throughout the assessed range.

The neutron dose is very small in comparison to the proton’s contribution. Following the num-

ber of neutrons, the dose contributed by neutrons varies in the same way for all collimators and
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Figure 4.7.3: Number of neutrons as a function of depth obtained for 100 MeV (a) and 150 MeV (b).
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Figure 4.7.4: Neutron dose as a function of depth obtained for 100 MeV (a) and 150 MeV (b). The
dose is normalized to the maximum deposited dose obtained for 0.5 mm collimator.

energies. At the entrance, it is very large, where low energy neutron of the CB deposited their
energy within few millimeters. The rapid absorption of these neutrons causes a sharp fall in the
entrance neutron dose. Afterward, it decreases slowly with depth. For a low-energy beam with a
larger collimator radius, the contribution of neutrons by the primary beam is negligible compare
to the number of neutrons produced inside the water phantom. Thus, their neutron dose slightly

increases after the initial fall.

4.8 Summary

The metal collimators are capable of effectively reducing the beam size. Concerning the spot
size, the CB is limited by the MCS. With a low energy beam, the final spot is located in the shallow
region, where the small transverse size of CB can be preserved effectively. Consequently, it can
produce a small spot. However, it could not be obtained with high-energy beams where the final
spot is deep inside the target. Depending on the initial beam energy, the final spot size was observed
to reach a threshold. Further reduction in the collimator radius could not improve the result.

In addition, the surface dose becomes very large for a narrow CB in comparison with the Bragg
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peak dose, particularly at high energy. Consequently, it deposited more dose at the nonspecific
region than the target. This imposes a crucial limitation on the maximum achievable dose.

Moreover, the collimator eliminates a significant fraction of protons delivered by the accelerator.
It reduces the effective beam current, and consequently reduces the maximum achievable dose
rate. This reduced efficiency could be very crucial for FLASH modalities. It also reduces the overall
efficiency of the system.

Besides reducing efficiency by stopping the protons, CB is contaminated with neutrons. These
secondary neutrons can deposit doses at off-target regions inside and outside of the patient’s body.
However, optimization of the metal collimator can keep the contribution of biological dose of neu-

trons at a very low level which can not create any potential threat to patients [70]l.
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Chapter 5

Focused beams

Despite the fact that a mechanical collimator can produce the desired narrow beams, it reduces
the overall system efficiency by absorbing a large fraction of protons, which is a major obstacle to
achieve a high dose rate [[144]. Moreover, in addition to the target, it produces a significant number
of secondary neutrons. These neutrons have higher penetration range, and contribute an additional
unwanted dose to patients. The amount of dose deposited by these neutrons might be small, but it
has the potential to cause long-term damage due to its higher RBE [145]. It is possible to mitigate
these issues by shaping the beam without using a physical collimator. The use of magnetic fields
can be an option to perform beam shaping without mechanical collimators.

Manipulation of charged particles beam using magnetic fields is a common practice in accelera-
tor physics. It has been adopted in nozzle technology to implement active scanning in proton beam
therapy. Furthermore, in recent years, several studies have been demonstrated the potential of
magnetically shaped proton beams for RT [144, |146]. Usually, quadrupoles are used for focusing
and defocusing of charged particle beams. In addition to the quadrupoles’ gradient, a range of fac-
tors like emittance (¢), transverse beam size (o, 0,), kinetic energy (E), and Twiss parameters (5
and o) determine the degree of focusing by a magnetic field. This chapter evaluates the character-
istics of the magnetically focused beam within the conventional therapeutic energy range based on

their longitudinal and transverse dose profile.

5.1 Beam Generation

The principle of the proposed focused beam treatment modality using proton beams of conven-
tional energy range is depicted in figure A beam can be focused at its Bragg peak depth
using quadrupole magnets. Thus, it will stop at the focal point, depositing a large amount of the
beam’s energy. In the simulations of conventional energy focused beam (CEFB), the proton beam
was introduced at 0.5 mm away from the water phantom using the Geant4 particle source to mimic

magnetically focused beams produced by quadrupoles. The center of the source was modeled at the
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—————— Focal Point

Quadrupole

Water Phantom

Figure 5.1.1: Focused beam generation configuration. The source is at 0.5 mm away from the
surface of the water phantom. The Twiss parameters are tuned to produce the beam waist at the
Bragg peak.

central axis of the cylindrical water phantom. The direction of propagation of the beam is parallel
to the length of the target. Details of the beam generation using Geant4 particle source have been
discussed in section [4.1]

The beam was designed to be a circular Gaussian with a o, of 10.0 mm. The Twiss parameters
were tuned to modify the degree of focusing of the beam. For each set of Twiss parameters, 107
proton histories were simulated in order to minimize the uncertainty in the low-dose areas. The
actual number of primary protons that reached the entrance of the target was slightly smaller than
the number of particles generated by the source. The difference was observed to increase for higher
focusing parameters. The root mean square (rms) of inclination angles (v’ = z’ or y’) of particles
is called rms divergence or divergence (o,-) of a beam. As listed in table the o,/ of the beam
increases with « following a non-linear positive correlation. The initial direction of the particles was
assigned from a Gaussian distribution. A beam with higher o,  is more likely to contain protons
with large v’. Despite the small distance between the target and the source (0.5 mm), a few particles
skip the target for their very large inclination angles, reducing the number of proton entering the
target. It was also impacted by the initial beam energy. At higher energy (150 MeV), the number
of protons at the entrance was larger than the lower energy (100 MeV) beam. This impact of beam
energy can be explained using the initial beam divergence. It can be seen in table[5.2.1|that the o,
of 100 MeV beam is larger than 150 MeV beam for a given «. This beam loss was not significant in
the simulations. However, in practice, the source cannot be placed very close to the target, which

might cause a noticeable beam loss. Simultaneously, it might be a concern of radiation protection.

5.2 Focusing parameters

The treatment modalities of proton beam therapy rely on the Bragg peak to deposit a higher
dose at the target. The objective of the CEFB modality is to focus the proton beams of conventional
therapeutic energy range at the corresponding Bragg peak depth to irradiate smaller volumes. In

addition to the higher stopping power at the end of the range, the concentrated interaction of CEFB
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can potentially enhance the dose at the focal point. Moreover, the focusing effect generated by the

magnetic field can reduce the beam broadening caused by MCS, eventually produce a smaller spot.

The initial value of a and 8 was tuned based on equation [2.4.32]to focus the beam at the desired
depth. We have gradually increased « to enhance the focusing effect. There is a corresponding /3 for
each « to focus the beam at a fixed depth. The constant initial o, leads to a unique emittance for
a set of Twiss parameters. The emittance was calculated from equation [2.4.22] and the covariance

matrix was constructed for both transverse planes to produce the desired beam.

A set of simulations was performed with a range of o between 1.0 to 20.0 to evaluate the mag-
netically modified beams’ dose profile. We studied the effects of beam energy and Twiss parameters
by simulating 100 MeV and 150 MeV proton beams. The Twiss parameter o was used to quantify

the degree of focusing. The relation between the beam’s divergence and « can be expressed as

Oy = €rms |:u:| . (521)

Table 5.2.1: Initial beam parameters to focus 100 MeV and 150 MeV proton beam at the Bragg
peak.

100 MeV 150 MeV
a  fBlm] e[mm-mrad] o, [mrad] | f[m] e[mm-mrad] o, [mrad
1.0 | 0.151 661.02 93.482 0.313 318.60 45.05
3.0 0.252 396.61 125.42 0.523 191.16 60.45
50 | 0.393 254.23 129.63 0.816 122.54 62.48
7.0 | 0.540 185.08 130.87 1.120 89.20 63.08
9.0 | 0.689 145.10 131.39 1.429 69.93 63.33
11.0 | 0.838 119.20 131.66 1.740 57.45 63.45
13.0 | 0.989 101.09 131.81 2.052 48.72 63.53
15.0 | 1.139 87.746 131.91 2.364 42.29 63.57
20.0 | 1.516 65.937 132.03 3.146 31.78 63.64
25.0 | 1.894 52.797 132.09 3.929 25.44 63.67
30.0 | 2.271 44.019 132.13 4.713 21.21 63.68

The depth of the Bragg peak of 100 MeV and 150 MeV proton beam was determined using Bragg-
Kleeman formula given in equation [2.1.17| and validated using simulated data. The initial Twiss
parameter 3 of focused beam for a given o and focal length is calculated using equation is
listed in table Figure shows the beam emittance and 5 as a function of a to produce
the beam waist at the Bragg peak of corresponding energy, with the assumed initial beam size. For
a given «, a 150 MeV beam needs a larger initial 8 and smaller ¢ to focus the beam at the Bragg
peak, which is obviously deeper into water compared to the 100 MeV beam. The evolution of the

initial beam divergence as a function of « is depicted in figure|5.2.1b
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Figure 5.2.1: (a) Evolution of the initial beam emittance and 3 as a function of « to produce beam
waist at the Bragg peak of 100 MeV and 150 MeV proton beams. (b) Comparison of the initial
divergence of 100 MeV and 150 MeV proton beams.

5.3 Longitudinal Dose Profile

5.3.1 Average dose

The average dose of 100 MeV and 150 MeV proton beams as a function of depth is shown in
figure As we have discussed in section [3.2] cylindrical volume elements of 0.2 mm length and
200 mm radius were implemented to quantify the average dose. There is no significant difference
in dose profile between the collimated and focused beams of identical energy regarding the shape
of their dose profile. Both of these beam shaping techniques produce the usual depth-dose graph
of proton beams. However, a detailed study of focused beams’ curves revealed a discrepancy in
the Bragg peak position and peak dose. The location of the Bragg peak produced by the collimated
beams (parallel beam) is slightly deeper than the focused beams of an identical energy. For example,
the Bragg peak of 100 MeV collimated beam is located at 76.0 mm, whereas it can be observed
between 74.6 mm to 75.4 mm (depends on «) for the focused beams of the same energy. The peak
dose is slightly higher for collimated beams than the focused beams, and the difference increases
for larger «. The focused beam’s peak dose is less them 4 x 10~ nGy/proton except for the beam
with @« = 1. While on the contrary, a collimated beam of an identical energy deposited 4.24 x
10~3 nGy/proton dose, which is 6% higher than the focused beam.

It can be seen in figure that the magnitude of the Bragg peak doses and their positions
are not identical for all focused beams of the same energy. The simulations with 100 MeV proton
beam exhibit a more significant difference in dose profile between o« = 1 and o« = 3. The Bragg
peaks at lower alphas are slightly deeper into the water; with o = 1, it is located at 75.4 mm that
is 0.8% to 1.1% deeper than the other focused beams. This discrepancy in the average longitudinal
dose profile diminishes among the larger values of « (table The smaller growth of beam
divergence at larger o explains their insignificant difference.

As shown in figure |5.2.1b, the proton beam’s divergence gets larger with « at a decreasing
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Figure 5.3.1: Depth-dose curves of (a) 100 MeV and (b) 150 MeV proton beams. Initial beam size is
10.0mm. The value of « varies between 0.0 to 20.0. Beam emittance and 3 are modified to keep the
beam waist at the Bragg peak.

Table 5.3.1: Bragg peak depth and dose in water.

100 MeV 150 MeV
Alpha BP depth [mm] BP dose [nGy/proton] BP depth [mm] BP dose [nGy/proton]
1.0 75.4 0.004183 155.0 0.002926
3.0 74.8 0.004001 154.6 0.002916
5.0 74.8 0.003969 154.6 0.002914
7.0 74.6 0.003960 154.6 0.002916
9.0 74.8 0.003958 154.4 0.002914
11.0 74.6 0.003956 154.6 0.002915
13.0 74.6 0.003954 154.6 0.002914
15.0 74.6 0.003954 154.6 0.002914
17.0 74.6 0.003953 154.6 0.002915
19.0 74.6 0.003954 154.6 0.002913
20.0 74.6 0.003954 154.6 0.002915

rate. The change in beam divergence is largest between o = 1 and « = 3. Due to the non-zero beam
divergence, the protons’ path makes an angle with the longitudinal direction. The Bragg peak depth
along the beam’s longitudinal direction is equal to the projection of the actual distance traveled by
the particles. As a consequence, the Bragg peak of focused beams is observed at a depth slightly
smaller than the actual location estimated for a parallel beam. The difference between projected

depth and actual depth of the peak dose increases at decreasing rate with «.

Following the Bragg-Kleeman formula given in equation[2.1.17] the range of the 100 MeV proton
beam in water is about 76 mm. The divergence of the beam to be focused at the Bragg peak with
a = 1and o = 3 are 0.093 rad and 0.125 rad, respectively. The difference between the projected
Bragg peak depth corresponding to these divergences is approximately 0.3 mm. The simulated
result gives a difference of 0.6 mm. These two values are mostly consistent within the limit of sim-
ulation resolution of 0.2 mm. The penetration depth of the proton beam at higher energy increases.
With an identical set of focusing parameters, the angle between the protons’ path and the longitu-

dinal direction becomes smaller with increasing depth, reducing the discrepancy between the depth
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dose curve for different values of a as observed for 150 MeV proton beam (see table [5.3.1). Simul-
taneously, the fraction of protons stopping before the Bragg peak of a focused beam increase due to
energy straggling. Consequently, the number of protons at the Bragg peak becomes lower, leading

to a reduced peak dose.

5.3.2 Central axis dose

The central axis depth-dose curves of focused beams illustrated in figure is completely
different than the pattern we observed for collimated beams discussed in the previous chapter. A
focused beam’s peak dose (Dgp) is higher than its surface dose (Dg,); however, the opposite is true
for the collimated beams with small openings. It also varies immensely with increased focusing
strength. The Dgpp for both energies gradually increases with . In addition, the initial beam
energy influences the Dgp of the focused beams. The 100 MeV proton beam can deliver a higher
Dpgp than 150 MeV beam. The lower energy beam expands less as they encounters smaller number
of MCS. As a result, it deposits more energy within a short distance from the center of the beam
and enhances the Dgp. For 100 MeV proton beam, the Dpp increases from 0.82 nGy/proton for
a = 0 to 28.75 nGy/proton for o = 20. The 150 MeV proton beam followed the same pattern with
a lower dose throughout the range of a. Within the same interval, value of its Dgp increases from

0.49 MeV/proton to 5.61 nGy/proton.
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Figure 5.3.2: Central axis depth-dose curve of (a) 100 MeV and (b) 150 MeV proton beams. Initial
beam size is 10.0 mm. « varies between 0 to 20. Beam emittance and § are modified to keep the
beam waist at the Bragg peak. The dose is calculated for cylindrical volume elements of radius
0.5 mm and length 0.2 mm.

Figure shows the Dg,, at the central axis of 100 MeV and 150 MeV proton beams as a
function of o. For a given energy, the Dg,, is almost constant because the beam has not traveled
any significant distance to achieve different transverse sizes depending on « (see equation [2.4.29).
However, the impact of energy can be noticed; the lower energy beam produces a higher Dg,,.. The
Dg,, obtained from the simulations is 0.19 nGy/proton and 0.14 nGy/proton for the 100 MeV and
150 MeV proton beam, respectively. The lower stopping power at higher energy causes this dose

difference [|147]].
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In contrast, independent of beam energy, the Dgp at the central axis increases with o as shown
in figure With o = 0, there is no focusing effect and the beam waist is at the entrance
of the water phantom. Thus, the proton beam start to expand laterally as it propagates into the
water. The smallest Dgp can be observed without beam focusing. The beam energy causes a
discrepancy at Dgp because of the larger transverse expansion of high energy beam at its Bragg
peak. In addition, the 150 MeV proton beam encounters more scattering interactions than 100 MeV
beam. As we have discussed in chapter[4] a higher energy beam experiences more prominent range
straggling and produces a wider Bragg peak. It also leads to a smaller amplitude of Dgp as fewer
protons ends up at the Bragg peak position. With increasing a, the Dgp of 100 MeV proton beam
grows at a higher rate and reaches to around 28 nGy/proton for o = 20. In contrast, 150 MeV proton

beam’s Dgp not only increase slowly but also saturates around 5.5 nGy/proton at much smaller «.
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Figure 5.3.3: Evolution of (a) Dgs,, and (b) Dgp of focused proton beams (calculated at the central
axis) as a function of a. Proton beams of 100 MeV and 150 MeV are compared.

The variation of peak to surface dose ratio (Dpp/Dg,,) as a function of « is shown in fig-
ure At a =1, Dgp/Dsy, of 100 MeV proton beam is 68% higher than 150 MeV. The differ-
ence in Dgp/Dg.,, between these two energies gradually increases with focusing strength. Beyond
a = 15, Dpp/Dg,, is almost constant around 40 for a 150 MeV beam, however, a 100 MeV proton
beam has a noticeable growth throughout the assessed range of a. With lower beam energy, it is
possible to achieve a higher Dgp/Dg,, by increasing «. In contrast, at higher energy, the focusing
effect is limited by multiple scattering. Overall, focused beams have large Dgp/Dg,, which allow
them to deliver a higher dose at the desired point compared to the non-specific entrance region. It
is undoubtedly an advantage of CEFB in the context of RT.

In Addition, we have calculated the ratio of dose of 100 MeV and 150 MeV proton beam at
the surface and the Bragg peak position using our simulated data. The result is illustrated in
figure The ratio of their Dg,, remains constant; however, at the Bragg peak ratio of their
dose increases with a decreasing rate. Thus, the Dgp of a lower energy beam (in a shallow region)

can be enhanced at a larger scale by utilizing the focused beam modality.
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Figure 5.3.4: (a) Comparison of the Dgp/Dg,, of 100 MeV and 150 MeV focused proton beams as a
function of a. (b) D100/D150 at the Bragg peak and surface of the water phantom.

5.4 Two dimensional dose profile

Figure [5.4.1] compares the two-dimensional (z-z) dose profiles of 100 MeV (left) and 150 MeV
(right) proton beams for « equal to 1, 5 and, 11. As we have mentioned in chapter[4} the projection of
the entire beam on the z-z plane shows an enhanced dose at the central part of the beam compared
to the edge. To avoid this impractical overestimation of dose, we have taken 0.2 mm of the central
part of the beam along the y-axis. Rectangular cuboids are used for dose calculation. The size of
each voxel is 0.2 mm x 0.2 mm x 0.2 mm. The horizontal white lines represent the initial o of the
beam.

The impact of the beam focusing on dose distribution is evident in the figure. It can be seen that
a = 1 offers a weak beam focusing, and spot sizes are similar for both energies. At a larger value of
a, a stronger focusing effect can be noticed. The spot size is smaller for the 100 MeV proton beam,
and it is observed to decrease with depth up to the Bragg peak. With identical Twiss parameters,
the 150 MeV proton beam ends up with a larger spot size, and the transverse beam size appears to
increase at the last centimeter after the initial lateral contraction. As we have mentioned earlier,
this broadening of lateral dimension is produced due to MSC. The rms value of the scattering angle
is inversely proportional to the momentum (equation [2.1.12). At the end of the track, lower energy
protons are deflected most. Moreover, in the traversed material, rms value of the scattering angle
builds up gradually with depth. The range of 100 MeV proton beam is 48.6% of the 150 MeV. It is
therefore likely to encounter a smaller number of scattering interactions. Its scattering angle can

not grow enough to produce a significant lateral expansion before it stops completely.

5.5 Spot size

A small spot is needed to irradiate tiny tumors with better normal tissue sparing. Moreover, it
can be implemented for proton GRID therapy. A magnetically focused beam has the potential to
produce a small spot at the Bragg peak with an enhanced dose at the focal point. Figure shows
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Figure 5.4.1: Two-dimensional physical dose profiles of 100 MeV (left) and 150 MeV (right) proton
beam. The initial o of the beam is shown by two dotted horizontal lines. The dose is normalized to
the peak value.

the variation of the transverse size of focused beams at the Bragg peak (cgp) as a function of «.
The beam size has been determined from the Gaussian fit of the transverse distribution of energy.
For both energies (100 MeV and 150 MeV), the ocpp decreases with a following a similar pattern.
The smaller beam size of the lower energy beam has been explained earlier as a result of a reduced
number of scattering interactions. A sharp change in transverse beam size can be noticed as the
value of « increases from 0.0 to 5.0. Beyond this range, it reduces slowly. It can be explained using
the corresponding divergence of the beam. The growth of divergence of the beam is not significant
at larger a. The largest « to achieve reasonable enhancement in beam focusing for 150 MeV beam
is around 7. A slightly larger « value appeared to be advantageous for lower energy to achieve a

narrower beam at the Bragg peak.

The study of the transverse beam size along the longitudinal direction indicates a natural lim-
itation of the focused beam at a higher energy spectrum. Figure [5.5.2] compares the evolution of
transverse size (o) of two proton beams of different energies. The o of 100 MeV proton beam de-
creases with depth for all values of «, as shown in figure The analytical value of the beam

size in vacuum is plotted on the same axis. As it can be seen that the transverse size of the proton
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Figure 5.5.1: Comparison of simulated beam size at the Bragg peak of 100 MeV and 150 MeV
focused proton beams as a function of a. The largest statistical error was less than 2.0 pm.

beam in water evolves in the same way as the analytical relation. However, the beam size in water
obtained from simulation is always larger than the analytical value. The difference between the
analytical values and simulated results increases for larger «. In addition, the simulated beam

waist is flattened out by MCS and observed slightly before the analytical depth.
The 150 MeV proton beam in figure [5.5.2b| follows a similar trend as 100 MeV at the shallow

region of water. However, the transverse beam size expands at the last couple of centimeters. Ad-
ditionally, the difference between the simulated results and analytical values is more pronounced.
The 150 MeV beam was focused deeper into the water to produce beam waist at its Bragg peak. To
satisfy the condition in equation a larger 3 was required for the 150 MeV proton beam with
an identical « (figure [5.2.1a). The larger value of 3 generates a beam where the directions of the
protons are more parallel. This parallel nature of the beam makes it more sensitive to scattering
interactions. Moreover, the 150 MeV proton beam travels deeper due to its high energy and encoun-
ters more MCS. The combined effect of larger beta and an extended number of scattering reduces

the focusing effect. Consequently, the high-energy beams begins to expand before it stops.
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Figure 5.5.2: Evolution of the transverse size of (a) 100 MeV and (b) 150 MeV focused proton beams
as a function of depth in the water phantom.
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Figure 5.6.1: Evolution of the number of neutrons (a) and dose deposited by neutrons (b) as a
function of depth in water. The dose is normalized to the maximum deposited dose by the 150 MeV
proton beam and the number of protons entered inside the water phantom.

5.6 Neutron dose

In our simulation of focused beams we did not insert any component of the proton beam therapy
system that could contribute neutron to the target. However, as we have discussed in chapter 2]
the primary protons can produce secondary neutrons by nuclear interactions inside the target. The
neutron fluence of the focused beam as a function of depth was recorded for 100 MeV and 150 Mev
proton beam. There was no impact of beam focusing on the neutron fluence as the interaction cross-
section solely determines the production of secondaries. Figure shows the influence of beam
energy on neutron fluence. It can be explained using the energy of the secondary neutrons.

The simulated focused beam was exclusively composed of protons. Entering the target, they
produce secondary neutrons. As we have discussed in chapter |4, the energy of these secondary
neutrons depends on the primary proton. With high-energy proton beam, secondary neutrons have
a larger range, and longitudinal equilibrium is achieved at a deeper point (further away from the
entrance). Besides, they (high energy secondary neutrons) are also capable of producing further
neutrons by nuclear interactions to enhanced the peak fluence. The dose contribution of neutron

shown in figure follows a similar trend as the number of neutrons.

5.7 Summary

Magnetically focused beams can produce a small spot at the target. Particularly, a lower energy
proton beam that corresponds to a smaller depth can be focused more effectively. Simultaneously,
it has a very high value of Dgp/Dg,,. This is advantageous in the context of RT because a higher
dose can be deposited at the target as well it reduces the normal tissue (entrance) dose. However,
for a deep-seated target, the focused beam starts to expand at the vicinity of the Bragg peak. The
enhanced effect of MCS at lower energy along with the long projected range of high energy beams

is responsible for this limitation. This can be overcome using high-energy focused beams, which we
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will discuss in the next chapter.
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Chapter 6

High energy focused beams

Within the conventional therapeutic energy range (70 MeV to 250 MeV), focused proton beams can
be used to irradiate small volumes while sparing surrounding healthy tissue. The beam stops at
the end of its range and deposits a negligible dose beyond the target. However, as the beam gets
slower with depth, it becomes more sensitive to scattering interaction. Consequently, a small spot
is difficult to achieve, especially at a deep-seated target.

In contrast, a high-energy proton beam is less affected by MCS, and the lateral expansion of
the beam is much smaller. This feature of the high-energy beam makes it a promising candidate
for treating small deep-seated tumors. However, while it is less scattered, irradiation with a high-
energy parallel beam can not produce a significant dose contrast between the target and the healthy
tissue because of an insufficient growth in stopping power. Nevertheless, a focused beam can pro-
duce a prominent dose difference between its focal point (waist) and surroundings. The effect of
focusing of very high energy electron (VHEE) beams has been studied extensively through simula-
tion and experiment [148,149]. Adaptation of this concept in proton beam therapy has a primary
drawback. The Bragg peak dose cannot be incorporated into the treatment plan, which is con-
sidered one of the most attractive features of proton beams for therapeutic applications. But, the
higher RBE of the proton beam compared to the x-ray and electron is a clear advantage that can
enhance the treatment’s efficacy. This chapter evaluates the characteristics of high-energy focused

beams (HEFB) based on their dose profile.

6.1 Beam Generation
The principle of high energy beam focusing is illustrated in Figure The objective of this

beam shaping modality is to produce a converging high energy proton beam (larger than the con-
ventional therapeutic energy range). The initial energy should be sufficient to ensure the escape of
the beam from the patient’s body without any significant drop of the beam’s energy. Consequently,

it can guarantee a large distance of the Bragg peak from the target. In our HEFB studies, we sim-
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Figure 6.1.1: Principle of high energy focused beam radiotherapy.

ulated 350 MeV proton beam with 1% energy spread. With this initial kinetic energy, the projected
range of proton beam in water is 66.21 g cm~2(~ 662.80 mm) [150]. This range is sufficient in most
cases to satisfy the aforementioned requirements of HEFB.

The principle of beam generation is identical to CEFB discussed in section[5.1] In a similar way,
the Geant4 particle source is employed at 0.5 mm away from the entrance of the modeled water
phantom with a desire to produce a circular Gaussian beam. The initial beam size (sigma,) was
15.0 mm. As discussed in section[5.2] the Twiss parameters govern the depth and width of the beam
waist at the focal point. The initial emittance and f for different values of « to focus the high energy
beam at 50 mm and 100 mm are compared in figure The initial divergence for 50 mm focal
length showed in figure is twice of 100 mm beam. In principle, with a reduced transverse
size, a beam can deposit a higher dose at the focal point. The frequent interactions of protons in
a smaller volume can explain this enhanced dose. Consequently, it can generate a desired dose
discrepancy between the target (focal point) and surroundings. Unlike conventional proton beam
therapy, HEPB deposits a non-zero dose in the region beyond the target. However, the exit dose is

reduced by the divergence of the beam after the focal point.
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Figure 6.1.2: (a) Evolution beam emittance and 3 as a function of « to focus a 350 MeV proton beam
at 50 mm and 100 mm depth. (b) Growth of the initial divergence of the beams.
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6.2 Longitudinal dose

The longitudinal dose profile of HEFB was evaluated using two different configurations (average
and central axis) as we have used to study the CB (Chapter ) and CEFB (Chapter [5). Certainty,
the average dose profile was not interesting because it could not reveal HEFB’s exciting properties
crucial for RT. In contrast, the central axis dose profile exhibited several interesting features of

HEFB.

6.2.1 Central axis dose

The central axis dose of HEFB was calculated using an identical geometrical configuration as
described in chapter 4l We have considered narrow cylindrical volume elements (described in sec-
tion to determine the local dose at beam’s center. The initial Twiss parameters were tuned to
focus the beam at 50 mm and 100 mm. In addition, the focusing strength of the beam was gradually
increased for each depth.

It can be seen in figure that the dose approaches a peak value at the focal points (50 mm
and 100 mm) of the beams. A sharp change of dose around these points for higher values of «
is noticeable. The dose of a HEFB drops after its peak value. The dose distribution follows a
approximately symmetric pattern about the focal point. Since the Bragg peak is way beyond the
target, it does not contribute to the peak dose of a HEFB, like the conventional proton therapy,
and the beam does not stop inside the target. Instead, the transverse size gradually of the beam
decreases till the focal point, and it expands afterward following the principle of beam dynamics
described by equation[2.4.29] The variation of fluence of primary protons at the beam’s central axis,
shown in figure[6.2.2] explains this unique dose profile. As the beam gets narrower, the interaction
points (points of energy deposition) become concentrated within a predefined small target volume;
hence, the central axis dose increases. The gradual spreading out of the beam’s particles after the
focal point causes the systematic dose reduction.

In addition, figure also reveals crucial relations between the focal length and the attributes
of the peak dose. With an identical «, the longitudinal distribution of the peak dose at a shallow
point is sharper than a longer focal length. This feature can be explained using the basic principle
of beam focusing. Following the equation two beams with an identical initial « and o can
produce their beam waist at different depths if their initial § is modified. A larger 3 is needed to
construct the beam waist at a deeper point. As a consequence, the beam waist becomes flat, and
the transverse beam size evolves slowly around the focal point for a deep-seated target. This also
reduces the amplitude of the peak dose by spreading out the deposited energy longitudinally.

The surface dose (Dg,,-) and peak dose (Dgp) at the central axis of HEFB are illustrated in
figure Their variation as a function of « is similar for different focal lengths. The D,,, in fig-
ure[6.2.34]is almost independent of focusing parameters and remains constant around 0.0037 nGy/pro-
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Figure 6.2.1: Central axis depth-dose curve for 350 MeV proton beams focused at 50 mm (a) and
100 mm (b). Initial beam size is 15.0mm. The value of o varies between 1.0 to 20.0. The beam
emittance and 5 are modified to keep the beam waist at the focused point. The dose is calculated
for cylindrical volume elements of radius 0.5 mm and lenght 2.0 mm. It is normalized to the number
of initial primary protons entered the water phantom.

100 100
§ 80 § 80
‘o ‘o
2 60 e 60
(] [}
3 3
w [T
c 40 c 40
2 S
o e
8 20 & 20
0 = 0
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Depth [mm] Depth [mm]
(a) (b)

Figure 6.2.2: Central axis fluence of primary protons of 350 MeV beams focused at 50 mm (a) and
100 mm (b). The fluence is calculated for a circular area of 1 mm radius at the central axis of the
beams.

ton. In the context of RT, this low D,,, is very desirable.

All simulated HEFBs, independent of the initial Twiss parameters, have identical sizes at the
source. They propagates 0.5 mm through a vacuum space between the source and the target. This
region acts like a drift space where the beam evolved without any scattering interaction. For a
given focal length, the initial divergence of the beam does not differ much to produce a noticeable
difference in the transverse size of the beam within the small drift space. Consequently, all the
beams have almost equal size at the entrance, leading to an even surface dose. It is also true for
different focal points with smaller longitudinal separation. However, a larger distance between
the focal points is reflected in the initial divergence of a beam. For a shorter focal length, it is
significantly larger, as shown in figure Consequently, its lateral contraction is slightly more
than the beam with a longer focal length. It explains the slightly elevated D,,, of the beam with

50 mm focal length in figure
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Figure 6.2.3: (a) Dg,, obtained from the simulation of 350 MeV proton beam focused at 50 mm and
100 mm with various focusing strength. (b) Evolution of peak dose (Dgp) at 50 mm and 100 mm
depths as a function of a.
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Figure 6.2.4: (a) Dgp/Dg,, of 350 MeV HEFB as a function of «. (b) Ratio of Dgp and Dg,,, obtained
for 50 mm and 100 mm focal length.

In contrast, the peak dosd!|(Dpp) at the central axis of HEFB shown in figure [6.2.3b]increases
with « for both focal lengths. A larger rate of increase for the beam with a smaller focal length can be
evident. The sharper longitudinal peak for shorter focal length in figure[6.2.1]can explain the higher
growth rate. With an increased « and corresponding 3, the beam waist gets narrower and produces
a higher peak dose. At the least focusing strength, o = 1, the peak dose is 0.0849 nGy/proton and
0.0762 nGy/proton for 50 mm and 100 mm focal points, respectively. Their difference is about 10%
that gradually grows with increasing «. Eventually, the peak dose raises to 12.563 nGy/proton (at
50 mm) and 7.778 nGy/proton (at 100 mm) for o = 20 with a difference of 62%.

The peak to surface dose ratio (Dgp/Dg.,) of two beams, focused at 50 mm and 100 mm, are
compared in figure They have followed a similar pattern with increased values of a. At
a lower value of «, the beams were not very converging. Since the beam’s energy do not degrade
significantly from its initial value, the stopping power remains almost constant throughout the
target. Thus, the difference between the entrance dose and peak dose is not large, leading to a

lower Dgp/Dgy, at smaller . With increased focusing strength, the peak dose at the focal point

1For HEFB, the peak dose is not located at BP, but labeled by Dz p for consistency.
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Figure 6.2.5: Longitudinal depth-dose curves obtained by simulating 350 MeV proton beams fo-
cused at (a) 50 mm and (b) 100 mm. Initial beam size is 15.0 mm. The value of o varies between
1.0 to 20.0. The beam emittance and 3 are modified to keep the beam waist at the focal point.

increases, keeping the surface dose constant. Consequently, the Dgp/Dg.,, gets larger. This is a
crucial feature for therapeutic applications. A higher Dgp/Dg,, provides an opportunity to deposit

a larger dose at the tumor, sparing the skin and superficial tissue.

The impact of the focusing depth was assessed using the ratio of Dg,,. and Dgp obtained for two
focal points. At the surface, the ratio of their dose is about 1 with a little fluctuation as depicted in
figure The insignificant difference between their Dg,,,, shown in figure explains this
observation. On the contrary, the Dgp dose at a shallow focal point grows at a higher rate with «,

enhances the value of D50,m/D100mm-

6.2.2 Average dose

The average dose for the broad beam geometry was calculated using an identical configuration
as described in the two previous chapters. The result obtained from the simulation of HEFB is
shown in figure The graphs do not look like a conventional depth-dose curve of proton beam
as we did not include data up to the Bragg peak position, which was deliberately produced far away
from the water phantom. Despite the identical initial energy, there is an inconsistency among the
curves of different Twiss parameters. Moreover, the impact of focusing strength and focal point on

the dose distribution can be noticed from the graphs.

With the increasing «, the average dose at each depth rises. A similar pattern was observed for
CEFB in chapter[5] As we have discussed, the difference between the actual distance traveled by the
proton and the projected depth along the longitudinal direction can explain their inconsistency. For
a given depth, the growth of the dose is more prominent at the lower range of a. The figure shows
that the difference in the deposited dose of two beams with unique focusing parameters remains

almost constant through the range of depth with a slightly smaller separation at the shallow region.
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6.3 Two dimensional dose profile

Figure describes the impact of beam focusing on dose distribution schematically. The spot
size gets smaller at 50 mm (left) and 100 mm (right) depth with increased focusing strength. The
transverse distribution of peak dose varied similarly for both of these focal lengths. However, a
difference in longitudinal distribution can be noticed. As we have mentioned earlier in this chapter,
the rate of change of transverse beam size with depth at shallow focusing point is larger. In addition,
it produces a deep beam waist. Thus the beam can produce a confined high dose region (small
volume) for a smaller focal length. On the other hand, o changes slowly at 100 mm and lead
to a flat beam waist. The extended longitudinal high dose region produces a slightly elongated
spot. Overall, the spot size at the target can be reduced by tuning the beam parameters, and a

fundamental limitation arises given the depth of the focal point and the initial size.
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Figure 6.3.1: Two-dimensional physical dose profiles obtained with 350 MeV proton beam focused
at 50 mm (left) and 100 mm (right). The initial beam size is given by dotted horizontal lines. The
vertical dotted lines represent the position of the focal point. The dose is normalized to the peak
dose value and the number of proton entered into the water phantom.
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Figure 6.4.1: Comparison of the simulated (in water) and analytical (in vacuum) beam size obtained
by simulating 350 MeV proton beams focused at 50 mm (a) and 100 mm (b).

6.4 Transverse dose profile

As we have discussed in section|2.1.2] ignoring the long tail, the distribution of scattering angles
of beam particles in a traversed media can be approximated as a Gaussian. For a transverse dose
distribution, a Gaussian is not the most accurate but a reasonable assumption [[151]. We used the
standard deviation of the distribution to quantify the transverse dose profile of high energy beam
as have also done for the two other beam modalities assessed in this thesis. Using the simulated
data, we calculated the transverse beam size (o) at several depths of the water phantom. Simulta-
neously, we calculated the analytical value of ¢ in a vacuum as a function of depth. The simulated
results and the analytical values for four focusing configurations (o = 1, 3,6, 12) are compared in fig-
ure Independent of the focal length, the simulated beam’s size in water gradually gets smaller

until its waist. Afterward, it starts to expand following the natural characteristic of focused beam.

Figure also exhibits a useful feature of the high-energy focused beam that is worthy of
mentioning here. It follows a similar lateral expansion in water and vacuum, which means the an-
alytical formula strongly coincides with MC simulation. This feature offers a handy way to estimate
beam profiles without executing MC simulations, which is a time-consuming and computationally
expensive method. It might be functional for a treatment planning system, where it is challenging

to adopt MC simulation due to its slow execution speed.

Despite having a similar pattern, there is a disagreement between simulated outcomes and
analytical values. Their difference became less pronounced with increasing a. As shown in fig-
ure a lower « signifies a smaller divergence and higher 3 of the focused beams of a given
focal length. Thus, the parallel beam becomes more sensitive to scattering. In addition, a more
significant deviation of simulated results from the analytical assumption can be seen beyond the
beam waist could be a result of MCS. The diverging beam (beyond the waist) is more impacted by

scattering interaction.
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Figure 6.4.2: Evolution of the beam size at focal points (50 mm and 100 mm in water) as a function
of a. The maximum statistical error in ogp is few micrometers. Here, ogp represents beam size at
the focal point, not at the Bragg peak. The notation is used to keep it consistent with the previous
chapters.

The transverse beam size at the focal point (50 mm and 100 mmﬂ (opp) is compared for a
range of focusing strength in figure The values of cpp were determined from the Gaussian
fitted transverse dose profile at the focal point, as discussed in chapter |4} Independent of focusing
depth, the beam size at the waist decreases as a function of . The results obtained for 50 mm
and 100 mm focal lengths are identical at smaller values of . However, as the a grows, the beam
waist at 50 mm becomes relatively smaller. Two factors can cause this difference. Firstly, as a beam
travels deep into the water, it encounters more scattering interactions. Even though their influence
is less significant at higher energy, it has the potential to cause lateral expansion of the beam,
leading to a larger o P at 100 mm depth. Secondly, the beam energy degrades with depth. Thus,
the energy of a beam at 100 mm depth in water is lower compared to 50 mm. At lower energy, the
beam becomes more sensitive to scattering, which can cause more significant lateral expansion at
a longer focal length. However, this minor difference is not likely to impact practical applications.
In addition, this discrepancy can be overcome using a higher energy beam.

The divergence of a focused beam is smallest for « = 1, and it produces the least focusing
effect. As a consequence, the transverse beam size drops slightly from its initial value of 15 mm
to 12.08 mm and 12.20 mm at 50 mm and 100 mm depth, respectively. In addition, figure [6.4.2]
shows a nonlinear reciprocal relation between ocgp and a. Beyond an optimum value of «, around
12, the transverse beam size changes a little at its focal point. This effect can be understood from
the divergence-«a relation depicted in figure The change in beam divergence is very small for
larger values of alpha. Initially, cgp drops sharply with « and reaches around 1.75 mm at « = 9.
Further increase in « provides a slower drop of ogp. The simulated data shows a sub-millimeter

beam size as the a approaches to 20. It is 0.83 mm and 0.98 mm for 50 mm and 100 mm focal length,

2For HEFB, the peak dose is not located at BP, but we labeled o5 p for consistency.
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Figure 6.5.1: (a) Evolution of number of neutrons as a function of depth in the water phantom. The
number is normalized to the number of initial protons. (b) Comparison of neutron dose deposited
by HEFB of focal length 50 mm and 100 mm. The dose is normalized to the peak dose deposited by
the beam focused at 50 mm. The graphs in (a) and (b) are obtained for 350 MeV proton beam with
a = 20.

respectively. This small lateral beam size can be used to irradiate small tumors, even metastasis,

with improved precision.

6.5 Neutron Dose

The HEFB configuration used in the simulations does not contain any external source of neutron
like a collimator in the case of CB. However, nuclear interactions inside the water phantom generate
neutrons. Figure[6.5.1a]shows how the number of neutrons changes with depth inside the phantom.
The assessed beams were simulated to focus at 50 mm and 100 mm. The initial Twiss parameters
and emittance were tuned for o« = 20. The number of neutrons gradually increases until the peak

value, where a longitudinal equilibrium is reached. The shape of the curve is explained in chapter[5]

The neutron dose-depth curves of HEFB illustrated in figure follow a similar trend as
the number of neutrons shown in figure It increases with depth at a decreasing rate and
reaches the maximum at around 120 mm, where a longitudinal equilibrium is achieved. Afterward,

it starts to decrease as a function depth.

Despite the same initial kinetic energy, there is a clear difference between two focal lenghts (50 mm
and 100 mm) in the context of neutron-induced properties. Both quantities are higher for 50 mm
focal length. The initial divergence of a beam with shorter focal length is higher. As the beam
converges, the difference between the actual distance traveled by the protons and the projected
distance increases. Thus, protons of a beam with increased divergence have a higher probability
of interact due to their larger traversed distance. These interactions can produce more neutrons,

consequently enhanced neutron dose.
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6.6 Summary

HEFB has the potential to produce a very small spot at the target. Its energy spectrum is
suitable to mitigate the lateral expansion caused by the MCS. The large value of Dgp/Dg,, offers
an exclusive opportunity to deposit an extended dose at target with minimum skin damage. The
longitudinal spread of the focal point increases with depth, which can be advantageous because a
spread-out peak can be produced using fewer beams. Besides, the beam properties can be estimated
with higher accuracy by utilizing time-efficient analytical methods.

This beam shaping technique can not utilize the benefits of the high dose produced by the Bragg
peak. However, it can create a significant contrast in dose between the target and surroundings.
This feature can be utilized to achieve the goal of external beam therapy. The higher LET of low
energy Bragg peak region can not be incorporated in the treatment plan as the energy degradation
of HEFC is less pronounced. Further radiobiological studies are needed to understand the efficacy
of treatment using HEFB.

The simulation of the 250 MeV proton beam showed a similar result as the 350 MeV beam.
The conventional proton beam therapy centers are likely to produce 250 MeV beams. Thus, the
experimental studies can be carried out in existing proton beam therapy centers with an additional
focusing device or nozzle modification. The next chapter will discuss a possible solution to generate
a focused proton beam for experimental purposes based on the conventional proton beam therapy

center’s beamline.

97



CHAPTER 6. HIGH ENERGY FOCUSED BEAMS

98



Chapter 7

Magnetic optics

A focused proton beam can produce a small spot at the tumor, as we have discussed in two previous
chapters. Simultaneously, its unique dose profile can reduce the entrance dose. The ability to
produce distinct spots makes the focused beam a competent candidate to perform Grid therapy.
However, its implementation in practical applications needs experimental assessment, which is not
covered in this thesis. This chapter will discuss the feasible techniques based on a conventional

proton therapy center to validate our proposed focused beam modalities.

7.1 Principle of focusing

In general, magnetic lenses like quadrupoles are used to produce converging and diverging
beams. The principle of beam focusing has been discussed in section Proton beam therapy
centers employ the active or passive scanning technique to irradiate tumors. Usually, a conven-
tional treatment system does not require a strongly focused beam. However, several quadrupoles
are employed in proton therapy beamlines for beam manipulation. In principle, a suitable combi-
nation of a few quadrupoles can produce a highly focused beam from a traditional proton therapy
beamline. In the below, we assume that we add magnetic components to an existing proton ther-
apy beamline, for example, at Oslo proton therapy center, which is currently under construction, to
produce a focused beam. Since the exact beam parameters for the center are not yet available, we
base our calculations on the measurements of the beam parameters from the DCPT (Danish center
for proton therapy) [152]. The parameters for 150 MeV is listed in table [153].

Figure shows the conceptual diagram of our intended component to produce a focused
proton beam using a conventional proton therapy beamline. It should be placed in between the
target and the nozzle of a traditional therapy center. With perfect alignment, the overall shape of a
beam changes in a predictable way during its passage through a combination of quadrupoles. The
strength and separation of these quadrupoles should be tuned to produce a beam with the desired

characteristics. The basic principle of beam optics matching has been discussed in section [2.4.2]
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Figure 7.1.1: Principle of beam matching to generate desired focused beam using a conventional
proton therapy beamline.

MADX is a comprehensive tool for beam optics simulation, which we have used extensively for our
studies in this chapter. A detail of the MADX simulation method has been discussed in section

A beam with a circular cross-section is preferred for our proposed focused beam modalities dis-
cussed in chapter[5|and chapter[6] Fundamentally, the magnetic field of a quadrupole converges (fo-
cus) a beam along one transverse direction and diverges (defocus) in another, making it difficult to
achieve a circular beam configuration. Even though an overall converging effect can be produced
in both transverse directions using multiple quadrupoles, their focusing strengths are usually not
identical. As a consequence, without proper tuning a combination of quadrupoles produce an ellip-
tical beam. Mathematically, the area of an ellipse, A = wab, a and b are the lengths of the major
and minor axis. An optimum value of quadrupoles’ strength and configuration can be developed to
minimize the cross-section of a beam at the focal point. The transverse sizes ¢, and o, can be used
to quantify the area:

A=rmog0y. (7.1.1)

The parameters of a proton beam change as it propagates through various components of a pro-
ton therapy system. The values of these parameters at the nozzle and the isocenter are crucial for
our studies. The mechanical isocenter refers to the center of rotation of the gantry of a proton beam
therapy center. On the other hand, the radiation isocenter is the point in space where the center of
radiation of a rotating gantry intersects. It is characterized by the locus of the perpendicular dis-
tances of the beam center from the mechanical isocenter [[154]. The nozzle is located in the gantry,
where the protons come out of the machine to irradiate a target placed at the isocenter. A set of a
typical values of proton therapy beamline are listed in table The values at the isocenter were

taken from the DCPT. The approximate values of the Twiss parameters at the nozzle were calcu-

lated through back-projection of the beam using equation [2.4.29] [2.4.30], and [2.4.31] The estimated

distance between the isocenter and the nozzle was 1.5 m.

The focusing effect on a narrow beam is not significant to distinguish its dose profile from the
narrow collimated beam as compared in appendix [C] With its smaller initial size, the converging

effect generated by the quadrupole is shortly balanced by the diverging effect due to MCS. In fact,
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Table 7.1.1: Parameters of conventional proton therapy beamline for 150 MeV beam.

Parameters (x-plane) Standard value at isocenter Standard value at nozzle

Emittance (mm-mrad) 13.59 13.59
Beta (m) 1.112 2.94
Alpha -0.066 1.29
Gamma (m~1) 0.90 0.90
Sigma (mm) 3.89 6.32
Divergence (mrad) 3.50 3.50
Parameters (y-plane) Standard value at isocenter Standard value at nozzle
Emittance (mm-mrad) 5.36 5.36
Beta (m) 1.14 8.41
Alpha 1.46 3.50
Gamma (m~1) 1.57 1.57
Sigma (mm) 2.80 6.71
Divergence (mrad) 2.90 2.90

it (MCS) surpasses the converging effect at the end of the range of a beam, especially at high initial
energy, causing lateral expansion. In contrast, a larger initial beam size can enhance the effect from
focusing. We simulated the CEFB with an initial size of 10 mm. However, a significant focusing
effect in their dose profile was observed for narrower focused beams, however these results are not
included in this thesis.

We have assessed two distinct focusing schemes. Firstly, we tried to produce the desired beam
using the existing emittance of the conventional proton beam therapy center. We found it chal-
lenging within the limitations of the quadrupole gradient and length of the focusing device. In
the second scheme, we have attempted to improve the matching performance using an increased
emittance. Even though it is very unconventional from the context of accelerator physics, we found

interesting outcomes.

7.2 Focusing with constant emittance

It can be seen in table that the conventional estimated beam size at the nozzle is smaller
than 10 mm at 150 MeV energy. The proposed beam shaping modality using conventional energy
proton beam prefers an increased initial beam size to produce effective focusing. Assuming the
initial emittances from Table and requiring a beam size (o,) of 10 mm at the entrance of
the simulated water phantom, leads to specific values of the Twiss parameter 5 following equa-
tion [2.4.22] For a 150 MeV beam, values of 3 were found 7.361 m and 18.658 m in the transverse
x and y directions. We designed our CEFB irradiation modality to produce the waist (focal point)
at the BP of the beam. As we have discussed in section the depth of the BP solely depends
on the beam energy for a given material. From the simulation, we found the depth of the BP of
150 MeV proton beam is around 155.2 mm. A set of Twiss parameters determines the depth of
the focal point (beam waist) following equation With constant depth of the focal point and

3, this second-degree equation has two solutions of & = 46.88 and « = 0.0213 for x-direction. The
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Figure 7.2.1: Evolution of the analytical value of § as a function of distance obtained for o« = 46.88
and « = 0.0213. The change in § is insignificant for the smaller a.

smaller value of « corresponds to an almost parallel beam. Thus, the larger value of « among the
two solutions of equation is desirable for beam focusing. In fact, the smaller « could not
produce any significant focusing to converge the beam as shown in figure Both graphs have
hyperbolic shape; however, the change in 8 with depth is negligible with the smaller . Similarly,

in transverse y-direction, o = 118.9 produced desired focusing effect.

In order to produce the desired beam, we simulated quadrupole assemblies. The number of
quadrupoles was gradually increased to optimize the matching. The results using up to three
quadrupoles were not promising. The inclusion of the fourth quadrupole within a length of 1.6 m in
the matching algorithm produced a significantly improved result. In the model used for the match-
ing, the entrance of the water phantom was designed as being 0.2 m away from the exit of the final
quadrupole. We tuned quadrupole strength and their separation to obtain the intended beam. The
maximum quadrupoles gradient was limited to 30 T/m with an aperture of 30.0 mm radius. These
limiting parameters were set considering the commercially available options of quadrupoles [[155].
However, a custom-made quadrupole can have a higher gradient. The four quadrupoles configu-
ration with associated limitations could not provide us an exact match. Nonetheless, the obtained
result was promising, as shown in table A large difference between intended and obtained
Twiss parameters has two consequences. Firstly, the beam waist cannot be focused on the target,
reducing the effective dose at the tumor. Secondly, there might be another position inside the pa-
tient’s body where the beam has a smaller transverse dimension resulting enhanced dose at the
healthy tissue. Moreover, the § function, which determines the size of the beam, was large inside
the quadrupoles assembly, which can be seen in figure The limitation of the aperture of
quadruple might cause a beam loss which is not desired. In addition, beams with a larger 8 func-
tion experience a bigger phase shift in their passage through quadrupoles with higher strength,
known as the chromatic effect [86]. As a consequence, all protons of a beam with energy spread can

not be focused at the same point. It can increase the spot size and reduce the peak dose. This effect
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can be minimized by inserting sextupole magnets in the beamline, which is beyond the scope of this

thesis.
Table 7.2.1: Matching results obtained using four quadrupoles.
Parameters Intended values Obtained values Difference [%]
Beta (x) 7.36 10.74 45.9
Alpha (x) 46.88 28.49 39.3
Beta (y) 18.65 22.81 22.3
Alpha (y) 118.88 111.00 6.6
Table 7.2.2: Matching results obtained using five quadrupoles.
Parameters Intended values Obtained values Difference [%]
Beta (x) 7.36 7.36 0.0
Alpha (x) 46.88 46.88 0.0
Beta (y) 18.65 18.65 0.0
Alpha (y) 118.88 118.88 0.0
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Figure 7.2.2: Evolution of the Twiss parameters through four (a) and five (b) quadrupoles assembly.
The positions of the quadrupoles are shown at the top bar. Desired « of the focused beam is 7.0 and
B is 1.12 m. The quadrupoles strengths are tuned to match the beam at 1.8 m (a) and 2.2 m (b).

Conversely, an array of five quadrupoles of 2.0 m length can produce a perfect match of beam
optics. The results are listed in table The evolution of the beam’s optical parameters for the
assembly is shown in figure The $ function in one transverse direction is very large at some
points inside the focusing device. It can reduce the beam current due to the large transverse size of

the beam.

The method of implementing existing emittance has another crucial limitation. As we have seen
in the earlier chapters, the degree of focusing depends on the combination of the Twiss parameters.

A fixed [ can generate a certain focusing at the beam waist, which can not be tuned further.
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7.3 Focusing with increased emittance

A focused beam produces large dose contrast between surface and target due to the difference
in transverse beam size, which gets narrower with depth. It can enhance the Bragg peak to sur-
face dose ratio, a desirable feature for RT. A large divergence (o,-) of a converging beam reduces
the transverse size more prominently. The Twiss parameters and emittance determine the diver-
gence of a beam (see equation [2.4.23). A higher « reflects a more potent focusing effect. For a fixed
focal point, increasing o must be compensated with a corresponding increase of 3 following equa-
tion[2.4.32] The emittance must be modified to achieve a particular S-function with a constant beam
size (0,) of 10 mm. This method also facilitates us with an opportunity to alter the degree of beam
focusing. The beam emittance of a conventional proton therapy center is lower than our designed
value. Implementing our proposed treatment modalities requires a larger emittance, which is pos-
sible to achieve by means of a scattering device. A sample calculation based on gold scattering foil
has been included in appendix [A] The scatterer also modifies the Twiss parameters and increases
the energy spread of the beam. However, we have ignored these effects for our estimation of the
focusing device.

Matching results obtained for different focusing strength (quantified by «) using three quadrupoles
can be seen in figure The solid black lines in figure [7.3.1a] and [7.3.1b] represent the perfect

match where the obtained values are equal to the desired values. The three quadrupoles combi-
nation can produce a suitable match in both transverse directions for smaller focusing. However,
it can not produce a reasonable configuration to generate a highly focused beam. In addition, the
field gradient of the third quadrupole shown in figure was above 40 T/m, which is a bit high
for conventional quadrupoles. A sample evolution of beam parameters (to obtain @ = 7) in the
quadrupoles array is illustrated in figure

In our estimation of beam parameters, we assumed a non-zero initial « at the nozzle. It is likely
possible to make close to zero by changing the strength of the final quadrupoles in the beamline.
With « = 0, the initial beam becomes parallel. We observed better matching results with a zero
initial o as shown in figure The evolution of the Twiss parameters to obtain a = 7 with this
initial beam configuration is shown in figure

As depicted in figure an assembly of four quadrupoles extended our limit of the perfect
match. It matches « in both transverse directions with 100% accuracy up to 12. However, the
obtained 3 can be observed to deviate from the desired value beyond o = 10. In addition, the
quadrupoles’ strength (except the fourth quadrupole) increased as a function of focusing strength.
Looking into the figure we can identify the maximum field gradient around 35 T/m, lower
than the three quadrupoles assembly. This is a reasonable gradient. The evolution of the Twiss
parameters for four quadrupole assembly is depicted in figure The largest beta is within

moderate range.
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Figure 7.3.1: (a) Obtained S as a function of required S when matching the Twiss parameter using
three quadrupoles. (b) Obtained « as a function of required a when matching the Twiss parame-
ter using three quadrupoles. (c) Required quadrupole gradients as a function of « to produce an
optimum match. Results are obtained for non-zero initial «.
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Figure 7.3.3: Evolution of Twiss parameters through three quadrupoles assembly with initial non-
zero « (a) and zero « (b). Desired « of the focused beam is 7.0 and 5 is 1.12 m.
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Figure 7.3.6: Evolution of Twiss parameters through four (a) and five (b) quadrupoles assembly
with initial non-zero «. Desired « of the focused beam is 7.0 and 3 is 1.12 m.
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Within the assessed range of o, With a combination of five quadrupoles we could determine a
perfect match in both transverse directions. The results are compiled in figure The maximum
field gradient was found less than 35 T/m. With reasonable quadrupole gradient and moderate 5 (in

figure[7.3.6a), this configuration can deliver the desired focused beam.

74 Summary

In the chapter, we have developed an approximate design for beam focusing based on conven-
tional proton therapy beamline. The results are based on several estimations. A perfect match using
a beam with existing emittance is challenging to achieve by using a limited number of quadrupoles
with a restricted gradient. However, the results are promising. On the other hand, the unconven-
tional method of increased emittance can deliver a better result.

The beam emittance can be increased using metal scatterer. This will also introduce a spread
in the beam energy. As we have mentioned earlier, it can cause a chromatic effect inside strong
quadrupoles. Chromatic effects have not been studied here, and deserves further investigations.
However, the overall result shows a reasonable quadrupole configuration that can be constructed to
produce desired beams to validate the biological effects of our proposed beam shaping techniques.
The matching algorithm does not depend on the beam energy. For high energies, matching is pos-
sible with an elevated quadrupole gradient. Thus, we did not examine high-energy beams individ-
ually. Experimental validation of HEFB can be carried out using a 250 MeV proton beam, usually

produced by most of the existing proton therapy centers.
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Chapter 8

Comparison and Discussion

We have assessed three different beam shaping techniques specified as Collimated beam (CB),
Conventional-energy focused beam (CEFB), and High-energy focused beam (HEFB). The genera-
tion of CB using metal collimators is very convenient and well established. Its dosimetric properties
have been discussed exclusively in chapter |4l In principle, a focused proton beam can be produced
by employing quadrupoles in the beamline. The degree of focusing depends on the quadrupoles
strength as well as the initial beam parameters. The feasibility of producing CEFB and HEFB
based on existing proton beam therapy facilities has been assessed in chapter |7, We have noticed
several distinct features of CEFB and HEFB in chapter [ and chapter [6] respectively. This chap-
ter draws a comparison among different beam shaping techniques based on their pristine Bragg
peak, spread out Bragg peak (SOBP), and proton GRID configuration. Simultaneously, it assesses

potential medical applications of different beam shaping techniques depending on their dose profile.

8.1 Pristine Bragg peak

The depth-dose curve of a quasi-monoenergetic proton beam, generated by an accelerator, usu-
ally produces a sharp peak near the end of its range, often called the pristine Bragg peak. As we
have seen, the largest fraction of the beam’s energy is deposited at its Bragg peak (BP), which is the
basis of the proton-based treatment modalities. Additionally, this feature enables high conformity
to the tumors.

A comparison among proton depth-dose curves and corresponding BPs generated by CB, CEFB,
and HEFB was conducted through simulations. The CB was simulated by implementing a natural
lead (Pb) collimator with a circular opening of radius 2.0 mm. The detailed procedure has been
given in section Despite the fact that a submillimetric collimator is capable of producing a
narrower beam, this 2.0 mm collimator is used for comparison because it can deposit a moderate
dose at the Bragg peak, which changes reciprocally with the collimator radius (Section [4.3). The
energy of the CB was 150 MeV with a 1% spread. The CEFB of 150 MeV and HEFB of 350 MeV

109



CHAPTER 8. COMPARISON AND DISCUSSION

were simulated with the same relative energy spread as CB. The initial beam size (¢, and o,) of
HEFB was 15.0 mm which was 50% larger than the CEFB’s size of 10.0 mm. The beam parameters
were tuned for a = 20 to produce the peak doseE] (Dpp) at the same depth as the BP of 150 MeV
proton beams in water (approximately 155 mm). The comparison of the dose profiles of these beams,

illustrated in figure(8.1.1] reveals several distinct features of different beam shaping techniques.

The two-dimensional dose profile of CB, CEFB, and HEFB are compared in the left column
of figure It shows the depth dose curves of these proton beams in the right column. The
longitudinal dose has been calculated for cylindrical volume elements of radius (r) 0.5 mm, 2.0 mm,
and 5.0 mm. The horizontal lines in the two-dimensional dose profile represent the outline of the
volume around the beam’s central axis where dose calculations have been performed (green for
0.5 mm, white for 2.0 mm, and red for 5.0 mm). The 2.0 mm cylindrical configuration appears
to be the most appropriate dimension to quantify dose as it includes the highest dose region of
the beams reasonably. A further reduction in radius did not change the peak dose of the CB and
CEFB effectively, even though a small dose enhancement at the focal point of the HEFB can be
noticed in figure In contrast, a larger radius starts to reduce the peak dose significantly. We
have assessed the longitudinal dose profile using 0.5 mm (figure and 5.0 mm (figure
radius to compare the effects of very narrow and wide geometrical configurations on different beam
shaping modalities.

At the entrance, the beam energy is largest, reducing the effect of multiple Coulomb scatter-
ing (MCS) experienced by protons. Thus, most of the primary protons of CB remain inside the
initial transverse size of the beam and deposit their energy within a 2.0 mm range around the
central axis (figure [8.1.1a). As the beam propagates deeper into the simulated water phantom, it
spreads laterally, carrying energy out of its initial transverse size. In contrast, CEFB and HEFB
are focused on a point, which is located at the BP depth of a 150 MeV proton beam. Because of their

converging nature, the density of energy deposition was concentrated around the focal point.

Figure compares the average dose within the cylindrical volume of 2.0 mm radius around
the beam’s central axis. The dose has been normalized to the number of protons entering the
water phantom for all different beam shaping methods to ensure a reliable comparison. The Dgp
of the CB is a result of the higher stopping power of the proton beam at its lower energy [150].
In contrast, the focusing of the CEFB enhance the dose at its BP along with the higher stopping
power. According to the simulated data, the Dgp of the CEFB is 4.77 nGy/proton, which is almost
equal to the CB’s Dgp of 4.65 nGy/proton. It can be explained from the similar transverse dose
distribution of CB and CEFB at the BP. Nearly equal fractions of protons were encapsulated within
a 2.0 mm radius for both beam shaping modalities. The small difference of 2.5% between their

Dgp might not significantly impact the treatment procedure. However, a clear difference between

1For HEFB, the peak dose is not located at BP, but we labeled D p for consistency and avoid conflict with "Peak Region
Dose” of GRID configuration.
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Figure 8.1.1: Left: Comparison of two-dimensional dose profile of CB (a), CEFB (b), and HEFB (c)
with an identical peak dose position. CB was simulated with a 2.0 mm collimator. Focused beams
were produced for @ = 20. The horizontal lines show the outline of volume included for dose cal-
culation (green for 0.5, white for 2.0 mm, and red for 5.0 mm). The dose is normalized to the peak
value. Right: Comparison of depth-dose curves obtained for CB, CEFB, and HEFB measured at
the central axis of the beams. The curves are produced for cylindrical configuration of radius (r)
0.5 mm (d), 2.0 mm (e), and 5.0 mm (f) to compare the longitudinal dose profile of three beam shap-
ing modalities. The longitudinal dose profile looks similar, particularly for 0.5 mm and 2.0 mm
collimator radius. However, the magnitude of the dose is significantly different.
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their surface doses (Dg,,) can be noticed in figure which can impact the healthy tissue
with a different degree of severity. The higher Dg,, of CB has the potential to damage skin and
superficial tissue. Nevertheless, the adverse effect of high Dg,, can be ameliorated by employing
submillimetric proton beams (commonly known as microbeam and minibeam), which can exploit the
dose-volume effect, essentially requiring a small irradiation volume [156]. Even though a narrow
beam can enhance the normal tissue tolerance, it diminishes the Dgpp as we have discussed in
chapter [4] Consequently, it reduces the Bragg peak to surface dose ratio (Dgp/Dg,,) and overall
efficiency of the irradiation process is lower than for the focused beam.

On the other hand, the magnetically modified CEFB can reduce the Dg,,,. substantially compared
to the CB. We determined a Dg,, of 6.46 nGy/Proton with a Dgp/Dg., of 0.74 of the CB. This lower
value of Dgp/Dg,, (less than 1) implies that the dose deposited at the non-target region (entrance)
is higher than at the tumor. In contrast, the CEFB deposited 0.14 nGy/Proton at the entrance,
which is around 2% of the collimated beam’s Dg,,. Additionally, the higher Dgp/Dg,, of 34.5
obtained for the CEFB signifies the reduced possibility of biological damage to the surface tissue
than the tumor by depositing a larger dose at the BP.

Table 8.1.1: Comparison of the Dg,,,, Dpp, Dpp/Ds.r, and Bragg peak depth (dp) obtained for CB,
CEFB, and HEFB. Dg,,. and Dgp are given in nGy/proton and dgp in mm

r=0.5 mm r=2.0 mm r=5.0 mm
CB CEFB HEFB CB CEFB HEFB CB CEFB HEFB
Dy 7.16 0.141 0.036 6.46 0.138 0.036 1.09 0.131 0.035
Dgp 5.11 5.26 3.71 4.65 4.77 2.37 2.92 2.97 0.60
dgp 155.0 1544 154.6 | 155.0 1544 1544 | 155.2 1544 150.8
Dpp/Dgyr 0.71 37.3 104.0 0.72 34.5 66.2 2.67 22.6 17.2

The Dpp and Dg,, of the HEFB are lower than two other beams compared in figure
However, it has the highest Dgp/Dgy,. In contrast to the two other beams, the Dgp of HEFB is
not a consequence of the higher stopping power. The highly converged beam increases the number
of interactions around the central axis at the focal point, leading to an elevated dose. Beyond the
focal point, the beam naturally diverges and reduces the dose gradually as a function of depth in the
water phantom. The large Dgp/Dg.,;, small Dg,.., and reduced dose beyond the target establish the
potential of HEFB to be implemented in treatment. However, it is worthy of mentioning that the
2.0 mm radius around the central axis of the HEFB enclosing a part of the lower dose region, which
is clear from figure A smaller radius can provide a more accurate approximation of the Dpp
of the simulated HEFB. Conversely, a larger radius reduces the dose at all depths, as depicted in
figure The inclusion of a larger volume with a lower energy deposition diminishes the Dgp of
HEFB most prominently. The geometrical configuration of dose assessment has a significant impact
on the dose quantification, independent of beam shaping techniques, which is clearly evident in the

depth-dose curves in figure|8.1.1e}[8.1.1d|and [8.1.11]
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The positions of the BP of CB and CEFB are slightly different even though they have identical
beam energy. We have explained this discrepancy in chapter [5} The difference is tiny and unlikely
to create any problems in the treatment planning system, as it can be estimated with sufficient
accuracy and can be compensated. On the other hand, the position of peak dose is not an issue for
HEFB because the BP position does not impose any spatial restriction. Its peak position can be

easily varied by tuning the initial Twiss parameters.
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—— R =2.0mm (CB)
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Figure 8.1.2: Comparison of the transverse dose profile of CB (0.5 mm and 2.0 mm), CEFB and

HEFB at BP (focal point). The dose is normalized to the peak value (D, = 100%) of the distribu-
tion and the curves are plotted using Gaussian fit.

Table 8.1.2: Transverse beam parameters of CB, CEFB, and HEFB at the BP (or focal point).

Beam Penumbra (80% to 20%) FWHM o
CB (R = 0.5 mm) 3.6 mm 7.35mm 3.12 mm
CB (R =2.0 mm) 3.7 mm 7.70 mm 3.27 mm
CEFB (« = 20) 3.6 mm 7.42mm 3.15 mm
HEFB (a = 20) 1.4 mm 3.32mm 1.41 mm

One of the primary objectives of this work is to develop an optimum technique to produce a
minimal spot size at the target to treat small tumors or metastasis with reduced toxicity at the
surrounding healthy tissue. The beam penumbra (80% to 20%) or o (or FWHM) are the most
suitable and commonly used parameters to quantify the transverse size of a beam [157, 158 /159,
160]. The term penumbra generally describes the region at the edge of a beam where the dose drops
rapidly as a function of radial distance from its central axis [161]]. Table compares the beam
penumbra of the assessed beam shaping methods at their BP (focal point). Figure shows the
relative dose of the proton beams as a function of transverse distance from the central axis. The CBs
have almost identical lateral spread at the Bragg peak in spite of their different size. The penumbra
of the beams shaped by 0.5 mm and 2.0 mm collimators is 3.6 mm and 3.7 mm, respectively. Further

reduction of the beam’s initial width using a narrower collimator could not reduce lateral spread
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significantly at the BP. As it can be seen, the CEFB has an almost equal spread as the CB produced
by a 0.5 mm collimator. In contrast, the HEFB has a very narrow spread at the focal point. The
penumbra is 1.4 mm, which is less than half of the 0.5 mm CB. This characteristic of HEFB shows
its potential to irradiate a small radiation field, sparing surrounding healthy tissue.

Moreover, the overall efficiency of the magnetically focused beams is higher than the CB as
it utilizes all the protons delivered by the system. It has the potential to be used for FLASH ir-
radiation. Introducing the FLASH effect demands to escalate the dose rate 1000 times than the
standard proton beam therapy, faces several technical challenges including high beam current (100
to 1000 nA) at treatment area [75, |77]. Due to the efficient beam delivery system, magnetically
shaped beams can therefore more conveniently reach an ultra-high dose rate. In contrast, elimi-
nating a large fraction of the protons by a metal collimator makes it challenging for a CB to deliver
a higher dose rate.

Additionally, the normal tissue tolerance [[162} [163] limits the maximum dose that can be deliv-
ered to tumors without toxic effects on healthy tissue. The irradiation time (Dose/Dose rate) is very
short at an ultra-high dose rate, and is crucial in order to introduce the FLASH effect. With a dose-
averaged dose rate (DADR) of 40 Gy/second, the entire dose should be delivered within 100 ms [78].
This time structure is challenging because a uniform dose distribution over the whole tumor needs
a time-consuming energy modification of the beam. The unique dose profile of HEFB can be utilized
to introduce a novel treatment modality. The elongated uniform longitudinal dose at the target re-
gion offers a rare opportunity to deposit homogeneous dose over an extended length using a single
or smaller number of beams. Therefore, a reduced number of beams can meet up the temporal
profile of the FLASH irradiation.

The neutron dose is another issue that makes focused beams more attractive over the CB. Fig-
ure shows the relative neutron dose as a function of depth. Neutrons are produced by nuclear
interactions with the proton beam in the collimator and inside the water phantom. In contrast,
CEFB and HEFB were assumed to be pure proton beams (which is not true for a complete beam-
line), and nuclear interaction inside the water phantom was their only neutron source (a simplified
prediction for comparison). The simulation showed that the CB deposited approximately 670 and
540 larger neutron doses at the entrance than CEFB and HEFB, respectively.

The relative neutron fluence of the CB depicted in figure[8.1.3b|has distinct features compared to
focused beams, due to the secondary neutrons produced by the collimator. The number of neutrons
of the CB is higher than two other beams and can be observed to increase sharply within the first
few centimeters. Afterward, it gradually decreases with depth. In contrast, CEFB and HEFB
follow a similar trend with a slightly larger fluence of HEFB at any depth in the water phantom.
The difference between their fluence gradually increases with depth. The large difference between
their kinetic energy explains this feature, as we have discussed in chapter [5]

Although a HEFB has several properties that are advantageous for RT, it has a prominent
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Figure 8.1.3: Comparison of the relative neutron dose (a) and normalized fluence (b) among
different beam shaping modalities. The dose is quantified in relative to the peak dose of the
CB (Dy,42(c) = 1), and fluence is normalized to the peak value (®,,,,,(cp) = 1) of the CB.

drawback of having a smaller LET at the target point. As the energy of the beam used for this
modality changes by a small fraction, it can not reach the high LET range, as observed at the BP
of CB and CEFB. In appendix [B] we have illustrated a comparison among LET obtained for CB,
CEFB, and HEFB.

8.2 Spread Out Bragg Peak (SOBP)

The longitudinal spread of a BP is usually smaller than the size of a typical tumor. Therefore, a
mono-energetic proton beam cannot deliver a uniform longitudinal dose. However, a homogeneous
dose over an extended longitudinal range of a tumor can be deposited by stacking up multiple
quasi-monoenergetic beams with suitable weighting factors, as discussed in section known
as SOBP. We have utilized eleven equispaced BPs, shown in figure to assess the SOBP
using CBs. All these beams were simulated with an identical collimator of radius 2.0 mm. The
dose has been calculated using a wide cylindrical configuration of radius 200 mm, which was equal
to the radius of the cylindrical water phantom implemented in the simulations. The peaks are
located between 120 mm to 170 mm. A uniform dose within this range was produced with optimum
weighting factors following the algorithm described in section Figure shows the SOBP
accompanying its constituent pristine BPs representing relative contribution (weighting factors) of
the modulated beams. It shows that a longitudinal homogeneity of dose in the target with minimal
fluctuations can be achieved using CBs.

Figure shows the two-dimensional dose profile of the SOBP of collimated proton beams.
The total dose between 120 mm to 170 mm is almost constant (figure for a wide cylindrical
configuration of a 200 mm radius, which we have found valid for any radius a few times larger than
the beam’s dimension. We calculated the central axis dose of the collimated SOBP using various
cylindrical configurations (r =1.0 mm to r=15.0 mm). The results obtained from the simulated data

is shown in figure [8.2.2bl It revealed a crucial feature of the SOBP of narrow collimated beams.
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Figure 8.2.1: (a) The unmodulated pristine Bragg peaks of CB to produce a uniform dose over 50 mm
between 120 mm to 170 mm in the water phantom. Dose is calculated for r = 200 mm. These curves
are equivalent to the integral depth dose curves (IDD). (b) The percentage depth dose (PDD) of the
SOBP and the modulated pristine Bragg peaks. The relative fluence of the modulated beams is
optimized through the method of least squares.
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Figure 8.2.2: (a) Two-dimensional dose profile of SOBP between 120 mm to 170 mm. The dose is
normalized to the peak value. (b) PDD curves of the SOBP using various radius of the cylindrical
volume element around the beam’s central axis. The discrepancy between two ends of the SOBP
increases for smaller values of r.

Even though the uniform average dose was achieved for a wide geometrical configuration, it could
not ensure a uniform localized dose around the beam’s central axis. The higher energy beams travel
further into the water phantom, causing more scattering of protons. Consequently, the fraction of
protons escaping out from the initial transverse beam size increases, leading to a lower central axis
dose at the distal edge of the SOBP. This phenomenon does not impact a wide beam as severely
because the fraction of protons that move away of the center of the beam is negligible. Moreover, a
wide beam reaches lateral equilibrium near the central axis as explained in section [4.2.2]
Magnetically shaped CEFB and HEFB are also capable of producing SOBP following the identi-
cal algorithm implemented for the CB. However, the focused beams demonstrated several distinct
features. Their ability to deliver a higher dose at the target region relative to the surroundings can
be evident in figure and figure In contrast, the highest dose region of a narrow CB

was found at the non-target region (entrance).
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The dose of CEFB (figure and HEFB (figure has been calculated for 2.0 mm ra-
dius. The CEFB is capable of producing uniform SOBP. Its distal falloff is similar to the CB. The
initial energy of a proton beam determines its penetration depth in a physical medium. Therefore,
using conventional energy range with magnetic focusing (CEFB) can assure sparing healthy tissue
beyond the tumor during radiation therapy. Furthermore, its dose contribution to the entrance is
much smaller than the narrow CBs. As it can be seen in figure the Dg,, of CB is more than
50% of its Dpp. It is commonly observed for the SOBP of conventional proton beam therapy [164,
165]. In contrast, the Dg,, of the CEFB is less than 10% of its SOBP dose (figure [8.2.3¢). Impli-
cation of CEFB in treatment will widen the path to escalate the dose per fraction with reduced

toxicity at normal tissue.
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Figure 8.2.3: Top row: Two-dimensional dose profile of SOBP between 120 mm to 170 mm us-
ing CEFB (a) and HEFB (b) demonstrate a higher dose at target than the entrance. The dose is
normalized to the peak value. Bottom row: PDD curves of SOBP produced by the CEFB (c) and
HEFB (b). A Uniform dose between 120 mm to 170 mm is deposited by CEFB with sharp distal
falloff. The SOBP of HEFB deposits dose beyond the target. The dose in (c) and (d) is calculated
for a cylindrical geometrical configuration of radius 2 mm and normalized to the peak dose of the
SOBP (D]\law(SOBP) = 100%)

The SOBP produced by HEFB, following the identical algorithm, was less uniform than CB
and CEFB. Inclusion of more points in the calculation of weighting factors (see section might
produce a smoother and more uniform dose in the target region. Moreover, only seven beams (four

beams in figure(8.2.3d/have zero weighting factor) produced the SOBP of HEFB in contrast to eleven
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beams for CB and CEFB. The beam modification period depends on the accelerator and beam de-
livery system, which is an essential parameter that determines total treatment time [34]. With a
reduced number of beams, the HEFB can deliver a sufficient dose within a shorter time, making the
patient’s movement less problematic. Additionally, the protons of HEFB are less deflected by MCS
due to their higher energy. Thus, the beam focusing is almost independent of the traversing mate-
rials (anatomical structure of patient). It can enhance the precision of the treatment. In addition,
the smallest Dg,, is an attractive feature of the HEFB, and it deposited the least fraction of the
Dpgp before the target region. The slow distal falloff of HEFB is appeared to be its prime disadvan-
tage, which irradiates the tissue beyond the tumor. However, it can be modified using appropriate
focusing and beam size. Moreover, the non-specific dose produced by conventional SOBP is higher
than HEFB. Thus, proper treatment planning might incorporate the HEFB in medical applications

even it has a nonzero exit dose.

8.3 GRID configuration

The basic principle of GRID therapy, which is a method to implement spatially fractionated
radiation therapy (SFRT), is to create a highly inhomogeneous dose pattern at healthy tissue, as
discussed in section A smaller transverse beam size is more appropriate to utilize the most
benefits of the dose-volume effect. The MCS limits the smallest functional size of the CB for proton
GRID therapy [17]. A very narrow (submillimetric) beam can deliver only a small dose at a deep-
seated target, as demonstrated in chapter [d We have studied several circular collimators of radius
0.5 mm to 3.0 mm to evaluate their feasibility for proton GRID therapy. The GRID was simulated by
inserting a lead collimator in the beamline. The results obtained for a proton GRID irradiation with
circular openings of radius 2.0 mm have been compiled in figure We used one-dimensional
array of beams to study the properties of GRID irradiation. In the simulations, 150 MeV proton
beam was modeled with a 1% energy spread, and GRID assessment considered the properties of a
pristine BP instead of the SOBP.

The two-dimensional (x-z) dose profile of proton GRID irradiation using metal collimator of c-t-c

6.0 mm and 10.0 mm is shown in figures [8.3.1al and [8.3.1b] respectively. A sharp contrast between

peak dose (Dpeqi) and valley dose (Dv¢,) at the shallow region is clearly evident. Alternatively,
the difference between the Dp.,; and Dy, gradually decreases as a function of depth. It is not
even distinguishable in the vicinity of the BP for c-t-c = 6.0 mm. This feature of proton GRID
irradiation can be explained by the scattering interaction of protons which causes lateral spreading
of a beam. A similar pattern of proton GRID irradiation of collimated beam has been observed in
several experimental and theoretical (simulation) studies [24, |140, |159, |166, 167]]. The uniform
dose in the non-target region is a barrier in achieving the proton GRID therapy’s primary goal.

Conversely, GRIDs with a larger c-t-c can maintain transverse inhomogeneous dose distribution
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Figure 8.3.1: Dose profile of collimated beam GRID irradiation obtained with c-t-c = 6 mm (left
column) and c-t-c = 10 mm (right column). Top row: Two-dimensional dose profile with c-t-c =
6 mm (a) and c-t-c = 10 mm (b). The dose is normalized to the peak value. Middle row: Comparison
of the evolution of Dp.qi and Dy qey as a function of depth. Bottom row: Transverse dose profile
at the BP obtained for c-t-c = 6 mm (e) and c-t-c = 10 mm (f) are similar at surface with a larger
separation between peaks at (f).

deeper into the water. However, it might cause an inhomogeneous dose distribution at the target,
which is not desirable for several treatment modalities. The position of the tumor (target) is crucial
for the GRID design. The higher energy beam is essential to treat a deep-seated tumor, which allows
a larger lateral spread of a beam. Besides, the metallic collimators introduce secondary neutrons,
which have the potential to deposit dose far away from the primary beam. A new approach of beam
shaping using magnetic fields has been studied, which replaces metal collimators to reduce the

number of secondary particles with additional advantages [144}(168].
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Figure(8.3.1c|and [8.3.1d|show the Dp., and Dy 4¢, of proton GRID irradiation as a function of

depth. The dose is calculated using voxels of size 0.2 mm x0.2 mm x0.2 mm at the center of the central
peak region and the adjacent valley region. As described in chapter |4, a narrow collimated proton
beam cannot achieve lateral equilibrium at its center. Consequently, the Dp.,; curve is distinctive
from the standard depth-dose curves of the proton beam. The low energy protons (scattered and
secondary) produced in the collimator could be responsible for the slight increase in peak dose
at the first few centimeters. Afterward, the Dp.,, gradually drops to its minimum value as the
protons are escaping out laterally from the original beam volume. Eventually, the Dp.,; increases
sharply due to the escalated stopping power at lower energy and reaches its maximum at the BP. In
contrast, the Dy 4., is practically zero at the entrance because the region is conceptually shielded
out from the radiation source. However, slit scattered protons, secondaries, and scattered primaries
can reach the valley at the shallow region for a small c-t-c, raising the Dy 4j;c,. With the increasing
depth, it starts to grow as the protons from the proximate peaks enter this unexposed region. The
enhanced scattering at the lower energy encourages the lateral migration of protons, leading to a

higher increasing rate of the Dy 4., near the BP.

The transverse dose profile of the proton GRID irradiation has been depicted in figures
and An alternating dose pattern indicates a contrast between the Dp.,; and Dy q¢, of the
GRID irradiation. Transverse dose profiles were evaluated at three (20 mm, 100 mm and, Bragg
peak) positions in the direction of the beam propagation. A similar dose pattern can be identified
at the shallow (20 mm) region for 6.0 mm and 10.0 mm c-t-c. As expected, the larger c-t-c produced
a wider valley. However, all peaks have identical transverse sizes at 20 mm, independent of the
c-t-c of multi-slit collimators. At 100 mm, the contrast between peak and valley dose drastically
reduced for the smaller (6.0 mm) c-t-c. In contrast, the larger (10.0 mm) c-t-c could preserve a
notable peak-valley distinction despite a significant reduction of Dp.,;. Considering the BP, there
is no noticeable difference Dp.,; and Dy ey for 6.0 mm c-t-c, whereas the larger c-t-c produces
a transverse dose contrast. The two-dimensional (z-y) transverse dose profile at the BP of GRID
irradiation in figure [8.3.2]illustrates the impact of c-t-c. Its value needs to be tuned for each beam

energy and collimator radius to produce a laterally separated spot at the target.

The peak to valley dose ratio (PVDR) is one of the most crucial parameters to quantify the ef-
ficacy of the beam delivery system using GRID configuration. A larger value of PVDR with lower
Dy qi1ey can spare healthy tissue without reducing tumor control probability [169]. Therefore, en-
hanced PVDR with Dy 4., = 0 is the ultimate goal of collimator design. Several parameters includ-
ing beam energy, energy spread, beam size, beam divergence, c-t-c, etc. can potentially influence

the value of PVDR.
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Figure 8.3.2: Transverse two-dimensional dose profile of at the BP of GRID irradiation obtained for
CB with c-t-¢c = 4.0 mm (left), c-t-c = 6.0 mm (middle) and c-t-c = 8.0 mm (right). The beam energy
is 150 MeV and collimator radius is 2.0 mm. The dose is normalized to the peak value.

8.3.1 Impact of beam size

Although the smallest possible beam size is the most desirable configuration of the GRID ther-
apy, it is not always practically possible to use the narrowest beam. The initial beam size is de-
termined by the collimator. If it is placed very close to the target, the size of the beam remains
approximately equal to the collimator’s opening at the entrance of the target. An air-filled larger
distance between the edge of the collimator and target causes a slight beam broadening through
MCS. In addition, it can modify the beam divergence. However, these impacts are insignificant
due to the very low density of air. We have simulated GRID irradiation with a 2.0 cm separation
between the surface of the modeled water phantom and the source. Moreover, in the simulations,

the gap is assumed to be in a vacuum.
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Figure 8.3.3: Impact of collimator radius (R) on the collimated beam GRID irradiation: (a) Evolution
of Dpeqr, and Dy e, as a function of depth in the water phantom obtained for R = 0.5, 1.0, 1.5 mm,
and 2.0 mm. The dose is plotted in percentage of the maximum value of the Dp.,. (b) Comparison
of the corresponding PVDR of CB. The results are obtained by simulating 150 MeV proton beams
with c-t-c of 5.0 mm.

The impact of the beam size was assessed using collimators of radius 0.5 mm, 1.0 mm, 1.5 mm,
and 2.0 mm. The PDD curves at peak and valley of these beams are shown in Figure and
corresponding PVDRs as a function of depth is depicted in figure An identical c-t-c of 5.0 mm

was used for all four beam sizes. The difference between Dp.qi and Dy oy is largest for the nar-
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rowest beam at the shallow region, leading to the highest PVDR. However, the dose deposited by
the narrowest beam is least at the target. In contrast, a wider beam can deliver a significantly
larger dose at the target with an overall reduced PVDR. A fluctuation in PVDR can be noticed at
the entrance, especially for the narrowest beam. In this region, only a few protons or secondaries
can reach the center of the valley. However, the trend of the PVDR is clear, which is similar to the
result observed by Guardiola et al.[70]

Additionally, the PVDR drops to about one, a few centimeters before the target, indicating a
homogeneous dose distribution at normal tissue. This uniform dose at healthy tissue is not desir-
able for conventional GRID therapy. A treatment planning system based on GRID therapy should
consider this feature to reduce normal tissue toxicity, particularly for the deep-seated targets with

smaller values of c-t-c.

8.3.2 Impact of c-t-c

Minimizing Dy ey is essential to reduce normal tissue toxicity. The c-t-c of the GRID config-
uration determines the Dy ., together with beam energy and transverse size. In figure
impacts of c-t-c on the Dp.,; and Dy qi¢y of collimated (R = 1.0 mm) proton beam is illustrated. The
Dpeqi is independent of c-t-c at the first few centimeters of the target. However, the Dy 4., starts
to differ within 2.0 cm, where the scattering effect rises, increasing the transverse size of a beam.
The smaller c-t-c can not preserve inhomogeneous dose distribution among peaks and valleys till
the Bragg peak. The PVDR as a function of depth depicted in figure shows a non-uniform
dose distribution of 9.0 mm c-t-c within the entire range of the beam despite the reduced Dgp.
Moreover, very large c-t-c might cause inhomogeneous dose at the target, which might be undesir-
able in several treatment procedures. Thus, an optimum value of c-t-c should be employed in GRID

therapy to balance the Dpp and PVDR.
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Figure 8.3.4: Impact of the centre-to-centre (c-t-c) distance on the collimated beam GRID irradia-
tion: (a) Evolution of Dp..; and Dygj., as a function of depth in the water phantom obtained for
c-t-c = 3, 6, and 9 mm. (b) Comparison of the corresponding PVDR of CB. The dose is plotted in the
percentage of the maximum of Dp..;. The results are obtained by simulating a 150 MeV proton
beam with a 1.0 mm collimator radius.
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8.3.3 Impact of beam energy

The initial beam energy solely determines the range of a proton beam in a given material. As
we have discussed in chapter |4} the transverse size of a collimated beam increases with depth.
Consequently, the migration of protons from the proximal proton beams to a valley region rises.
Figure shows the Dpeqr and Dy g, of four beam energies as a function of depth. All the
beams were simulated with a 1.5 mm radius and 5.0 mm c-t-c. The PVDR of higher energy beams
drops to 1 far before the Bragg peak (target) position. As the dose becomes homogeneous, in princi-
ple, GRID irradiation cannot prevent normal tissue toxicity by exploiting the dose-volume effect. It

makes the implementation of CB to treat deep-seated tumors more challenging using GRID irradi-

ation.
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Figure 8.3.5: Impact of beam energy on the collimated beam GRID irradiation: (a) Evolution of
Dpeqr and Dy gy as a function of depth in the water phantom obtained for 100, 150, 200, and
250 MeV proton beams. (b) Comparison of the corresponding PVDR. The dose is plotted in percent-
age of the maximum value of Dp.,;. The results are obtained by simulating collimated beams of
radius 1.5 mm and c-t-c of 5.0 mm.

8.4 Spatially Fractionated Focused Beam Therapy

The magnetically shaped beam with a small initial transverse size can be used to produce con-
ventional GRID irradiation [[144]]. We have studied this feature of the focused beams, and the results
are compared against GRID irradiation of CB in appendix[C] In the context of dose distribution, a
narrow CEFB is equivalent to a CB with a reduced number of secondary neutrons and higher ir-
radiation efficiency. However, it can not elevate the Bragg peak to surface dose ratio. Similarly,
the HEFB can be employed to produce conventional GRID irradiation. As the peak dose relies on
the lateral contraction, the initial size of the HEFB can not be as small as two other beam shaping
techniques. Consequently, a sharp contrast between peaks and valleys in the shallow region is diffi-
cult to achieve despite the fact that it can offer a sharper contrast in the focal point. Moreover, it is
also possible to produce a very narrow beam at the surface of the target using appropriate focusing,

which will expand inside the traversed material in a similar way as the CB. The elimination of
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mechanical collimators can offer various advantages, as mentioned earlier.

In this work we have studied the focused beams with a larger initial size. As a consequence
of their unique dose profile (low at the entrance and high at BP), these beams are not suitable
for conventional GRID irradiation with a high dose homogeneity at the entrance. However, it is
possible to produce a GRID-like dose distribution in the vicinity of a target using focused beams
with a very low uniform dose at the entrance. We have studied this novel irradiation modality

using CEFB and HEFB by simulating one-dimensional array of focused beams.

8.4.1 SFRT of CEFB

The two-dimensional (z-z) dose profile of the spatially fractionated irradiation of 100 MeV and

150 MeV CEFB is shown in figures|8.4.1aland|8.4.1¢] respectively. We have evaluated Dp..;. (white)

and Dy 4.y (green) along the horizontal lines. The simulation was carried with c-t-c = 15.0 mm. The
Twiss parameters were tuned for o = 15 to focus the beam at the corresponding BP. The distinct
spots can be noticed at the target with a sharp contrast between peaks and valleys for both energies.
However, there is no noticeable dose contrast at the entrance of the target.

The homogeneity of the dose distribution might not enable us to spare healthy tissue at the
entrance by exploiting the dose-volume effect; however, the dose at the entrance and shallow re-
gion can be kept very low to cause any significant damage to the skin and superficial tissue. The
inhomogeneity in dose distribution grows with depth, and distinct peak regions can be noticed.

The PDD curves of Dpeqi and Dy gic,y follow the same trend for two different energies as shown

in figures 8.4.1b| and [8.4.1ff The Dy, is slightly larger for higher (150 MeV) energy. It can be

explained from the fact that a high-energy beam traveled deep inside the water, and the migration
of protons to the valley is more probable by MCS at its lower energy (end of the range).
The PVDR of fractionated CEFB of 100 MeV and 150 MeV are given in figure|8.4.1¢/and [8.4.1g]

respectively. Independent of energy, the value of PVDR is 1 with little fluctuation at the entrance
and shallow region. It starts to increase slowly with depth as the beam approaches the focal
point (BP). In the proximity of the BP, the PVDR grows rapidly and reaches the maximum at the
BP position. The PVDR of 100 MeV proton beam at the BP is larger due to its lower Dy 4;c,, Which
is a consequence of reduced deflection of beam’s particles within its smaller range in water.

The higher PVDR observed in the simulation of the CEFB might satisfy the conditions of GRID
irradiation near the target. Simultaneously, a reduced volume of irradiation must be achieved
to obtain the full benefits of GRID therapy. As discussed in chapter 5, the CEFB produces its
smallest transverse size slightly before the BP because, at the end of the track, the slowest protons
of the higher range beam are very sensitive to MCS, causing rapid lateral expansion within few
millimeters. In principle, effective focusing can reduce the transverse size to achieve the dose-
volume effect before the tumor. This irradiation modality shows a potential to spare radiation-

sensitive organs/tissue before the target.
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Figure 8.4.1: Dose profile of fractionated irradiation obtained with CEFB of 100 MeV (left column)
and 150 MeV (right column) proton beams. Top row: Two-dimensional dose profile obtained with c-
t-c = 15 mm. The dose is normalized to the peak value. Second row: Comparison of the evolution of
Dpear and Dy ey as a function of depth. Third row: Evolution of PVDR of 100 MeV and 150 MeV
proton beam as a function of depth in the water phantom. Bottom row: Transverse dose profile at
the BP.
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Figure 8.4.2: Transverse two-dimensional dose profile of CEFB GRID irradiation with c-t-c =
4.0 mm (left), c-t-c = 6.0 mm (middle) and c-t-c = 8.0 mm (right). The beam energy is 150 MeV.

The transverse dose distribution at multiple positions along the beam propagation illustrated in

figure[8.4.1d|and [8.4.1h|supports our aforementioned arguments. Distinct peaks at BP position can

be identified with a small uniform dose at the shallow region. However, the penumbra of the high-
energy beam is clearly larger than its low-energy counterpart. As a consequence, it is challenging
to produce distinct spots at the deep-seated tumor.

Figure shows the transverse two-dimensional dose distribution at the BP of the GRID
irradiation using CEFB. The transverse inhomogeneity develops at a large c-t-c, similar to the
collimated beam shown in figure However, the advantage of the CEFB is its larger dose

contrast before the target besides the low entrance dose.

8.4.2 SFRT of HEFB
The two-dimensional (z-z) dose profile of the spatially fractionated irradiation of HEFB in fig-

ures [8.4.3al and [8.4.3¢e| showed several similar features as CEFB. The beam parameters are tuned

for o = 20 to produce the focal point at 100 mm and 154.6 mm in the water simulated phantom.
However, few distinct features of HEFB might be crucial to SFRT. Firstly, the higher energy of
the beam offers an exclusive opportunity to significantly reduce the deflection beam’s particles in
a physical medium caused by MCS. Thus, the spot size at the target can be further diminished.
Consequently, it produces a high PVDR, the most desired feature for GRID irradiation. Secondly, it
deposits a small dose beyond the tumor which is unusual for conventional proton beam therapy.

The PDD curves of Dp,, and Dy 4ie, illustrated in figure [8.4.3b|and [8.4.3f| are symmetric about

the focal point. A very low dose is deposited both in the valley and peak region all over the depth

except in the vicinity of the target, where a sharp dose contrast is produced. Consequently, the

PVDR has a large bump at the target and almost one at other regions (see figure|8.4.3c/|and [8.4.3g).

Considering conventional proton beam therapy, the dose in the non-target region (8.2.2b) is signif-
icantly higher [164, 165] than the dose we found for HEFB (also beyond the focal point). Thus,
we can expect to keep the normal tissue dose within a safe level. Similar to the CEFB, it can not
produce inhomogeneity in dose distribution at the entrance. However, the entrance dose is very low,

reducing the probability of radiation-induced damage at the surface. In addition, a very high PTVD
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Figure 8.4.3: Dose profile of fractionated irradiation obtained with 350 MeV HEFB of focal length
of 100 mm (left column) and 154.6 mm (right column). Top row: Two-dimensional dose profile
obtained with c-t-c = 10 mm. The dose is normalized to the peak value. Second row: Comparison
of the evolution of Dpe,, and Dy g, as a function of depth. Third row: Evolution of PVDR as a
function of depth in the water phantom. Bottom row: Transverse dose profile at the focal points.
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and small irradiation field might be sufficient to spare healthy tissue around the tumor.

The transverse dose profile of the HEFB in figure[8.4.3d|and|8.4.3h|demonstrates a homogeneous

low dose at the entrance in contrast to the inhomogeneous high dose of the focal point. Thus,
the HEFB beam shaping modality can produce a sharp contrast and small distinct spots at the
target to implement GRID irradiation. Its two-dimensional (2-y) transverse dose profile depicted in

figure |8.4.4| exhibits its superiority over CB and HEFB in producing small spots at the target.
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Figure 8.4.4: Transverse two-dimensional dose profile of HEFB GRID irradiation with c-t-c =
4.0 mm (left), c-t-c = 6.0 mm (middle) and c-t-c = 8.0 mm (right). The beam energy is 350 MeV
and the focal length is 154.6 mm.

8.5 Summary

We have performed an extensive comparison among three different beam shaping techniques.
Their properties are assessed both quantitatively and qualitatively to evaluate their feasibilities in
several treatment modalities, including proton GRID therapy.

Collimated beams can be used for GRID irradiation. However, distinct spots at deep-seated
targets are limited by MCS. It could hinder the way to implementing collimator in GRID irradiation
to treat deep-seated tumors because the dose inhomogeneity was found to disappear some distance
before the target.

Moreover, low efficiency and reduced beam current at the treatment room could limit its incor-
poration with FLASH modalities. However, this problem can be reduced by incorporating pencil
beam scanning with metal collimators [144] |170]. Instead of a wide beam irradiating the entire
multi-slit collimator as once, magnetically scanning across the collimator using a pencil beam can
enhance efficiency. Simultaneously, it can also reduce secondary neutron production.

We have demonstrated novel irradiation modalities using focused beams of conventional en-
ergy (CEFB) as well as high energy (HEFB). With their very high value of Dgp/Dg,, and large
PVDR at deep-seated target, these new irradiation modalities demonstrated their potential to treat
bulky tumors with an inhomogeneous dose. Focused beams produce several-fold lower secondary
neutrons in comparison to CB. A similar observation has been reported by Schneide et al. [[144].

Their high efficiency is suitable to deliver the ultra-high dose rate required for FLASH irradiation.
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Chapter 9

Conclusions and Outlook

9.1 Conclusion

A narrow beam with a small spot is a crucial tool to obtain a precise dose delivery system with
higher treatment efficacy. This research was carried out in order to develop optimum techniques
to produce such a beam to deposit large doses at distinct points of a tumor. Generating narrow
proton beams using a metal collimator is the most convenient and well-established strategy. This
beam shaping approach has been implemented in several proton therapy facilities particularly for
passive scattering. It can produce a very narrow beam to spare healthy tissue by exploiting the
dose-volume effects. However, it exhibits certain weaknesses, as we have discussed in chapter
The MCS limits the smallest obtainable spot size of a CB, and it reaches a plateau with decreasing
collimator radius. Further improvement in spot size beyond this extent is impossible to achieve
by using CB. At a shallow point, the performance of CB in producing small spots is convincing.
However, at a deep-seated target, it can not always satisfy the requirements. In addition, the Bragg
peak to surface dose ratio of a high-energy proton beam is very small, which limits the maximum
achievable dose at the target. The low efficiency and high neutron production of CB can limit its
application.

The advantage of GRID irradiation using x-rays and proton beams has been reported in many
studies based on experiment and simulation [71}, (171} 172} [173]. One of the primary objectives of
this work is to develop an optimum beam shaping technique capable of producing the desired GRID
irradiation pattern with protons. Mechanical collimators can deliver an inhomogeneous dose at
the entrance to create high peak to valley dose ratio (PVDR). Deflection of protons caused by slit
scattering and secondary particles produced in the collimator by nuclear interaction can enhance
the valley dose, reducing the PVDR. Moreover, the higher surface dose has the potential to cause
damage to the radiosensitive skin and the superficial tissue, limiting the maximum dose per frac-
tion, as mentioned earlier. Consequently, a patient needs to go through several treatment sessions

to deliver the total prescribed dose. The movement of patients is very crucial for GRID irradiation
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using narrow beams. If the patient cannot be identically placed for each session, the peak and
valley regions may be overlapped, reducing the effectiveness of GRID irradiation.

As we have shown in chapters [5] and [6] magnetic beam focusing can be employed to over-
come some of the aforementioned drawbacks of collimated beams. The conventional-energy focused
beam (CEFB) of given energy can produce almost identical spots at the Bragg peak as a CB, with
a large Bragg peak to surface dose ratio. This feature of CEFB can reduce the geometrical sparing
factor (GSF), which is defined as the ratio of effective normal tissue dose to the effective tumor
dose [[174]. It widens the “window of opportunity” and escalates the maximum achievable dose
per fraction, sparing healthy tissue [175]. This characteristic has a more significant impact on the
SOBP compare to a pristine Bragg peak. Moreover, CEFB stops inside the target, same as CB,
and deposit practically zero doses beyond the target. In contrast, a HEFB deposits a small dose
beyond the target, decreasing with distance. A 350 MeV proton beam with suitable focusing can
produce a submillimetre transverse beam size (o) at 155 mm depth in water; in contrast, CB and
CEFB can not reduce the transverse beam size less 1.5 mm at the same depth. The small o of
HEFB makes it possible to use as a precision scalpel to treat both cancerous and other diseases. An
extra advantage here is that the focal point can be changed only by acting on the beamline mag-
nets without changing the beam energy. However, the elongated longitudinal spot of a high-energy
focused beam (HEFB) has two contradicting impacts. It can be used to produce a SOBP with a
smaller number of beam modifications. In contrast, it will be problematic to irradiate a target with
a shorter longitudinal dimension. Also, continious irradiation of larger targets are problematic, due
to the overlapping of the entrance doses. Moreover, a HEFB cannot utilize the advantages of high
LET observed at lower energy (at Bragg peak).

Magnetically focused beams with a small initial size can be used to produce an inhomogeneous
dose profile to implement GRID irradiation. We have included such a distribution in appendix [C}
which is similar to a narrow collimated beam. However, it can enhance the GRID performance by
increasing PVDR through the elimination of slit scattering effects. Moreover, it can improve the
efficiency of irradiation by focusing all the protons of the beamline, whereas a collimator reduces
the beam fluence at the treatment room. It also reduces the production of neutrons significantly.
The details of this beam shaping technique for grid irradiation have been studied by Schneider et
al. [144].

This thesis proposes a novel irradiation modality using a focused proton beam following the
conventional GRID therapy. They can produce distinct spots at the tumor with a reduced surface
dose. In contrast to the conventional GRID irradiation, it produces a homogeneous dose at the
entrance and cannot exploit the dose-volume effect to spare normal tissue. However, it can deliver
a high dose at the specific spots of a tumor. This beam can be implemented to study bystander
effects of radiation. It will enable us to treat a tumor with an inhomogeneous dose distribution and

escalate the dose per fraction.
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Another major advantage of the focused beams is their high efficiency, creating opportunities
to pursue dose rates. FLASH therapy has proven its superiority in normal tissue sparing, relying
on the ultra-high dose rate. The lower efficiency of the collimated beam with its higher surface
dose limits its implementation in FLASH therapy. In contrast, the focused beam increases the dose
rate and enhances the maximum delivered dose to a tumor. Its high dose rate is also preferable for

conventional radiotherapy as it makes the movement of patients and/or organs less problematic.

9.2 Outlook

Experimental validation of new beam shaping modalities is essential. In chapter |7, we demon-
strated promising results to produce focused beams based on the existing proton therapy center
with an additional component consisting of quadrupole magnets. However, we did not consider the
impact of energy spread on the beam focusing. If not corrected, this may enlarge the spot size at
the target. In addition, the studies are based on the approximate values of different parameters,
e.g., the distance between the nozzle head and the isocenter, and the phase-space distribution of
the beam from the nozzle (i.e. the Twiss parameters). A detailed further study based on the actual
parameters is needed before the construction of a prototype. These extensive studies could be useful
to improve the nozzle technology for proton beam therapy.

Moreover, the dose of the spot becomes lower as the beam gets narrower. The Bragg peak to
surface dose ratio of 150 MeV proton beam is found less than 1 for any beam of less than 2.0 mm
radius. The optimum beam size as a function of energy needs to be determined to ensure normal
tissue sparing, and simultaneously deposit a sufficient dose at the target.

In order to understand the feasibility of the new beam shaping techniques and inhomogeneous
irradiation modalities, biological studies should be carried out. It will simultaneously help us to
understand the bystander effect more fundamentally. The most suitable irradiation pattern (homo-
geneous or inhomogeneous) to treat a tumor is not clear yet. Further biological studies of distinct
high-dose spots using focus beams can answer this question, potentially introducing a novel and

powerful tool for cancer treatment.
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Appendix A

Emittance growth

A.1 Emittance growth by MCS

The particles of a beam are scattered in their passage through a physical medium. As the
slope (u’) of the particles increases, the MCS increases the emittance of the beam [176]. In a foil,
the emittance growth depends depends on the initial Twiss parameters and the (foil) thickness. For

any arbitrary thickness, the change in emittance can be expressed as

2

1 L
Ae = §<92> [Bo + Lag + ?%]» (A.1.1)

where the rms scattering angle (equation [2.1.12) is 6y = /(0?) [177|]l. The thickness of the foil is L.
o, Bo, and 7o are the initial Twiss parameters at the entrance surface of the scattering foil. The

final emittance at the exit surface of the foil
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where ¢ is the initial emittance.
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Figure A.1.1: Growth of emittance of 200 MeV proton beam as a function of thickness L of a gold
foil. g = 1.28, By = 2.94 m, and ¢y = 13.585 mm-mrad.
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A.2 Impact of MSC on Twiss parameters

A scatterer also changes the Twiss parameters as [[177]
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Figure A.2.1: Evolution of « (a) and S (b) of 200 MeV proton beam as a function of the thickness of
gold foil. oy = 1.28, By = 2.94 m, and ¢y = 13.585 mm-mrad.
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Appendix B

Linear energy transfer

The linear energy transfer (LET) of a beam is one of the most crucial parameters that quantitatively
describes the radiation quality. For a given dose, the biological outcome (RBE) changes with the
value of LET of ionizing radiations. For a proton beam, the LET increases at the end of the range
when beam energy is smaller. In figure we have compared the dose-averaged LET (LETy)

of a collimated beam (CB), conventional energy focused beam (CEFB) and high energy focused

beam (HEFB).
14{ —— CB (2.0 mm, 150 MeV) ol — CB (2.0 mm, 150 MeV)
—— CEFB (alpha = 20, 150 MeV) — CEFB (alpha = 20, 150 MeV)
12 \ers (alpha = 20, 350 MeV) — HEFB (alpha = 20, 350 MeV)
= =
S g >
K g,
i ° <
34 4
2
2
0
0 20 40 60 80 100 120 140 160 00 2 4 6 8 10

Depth [mm] Radial distance from the center [mm]

(a) (b)

Figure B.1: Comparison of the evolution of LET, of CB, CEFB, and HEFB as a function of depth in
water (a) and as a function of radial distance from the central axis of the beam (b).

Figure compares the LET; of three different beam shaping techniques as a function of
depth in the water phantom. The LET, of CB and CEFB are almost identical except at the entrance,
where it is slightly higher for the CB. The incoming secondaries and slit scattered proton explain
this difference. On the other hand, the LET,; of HEFB is almost constant as its energy remains very
high within the assessed depth in water.

In figure the LET, of CB and CEFB change identically with the radial distance from the
center of the beam at their Bragg peak. It increases slowly as the proportion of low-energy protons

and secondaries becomes larger at a point away from the center. The LET; of HEFB is steady at the
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center of the beam at the position of its focal point. It increases at a higher rate beyond 3.0 mm.
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Appendix C

GRID irradiation

GRID irradiation produces an inhomogeneous dose distribution at the healthy tissue. A conven-
tional energy focused beam (CEFB) can produce similar GRID irradiation as a collimated beam (CB).
The features of their GRID irradiation obtained with an identical initial energy of 150 MeV are com-
pared in figures and The CB was produced by simulating a collimator radius of 0.5 mm.
On the other hand, the CEFB was simulated with the initial o of 0.5 mm, and it was focused at its
Bragg peak by tuning beam parameters for o = 15. The CB produces sharp edges of the peak region
at the entrance because the collimator removes its Gaussian tail. In contrast, the Gaussian distri-
bution of CEFB produces blurred edges of the peak regions. The dose at the peak region (Dpc.x)
of CEFB increases in the first few centimeters, followed by a gradual drop as a function of depth.
However, CB has its maximum Dp,.,; at its surface. In all other aspects, their GRID irradiation
patterns are almost identical.

The features of GRID irradiation using high energy focused beam (HEFB) shown in figure
are distinctive from its two counterparts. The high dose at its focal point relies on the transverse
contraction of a HEFB, limiting the beam’s initial transverse size. The GRID irradiation was simu-
lated with the initial o = 3.0 mm. It has its highest PVDR at its focal point and least at the surface.

The longitudinal elongated high-dose region is noticeable.
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Figure C.1: GRID irradiation of CB: Dose profile of GRID irradiation of 150 MeV CB obtained
with c-t-c = 4 mm (left column) and c-t-c = 8 mm (right column). The collimator radius is 1.0 mm.
Top row: Two-dimensional dose profile. The dose is normalized to the peak value. Second row:
Comparison of the evolution of Dpc.; and Dy qey as a function of depth. Third row: Evolution of
PVDR of as a function of depth in the water phantom. Bottom row: Transverse dose profile at at

20 mm, 100 mm and 155.2 mm (BP).
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Figure C.2: GRID irradiation of CEFB: Dose profile of fractionated irradiation of 150 MeV CEFB
obtained with c-t-c = 4 mm (left column) and c-t-c = 8 mm (right column). Initial beam size (o)
is 0.5 mm. Top row: Two-dimensional dose profile. The dose is normalized to the peak value.
Second row: Comparison of the evolution of Dp.,; and Dy qiey as a function of depth. Third row:
Evolution of PVDR of as a function of depth in the water phantom. Bottom row: Transverse dose
profile at at 20 mm, 100 mm and 155.4 mm (BP).
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Figure C.3: GRID irradiation of HEFB: Dose profile of fractionated irradiation of 350 MeV HEFB
obtained with c-t-c = 8 mm (left column) and c-t-c = 12 mm (right column). Focused at 95 mm with
initial beam size (¢) is 3.0 mm . Top row: Two-dimensional dose profile. The dose is normalized
to the peak value. Second row: Comparison of the evolution of Dp..; and Dy 4., as a function of
depth. Third row: Evolution of PVDR of as a function of depth in the water phantom. Bottom
row: Transverse dose profile at at 20 mm, 60 mm and 95 mm (focal length).
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