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Abstract

An important oncological treatment method which more than half of all cancer patients
receive is radiation therapy, in which the tumor is irradiated with ionizing radiation.
This kind of therapy offers the advantage of a localized tumor treatment in contrast to
chemotherapy which affects the whole system. In recent years, the study of short intense
radiation pulses (FLASH effect) or spatially fractionated radiation (MicroBeam/MiniBeam)
has become an important research field, as these methods show reduced damage to healthy
tissue in addition to the same tumor control. Systematic studies of this type often require
non-medical accelerators that are capable of generating the desired short intense pulses and,
in general, possess a large and flexible parameter space for investigating a wide variety of
irradiation methods. At KIT (Karlsruhe Institute of Technology), the accelerators of IBPT
(Institute for Beam Physics and Technology) give access to complementary high-energy and
time-resolved radiation sources. While the linear electron accelerator FLUTE (Ferninfrarot
Linac- und Testexperiment) can generate ultrashort electron bunches, the electron storage
ring KARA (Karlsruhe Research Accelerator) provides a source of pulsed X-rays.

Within the scope of this thesis, first proof-of-principle experiments of dose characterizations
at FLUTE and KARA have been conducted, laying the foundation for further experiments
of this type and more advanced experiments in the field of radiation therapy. This included
the use and testing of an ionization chamber at FLUTE for absolute dose measurements.
Moreover, radiochromic films were tested and used in dose measurements at KARA. For this
purpose, the implementation and testing of a measurement and evaluation procedure for the
quantitative determination of the obtained film dose took place. The dosimetry experiments
were complemented by Monte Carlo simulations performed with the simulation program
FLUKA (FLUktuierende KAskade). Here, an additional consideration of different exit
windows with attention to dose optimization at FLUTE was performed and preparations
for future window pressure tests were made. Similarly, biological compatibility tests were
performed with H460 lung cancer cells in combination with hydrogels as an artificial
extracellular matrix with respect to vertical sample assembly during irradiation at the
accelerators. Furthermore, a 3D cell formation of that cell line was tested as well. These
preparatory experiments lay the foundation for future research on radiation therapy at
FLUTE and KARA.






Kurzfassung

Eine wichtige onkologische Behandlungsmethode, die mehr als die Halfte aller Krebspa-
tienten erhélt, ist die Strahlentherapie, bei welcher eine Bestrahlung des Tumors mit
ionisierender Strahlung stattfindet. Diese Art der Therapie bietet den Vorteil einer lokalen
Tumorbehandlung im Gegensatz zur Chemotherapie, die sich auf den gesamten Korper
auswirkt. In den letzten Jahren ist die Untersuchung kurzer intensiver Strahlungspulse
(FLASH-Effekt) oder rdaumlich fraktionierter Strahlung (MicroBeam/MiniBeam) zu einem
wichtigen Forschungsgebiet geworden, da diese Methoden neben der gleichen Tumorkontrolle
eine geringere Schiadigung des gesunden Gewebes aufweisen. Fir systematische Studien
dieser Art werden hdufig nicht-medizinische Beschleuniger benétigt, die in der Lage sind, die
gewlinschten kurzen und intensiven Pulse zu erzeugen, und die im Allgemeinen einen grofien
und flexiblen Parameterraum fiir die Untersuchung verschiedenster Bestrahlungsmethoden
bieten. Am KIT (Karlsruher Institut fiir Technologie) stehen mit den Beschleunigern des
IBPTs (Institute for Beam Physics and Technology) komplementére hochenergetische und
zeitaufgeloste Strahlungsquellen zur Verfiigung. Wéahrend der lineare Elektronenbeschle-
uniger FLUTE (Ferninfrarot Linac- und Testexperiment) ultrakurze Elektronenpakete
erzeugen kann, stellt der Elektronenspeicherring KARA (Karlsruhe Research Accelerator)
eine Quelle fir gepulste Rontgenstrahlung dar.

Im Rahmen dieser Arbeit wurden erste Proof-of-Principle-Experimente zur Dosischarakter-
isierung an FLUTE und KARA durchgefiihrt, die den Grundstein fiir weitere Experimente
dieser Art und weitergehende Experimente im Bereich der Strahlentherapie legen. Dazu
gehorte der Einsatz und die Erprobung einer Ionisationskammer an FLUTE fiir absolute
Dosismessungen. Dariiber hinaus wurden an KARA radiochrome Filme getestet und fiir
Dosismessungen eingesetzt. Hierzu erfolgte die Implementierung und Erprobung eines
Mess- und Auswerteverfahrens zur quantitativen Bestimmung der erhaltenen Filmdosis.
Ergénzt wurden die Dosimetrieexperimente durch Monte-Carlo-Simulationen, die mit dem
Simulationsprogramm FLUKA (FLUktuierende KAskade) durchgefiihrt wurden. Hier
wurde eine zusétzliche Betrachtung verschiedener Austrittsfenster mit Blick auf die Dosisop-
timierung bei FLUTE durchgefiihrt und Vorbereitungen fiir zukiinftige Fensterdrucktests
getroffen. Ebenso wurden biologische Kompatibilitdtstests mit H460-Lungenkrebszellen
in Kombination mit Hydrogelen als kiinstliche extrazellulare Matrix im Hinblick auf die
vertikale Probenanordnung wéahrend der Bestrahlung an den Beschleunigern durchgefiihrt.
Des Weiteren wurde die 3D-Zellbildung jener Zelllinie erprobt. Diese vorbereitenden Ex-
perimente legen den Grundstein fiir zukiinftige Forschung zur Strahlentherapie an FLUTE
und KARA.






1. Introduction

Radiation therapy, also known as radiotherapy, is one of the central pillars of cancer
treatment along with chemotherapy and surgery. It is used both as a standalone and as
a complementary treatment method, which more than half of all cancer patients receive
[1]. Radiotherapy encompasses a large area in which research is being conducted into
increasingly efficient radiation methods that are spatially more precise and should be less
damaging to healthy tissue.

Cancer has accompanied humanity for a long time and will become more and more present
in the following years. According to prognoses and current trends, there will be an increase
of nearly 13 % of all new cancer cases every five years . This is due to the increasing life
expectancy of the population on the one hand and the increasing environmental pollution on
the other, which significantly increases the risk of developing cancer . For example,
trachea, bronchus and lung cancer deaths have risen from 1.2 million to 1.8 million from
2000 to 2019, a 50 % increase, making it the sixth leading cause of death worldwide @ For
this reason, numerous efforts are being made to constantly improve and further develop
existing treatment methods, including radiotherapy.

The so-called FLASH effect was first reported by Dewey and Boag in 1959. In comparison to
conventional radiotherapy, FLASH radiotherapy (FLASH-RT) is a quite novel radiotherapy
technology, in which very high doses are required within a very short time (dose rate greater
than 40 Gy/s) [7]. Because of this, there is an increasing interest in research accelerators in
addition to conventional methods for radiotherapy research such as X-ray tubes, delivering
homogeneous photon irradiation or proton therapy using particle accelerators . Research
accelerators usually have the advantage of a very large and flexible parameter range which
can be variably operated. In general, due to their short pulsed radiation, they have a
particularly high peak dose rate in the order of 10'2 Gy . Thus, they offer the possibility
of systematic studies such as the FLASH effect or even new irradiation methods with regard
to their efficiency and compatibility.

Another quite new form of radiotherapy which also qualifies for systematic studies is a
spatially irradiation in stripes, a so-called MicroBeam/MiniBeam irradiation [@

Precise and easy-to-use detectors for the characterization of the radiation sources are
needed to enable systematic radiotherapy studies. But at the same time, the high-energy
and pulsed radiation of research accelerators, in contrast to the homogeneous lower-energy
radiation of medical accelerators, is also increasingly pushing the field of dosimetry to its
limits.

In general, the conventional detectors for dose measurements are not designed for high-
energy and pulsed radiation sources, so no established dosimetry methods are available.
In addition to the air-filled ionization chambers used as standard in medical physics,
radiochromic films for spatial radiation dose detection and semiconductor detectors
are increasingly coming to the fore, depending on the application, radiation source and
further research in the dose measurement of pulsed, high-energy sources .
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One example of such a research accelerator is the linear short-pulse electron accelerator
FLUTE (Ferninfrarot Linac- und Test-Experiment), which serves as an accelerator test
facility to generate and study ultra-short and intense THz-radiation. Another example
is the electron synchrotron storage ring KARA (Karlsruhe Research Accelerator), which is
used as an accelerator test facility and synchrotron light source in various fields of physics,
materials science and biological sciences .

FLUTE offers the possibility to perform irradiation studies with pulsed electron beams
instead of photon beams. At the same time, various beam parameters such as beam
energy, bunch charge, bunch length, pulse rate and beam shape can be variably adjusted.
This would enable systematic irradiation studies of samples with electrons. FLUTE is
currently undergoing a major upgrade, after which it will initially continue to operate in
the low-energy range with an electron energy of up to 7MeV. After the upgrade, bunch
charges of up to 1nC with a repetition rate of 10 Hz are foreseen. When using the LINAC
and the bunch compressor in a later phase of the project, final energies of about 90 MeV
can eventually be achieved and the electron bunch length after the bunch compressor can
be reduced to the femtosecond range. This opens additional doors for possible irradiation

methods .

In the case of KARA, there is the possibility to perform irradiation experiments with pulsed
photon beams in the X-ray range. The synchrotron radiation is generated by the deflected
electrons with an energy of 0.5 GeV to 2.5 GeV in the storage ring by dipole magnets of the
storage ring or so-called insertion devices (undulators, wigglers). The spectrum available
for experiments in the beamline is strongly related to the setup of the special beamline. In
general, synchrotron radiation is characterized by its high brilliance and a spectrum from
infrared to hard X-rays. In order to perform first irradiation experiments and with the idea
of later cell experiments, the IMAGE beamline, one of 23 beamlines, is chosen due to its
high achievable photon energy and cell compatible space conditions. IMAGE is connected
to a CLIC wiggler which generates strong synchrotron radiation. Using a monochromator,
the generation of a maximum 40keV photon beam is achievable and corresponds to the

highest photon energy at KARA 16).

The accelerators of the Institute for Beam Physics and Technology (IBPT), FLUTE
and KARA offer a unique opportunity to study for example the previous mentioned
radiotherapeutic effects and the possible biological impact of high peak dose rates due to
the short pulsed radiation. Both machines are well suited for these studies because both
electrons and X-rays can be used in one place.

In radiotherapy, the ionizing radiation must reach a tumor with a certain dose and often
inside healthy tissue. To simulate this surrounding healthy tissue consisting mostly of
water, so-called phantoms are usually used in medical physics. These phantoms are mostly
made of plastics with water-like properties. For a later successful performance of irradiation
experiments with cells, characterizations of both accelerators regarding their potential dose
distributions are necessary. To properly design and optimize the experiments, corresponding
dose simulations in addition to experimental measurements of the dose distributions are
performed. This is done by means of the simulation program FLUKA (FLUktuierende
KAskade) . FLUKA, a multipurpose multi-particle code based on the Monte
Carlo method, has its origins in the 1960s and has been continuously optimized over the
decades according to its intended use. Today, it is a powerful simulation program to
compute particle transport and interaction with matter. The application range of FLUKA
extends from calculations for accelerator shielding to calculations in neutrino physics and
to dosimetric and medical physics calculations. In the context of this work, simulations
serve to estimate the doses of FLUTE and KARA as well as a validation of the experiments
carried out there.



For later cell irradiation experiments with cancer cells, a suitable setup is required. In
general, cells are cultured in aqueous solutions and therefore can only be irradiated vertically.
One part of the thesis focuses on how to prepare for irradiation experiments at IBPT
accelerators. The challenge with these research machines is the horizontal beam guidance,
which is why cell samples have to be irradiated while mounted vertically. To solve this,
cells can be prepared in so-called hydrogels, which allow a temporary vertical mounting
of the cells for the horizontal irradiation. Hydrogels are hydrophilic polymeric materials
with a high water content and good mechanical stability. Their original use is to serve as
bioinks for 3D printing and to act as artificial extracellular matrix (ECM). Due to their
gel-like consistency and biocompatibility, they can serve as a suitable nutrient medium
substitute for cells during irradiation . At the same time, it would be possible to grow
3D cell structures, for example so-called spheroids, and place them in the gels for irradiation
experiments. In this way, possible spatial effects of the cell arrangement on the success of
the irradiation can be studied.

Overall, it can be said that the field of radiotherapy is an interdisciplinary research area
of increasing importance in relation to the increasing number of new cancer cases. The
success and development of new promising radiotherapeutic treatment methods in cancer
therapy thus depends to a large extent on the cooperation of and exchange between various
scientific fields. The present work provides first proof-of-principle experiments and is a first
step towards establishing medical radiotherapy at IBPT. It is carried out in cooperation
with the institutes of KIT, IBPT and IFG (Institut fiir Funktionelle Grenzflichen) as well
as the group E041 (Biomedical Physics in Radiation Oncology) of the DKFZ (Deutsches
Krebsforschungszentrum). While IBPT provides the physical knowledge and access to
accelerators, the latter two provide the biological know-how and resources.

This thesis is structured into five sections. After the introduction of the physical and
medical-physical basics in the used simulation program FLUKA is introduced in
Moreover, first simple test simulations and estimations regarding the expected
dose based on the later experiments are discussed.

In |[Chapter 4] and [Chapter 5| the two accelerators of IBPT are shortly presented. While
deals with FLUTE and the depth dose curve measurement performed there,
presents first Gafchromic film dose measurements at the beamlines LIGA I and
IMAGE at KARA. In addition, simulations comparable to the experiments are analyzed
and discussed for both accelerators.

concludes by presenting various biological methods such as the use of hydrogels
to facilitate horizontal irradiation and an attempt to generate human lung cancer cell
(H460) spheroids.

Finally, a short summary and an outlook on planned and possible future experiments in
the field of radiotherapy is given.







2. Theoretical Background

This chapter provides an overview of relevant physical and biological basics related to this
thesis. First of all, the interaction of ionizing particles with matter is considered. Moreover,
this chapter gives a brief insight into the related dosimetry and current cancer treatment
methods as well as research in the field of radiation therapy.

2.1. Particle Interaction with Matter

When particles like photons, electrons, protons and ions penetrate matter, usually different
interactions take place between them and the target material. These interaction mechanisms
will lead to an energy loss dF, scattering of the initial particles and to an increase in
the material temperature. These interactions can have different effects depending on the
particle and matter properties .

In the following, a distinction is made between charged (directly ionizing radiation) and
neutral particles (indirectly ionizing radiation) with focus on the particle types relevant for
this thesis: electrons and photons .

2.1.1. Charged Particles - Electrons

In the case of charged particle such as electrons, protons and ions, one can distinguish
between four principal types of interaction mechanisms :

e inelastic collisions with atomic electrons, which lead to excitation or ionization of an
atom,

e inelastic collision with a nucleus which enables the generation of bremsstrahlung due
to Coulomb interaction of the charged particle and the nucleus,

o elastic scattering with a nucleus,
¢ eclastic collision with atomic electrons.

In addition, the phenomenon known as Cherenkov radiation occurs when charged particles
pass through a medium at a speed greater than the phase velocity of light in that medium.
This effect is mentioned here to include all relevant aspects but will not be further discussed.

The largest contribution to the specific energy loss d£/dz per differential path length, which
relates to the number of generated ions per cm path length, is made by inelastic collisions,
ionization and bremsstrahlung.

How large the respective contributions are and if other interactions make a significant
contribution depends strongly on the ionizing particle type and the initial particle energy
FEini as well as on the absorber material, absorber type and density p .

The relativistic energy F of a particle is given by

E? = (mc)? + (cp)™. (2.1)
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where m corresponds to the particle rest mass, c¢ is the speed of light and p the particle
momentum. It can also be expressed by the sum of the rest energy Fy and the kinetic
energy Fiiy,, i.e.

FE = Ey+ Exin (2.2)

and is often expressed in the unit eV instead of J whereby 1eV ~ 1.6 - 10719 J.

The specific energy loss is also known as the linear stopping power S = —dE/dz. To get
the total stopping power, the stopping powers of all interaction mechanisms have to be
added , where the usual unit MeV/cm is used. Here, only the two main responsible
contributions, which were mentioned before, are taken into account, namely the stopping
power for inelastic collisions S.o) and the radiative stopping power Syaq:
dE
Stot = Scol + Stad = ——- 2.3
tot col rad dz ( )
An expression for the stopping power that is often found in the literature is the mass
stopping power Smagss, Which is defined as
1 1 dFE
Smass:;'S:—;'E- (2.4)
The mass stopping power with the dimension (MeV cm2) /g depends only slightly on the
density p of the absorber material in the case of the collision stopping power.
If the stopping power is known for the material of interest, the corresponding energy loss
AF of a particle over a distance Az through the material can be calculated according to

Zend
AFE = Sdx ~ S - Azx. (2.5)
Tstart
This energy is absorbed by the target material. Correspondingly, the average range of
a particle in matter Ax can be determined by the integration of the reciprocal stopping
power over energy according to

Eni 1
Ax:/o 515 O (2.6)

Bethe, Bloch et al. first performed a correct quantum-mechanical calculation to determine
the stopping power of heavy charged particles (protons, ions, etc.). In the case of heavy
particles, there is hardly any deflection in relation to their trajectory, which is why energy
losses through radiation are negligible. The final equation is commonly known as the
Bethe-Bloch formula and is the basic expression used for energy loss calculations

dE 1 0 Z 1 2mec? 8292 - Winax 9
e 2 —2 2.7
dr 27 am |t 2 s (27)
with the coefficient
NA . 64
K=-—"—"%>"_ 2.8
4redmec? (28)

Avogadro’s number is denoted by N, me corresponds to the electron mass, e to the
elementary charge, ¢y stands for the vacuum permittivity and v = /1 — 5271 is the
relativistic Lorentz factor.

It should be noted that in practice, small corrections are necessary for an exact description.
Usually, the density effect correction ¢ and the shell correction C' are added tow
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Equation (2.7) shows that there is an impact on the stopping power by the material density
p, the mean excitation potential I, the atomic number Z and the atomic mass A, while
the charge number of the incident particles with speed ratio 8 = v/c is represented by z.

The mean excitation potential I is an important parameter in the Bethe-Bloch equation, but
it is generally very difficult to calculate for many materials. Values for I of various materials
can be approximated using semi-empirically derived formulas, for example, through

é _ {(12 +2) v, 7 <13 29)

") (976 1588 - Z 119 oV, Z > 13,
The maximal possible energy transfer to a shell electron in a single collision Wy,ax is given
by
IMmec? B2
L B+ ()

Here, M denotes the incident particle mass. The Bethe equation (Equation (2.7)]) is valid
for relativistic particles in the region 0.1 < v < 1000 .

Wmax =

(2.10)

In the case of lighter particles like electrons, which are significantly lighter than protons
(mp/me &~ 2000), we have to take into account the angular deflection in case of collisions
with the atom and that the collisions occur between identical particles as well as the
energy loss due to bremsstrahlung. Losses due to bremsstrahlung could be neglected for
low energies, but become the dominant process for rising particle energy. The energy at
which the energy loss due to bremsstrahlung equals the energy loss due to ionization is
usually referred to as the critical energy E.. Radiation losses become dominant for energies
E > E.=610MeV/(Z + 1.24) in case of solids and for E > E. = 710MeV/(Z + 0.92) in
case of gases using Rossi’s definition for the electron critical energy. The critical energy
after Rossi is defined as the energy at which the ionization loss per radiation length X is
equal to the electron energy. The radiation length defines the mean distance over which a
high-energy electron loses all but 1/e of its energy due to bremsstrahlung. In the case of
light elements critical energies result from E. > 100 MeV . The total stopping power of
electrons will be the sum of collision losses S, and radiation losses S;aq.-

A graphical representation of both stopping power progressions is shown in [Figure 2.1
The energy transfer to atomic electrons due to collision losses is described by the Mgller
cross section . With the above adjustments for the calculation of the collision stopping
power, the Bethe-Bloch formula for electrons is given by

dE KpZ 1 MeC? 292 - Winax 9 2v—1 1 /v—-1 2
- = ———|1 1-— ————In2+ - ——
( dx)ml 2 Ap? [“ IE =)= +8( v ) ’

(2.11)

where the maximum energy transfer via Equation (2.10)| results in

1
Winax = imeCQ(’Y - 1) (212)
The factor 1/2 is needed as mentioned above because the colliding particles are indistinguish-
able. Furthermore, the linear specific energy loss through the emission of bremsstrahlung
because of the deflection of the electron with the elementary charge e in the electric field
of the nucleus can be approximated as

(L4B) 1
do /iaq M (4mep)? 13Tm2ct

Z(Z41)- et <4ln 2b 4)

(2.13)

mec? 3
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Figure 2.1.: Ionization and radiation energy losses per radiation length Xy in lead
(Z = 82) as a function of electron or positron energy with Xo(Pb) = 6.37 g/cm? .

Here M denotes the molar mass of the absorber material. The energy loss due to radiation
can also be approximately expressed by the ratio of both stopping powers via

dE E-Z (dE
i - == 2.14
5 )= () 214

where E is in unit of MeV. For typical particle energies less than a few MeV, radiative
losses are just a small fraction in comparison to the energy losses due to ionization and
excitation. Radiative losses become significant in absorber materials of high atomic number
or for high incident electron energies .

A more detailed consideration can be found in [25], or [24].

2.1.2. Neutral Particles - Photons

In the case of photons, the major interaction mechanisms are
o the photoelectric effect,
e Compton scattering and
e pair production.

Some less common interactions will be neglected in this discussion . Within all
interactions, the absorber material is ionized and the generated secondary electrons deposit
their energy through the interaction processes mentioned in The penetration
depth of photons in matter is much further than that of charged particles and a photon beam
is attenuated in intensity, but is not degraded in energy while penetrating the absorber
material, with the exception of the energy degrading Compton effect. For this reason, the
attenuation of a photon beam I(x) can be described using the Beer—Lambert law

I(x) =1Iy-e M, (2.15)
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where Iy is the incident beam intensity, x is the penetration depth and p denotes the
total absorption coefficient, which is related to the total interaction cross-section oot
according to

Na Na
P= P Tt = P (0ph + Zoe + Tpair)- (2.16)

It should be noted that Beer-Lambert law is only valid for narrow photon beams that are
well collimated .

Photoelectric Effect

For photons in the energy range Fy, < E = h - v < 100keV, the photoelectric effect will be
the dominating interaction process. Here Fj, is the binding energy of the atomic electron
measured in eV and v is the frequency of the incident photon. Penetrating photons will
be absorbed completely by the atomic electrons of the material in case of a collision and
a so-called photo electron with kinetic energy Fy;, = hv — Ey, is generated. Accordingly,
secondary electrons are generated via the photoelectric effect, which then depose their
energy subsequently in the material.

The photoelectric cross section can be described approximately by

2

00.25.(%)7/2, E> B,

5

%, E > Fy.

Figure 2.2/ shows the photon total cross sections as a function of the photon energy. It
can be seen that the photoelectric cross section is characterized by discontinuities. These
discontinuities correspond to the absorption edges that occur, which are characterized by
reaching the thresholds for photoionization of the various atomic levels.

Oph ™~ (217)

Compton Effect

At higher photon energies in the range Ey < FE, the inelastic scattering known as the
Compton effect becomes important. The cross section for Compton scattering can be
calculated using the Klein-Nishina formula , which results in
Z

e~ = (2.18)
A part of the photon energy is transferred to a shell electron so that the atom can be
excited or even ionized. The incoming photon is not absorbed and is therefore red-shifted
since it gives up part of its energy.

Pair Production

For high energies, i.e. for energies higher than two times the electron rest energy (E >
2. Epe ~ 1.022MeV), pair production can occur. The pair production cross section scales
approximately with the formula

Z2InE, E>2-E
Opair ™~ { 0 (219)

Z2, E>2-Eye.

In this new absorption canal, a photon transforms within the Coulomb field of the nucleus
into an electron (e”) and positron (e™) pair. The cross section depends on the atomic
number Z of the target material and on the initial photon energy E. The energy dependence
of the cross sections is shown graphically in A closer look to the different photon

cross sections and interaction mechanisms can be found in , , and .
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Figure 2.2.: Photon total cross sections as a function of energy in carbon (Z = 6) and
lead (Z = 82). The contributions of different interaction processes are shown here: ope. =
atomic photoelectric effect (electron ejection, photon absorption), orayleigh = Rayleigh
(coherent) scattering-atom neither ionized nor excited, 0compton = incoherent scattering
(Compton scattering off an electron), kn,. = pair production, nuclear field, k. = pair
production, electron field, o4.q4.:. = photonuclear interactions, target nucleus is usually

broken up )



2.2. Dosimetry 11

2.2. Dosimetry

When ionizing particles penetrate matter, they will experience a loss of energy due to
the mentioned interaction processes and this will have an influence on the absorbing
material. This is often used in radiation therapy and radiation protection alike. Therefore,
a procedure to quantify the effects of the ionizing particles is needed. The field of dosimetry
generally deals with this task. Dosimetry is the measurement and evaluation of radiation
doses, i.e. the amount of energy that is transferred to an absorbing material by ionizing
particles. Different measurement methods and quantities are used to record and quantify
the radiation dose. A distinction between fundamental dosimetry methods in which the
dose is measured due to its definition and relative methods in which the dose is calculated
out of measured data and calibration factors has to be made.

Important areas of application are the clinical dosimetry as part of radiotherapy and
radiation protection . In the following, some basic definitions of the physical dose
definitions and some detectors for dose measurements used in the thesis will be discussed.
It should be noted that all the following dose definitions refer to expectation values and
mean values.

2.2.1. Dose Concept

The quantification of the effect of ionizing particles is expressed in several different units,
which are either a measure of the amount of energy deposition dE or the amount of
ionization, i.e. the generation of secondary charged particles d@ in a material with unit
mass dm [24].

A relevant physical quantity for the discussion of irradiation effects on matter and within
the scope of this thesis is the absorbed dose D since it is proportional to the biological
effects . It is defined as the total absorbed energy dFE per mass element dm of the
absorbing material with density p and volume dV, namely

_dE _ dE

D=—=———.
dm p-dV

(2.20)

The SI-unit of the absorbed dose is Gray and is defined as the absorption of the energy of
1J per 1kg of matter, i.e.

[D] =1Gy = (2.21)

=
kg
Due to the fact that the energy transfer to matter is generated by the interactions of the
electrons, regardless of whether they are primary or secondary electrons, the absorbed dose

can be calculated using the relation

Emax S E
D= / Seal(F) bp dE (2.22)
0 P

in which ®g dF stands for the electron fluence in the energy interval F to £+ dFE. Fluence

® = dN/qa, in general means the particle number dN per area perpendicular to the particle
movement dA | [11].

Since the absorbed dose cannot be measured directly, the ion dose J must be measured.
The ion dose is a quantity for the amount of charges generated with equal sign dQ as a
sequence of ionization per mass dm [23], accordingly

_dQ

J=—c. 2.23
T (2.23)
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The SI-unit of the ion dose is given by

J]=1-—. (2.24)

Absorbed dose and ion dose are connected via the proportional relationship
D=k-J, (2.25)

whereby k is a material specific correction factor. The correction factor in case of water
is k = 35Gy/C/kg, for biological tissue a bit higher with & = 37Gy/C/kg and for air,
we have k = 33.97Gy/C/kg . The factor k describes the ability of the material to
absorb the energy of ionizing particles . In other words, it describes the average energy
required to generate an ion pair. If the irradiated detection volume is air, the ion dose is
often called standard ion dose.

The term “kerma” (kinetic energy released per unit mass) is relevant in the case of indirectly
ionizing radiation such as photons. Kerma refers to the transferred energy from indirectly
ionizing radiation into kinetic energy d Fy;, of secondary particles, generally electrons which
release their energy subsequently to the irradiated object with the mass dm, therefore it
holds:

dEin
K = —n

2.26
am (2.26)
As well as for the other dose quantities, the unit is Gray

[K] =1Gy. (2.27)

An important parameter in determining kerma is the energy-transfer coefficient s, through
which the kerma can be calculated similar to ]Equation (2.22)\ by using the photon fluence
®r dFE in the energy interval F to E 4+ dE and can be calculated by

K = /Em melE) g d. (2.28)
0 P

For low-energy photons, the kerma is essentially equivalent to the absorbed dose as there is

a secondary electron equilibrium. However, for very high-energy photons, it is possible that

the transferred kinetic energy is very high and that the secondary particles may escape the

medium resulting in the kerma overestimating the absorbed dose .

Another important and often used quantity in radiotherapy is the dose rate

. dD
D=— 2.2
dt’ (2.29)

which describes the time evolution of the dose. The unit of the dose rate in general is

[D} -1 % (2.30)
Further commonly used dose quantities are the equivalent dose, which takes into account
the biological effectiveness of the absorbed dose, and the effective dose, which considers
the tissue sensitivity to different types of radiation.

To differentiate between the absorbed dose and the equivalent dose, the unit of the equivalent
dose is given in Sievert (Sv), where one Sievert, in SI units, is equivalent to one Joule
per kilogram and has therefore the same unit as the absorbed dose. A more detailed
explanation can be looked up in the DIN (Deutsches Institut fiir Normung) standards for

dosimetry, cf. DIN 6814-3 or 6800-2, [11], and [21].
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Figure 2.3.: Relative depth dose curves of typical ionizing particles, protons (red) with
characteristic Bragg peak, electrons (blue), X-rays (green) and gamma radiation (yellow).
Redrawn illustration based on .

Depth Dose Curves

Dose distributions are the spatial distribution of the absorbed dose in the absorbing
material and play a major role in the radiation planning of patients in radiotherapy. In
addition to the physical properties of the absorber, the particle type and energy also
have an influence on the generated dose distribution. In most cases, a one-dimensional
graphical representation, that of a dose curve along a line, is chosen to illustrate a dose
distribution or a so-called dose profile. A special dose profile is the depth dose distribution,
a distribution which reflects the dose distribution on a straight line in the radiation field
axis within the irradiated body. The associated graphical representation is known as the
depth dose curve . Typical depth dose curves of common ionizing particles are
shown in The curves show different progressions of the relative absorbed dose
on the ordinate with progressive penetration depth on the abscissa that is usually measured
in cm for the respective kind of ionizing particles and initial energy. Maximal dose values
are reached at different penetration depths due to diverse interaction mechanisms which

dominate depending on the particle type and energy range, see [Section 2.1

The depth dose curve of protons (red) shows the characteristic progression with a slowly
rising dose and a sharp high dose maximum at the end, the so-called Bragg Peak. The same
characteristic exists for ions. For X-rays (green) in the range of keV, the dose maximum is
right on the surface and then a exponential decay according to [Equation (2.15) follows. In
the case of high energetic photons (gamma radiation) in the range of MeV (yellow) and
electrons (blue) the dose maximum occurs not directly on the surface, but below and is
deeper the higher the initial energy of the particles is. This phenomenon can be explained
by the build-up effect.

The build-up effect can be explained by the fact that secondary electrons are generated by
the primary electrons or photons via various interaction mechanisms and scatter in the
medium. They will release their energy to the medium until all energy has been released
and the electrons have arrived at the end of their path. At that point, the electron fluence
will decrease and the dose will decrease as well.
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Figure 2.4.: Relative electron depth dose curve, relative dose over depth, with char-
acteristic ranges and doses for description. R: mean range, R,: practical range, Rpyax:
maximal range, Ry,: therapeutic range, dpax: maximal dose depth, Dy: surface dose, Dy:
skin dose, Dyax: maximal dose, A: build-up zone, BSB: BremsStrahlung Background,
BST: BremsStrahlung Tail. Redrawn illustration based on \\

For photons, electrons are released in proportion to the number of them. This explains
why the number of released electrons decreases with penetration depth and as a result, the
absorbed dose falls. The dose drop is not that steep as for primary electrons, due to the
weaker interaction of photons with matter and new, but less, electrons with equal initial
energies are continuously generated. The depth of the maximum of photons corresponds to
the reach of the generated electrons and with rising photon energy, it lies deeper because
of the more energetic generated secondary electrons.

In the case of electrons, the dose maximum can be explained by the scattering and fanning
out of primary and secondary electrons. If the electrons reach a state with complete
diffusion, the maximal energy transfer follows. Approximately, electrons have a continuous
energy loss, but due to the projection on the central movement axis, the energy transfer
density rises on the central axis until the mentioned complete diffusion. Additionally, the
stopping power, so the energy loss, will rise with lower electron energies which also increases
an increase in dose. After that, the dose decreases rapidly because less and less electrons
are left and because of the finite range of electrons in matter. illustrates some
general terms for the characterisation of electron depth dose curves. This includes different
ranges like the depth of the dose maximum dy,.x and the therapeutic range Ry, where 80 %
to 85 % of the maximal dose is reached. The mean range R, also known as half depth, is
the depth where the dose dropped about 50 %. The practical range R}, is defined as the
intersection of the z-axis and the tangent at the half-value dose point and the maximal
range Ryax where the curve fits the underground of the bremsstrahlung.
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Some of the ranges (in cm) can be estimated using different rules of thumb

Rlem] = W (2.31)
R, [em] = Z01MeV] [1;@\/]7 (2.32)
Ry [cm] = Eo[l;/lev]. (2.33)

Similarly, the average electron entry energy can be determined by graphically determining
the mean range R in cm and using

MeV —4
o0 o (2.34)

MeV —
Y R+7-107°

Eo (R) =233~ —

Due to the particle-dependent profiles of the dose curves and the dose maxima reached at
different depths, it is obvious that different ionizing particles with different energies are

used depending on the application .

2.2.2. Detectors

To determine the dose and the dose distributions as well as the resulting dose curves such as
the depth dose curve, suitable detectors are required. Common dose measurement methods
and the detectors used for them, also known as dosimeters, are described in this section.

There are many different methods available today for the measurement of dose including
both physical and chemical methods. In case of radiology and radiation therapy, commonly
used detector types are gas detectors and film dosimeters, but also semiconductors and
other kinds of detectors can be used. Here, a focus is placed on the first two detector types.

For a more detailed insight see and , .

2.2.2.1. Ionization Chamber

Ionization chambers are gas detectors based on the principle of charge separation and
collection of the produced electrons and ions by passing ionizing particles using electrical
fields in gas-filled detectors with the sensitive volume dV'.

A general setup of an ionization chamber is shown in Different forms are used
for different application fields as well as different gas compositions and applied voltages
for charge collection. For very high electrode voltages, the primary charge generated by
ionizing particles will lead to a gas discharge. This kind of gas detectors are known as
Geiger-Miiller counter tubes and are normally used for radiation protection. In the case
of ionization chambers, the electrode voltage is chosen high enough so that all generated
ions are collected, but low enough so that there will be no charge multiplication due to gas
amplification. Under these conditions, the collected charge is proportional to the averaged
dose deposited in the gas, the size of the sensitive measure volume and the gas density. For
this reason, the collected charges are usually measured and displayed directly in electrical
units using an electrometer, for example in nanocoulombs (nC). The sensitivity of ionization
chambers depends primarily on the measuring volume and the type and pressure of the
filling gas. Dosimetry with air filled ionization chambers is the most important method
of dose measurement in radiology and radiation therapy. Common types are cylindrical
chambers or flat chambers (see [Figure 2.6). To obtain the absorbed dose D in Gray from
the measured value M of the ionization chamber, a calibration factor N is needed so that

D=N-M. (2.35)


miriam
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Figure 2.5.: Schematic setup of an ionization chamber. Ionizing radiation generates
positive and negative charges in the detector volume. Due to the electrical field present,
these diffuse to the metal electrodes of opposite polarity, which are connected to DC
voltage. The resulting ionization current is detected using a charge measuring device (A).
Redrawn illustration based on \\

In general, N is determined via a %°Co-vy-emitter (in Germany) in a water phantom under
defined calibration conditions that include temperature (Tp = 293.15K), pressure
(po = 101.325kPa), distance detector to source, chamber voltage, surrounding material etc.
For real measurements, there are normally no standard conditions like in the calibration
case and the dose generating particles are not from a °Co-y-emitter. Because of this, some
correction factors must be taken into account that turn [Equation (2.35) into

D:ﬁki-N-(M—MO), (2.36)
i=1

where My is the measured value of the dosimeter without radiation, k; (i =T, p, s, etc.)
are the different correction factors, for example kt for temperature, air density k, or
recombination losses ks. The correction k, results for example from

T po
k,= — - —. 2.
P TO P ( 37)

2.2.2.2. Film Dosimeter

Film dosimetry is used as a dosimetry method in radiation therapy since the 1960s .
Films have a very high spatial resolution but in general a relative high dose measurement
uncertainty .

Radiographic and radiochromic films have a special importance . Irradiation of both film
types leads to a color change of the films. In the first case a irradiation leads to a blackening
because of the reduction of silver bromide compounds to free silver and in the second case
to a bluing because of a polymerisation process. A typical structure of radiochromic films
from Gafchromic™ is shown in These films consist of an active layer (= 25 pm),
consisting of an active component, a marker dye, stabilizers and other components, which
is sandwiched between two matte-polyester substrates (&~ 125um) [10]. The color change
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Figure 2.6.: Schematic representation of the two most important construction types
of ionization chambers: a cylindrical chamber, b flat chamber. The light blue volume
represents the air filled detection volume, the sensitive volume. Redrawn illustration

based on .
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Figure 2.7.: EBT-XD film top view (left) and side view of the schematic film structure
of GAFChromic EBT-XD dosimetry film (right) with the active layer sandwiched between
two matte-polyester substrates. The active layer contains the active component, a marker

dye, stabilizers and other components and has it best performance in the dose range from
0.4 Gy to 40 Gy. Redrawn illustration based on [10].

of the films can be determined quantitatively via the optical density OD which depends on
the initial light intensity Iy and the transmitted light intensity I according to

I
OD = logy, <I°) : (2.38)
It is a common method to show the optical density as a function of the absorbed dose in a
so-called optical density curve. Therefore, a calibration measurement with defined dose

values for every film type and batch has to be done because the films sensitivity may vary
between film types and batches .

2.3. Cancer and Treatment

Cancer in general refers to a malignant formation of new tissue, a tumor or a so-called
neoplasia or malignancy. Cancer cells grow uncontrollably and could destroy healthy tissue,
in most cases they form daughter ulcers, so-called metastases which can spread through
the bloodstream or the lymphatic system to other organs. [5]. It takes several steps for
cancer to develop, the reasons are usually not trivial to identify. Possible risk factors are
for example smoking, alcohol, pathogens, exposure to chemicals, UV radiation and other
ionizing radiation, but in many cases cancer arises spontaneously during cell division in
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Figure 2.8.: Schematic development of cancer out of healthy tissue in several steps.
Internal or external influences (yellow arrows) that contribute to the development of
cancer include hereditary factors, coincidence, but also various environmental factors, the
personal lifestyle or pathogens. Redrawn illustration based on .

which errors can occur and, therefore, it is also referred to as a disease of the genes [5)
. A simplified graphical representation of cancer development can be seen in .
Without proper treatment methods, cancer will lead to death in most of the cases. Therefore,
there is a multitude of treatment methods that are constantly being improved and further
researched in order to discover new and more effective methods. The most common cancer
treatment methods are a surgical removal of the tumor, chemotherapy or radiation therapy,
but in many cases, the treatment is a combination of these three methods, but are used
individually as well. Radiation therapy will be described in more detail below as the central
point of application of this thesis.

2.3.1. Radiotherapy

Radiotherapy or radiation therapy is an often used method in cancer treatment. More
than every second patient receives radiation therapy, which, in contrast to chemotherapy,
enables local treatment of cancer. In the case of radiotherapy, the cancer cells are destroyed
basically via ionizing radiation (1} 3].

As explained in the previous sections, ionizing particles will deposit energy in the matter
they penetrate. This will in general lead to the ionization of the object and, in the case of
living cells, could lead to a damage of them. Exactly this mechanism is used by radiation
therapy to prevent tumor cells from growing or even destroy them completely.

On the one hand, cells can be damaged directly through ionizing particles by breaking the
chemical bound of molecules, especially DNA (DeoxyriboNucleic Acid) by damaging the
double helix structure, or indirectly through the generation of chemical radicals from water
molecules in the cells which will attack the molecules chemically , see If the
cell’s repair mechanisms are not sufficient because the damage caused is too great, cells die.
This is often the case for cancer cells since the repair mechanisms only work to a limited
extent. Because of this, malignant tumors are often very sensitive to ionizing radiation
which leads to the desired reduction in size of the tumor or even to a complete destruction

31).



2.3. Cancer and Treatment 19

High-energy DNA repair

particles

H,0

Free radicals
Non-repairable

damage
Oxygen
Superoxide
+ peroxide —— Direct

Indirect

Figure 2.9.: Radiation damage to DNA. High-energy particles can affect the cell DNA
either by direct pathway (red) or indirect pathway (pink). In the latter case, DNA is
damaged by free radicals and harmful by-products generated through the process of water
radiolysis, which increase oxidative stress in the cell. Cell survival depends on the damage
inflicted and the effectiveness of repair mechanisms. Redrawn illustration based on ||

Of course, not just cancer cells will be affected by the ionizing radiation, as desired, but
healthy cells as well. If the damage of the ionizing radiation is too high and the healthy
cell’s own repair mechanisms are not enough, they can suffer a permanent damage in DNA
and this can lead to observable biological effects. One possible response to the damage
could be the mentioned cell death of course, another effect could be a permanent alteration
of the cell which does not lead to their death or illness but maybe to a genetic effect that
affects even later generations. Other effects could also be that the irradiation of healthy
cells is leading to impairments of the cell functionality that could cause different somatic
effects such as sterility or also cancer .

In radiotherapy, the radiation dose is chosen by the doctor due to the sensitivity of the
tumor. In case of a conventional treatment, a homogeneous irradiation with total doses
ranging from 40 Gy to 70 Gy divided into fractions of 1.8 Gy to 2 Gy over a period of weeks
is chosen. In comparison to that, the annual radiation exposure in Germany just amounts
to 2.1 mSv/year on average [31].

Depending on the type and position of the tumor, different particle types and particle
energies can be used for a good tumor control and protection of healthy tissue. In the case
of tumors close to the skin, irradiation with photons or electrons is an option because of
their dose maximum near the surface while protons or heavy ions are suitable for deeper

tumors taking advantage of the Bragg Peak (see Figure 2.3).

Cancer diseases will continue to increase in the years to come, which is partly due to the
overall increase in life expectancy and increasing environmental pollution . Because of
this, active research is carried out into even more effective treatment methods that enable
both good tumor control and protection of healthy tissue. Instead of using conventional
radiation, the current focus of research is to investigate unconventional irradiation methods
like the effects of extremely high doses (FLASH effect) in a short time or the influence of
special radiation patterns (MicroBeam/MiniBeam).
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Figure 2.10.: Schematic representation of a MicroBeam/MiniBeam film dosimeter
irradiation with characteristic irradiation pattern (left) and an exemplary spatial dose
plot with recognizable peak and valley dose (right).

FLASH Effect

One unconventional promising radiation therapy method is the ultra-high dose radiotherapy,
abbreviated as FLASH. As the name would suggest, this type of radiation therapy delivers
a very high dose in a short amount of time D > 40 Gy/s in contrast to conventional
fractionated radiotherapy. The extremely high and short dose pulses in FLASH radiotherapy
also pose a challenge to previous dosimetry and beam control. It is suspected that
FLASH leads to fewer late side effects in healthy tissue while preserving tumor control in
comparison to conventional dose rate irradiation. The biological effects, which are still
largely unexplained, and the influence of oxygen on the FLASH effect according to the
treatment success are part of the current state of research in radiotherapy (7, 32].

MicroBeam/MiniBeam

Another promising irradiation method is the so-called MicroBeam or MiniBeam method.
This method does not use homogeneous irradiation over a large area, but irradiation in
the form of strips, see [Figure 2.10 The irradiation area therefore consists of strips with
a high dose, called the peak dose, and the areas in between with a very low dose, called
valley dose. Depending on the width of the strips, the irradiation method is referred to
as MicroBeam (width ~ pm) or MiniBeam (width ~ mm). As with FLASH therapy, it is
assumed that tumor control can be achieved just as well while damage to healthy tissue is
reduced at the same time. Film dosimeters (see [Section 2.2.2.2)) are often used here for
dosimetry since they can be used to verify the spatial dose profile very precisely @]]




3. Simulation Software: FLUKA

FLUKA (FLUktuierende KAskade), based on the Monte Carlo method, is a simulation
program which has been developed in the 1960s by Johannes Ranft. The first FLUKA
code was used to evaluate the performances of sodium iodide (Nal) crystals used as hadron
calorimeters. Over time, the program has been improved and revised by many scientists.
It was restructured, so that the code evolved in a multi-purpose and multi-particle code
applicable to a wide range of subjects and energies. The modern FLUKA has been developed
starting from 1989 by A. Fasso, A. Ferrari, J. Ranft and R.R. Sala.

Today it can be used for calculations of particle transport and interactions with matter for
a variety of applications like proton and electron accelerator shielding, dosimetry, detector
design, neutrino physics, medical physics or radiotherapy. With the help of today’s FLUKA
code, the interaction and propagation of about 60 different particle types in matter can be
simulated, like for example electrons, photons, neutrinos, muons, antiparticles, neutrons
and heavy ions. The simulation covers a wide range of particle energies, for example
electrons and photons can be simulated in an energy interval from 100 keV up to a thousand
TeV and hadrons up to energies of 20 TeV. Very complex geometries can be handled with
FLUKA via an an improved version of the Combinatorial Geometry (CG) package that is
predominantly necessary in medical physics and radiotherapy. With this package, it is also
possible to track charged particles correctly in magnetic or electric fields if necessary.

A variety of physical models were implemented for a precise simulation of particle inter-
actions. Some of the most important particle matter interactions in the context of this
thesis are the interaction mechanisms of electrons and photons which have already been
introduced in These interaction mechanisms and many others, some of which are
less dominant, are implemented with FLUKA to enable a precise description of the physical
processes. This includes, in the case of electrons, the stopping power, an original transport
algorithm for charged particles that includes a complete multiple Coulomb scattering
treatment. In addition, differences between electrons and positrons are taken into account,
bremsstrahlung differential cross sections of Seltzer and Berger and Delta-ray production
via Bhabha and Mgller scattering are considered. To simulate the photon interaction with
matter, the most important interactions mechanisms like the Compton effect, photoelectric
effect, pair production, Rayleigh scattering and photon polarisation are implemented in
FLUKA as well.

A more detailed overview can be found in the FLUKA manual and a more precise description
of the physical models can be found in several journal and conference papers which are
referenced in the FLUKA manual or .
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3.1. Monte Carlo Method

The Monte Carlo method (MCM) is a class of computational algorithms that uses
(pseudo-)random numbers and their repeated random sampling for the numerical solution
of various physical and mathematical problems that are analytical difficult or impossible to
solve.

The MCM has its origins in probability theory [33]. A first reference to MCM was by Comte
de Buffon in 1777. He proposed a method similar to the MCM to determine the probability
of a needle tossed randomly onto a ruled sheet, whether the needle with length L lied across
a line with distance d > L. Modern MCM, as well as the name “Monte Carlo”, arose in
connection with the development of the first nuclear weapons. The scientists Neumann
and Ulam drove the development of MCM and its implementation initially analogue and
later digital on computers.

Today, with the use of digital computers, the MCM is used in many fields like social science,
mathematics, physics and chemistry. Classic applications can be found in finances, traffic
flow calculations, radiotherapy and radiation dosimetry. It can be used to simulate random
processes with many coupled degrees of freedom (fluids, strongly coupled solids, cellular
structures, particle matter interaction) and thus to predict the behavior of certain systems
and variables.

The foundation of the MCM is the law of large numbers. The latter states that the sample
mean of the random experiment results X; repeated in the same way converges to the
theoretical expected value X with increasing repetition number N, i.e.

AR
lim 375 =X (3.1)

N—oo i1

According to the central limit theorem, the mean X or in general the result of a Monte Carlo
integration is a Gaussian random quantity and follows therefore a Gaussian distribution.
The uncertainty of the mean o(X) in that case is given through the standard deviation
of X and measures the accuracy of the computed X with a certain confidence level. The

uncertainty of the mean decreases with increasing sampling size N and satisfies
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In order to obtain reliable results, a correspondingly large but finite sample size N must
be chosen. Based on a Monte Carlo simulation of the interactions of ionizing particles
with matter, this means that a corresponding number of primary particles, also known as
primaries, must be simulated, to reach a certain confid