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Abstract

Purpose Monte-Carlo simulations for proton therapy have the potential to reduce the measurement
effort for each patient and to reduce range margins that are related to dose calculation uncertainties.
They allow to estimate variable relative biological effectiveness (RBE) distributions in a patient
and help to quantify the effect of applying variable RBE models in proton therapy. An accurately
benchmarked Monte-Carlo model will support the research and medical physicists by providing and
delivering relative and absolute dose, particle fluence and linear energy transfer distributions in and
outside the patient. There is still a gap between the routine use of Monte-Carlo simulations in physics
and the usage of the Monte-Carlo technique for practical research purposes in medical physics. This
master thesis aims to bridge the gap by commissioning a Monte-Carlo model of the proton therapy
treatment head at the University Proton Therapy Dresden (UPTD), in order to predict measured

dose distributions in a water phantom within clinical tolerances.

Methods For patient treatment at UPTD, a so-called universal nozzle is used. Until now, pa-
tients are only treated within the so-called double-scattering mode at UPTD. A model of the universal
UPTD nozzle in double-scattering mode is commissioned in the Monte-Carlo software TOPAS (TOol
for PArticle Simulation). Deviations between simulated and measured dose distributions in a water
phantom are systematically reduced by adjusting the initial beam energy distribution, the thick-
nesses of the single scatterer foils and the time-dependent modulation of the beam current in the
4D Monte-Carlo simulation. After adjustment, the accuracy of TOPAS in simulating relative and
absolute doses in a water phantom is studied. So-called output factors, relating dosimeter readings to
absolute dose in a treatment field, are simulated and systematically compared to measurements. The
specific nozzle settings for the simulation of one proton treatment plan (glioma) are implemented in
TOPAS. Simulated dose distributions in the patient are compared to predictions from the treatment
planning system in order to estimate the accuracy of the automated TOPAS implementation of the
proton plan. Deviations between the simulated and planned dose distributions are quantified. The
distribution of the linear energy transfer (LET) is simulated in the patient. Based on the simulated
LET and biological input data from in-vitro cell experiments (glioma cells) a variable relative biological
effectiveness (RBE) is calculated and dose deviations between the variable and the constant RBE

model are studied.

Results The adjusted simulated depth-dose distributions predict the plateau regions of measured
depth-dose curves within 1% accuracy. The absolute range differences ARgy and A Rgg between the
measured and simulated distal fall-off regions are below 0.15 mm for all nozzle options. The maximum
range difference ARyg is < 0.54mm. Systematic uncertainties of the beam current modulation at the
proximal shoulder region are obtained. The absolute maximum difference between simulated and
measured lateral profiles in the field size is W5y < 0.95mm and for the lateral penumbras it is P,
Piight < 0.55mm. The current accuracy of the output factor prediction in TOPAS is 3 %. It can be
improved to 2 %, when applying nozzle option dependent calibration factors. The absolute dose of
the planned dose distribution (treatment planning system) for a patient is predicted with gamma
pass rates above 95 % at the high dose region, when applying a local gamma criterion of 1 mm and a

dose criterion of 3%. Systematic deviations between the simulated and planned dose distribution



are observed at the field plateau edges and at regions with high material density gradients. The
positions of the simulated and planned dose grid are similar within the resolution of one voxel, which
is 2mm. Systematic dose fluctuations up to 2% occur in the simulated dose profiles in the patient,
which appear too large to be solely explained with statistical dose fluctuations of the Monte-Carlo
simulations. At the distal field edges of the central plateau region the simulated linear energy transfer
increases up to 10keV/um. Hot spots of a calculated variable relative biological effectiveness (RBE)
distribution in the patient are observed in regions with high LET spikes and can increase up to
RBE = 1.6. In addition, RBE values below 1.1 occur in the target volume. The dose (RBE), which is
predicted by using the variable RBE model is up to 15 % higher in the distal plateau edges compared
to the one that is derived by applying a constant RBE of 1.1.

Conclusions The commissioned Monte-Carlo model allows to predict relative doses in a water
phantom within the clinical tolerances. When applying further improvements of the adjusted model
parameters, it might be possible to simulate absolute doses within the measurement uncertainty. The
model is ready to be used for automated simulations of proton treatment plans and the prediction of
absolute planned dose distributions in the field plateau regions within clinically relevant accuracies.
The simulation tool represents a solid basis for future RBE studies in patients by providing spatial

distributions of the physical quantities that determine the radiobiological effect of proton irradiation.
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Kurzfassung

Motivation Monte-Carlo Simulationen haben das Potential den Messaufwand pro Patient zu re-
duzieren und kénnen dazu beitragen, den Anteil der Reichweitetoleranzen zu verkleinern, welcher durch
Unsicherheiten der Dosisvorhersage im Patienten verursacht wird. Zudem erlaubt es die Monte-Carlo
Methode Vorhersagen tiber die variable relative biologische Wirksamkeit (RBE) im Patienten zu
treffen, und kann dazu genutzt werden, den Effekt eines variablen RBE in der Protonentherapie zu
quantifizieren. Ein prézsies, an Messdaten adjustiertes Monte-Carlo Modell, unterstiitzt die Physiker
und Medizinphysiker an der Universitatsprotonentherapie Dresden durch Vorhersagen von relativen
und absoluten Dosisverteilungen, sowie Fluenz- und LET- (Linear Energy Transfer) Verteilungen im
und auflerhalb des Patienten. Im Vergleich zum routienierten Einsatz der Monte-Carlo Methode in
der Physik werden die Vorteile von Monte-Carlo Simulationen fiir angewandte Fragestellungen in
der Medizinphysik noch zu wenig genutzt. Die vorliegende Masterarbeit tragt dazu bei, diese Liicke
weiter zu schlieBen, indem ein Monte-Carlo Modell des Strahlausgangs der Protentherapieanlage an
der UPTD kommissioniert wird, mit dem Ziel, gemessene Dosisverteilung in einem Wasserphantom

innerhalb klinischer Toleranzen zu reproduzieren.

Methoden Fiir die Protonenbehandlungen an der UPTD wird eine sogenannte universelle Noz-
zle eingesetzt. Bis jetzt werden Patienten ausschliefflich im so-genannten "double-scattering'-Modus
behandelt. Ein Modell der universellen UPTD Nozzle im "double-scattering"'-Modus wird in der
Monte-Carlo Softwareumgebung TOPAS (TOol for PArticle Simulation) kommissioniert. Abweichun-
gen der simulierten Dosisverteilungen von den Messdaten werden systematisch reduziert, indem die
Protonen-Strahlquelle, einzelne Streufolien und die zeitlich Modulation der Strahlintensitéit in der 4D
Monte-Carlo Simulation adjustiert werden. Sogenannte Output-Faktoren, welche die Dosimeteraus-
gabe zur absoluten Dosis im Bestrahlungsfeld in Relation setzten, werden simuliert und systematisch
mit Messdaten verglichen. Die spezifischen Einstellungen der Nozzle, welche fiir die Simulation
eines Protonenplans (Glioma Patient) notwendig sind, werden in TOPAS implementiert. Simulierte
Dosisverteilungen im Patienten werden mit den Berechnungen des Bestrahlungsplanungssystems
verglichen, um Aussagen iiber die Genauigkeit der TOPAS-Simulationen im Patieten treffen zu kénnen.
Zudem wird der lineare Energietransfer (LET) im Patienten simuliert und darauf aufbauend ein
variables Modell der relativen biologischen Wirksamkeit angewendet. In das Modell flieBen biologische
Parameter aus in-vitro Zellexperimenten (Glioma Zellen) ein. Die RBE gewichten Dosen des variablen
RBE-Modells werden mit den simulieretn Dosisverteilungen verglichen, welche einen konstanten RBE

von 1.1 annehmen.

Resultate Die adjustierten simulierten Tiefendosiskurven sagen den Plateaubereich der gemessenen
Dosisverteilungen innerhalb der klinischen Toleranz von 1% voraus. Die Reichweitenunterschiede
ARgy and ARgy zwischen den simulierten und gemessenen Tiefendosiskurven sind < 0.15mm fiir
alle Nozzle-Optionen. Die maximale absolute Reichweitedifferenz A Roq ist < 0.54 mm. Systematis-
che Unsicherheiten der optimierten zeitlichen Modulation des Protonenstrahls konnen beobachten
werden, insbesondere im proximalen Schulterbereich der Tiefendosiskurven. Die maximalen abso-
luten Differenzen zwischen den simulierten und gemessenen lateralen Dosisprofilen liegen im Bereich

< 0.95mm fiir die lateralen FeldgroBen Wy und innerhalb von 0.55 mm fiir die sogenannten lateralen
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Penumbras, welche die lateralen Feldkanten beschreiben. Die aktuelle Vorhersagegenauigkeit der
Output-Faktoren liegt bei 3%. Durch die Einfithrung konstanter Kalibrierungsfaktoren innerhalb
jeder Optionkann kann die Genauigkeit auf 2% verbessert werden. Die absolute Dosis, welche
vom Bestrahlungsplanungssystem fiir einen Protonen-Bestrahlungsplan errechnet wird, kann durch
simulierte Verteilungen derart vorhergesagt werden, sodass im zentralen Hochdosisbereich Uberein-
stimmungen > 95 % erreicht werden, welche durch sognannte Gamma-Pass-Rates (GPR) beschrieben
werden. Das verwendete geometrische Kriterium der verwendeten Gamma-Analyse ist 1 mm und das
dazugehorige Dosis-Kriterium ist 3 %. An den Plateaugrenzen des Bestrahlungsfeldes und in Regionen
hoher Material-Dichtegradienten konnen systematische Unterschiede zwischen den simulierten und
geplanten Dosisverteilungen beobachtet werden. Die Patienten-Positionierung in TOPAS relativ
zum Bestrahlungsplanungssystem ist auf einen Voxel genau (2mm). In den simulierten Dosisprofilen
werden systematische Dosisfluktuationen in der GroBlenordnung von 2 % beobachtet, welche als zu
grofy anmuten, um allein auf statistische Unischerheiten der Monte-Carlo Simulation zuriick gefiihrt
werden zu konnen. An den distalen Feldkanten werden LET Werte bis zu 10keV /um voraus gesagt.
Die Bereiche mit hohen RBE Werten korrespondieren zu den Regionen mit hohen LET Werten und
kénnen an den Feldgrenzen Werte von bis zu 1.6 erreichen. Gleichzeitig, werden RBE Bereich mit
Werten < 1.1 im bestrahlten Volumen errechnet. Die Unterschiede zwischen den Dosen, welche mit
einem variablen RBE gewichten wurden zu denen, welche mit einem konstanten RBE von 1.1 gewichtet

sind, konnen bis zu 15 % betragen.

Schlussfolgerungen Das kommissionierte Monte-Carlo Modell erlaubt die Vorhersage von rela-
tiven Dosisverteilungen in einem Wasserphantom innerhalb klinischer Toleranzen. Durch eine weitere
Optimierung der Parameter, welche zur Adjustierung der Simulation benutzt wurden, und eine
verbesserte Beschreibung des Dosimeter-Messvolumens in TOPAS, ist die Vorhersage von absolute
Dosisverteilungen innerhalb der Messunsicherheit von 1% moglich. Das Model is fertig adjustiert fiir
die automatisierte Simulation von Protonenplinen an der UPTD und benutzt werden um absolute
Dosisverteilungen im Patienten innerhalb klinisch akzeptierter Toleranzen vorherzusagen. Durch
die Vorhersage von rdumlichen Verteilungen physikalicher Groflen im Patienten, welche die relative
biologische Wirksamkeit von Protonen bestimmen, ist eine Basis fiir zukiinftige RBE Studien in

Patienten geschaffen.
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1 Introduction

Over the past century, radiation oncology, one of the three big pillars in cancer therapy, has developed
individualized treatments based on anatomical information combined with clinical parameters [1].
The technology-driven improvement of treatment conformity, including advanced image guidance and
particle therapy, and novel biological concepts for personalized treatment, are two main strategies,
acting synergistically, which will enable further widening of the therapeutic window of radiation
oncology. The main advantage of particle therapy is the reduced total energy deposited in the patient
as compared to photon techniques (Figure 1.1). This reduction is achieved, because of the finite range
of the particle beam, which adds an additional degree of freedom to treatment planning [2], and the

higher biological effect of protons compared to photons.

In particle therapy, the majority of patients are treated with protons. Because of the limited
information on the proton beam distribution in the patient, proton therapy has not reached its full
potential, yet. The dose distribution of a proton beam has a very sharp fall-off at its distal edge.
Therefore, uncertainties of the proton beam range can have an impact on the clinical outcome of the
therapy. Range uncertainties occur due to uncertainties in dose prediction, in patient positioning and
due to anatomical changes during the course of treatment. To take this uncertainties into account
safety margins are defined. One important goal of research in proton therapy is to reduce these range
margins to minimize the dose that is deposited in the healthy tissue. Currently, several experimental
techniques are under development, which aim to predict the proton beam range in the patient more

precisely [3-5].

Healthy tissue Tumour
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Figure 1.1: Schematic illustration of the differences in dose deposition between a clinical photon beam,
created by a 15 MV linear accelerator (LINAC), and a therapeutic proton beam (spread-out Bragg peak)

[1].



2 1 Introduction

experimental
room

) 8 .

Figure 1.2: Schematic illustration of the proton therapy facility in Dresden, including the cyclotron
proton accelerator, which delivers a 235 MeV proton beam, a degrader, which moderates the beam
energy and the energy selection system (EES), which adjusts the spatial, angular and energy beam
distribution. The beam can be steered to a experimental and a treatment room by beam line components.
The treatment room contains the gantry that rotates around the patient. The gantry contains the IBA
untversal nozzle.

Those techniques benefit from the usage of computer simulations, which can be used to inter- and
extrapolate experimental data. The currently most accurate computational method to model a
therapeutic proton beam is the so-called Monte-Carlo method. Monte-Carlo simulations allow to
predict absolute doses, particle fluences and the linear energy transfer in- and outside of the patient.
They have the potential to reduce range uncertainties that are related to dose calculation uncertainties
and allow to study the influence of a variable relative biological effectiveness in proton therapy [2, 6].
However, there is still a gap between the routine use of Monte-Carlo simulations in physics and the
usage of the Monte-Carlo technique for practical research purposes in medical physics. This master
thesis aims to bridge the gap by commissioning a full 4D Monte-Carlo model of the patient treatment
head at the University Proton Therapy Dresden (UPTD) .

The treatment head at UPTD is also called universal nozzle. A schematic illustration of the UPTD
facility is illustrated in Figure 1.2. The nozzle was constructed and is still maintained by the company
IBA (ion beam applications). It can deliver proton beams in a so-called double-scattering and a
pencil-beam mode, while the pencil-beam mode is currently prepared fpr patient treatment. Until
now, patients have only been treated within the double-scattering mode. A model of the IBA universal
nozzle in double-scattering mode was implemented in the Monte-Carlo software TOPAS (TOol for
PArticle Simulation) [7]. The model requires a Monte-Carlo specific commissioning in order to be able
to predict measured doses within the clinical tolerances. The objective of this thesis is to perform
the commissioning by adapting the TOPAS model, in particular the beam source and the beam
modulation, which are used in the 4D Monte-Carlo simulation.

As a first goal, relative depth-dose distributions should be simulated within the measurement uncer-
tainty for all possible treatment fields. Secondly, absolute dose values in a water phantom should be

predicted in the simulation within clinically relevant accuracy. The third goal is to provide a full



simulation od a proton treatment plan including the absolute dose distribution in the high dose region

within clinical tolerances.

All three goals will be addressed within this thesis in three adjacent sub-chapters. The follow-
ing chapter introduces based on the interactions of protons in matter the shape of therapeutic does
distributions in proton therapy. Furthermore, relevant clinical notations, aspects of proton radiobiology
and technical principles of a double-scattering system including the concept of the output factor, are

briefly introduced.






2 Theoretical Foundations

Based on the proton interactions in matter the physical and therapeutic depth-dose distribution is
derived. Therefore, the benefit of the Monte-Carlo method in modeling dose distributions in proton
therapy is outlined. Aspects of the proton radiobiology are introduced briefly in order to be able to
explain the concept of the relative biological effectiveness. Technical principles of a double-scattering

system in proton therapy are summarized and the concept of the output factor is introduced.

2.1 Proton Interactions in Matter

2.1.1 Stopping

The stopping of protons in matter can be described mainly by the so-called Bethe-Bloch equation for
energies used in radiotherapy ([3 — 300 MeV]). At this energy regime protons stop in matter mainly
through inelastic collisions in the Coulomb fields of the atomic electrons of the target material. For
proton energies above 300 MeV energy loss through bremsstrahlung dominates, for energies below
3MeV energy loss through nuclear interactions becomes dominant [8]. At the radiotherapy energy
regime the proton energy loss through elastic Coulomb collisions with atomic nucleus and through
bremsstrahlung is negligible.

The Bethe-Bloch-equation (Equation (2.1)) describes the energy loss per path length, which fast
charged heavy particles (e.g. protons, alpha particles, heavier ions) do suffer as they traverse a material,
through inelastic collisions with atomic electrons. The energy loss depends on the particle velocity and
the target material. Bethe delivered the quantum mechanical relativistic form of his equation using
quantum mechanical perturbation theory to the second order of the projectile proton number z (z?).
The higher perturbation orders correspond to further correction terms of the Bethe-Bloch-equation

(23 Barkas-Andersen-effect, z* Bloch-correction [9]).

dE et 1 1. /2m.cB%4°T, § C

e = Cregp) e g [y () - )
e and m, are the electron charge and mass. €g is the electrical field constant. S and ~ are relativistic
parameters, which are functions of v the projectile velocity, and ¢, the velocity of light. n. is the
electronic density of the target material and contains the material density p, the atomic numbers of
the material A and Z, and the unified atomic mass u. Tinax is the maximum energy which can be
transferred to an electron in one inelastic collision. T, is a function of me, the projectile mass M

and velocity v. The denominator is a Taylor polynomial until the second order in m¢/M. In first
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Figure 2.2: Stopping power of aluminum for
protons as a function of the proton energy,
including the Bethe-Bloch equation without
(red) and with corrections (blue). The plots
are generated using data from the program
PSTAR (NIST, [10]) and are kindly provided
Prof. em. Dr. Helmut Paul.

Figure 2.1: The mean excitation energy I of
the elements, divided by the proton number
Z of those elements. The plot is generated
using data from the program PSTAR (NIST,
[10]) and is kindly provided Prof. em. Dr.
Helmut Paul.

approximation, m. /M is zero.

m=ZP v L g 2mecfhy
©Au c VISF T iy + (3

I is the mean excitation energy (also I-value) of the target material. I and n. are the material input

(2.2)

parameters of equation (2.1). The I-value of an atom can be calculated by integrating over all electronic
quantum states. For the elements those integral can be approximated numerically. Nevertheless, in
radiation therapy one has to deal with tissue materials, that contain complex molecular structures.
The electronic energy levels of those molecules cannot simply be derived from the energy levels of the
elements. Therefore the I-value uncertainty can vary for different materials. Figure 2.1 illustrates
measured and interpolated [-values for elements up to proton numbers of 92 .

There are two important corrections to the Bethe-Bloch equation. The first one is the so-called shell
correction C'/Z, and becomes important for low projectile velocities v (non-relativistic). If v is in the
order of the electron orbital velocity in the target material, capturing processes play an increasing role
and change the amount of transferred energy. The second correction is the so-called density correction
0/2 and is important for high v (relativistic). The extended transversal component of the electrical
field of a relativistic particle is shielded more or less by the electronic density of the atoms. The
atom gets polarized and this has an impact on the energy loss of the relativistic particle. Figure 2.2
illustrates the stopping power of aluminum for protons as a function of the proton energy, whereby

the Bethe-Bloch equation with and without corrections is compared to measurements.

2.1.2 Scattering

Scattering of protons in matter happens through various electromagnetic collisions with atomic nuclei.
This statistical process is called multiple Coulomb scattering (MCS) and can be mapped to a random
walk of the protons in angle. The sum of all small random deflections will lead to a Gaussian core

and a single scattering tail from the not quite rare large single scatterers in the target.



In clinics, usually only the Gaussian part has to be considered for MCS, because it contains about
98 % of the protons [11, p. 37]. The Gaussian approximation is only valid if the amount of scattering
material is large enough to ensure that there are enough scattering events to justify the dominance of
the statistical nature of the process. But if the amount of scattering material becomes too large, the
beam energy can no longer be assumed as to be constant. Shifts of the proton energy in the material
have an influence on the scattering distribution of the protons. The lateral distribution X (r) is defined
as the amount of particles which traverse a measurement plane (MP). r is the lateral distance of each
surface element from the MP center. The beam has a cylindrical symmetry. The MP is placed at
distance L from the source. In Gaussian approximation, X is defined as the root mean square (rms)
of X (r). The dependency of the scattering angle on Xy and L is illustrated in Figure 2.3.
Xo

tan ©g = A L>> XQ Xo~L- -0 (2.3)

There are a lot of measured values of O for a large assortment of thicknesses and target materials [11,
p. 38]. In Gaussian approximation the dependence of O on scattering material and proton energy can
be described by Highland’s formula. 14.1 MeV is a numerical constant [11, p. 38|, pv the kinematic
factor, dg the scatter thickness and L the radiation length of the scatter material, which can be
found in tables. Highland derived his formula by fitting a version of Moliére’s theory [12], which is
one of the most comprehensive, accurate and elegant theory to describe MCS of protons in matter.
Highland parameterized the full Moliere’s theory, with additions from Bethe and Hanson. A direct
conclusion of Highland’s formula is that high-Z materials (lead, tantalum) should be used for proton
beam scattering, whereby low Z materials (lexan) have a small impact on ©¢. In stopping power it

behaves in the opposite way, because the stopping power is proportionate to Z/A (Equation (2.1)).

aluminum

water

MeV, mRad

lexan
beryllium

0 10 20 30 40 50 60 70

MP L (g/em?)
Figure 2.4: MCS Angle and Energy
Figure 2.3: MCS in a Thin Slap including the mea- Loss. Multiple scattering angle and en-
suring plane (MP), the root mean square spread ergy loss for 160 MeV protons traversing
Xo and ©g, which is usually smaller than 16° 1 g/cm2 of various materials ([10], [11,

([10], [11, p. 23]). p. 23]).
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14.1MeV [Dg
Op = |25
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Dg =dg - ps dg ... scatter thickness pg ... scatter material density

1 Dy
1+ 9lOglo(LR>1 rad (2.4)

T = —... reduced kinetic energy
me
2
po = L2 F — 297MeV(E = 160MeV)
T+1
1432.8 - A
Lp= & radiation length of the scatter material

Z(Z+1)(11.319 - InZ) cm?

2.1.3 Nuclear Interactions

Nuclear interactions are rare compared to the electromagnetic interactions of protons. They are more
difficult to model and have a smaller biological impact. Nevertheless, they remain important, for
instance, because of the production of free neutrons and high energetic photons. Both are neutral
particles, which can travel long distances without interaction. The neutrons can produce unwanted
dose deposition far away from the tumor region, through indirectly ionization (nuclear collisions with
protons). High energetic photons (gamma radiation) can be used for tracking the proton beam in-vivo
3, 4].

There are three types of nuclear interaction: elastic, nonelastic and inelastic. In an elastic interaction
total kinetic energy is conserved and target nuclei and projectile are unchanged by the reaction.
In nonelastic and inelastic interactions total kinetic energy is not conserved. While in inelastic
interactions final nucleus are the same as the bombarded nuclei, in nonelastic reactions the target can
undergo breakup or can be excited in higher quantum state. Also particle transfer reactions may occur
[11, p. 46]. So O(p,p)*60 is an elastic reaction, 1°O(p,p)'*O* (* means excited state) is inelastic and
160 (p,2p)'5 N is nonelastic. All protons from the source, which slow down in the material are called
primaries, where particles from inelastic or nonelastic interactions called secondaries. Protons in HoO
can scatter with hydrogen at a relative angle of approximately 90°, share the original kinetic energy
and may appear as secondaries. Therefore, they should be included in any counting of secondaries
[11, p. 47]. Protons, neutrons, v-rays, heavy fragments such as alphas and recoiling residual nuclei
are possible secondaries from nonelastic interactions in a therapy energy regime, whereby heavier
fragments than alphas are rare. Table 2.1 shows the fractions of Ejjtia that are carried away for
secondaries of a 150 MeV proton beam modeled by a Monte Carlo simulation [13]. Heavy fragments
carry little energy and that is why they have a lower relative biological effect (RBE), despite their
high-ionization density [11, p. 48].

Table 2.1: Fractions of energy carried away by secondaries for 150 MeV proton beam [11, p. 47].

Particle p  deuterium tritium 3He « Recoils n
Fraction Ejpitier 0,57 0,016 0,002 0,002 0,029 0,016 0,20




2.2 Proton Beam Description

2.2.1 Macroscopic Proton Beam Parameters

The microscopic proton interactions determines the macroscopic beam characteristics. There are
mainly four important macroscopic parameters, which are used in proton therapy to describe a proton

beam, the stopping power S, the particle fluence ¢, the dose D and the linear energy transfer LET.

The stopping power S = g—g can be divided into three fractions, because there are three stopping

processes of fast charged heavy particles in matter.

dE  dEo 4 dEraq + dEpe  dEgo
_dE _ dEco + dEraq + ~ —< Be[3MeV[300 MeV] (2.5)

5= dx dx dx

dE refers to the proton energy loss, coming from the inelastic collisions with atomic electrons as
described in Equation (2.1). dE;,q describes the proton energy loss through bremsstrahlung. dE,c
represents the energy loss through elastic Coulomb collisions with atomic nucleus. At radiotherapy
energies (Ee[3MeV|300 MeV]) dE., is the dominant term.

The particle fluence ¢ describes the amount of particles dN, that cross an infinitesimal surface element
dA. A more general definition would be to define ¢ as the integral over the particle flow density F. F
is a vector field, which describes the amount of particles, that flow per surface element dA through a

surface A.

dN = —
- = [ F.-dA 2.6
o=x o=/ (26)
A
The dose D, a proton beam deposit in a material, is defined as the amount of energy dE, which is
deposited in a mass element dm. D can be expressed by the stopping power S, the particle fluence ¢
and the material density p. The majority of the dose of a proton beam is deposited by its secondary

electrons.

VB 1 av B _dE o
m dx dA dx-dA dm dm '

p=l.s.4-an.
p

The LET of a proton beam is defined as the stopping power, excluding secondary electrons above a
certain energy threshold A.. Therefore the LET can be understood as a localized stopping power.
The proton energy loss, which leads to the production of high energetic secondaries, that transport
the energy far away from the beam center is excluded. If A, is infinite high, the LET and S fall
together.

LET(A. < 0) < S LET(A, = 0) =S (2.8)

In radiation fields that contains a mixture of particles with different energies and/or masses, one

distinguish between dose averaged and fluence averaged LET, depending on the question of interest. @
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defines the number of different particle types.

_ >, [LET(i, E)D;(E)dE

HETD S, [ Di(E)dE

(2.9)

_ i JLET(i, B)®;(E)dE

LET S, [®:(E)dE

(2.10)
Locally densely ionizing radiation is called high-LET radiation, sparsely ionizing is called low-LET

radiation.

2.2.2 Physical Dose Distribution of Protons

The dose D is the most important beam parameter in radiotherapy, because it is directly correlated to
biological radiation damage (deterministic radiation damage). The dose distribution D(z) of a certain
radiation type in a material, integrated perpendicular to the depth z, is called depth-dose-distribution
(DDD). The DDD of a certain radiation type, including the lateral dose deposition is relevant for the
treatment planning. The three dimensional dose distribution of a proton beam D(z,y, z) can often be
reduced, at least in isotropic density materials, to two dimensions using cylindrical coordinates. This

is justified, because a proton beam usually has cylindrical spatial symmetry, in first approximation.

D(z,y,z) = D(r,z) r=/22 4 y? (2.11)

The DDD of a proton beam is called Bragg curve with its maximum called Bragg peak (BP). The BP
is named after William Henry Bragg who discovered it in 1903. The characteristic shape of a Bragg

curve is determined by the dependency of S on § and therefore on the proton velocity v (Equation

(2.1)).

S o~ £(8) (2.12)

32
The é dependency of S dominates the dependency of S on the v and therefore the proton energy
transfer increases as the proton slows down. At the same time the proton fluence c