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Zusammenfassung

Simulationen zur Funktionalitdt und zum Hintergrund von astronomischen Instrumenten fiir
Weltraummissionen gehéren heute zu den Schliisselpunkten in der Vorbereitung eines Pro-
jekts. Dabei kann der Einfluss der unterschiedlichen Bestandteile der Detektor- und Teleskop-
geometrie, wie beispielsweise Abschirmungen oder die Position elektronischer Komponenten,
getestet und optimiert werden, ohne dabei groffe Mengen an Zeit und Material fir Labor-
messungen zu bendtigen. Eine Moglichkeit, diese Simulationen durchzufithren, bietet das
Monte-Carlo-Simulations-Toolkit Geant4, welches u.a. vom européischen Kernforschungszen-
trum CERN entwickelt und bereitgestellt wird. Es erlaubt die Untersuchung von Wechsel-
wirkungen zwischen Teilchen und Materie bei Vorgabe einer detaillierten Beschreibung des
Aufbaus sdmtlicher Bauteile eines Instruments sowie einer sorgfiltig ausgewédhlten Liste an
physikalischen Prozessen.

Diese Arbeit soll zu Beginn einen kurzen Uberblick iiber die Geschichte und die Handhabung
des Geant4-Codes geben. Zudem wurden verschiedene Versionen des Codes gegeneinander
getestet, um die Vergleichbarkeit der Ergebnisse beziiglich der z.T unterschiedlich implemen-
tierten physikalischen Prozesse zu gewahrleisten.

Neben diesen allgemeinen Untersuchungen beschéftigt sich die Arbeit mit Simulationen zu
unterschiedlichen astronomischen Rontgenobservatorien. So wurden fiir eROSITA, eine ge-
plante Weltraummission, die 2016 gestartet werden soll, Simulationen der Quanteneffizienz
der verwendeten pnCCDs durchgefithrt, welche die Ergebnisse aus vorangegangenen Labor-
experimenten bestéitigen sollten und auch haben.

Des Weiteren wurde eine bildgebende Methode zur Positionsrekonstruktion von Roéntgen-
quellen in bekannter Entfernung mit Hilfe einer Comptonkamera untersucht sowie die An-
derungen in der Quanteneffizienz, die dabei durch unterschiedliche Aufbauten wie Anzahl,
Material und Dicke der sensitiven Schichten entstehen. Im Vergleich zu fritheren Arbeiten auf
diesem Gebiet wurde fiir die Positionsrekonstruktion nicht die Ndherung von so genannten
Ereigniskreisen verwendet, sondern ein realistischerer Ansatz mit Ellipsen untersucht.

Die gefundenen Ergebnisse wurden dann zur Untersuchung der Vorgénge im Polarimeter
eines Teststands im institutseigenen Labor verwendet, dessen Aufbau dem eines Compton-
teleskops entspricht. Hierbei wurden neben der Positionsrekonstruktion auch die homogene
Ausleuchtung der Detektoren und der Fluoreszenzhintergrund, der von Quellphotonen bei-
spielsweise in den umgebenden Abschirmungen induziert wird, untersucht. Die Ergebnisse der
Simulation trugen zum Verstdndnis der Linienbildung im Energiespektrum der Labormessung
entschieden bei.

SchlieBlich wurde der Einfluss des kosmischen Roéntgenhintergrunds, weicher Protonen aus
solaren Winden sowie hochenergetischer Protonen aus der kosmischen Strahlung auf den
IXO Wide Field Imager analysiert, einem Instrument, das in weiterentwickelter Form fiir
die ESA-Mission ATHENA verwendet werden soll, deren Start fiir 2028 geplant ist. Zudem
wurde die Abschirmung des Hintergrunds mit Hilfe eines Graded-Z shields untersucht. Es
sollten dabei sowohl die Simulationsergebnisse, die im Rahmen einer Dissertation an der
Universitdt Darmstadt gefunden wurden, bestétigt wobei zwei verschiedene Geometrien und
Materialien des Schildes getestet werden.






Abstract

Simulations of functionality and of background effects of astronomical instruments designed
for space missions are one of the key points in the preparation phase of a project. The influence
of the various geometry parts of the detector and the telescope like shieldings or the position
of electronic components as well as the detector response for the required energy range can
be tested and optimised without spending large amounts of time and material for laboratory
measurements. Such simulations can be performed e.g. by using the Geant4 Monte-Carlo
simulation toolkit developed among others at the European nuclear research centre CERN.
It allows to study interactions of radiation with matter after the implementation of a user-
defined, detailed description of all parts of an astronomical instrument as well as of a carefully
chosen list of physical processes.

After an introduction to X-ray astronomy, this work gives a short overview of the history and
the handling of the Geant4 code. Also, various versions of the code are tested against each
other to ensure comparability of the results focusing on the occurring physical processes.
Besides these general studies, this work describes dedicated simulations for several astronom-
ical X-ray observatories. For eROSITA, a future space mission that will be launched in 2016,
simulations are performed to confirm the results regarding the quantum efficiency for the
pnCCDs found in former laboratory measurements. By comparison the results are in good
agreement.

Furthermore, an imaging method for the position reconstruction of X-ray sources in a known
distance by a Compton camera is studied as well as differences in quantum efficiency appearing
for various configurations of the telescope like the number, the material and the thickness
of sensitive detector layers. Compared to former works on this topic, instead of using the
approximation of event circles for the reconstruction of position, realistic ellipses are studied.
The results found are used for the analysis of the processes in a Compton polarimeter operated
in a laboratory of the institute. Besides the reconstruction of the source position also the
homogeneous illumination of the detectors and the fluorescence background induced by the
interaction of source photons with the detector surroundings are analysed. The results explain
the lines of the energy spectrum found for the laboratory measurement very well.

Finally, the effect of the cosmic X-ray background as well as of low energy protons originating
from solar winds and high energetic cosmic rays on the IXO Wide Field Imager (WFI) are
studied. The WFI is an instrument that shall be further developed and used at the ATHENA
mission that is planned to be launched in 2028. Additionally, the reduction of the background
with the help of a Graded-Z shield is analysed. Thereby, the results found in a former
simulation in the context of a dissertation at the University of Darmstadt, Germany, should
be re-evaluated whereby two compositions of the shield in terms of geometries and materials
are tested.
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1 Introduction

Throughout time, people were fascinated by the sky and the celestial bodies moving within,
making astronomy one of the oldest field of interests in human history. Instrumental astron-
omy and with it the systematic examination of the universe started in 1609 when Galileo
Galilei pointed his telescope to the sky for the first time in order to study the surface of
the Moon. Since then, telescopes and astronomical instruments have been improved and
new astrophysical domains have been established. In the mid 20th century, the step from
ground-based to space-borne astronomy was taken. Among the fields of research in modern
astronomy, one important branch is X-ray astronomy that leads to a better understanding
concerning some of the most unusual and extreme sources and processes in our universe.

1.1 A short history of X-ray astronomy

In 1895 Wilhelm Conrad Rontgen studied the path of electrons in a cathode ray tube. In
order to shield his experiment from stray light, he covered the tube in black cardboard. By
chance, he found that a screen of photosensitive material near the tube showed fluorescence
effects although no visual light escaped from the tube. He recognised it as a new kind of
radiation being able to penetrate a variety of different materials. This radiation differed from
any radiation known so far therefore he called it X-radiation.

It took several decades until X-ray technologies found their way into astronomical research.
Earth’s atmosphere is transparent to visual light and partially transparent in the radio,
infrared and UV-range of the electromagnetic spectrum. X-rays and higher energetic gamma
rays ionize the molecules in the atmosphere and are absorbed in this process, so they cannot
be detected by ground-based telescopes and even hardly with balloon-based instruments.
Figure 1.1 summarises the opacity of Earth’s atmosphere for electromagnetic radiation.

It was not until 1949 when the first rocket-based mission was launched and a detector could
be brought to an altitude of 87 km where Earth’s atmosphere became sufficiently transparent
that the first X-rays from an astrophysical source could be detected by Friedman et al.
(1951). These 3keV X-rays originated from the hot corona of the Sun, and most astronomers
assumed that it would remain the only astronomical X-ray source strong enough to ever
be detectable. Nevertheless, in 1962 the first extra-galactic X-ray source was found. When
Riccardo Giacconi et al. searched for X-ray fluorescence of the Moon induced by the powerful
solar winds, they detected a strong X-ray signal from a star inconspicuous in the visible
light (13th magnitude). It was called Sco X-1 as it was the first X-ray source in the star
constellation Scorpius (Giacconi et al., 1962).

As a consequence, about 75 years after Wilhelm Conrad Roéntgen had observed the new
radiation, the NASA! satellite Uhuru was launched in 1970. During its three year all-sky
survey, 300 new X-ray sources were detected. With the data of this long-term measurement,
X-ray radiation from sources like Sco X-1 could finally be explained. Today Sco X-1 is
known to be a binary system consisting of a neutron star and a low mass companion star.

INASA: National Aeronautics and Space Administration
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Figure 1.1 Molecules in the atmosphere absorb large parts of the electromagnetic spectrum
originating from galactic or extra-galactic sources. In this image the solid line indicates an
absorption of 50 % of the incident radiation whereas the top of the grey area corresponds to an
absorption of 99 %. The scale Atmospheric Fraction gives the fraction of the atmosphere that
lies above the corresponding height. While it is possible to observe optical and radio photons
with ground-based telescopes, it requires satellites to detect high energetic X- and gamma
rays. Image by Thomas Schanz and Chris Tenzer (Institut fiir Astronomie und Astrophysik
Tiibingen) based on an image by Giacconi et al. (1968).
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The processes leading to the emission of X-rays and the sources showing these processes are
briefly described in the Sections 1.2 and 1.3.

Other space missions followed, e.g. as ROSAT? launched in 1990 and performed an imaging
survey of the whole sky which added 80,000 X-ray sources to the catalogue (Triimper et al.,
1999).

Sky surveys were also performed in other energy ranges. One year after ROSAT, the Compton
Gamma Ray Observatory by NASA began to study the sky in the gamma ray range. One
of the instruments on board was COMPTEL, the first successful Compton telescope in the
MeV range.

Currently, there are two large space missions focused on imaging in the X-ray band of the
electromagnetic spectrum. The Chandra X-ray Obervatory was named after the Indian-
American physicist Subrahmanyan Chandrasekhar, who found the upper mass limit for white
dwarfs. The observatory is a NASA project that was launched in July 1999. Details about
the mission as well as scintific results from the actual fifteen years of operation can be found
in Weisskopf et al. (2014).

The European counter-part to Chandra is the ESA3 project XMM Newton, launched in
December of the same year. XMM is an acronym for X-ray Multi-Mirror, chosen because
it contains three telescopes, each of which consists of 58 Wolter-type I mirror shells (Jansen
et al., 2001). While Chandra has a high angular resolution of 0.5”, XMM benefits from its
large collecting area of 1500 cm? for each telescope. Results of the observatory are summarised
in Schartel (2012).

For 2016 a new mission is planned. The eROSITA instrument on the joint Russian SRG
mission is designed by the Max-Planck-Institut fir extraterrestrische Physik in Garching,
Germany, as the successor of the ROSAT mission and will perform an even more detailed
survey of the X-ray sky.

The field of X-ray astronomy is very productive. There are further active as well as planned
missions that cannot all be stated here. This thesis will have reference to some selected
current missions.

1.2 Astronomical X-ray sources

Since the early 1960s, several sky surveys in X-rays were performed in order to catalogue
and identify the X-ray sources. X-rays are emitted by a range of very different astronomical
objects which are presented in the following.

1.2.1 Hot stars

Stars are traditionally categorized into seven main stellar classes—O, B, A, F, G, K and
M-depending on their emitted light spectrum. From O to M, effective temperatures decrease
while the occurrence of absorption lines in the spectrum increases. O stars can have surface
temperatures above 50,000 K, whereas M stars reach only temperatures of about 2500 K
(Novotny, 1973). According to Planck’s radiation law (see Equation 1.7), this temperature
is not high enough for the emission of photons in the X-ray energy range.

2ROSAT: ROentgenSATellit
3ESA: European Space Agency

S. Piirckhauer 3
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Due to the Stefan-Boltzmann law, the irradiance j of a hot object depends strongly on its
temperature 7T

j=oT? (1.1)

In this formula o is the Stefan-Boltzmann constant. At the surface of a hot star, this radiative
flux can outweigh the gravitational pressure which binds the matter to the star. Particles will
be accelerated away from the star, forming stellar winds. Therefore, O stars are known to
suffer a mass loss of up to 107* Mg, (solar masses) per year. Shock fronts and cooling zones
inside these winds (Feldmeier et al., 1997) as well as strong magnetic fields (Gagné et al.,
2011) can heat up the winds sufficiently to produce thermal X-rays.

X-rays are also detected from members of other stellar classes. Those cooler stars have
convective zones that force hot plasma in the interior of a star to move outwards and cooler
material from the surface to sink down. Through the movement of the plasma, generated by
the high temperatures inside the star, a magnetic field is induced that can rise to the surface
inside a convective bubble. For the Sun those bubbles are known as sun spots. At the surface
those magnetic fields are converted into thermal energy, and act as the main heating process
in the the corona of a star next to thermal conduction and mass flow. Through magnetic
heating, coronal temperatures can reach several 10K, enough to produce thermal X-rays
(Withbroe and Noyes, 1977).

1.2.2 White Dwarfs

Main sequence stars with initial masses up to 8 M, end their lives as white dwarfs. There are
different types of white dwarfs depending on this initial mass. Typically the progenitors of
white dwarfs pass through phases of hydrogen and helium burning. After burning all helium
(that remained in the core after the mass loss due to stellar winds in the red giant phase) to
carbon, the nuclear fuel in the core is exhausted, radiative pressure decreases and gravitation
dominates. The core collapses until the electron gas of the core degenerates. The pressure
rises, bringing the collapse to an end. The remaining object is a white dwarf consisting
usually of a carbon core with a thin helium atmosphere. Typical radii of white dwarfs with
one solar mass are about 10,000 km.

The mass of a white dwarf is limited to the so called Chandrasekhar mass which is about
1.4 Mg. This is the maximum mass that can be supported by the degenerated gas of electrons.
Some low mass stars never gain enough energy to start the helium burning process. Those
stars later become helium white dwarfs with a typical mass of 0.5 M. On the other hand,
some main sequence stars with masses between 8 and 11 M, can ignite carbon and can even
produce neon and magnesium before reaching the core collapse phase. Those ONeMg white
dwarfs come close to the Chandrasekhar limit with masses between 1.2 and 1.4 Mg (Ryan
and Norton, 2010).

If a white dwarf collects additional mass for instance by accretion and thereby exceeds the
Chandrasekhar limit, the core pressure of the degenerated electron gas cannot withstand
gravity and the white dwarf explodes in a thermonuclear explosion called supernova type Ia.

Because the nuclear burning stops when the white dwarf state is reached, single stars after-
wards start the terminating cooling phase. With initial temperatures of about 10° K they
have enough thermal energy to produce soft X-rays and the star cools at an almost constant
rate. The process is well understood and can be used to determine the age of white dwarfs
(Salaris, 2008).

4 S. Piirckhauer
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1.2.3 Cataclysmic variables

Cataclysmic variables (CV) are binary systems containing a white dwarf which accretes ma-
terial from a regular companion star. Depending on their magnetic field CVs are divided into
magnetic CVs or polars, intermediate polars and non-magnetic CVs. All types of CVs radiate
X-rays but the processes leading to the emission depend on the strength of the magnetic field.

In non-magnetic CVs the white dwarfs have a magnetic field strength of B < 10* G (Kuulkers
et al., 2003). Therefore, an accretion disc can form around the compact object. Because the
disc rotates with a higher velocity than the white dwarf, a boundary layer evolves between
the surface of the dwarf and the innermost edge of the disc where the accreted matter is
slowed down. In the course of this process kinetic energy is converted into thermal energy.
If the accretion rate is low, the material in the boundary layer cannot cool down efficiently
and the layer increases, forming a hot corona around the white dwarf. Temperatures can
rise up to 108 K and electrons in the surrounding of the star are accelerated to relativistic
velocities. From this hot corona soft thermal X-rays can be observed (Hellier, 2001).

At higher accretion rates, the boundary layer becomes optically thick, cooling is more efficient
and X-rays are produced by thermal Bremsstrahlung. Additionally, at a critical density,
viscosity increases and the accreted matter can be transported to the hot surface of the
white dwarf. Thereby the material abruptly releases its gravitational energy which leads to
a so-called dwarf nova outburst (Kuulkers et al., 2003).

Polars have strong magnetic fields above 107 G that force the companion star to corotate
with the white dwarf. A disc cannot emerge and the accreted matter follows the magnetic
field lines, impacting on the dwarf in a single point near one of the magnetic poles. In a so
called accretion shock the total kinetic energy is converted into an intense emission of soft
X-rays (Hellier, 2001).

Intermediate C'Vs are in-between non-magnetic CVs and polars. The magnetic field is not
strong enough to force the companion star to corotate. The stream of accreted matter is
therefore forced to change direction with the altering magnetic field lines. Sometimes it is
even possible to form a disc but the inner layer of those discs will be cleared from any matter
by currents induced by the magnetic field at the border of the magnetosphere. Matter can
only access the star’s surface by following the magnetic field lines. There are several accretion
points on the surface of the white dwarf producing X-rays by converting gravitational energy
into thermal energy (Hellier, 2001).

Finally, all types of CVs can produce thermal X-rays during classical nova outbursts. By
accreting hydrogen-rich matter from the companion star, the pressure of the degenerated
material inside the white dwarf rises along with the temperature. If the temperature reaches
a critical point, hydrogen reignites, leading to a thermal runaway producing temperatures of
above 108 K. In this process, thermal X-rays can be generated (Hellier, 2001).

1.2.4 Neutron stars and X-ray pulsars

Stars with main sequence masses of more than 11 My evolve by burning elements inside the
core from hydrogen to silicon. The last burning process generates an iron core. Because
no energy can be gained by the burning of iron, the nuclear fusion stops, initiating a core
collapse. The pressure of the gravitational collapse is high enough to cause neutronization.
In this process protons combine with the high energetic electrons from the degenerated gas to
neutrons. The neutrinos that are additionally produced in this process take away large parts

S. Piirckhauer 5
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of the energy. When the neutronized core becomes degenerated again, the pressure rises
suddenly and the matter falling on the incompressible core is driven away in a supernova
explosion (type II, Ib, Ic). The remaining object is a neutron star. Those stars have densities
of above 10'¥kg m~3 and typical radii of about 15km at 1.5Mg. The surface can reach
temperatures of approximately 10 K. The mass of a neutron star is below the Tolman-
Oppenheimer-Volkoff limit at M < 1-3 M. This upper mass limit is not yet known precisely
because the equation of state inside a neutron star is still not known (Weigert et al., 2010).

In addition to the production of thermal X-rays caused by the hot surfaces, X-rays can be
generated via synchrotron radiation around rotating neutron stars called pulsars. When a
star collapses into a neutron star, initial angular momentum will be increased with decreasing
radius. Therefore, pulsars are very fast rotating objects. Additionally, the rotation induces a
strong magnetic field of up to 10® T due to the movement of highly ionised plasma contained
inside the neutron star. Those two effects are thought to lead to an acceleration of electrons
in the surroundings of pulsars and to synchrotron radiation up to the X-ray energy range
emitted in a very narrow emission cone. Due to the fast rotation this cone produces a typical
periodic light curve characteristic for pulsars. The periodicity is of few milliseconds to some
seconds. It is only due to the high density of the neutron star that the pulsar is not torn
apart by the centrifugal forces (Weigert et al., 2010).

1.2.5 Black Holes

For cores with masses above the Tolman-Oppenheimer-Volkoff limit, the object remaining
after the supernova explosion is a black hole (BH). Because of their high gravitation, BHs
absorb all matter in their surroundings. Physical properties can only be obtained by the
behaviour of matter in the gravitational field of a BH. Even light cannot escape from a
certain radius around a non-rotating BH, which is called the Schwarzschild radius to be
found at

2GM
= 2 5

Ts

1.2
. (12)
where G is the gravitational constant, M the mass of the black hole and c the speed of light
(Weigert et al., 2010).

BHs can be sub-classified into stellar type black holes (SBH) for masses 1M < M < 100M),
intermediate mass black holes (IMBH) for 100Ms < M < 10°Mg, and supermassive black
holes (SMBH) for masses up to 10'°Mg, (P. Natarajan, 2009).

Another way of classification is due to their physical properties. According to Ruffini and
Wheeler (1971), for the calculation of the event horizon for a rotating BH the only externally
observable parameters accessible are the mass, the angular momentum and the charge of the
black hole (no-hair theorem). Because nothing can escape from within the event horizon, for
the description of the BH all intrinsic properties can be neglected. Thus, excluding mass,
there are four combinations of properties by which a BH can be classified.

The most simple is the Schwarzschild BH, which has neither a charge nor an angular momen-
tum. As mentioned above, it has an event horizon at the Schwarzschild radius, the minimal
orbit from which light can escape from the black hole.

A more complex version is the so called Kerr BH, which has an angular momentum but no
charge. Because of its rotation, the Kerr BH can develop two horizons. The inner horizon
is the Schwarzschild BH. However, there is also an outer horizon where the light is not yet

6 S. Piirckhauer
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absorbed by the black hole, but forced to corotate. The area between the two horizons
is called ergosphere and envelops the event horizon as an oblate spheroid evolving a bulge
around the equatorial area while touching the inner horizon sphere at the poles. Due to the
different rotation velocities depending on the orbit between the two horizons, accretion discs
can form in this region. But, inside this ergosphere particles could still escape from the range
of influence of the black hole by gaining energy from the rotation of the BH up to v > 0.9¢
(Meier, 2012).

The remaining classes of BH are based only on theoretical models. No objects of these classes
have been found in obervations yet. The Kerr-Newman BH can be described by adding an
electric charge to a simple Kerr BH while a Reissner-Nordstrém BH has a charge but no
angular momentum.

Black holes produce X-rays by various processes. The most luminous X-ray processes can be
found around active galactic nuclei (AGN). In the centre of presumably all larger galaxies,
super-massive black holes can be found. About 10% of them are AGNs, having very high
luminosities of up to 106 erg s™!. These are the major X-ray sources in the universe.
Because of the high gravitational force of the central black hole, the matter falling towards
the compact object can form an accretion disc. As for other accretion processes depending
on the accretion rate, the accretion discs can heat up to temperatures of about 10° K.
Additionally, the surrounding of the AGNs are typically filled with corona-like hot ionized
electrons. Through the movement of those charged particles, magnetic fields are produced
that are converted into thermal energy heating up the corona even further. Thermal photons
from the accretion disc are inverse Compton scattered at the hot electrons and reach X-ray
energies. Characteristic line spectra can also be found superposed the inverse Compton spec-
trum depending on the abundances of elements inside the accretion discs and the surrounding
corona (Gandhi, 2005).

1.2.6 SNR

Matter driven away in a supernova explosion gets strongly accelerated and thereby heats up
the interstellar medium it passes. The emission nebulae that are created by those explosions
are called supernova remnants (SNR) and are divided into three subclasses.

SNRs that form shell-like structures are called shell type SNRs. They have temperatures of
about 10°K and emit mainly thermal X-rays.

Others, generated by a core collapse supernova, can contain a fast rotating neutron star in
their centre. During the rotation, the neutron star loses energy. The freed energy results in a
stellar wind of relativistic particles that generates shock fronts and forms a diffuse nebula of
ultra-relativistic electrons around the central star. This form of a SNR is called a pulsar wind
nebula. Inside those nebulae, the electrons produce X-rays by inverse Compton scattering
and synchrotron radiation.

An intermediate form of these two types are the composite SNR, young pulsars that were
able to create a pulsar wind, but have not yet blown away their surrounding shell structure.
Therefore, X-rays from both features can be observed (Vink, 2012). Images of these three
types of SNR are shown in Figure 1.2.

1.2.7 Hot gas

In general, all areas in space filled with hot gases, mainly heated by acceleration and shock
fronts due to supernova explosions, produce thermal Bremsstrahlung. These gases like the
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(a) ©NASA/CXC/Rutgers/J.Warren & (D) ©NASA, ESA, J. Hester, A. Loll (C) ©NASA/CXC/GSFC/F.P.Gavriil et
J.Hughes et al. (ASU) al.

Figure 1.2 Examples of SNR classification types. In (a) a muliwavelength image of the tycho
supernova 1572 SNR is shown. The spheric symmetrical shell structure is visible. Figure (b)
displays the Crab Nebular as a pulsar wind SNR. The pulsar in the centre is not apparent.
Finally, Figure (c) provides a picture of the supernova remnant Kes 75 which is a composite
SNR. Here, the low energy range is coloured in red, the high energy range in blue. The bright
blue spot in the centre of the image is the pulsar generated during the core collapse.

interstellar medium (ISM), contain mostly hydrogen and helium as well as some traces of
other elements summarized as metals. They are heated up by events like supernova explo-
sions or other processes during which particles are accelerated, generating shock fronts. At
temperatures above 10° K, atoms inside the gas are assumed to be mainly ionized and ions
and free electrons are thought to be in thermal equilibrium. The electrons can then generate
Bremsstrahlung in the electric fields of the positively charged ions.

Additionally, electrons in the hot gas can excite atoms that are not fully ionized and generate
characteristic radiation. Discrete emission lines appear in the continuum of the thermal
emission. The intensity of these lines together with the upper edge of the continuous spectrum
can be used for the determination of the gas temperature. The higher the temperature, the
more atoms are ionized and therefore fewer lines can be found in the continuum (Charles and
Seward, 1995).

1.2.8 Galaxies and clusters of Galaxies

Galaxies contain all types of X-ray sources mentioned above. Besides AGNs, some of the
most luminous ones are accreting systems, particularly binary systems containing compact
objects like white dwarfs, neutron stars or black holes. They are divided into low mass X-ray
binaries (LMXB) for companion stars with masses M < 1My or high mass X-ray binaries
(HMXB) for companion stars with M > 5Mg (Mineo, 2011). The accretion processes are
very similar to the processes described for the CVs. Here as well, X-rays are produced by the
conversion of gravitational energy into thermal energy.

Additional thermal X-rays are produced by hot ionised gas that can be found in and around
galaxies.

Clusters of galaxies are the largest gravitationally bound structures in the universe. They
contain intra-galactic gas with temperatures up to 108 K. Hence, they reach the temperature
limit for gas bound to any structure. For higher temperatures the kinetic energy would force
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the gas particles to escape. X-rays from galaxy clusters are produced mainly by thermal
Bremsstrahlung.

In the X-ray spectra of galaxy clusters once more additional characteristic lines can be found.
Those lines originate from the disexcitation of ions up to iron. The only known astronomical
processes producing heavy elements such as iron are the nuclear fusion processes inside the
stars. Therefore, it is widely assumed that this hot gas was ejected from galaxies inside the
cluster where it was produced during supernova explosions (Sarazin, 1986).

1.3 X-ray processes

In astronomy, X-radiation describes the part of the electromagnetic spectrum between 100 eV
and about one MeV. A typical limit is the pair production threshold. The spectrum can be
subdivided into soft X-rays for energies between 100 eV and 10keV and hard X-rays for higher
energies. There are two classes of processes generating X-rays.

1.3.1 Non-thermal processes
1.3.1.1 Bremsstrahlung

If an electron is strongly accelerated or scattered in an electric field like the field of an high Z
nucleus, all or part of its kinetic energy can be emitted as Bremsstrahlung. The spectrum of
this radiation is a continuum with an upper limit at the kinetic energy of the initial electron.
The spectrum of the Bremsstrahlung follows the Kramers Law.

I,(E) = KZ(E. — E) (1.3)

Here, I, is the spectral intensity, F, is the energy of the electron, K is a constant and Z is
the atomic number of the nucleus (Kramers, 1923).

1.3.1.2 Characteristic radiation

During the interaction of a high energetic photon with an atom, the photon can use part
of its energy to raise one of the atom’s electrons to a higher energy level. When the raised
electron falls back into its original state it emits characteristic radiation, which is a discrete
spectrum unique for the atom of interaction (Demtréder, 2010).

AE = EUpperShell - ELowerShell (14)

1.3.1.3 Synchrotron radiation

In sources with high magnetic fields, bypassing relativistic electrons can be deflected, pro-
ducing magnetic Bremsstrahlung or synchrotron radiation. Depending on the magnetic field
strength, the resulting intensity spectrum is a power law

I(E) = AE~, (1.5)

where A is a constant and « the spectral index. For astrophysical sources the spectrum is
independent from the direction of the scattered photon which in that case is assumed to be
distributed isotropic.

This process occurs mostly in supernova remnants (SNR) where the magnetic field can reach
7-10° G. The energy of electrons in the surroundings of a SNR is about 1 GeV. X-ray pulsars
also emit synchrotron radiation (see Charles and Seward, 1995).
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1.3.1.4 Inverse Compton scattering

Inverse to the normal Compton effect at which a high energetic photon is scattered at an elec-
tron while losing energy, in the surrounding of high energetic electrons low energetic photons
can gain energy during the inverse Compton interaction. Both processes are summarised as
Comptonization. The intensity spectrum also follows a power law.

1(B) « I(E) (g) - (1.6)

It is I(E;) intensity at the mean photon energy E; and « the spectral index depending on
the optical thickness of the medium and the mean amplification of the photon energy per
scattering (Rybicki and Lightman, 2004).

This process can be found in areas where electrons are extremely accelerated like around
compact objects or in areas filled with hot gas.

1.3.2 Thermal processes
1.3.2.1 Black-body radiation

Hot objects emit thermal radiation, referred to as black-body radiation. A black body is an
idealized object that is a perfect absorber as well as a perfect emitter for every wavelength.
The shape of a spectrum emitted by such a black body is a continuum and the intensity is
given via

I(E,T) = 2E3h2c2 (/) — 1)1, (1.7)

where h is the Planck constant and ¢ the speed of light (Charles and Seward, 1995).

For sources with temperatures of about 10° K to 108K, the black-body radiation can enter
the X-ray energy range. Wien’s displacement law describes the displacement of the peak
energy of a thermal spectrum and can be calculated as the maximum value of the Planck
spectrum (Planck, 1901).

8mhe 1
F=———— 1.8
A5 ek}icT —1 ( )

b

where ) is the wave-length and b = 2.8977721(26) - 1072 mK the Wien displacement constant
(Particle Data Group, 2014). Depending on the notation, in Equation 1.7 it is possible to
choose between the intensity per unit of frequency or per unit of wave-length by inserting
E=hvorFE= % Nevertheless, the Stefan-Boltzmann law requires equality for the total
flux in both cases.

[o.¢] o
/ Tv(v, T)dv = / LA, T)dA (1.10)
0 0
Thus, there is no longer a linear correlation between Apax and vpay. Instead it is
Vinax & 0.568—< (1.11)
)\max
The maximal energy is then found as
keV
Emax = thax ~ 0244 |:106I<:| T (112)

Those hot objects can be stars, black holes, neutron stars or white dwarfs, as well as AGNs.
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1.3.2.2 Thermal Bremsstrahlung

By adding the energy spectrum of Maxwell distributed electrons to the continuous spectrum
of the Bremsstrahlung, the typical spectrum of hot gaseous sources can be found for which
the intensity is given as

I(E,T) = AG(E,T)Z*nen; (KT) ™12 e~ B/(T), (1.13)

Hereby, A is a constant, Z is the charge of the ions, ne and n; are the densities of the
electrons or the ions in the gas, whereas k is the Boltzmann factor. The function G(E,T)
is the so called Gaunt factor, which is a correction factor that provides quantum mechanical
corrections to classical calculations and which increases for decreasing energy (Charles and
Seward, 1995).

1.4 Detection of X-rays

The selection of the appropriate telescope optics and detectors are a key factor for all as-
tronomical missions. Every energy range requires its own techniques. Selected optics and
detectors for the X-ray range will be described in the following section.

1.4.1 Wolter Optics

In order to detect X-rays from astronomical sources, special telescope optics are needed. In
addition to collimators, coded-masks and rotation modulation collimators that limit the field
of view, focusing optics are used for X-ray imaging. In general, focusing X-ray optics are
constructed via curved reflecting surfaces. For the reflectivity of a material, an important
factor is the refraction index. This index n is greater than one for optical photons scattered
at a surface transition from vacuum to matter, but decreases for larger wavelengths. There-
fore, the commonly used way of focusing X-rays is by total reflection due to grazing photon
incidence. The critical incidence angle for total reflection can be calculated by Snell’s law
and is approximately

ay = 5.6M\/p (1.14)

for high 7 elements. Hereby, A is the wavelength of the incident light and p is the density of
the mirror material.

In 1952 Hans Wolter proposed three types of X-ray telescope geometries from which the so
called Wolter I is the one used mainly in X-ray astronomy, see Figure 1.3.

Wolter I telescopes consist of a combination of a paraboloid and a hyperboloid surface with
a common focus (Wolter, 1952). This construction allows a reduction of aberration effects.
Nowadays mostly iridium, platinum and gold are used as materials for the mirrors. In order
to maximise the collecting area of the telescope, multiple mirrors are nested (Aschenbach,
2009).

1.4.2 Detectors

In X-ray astronomy two different kinds of detectors are used. Especially in the early X-
ray missions, radiation was detected by proportional counters and later on by scintillation
counters. These non-imaging instruments are capable of detecting the amount of photons
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Figure 1.3 Wolter I mirrors consist of a combination of a paraboliod and an hyperboloid surface.
Light reflected at the bending area (Knickfliche), is collected inside the common focus F2.
Image from Wolter (1952).

coming from a source without any spatial information. For the limitation of the field of view,
collimators were used.

Later detectors with higher spatial and spectral resolution were constructed. Those are, for
example, the charged coupled devices (CCDs). The different detectors are further described
in this section.

1.4.2.1 Proportional counter

Proportional counters operate on the same principle as Geiger counters: A capacitor is set
inside a gas-filled tube with an high electric field between the two electrodes. Incident X-
ray photons are absorbed in the gas via while producing free electrons by ionisation. Those
electrons are accelerated inside the electric field of the capacitor. While they drift toward
the anode, they can ionize further atoms of the gas and in this way amplify the charge that
reaches the electrodes. The current I of those charges that is measured at the electrodes of
the capacitor is proportional to the initial number of incident photons. The amplification
factor can have values up to 10° depending on the applied voltage (Demtrdder, 2010).

1.4.2.2 Scintillation counter

Proportional counters can be used for the detection of X-rays with energies below 20keV.
Higher energetic photons cannot be stopped inside the gas filled tube. Instead, solid detectors
are needed in order to detect those photons. Scintillation counters are therefore used. Those
detectors are made of a certain scintillation material that can be excited by the incident
ionising X-rays and then emits fluorescence light. For the material selection, it is important
to ensure that photons hitting the detector at a high rate can be detected separately. The
time the detector needs to handle one photon and in which he is not able to detect a new
photon is called the dead time of the detector.

The detector materials can be divided into organic and non-organic materials. Non-organic
scintillators have a higher yield of light than the organic ones. They are semiconductor or
isolating materials, doped with activators with smaller ionisation energies than the original
crystal structure. Examples for those detector materials are sodium iodide (Nal) or caesium
iodide (Csl) doped with thallium (T1) or sodium (Na), respectively.

If an X-ray photon hits the detector, the energy is high enough to raise an electron from the
valence band to the conduction band, creating an electron-hole pair. The holes can now ionise
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the activators whose ionisation state lies inside the energy gap of the crystal. The electrons
that were raised to the valence band can recombine at those activators (typical time scales
are 50 to 1000 ns) and emit their energy as lower energetic fluorescence light. If this light is
in the visible range it can leave the detector without recreating new electron-hole pairs. The
process is shown in Figure 1.4.

conduction band

exciton electron ?-
[@]

band — |
t

- Ve
activation |
cenltres
(impurities)

—_
traps E,

luminescense
quenching
excitation

scintillation
(200-600nm)

S hole
valence band

Figure 1.4 Principle of a scintillation counter. An incident X-ray photon generates an electron-
hole pair whereby the electron is raised to the conduction band while the hole ionises an
activator ion with an energy level inside the energy gap of the original crystalline structure.
When the raised electron de-excitates trough the energy states of the activator, it emits low
energetic light that is able to leave the detector material. Image by Christian Joram (CERN).

Beside the requested fast fluorescence de-excitation, phosphorisation can also be found inside
the scintillation detectors. If an electron is raised into an energy level from which it is not
allowed to fall back to the energy ground level, it has to be raised up even higher by collision
ionisation with other electrons, to energy levels from which it can once more enter the ground
level. This process can limit the accuracy of the detector because the duration is significantly
longer than the fluorescence process and multiple photons cannot be distinguished.

The signal from the low energetic photon leaving the detector material can be amplified by a
photomultiplier tube. Hereby, the photon collides with a cathode generating an electron due
to the photoelectric effect. This electron will itself collide with further electrodes, creating
a shower of secondary electrons proportional to the initial photon signal. The process is
amplified by applying high voltage to the tube. This way the electrons are further acceler-
ated producing even more secondary electrons. If n is the number of electrodes inside the
photomultiplier, the amplification is

Nsignal = Nprimaran7 (115)

where N is the number of particles and Q the amplification factor typically between 6 and
8. In this way, amplifications up to 108 are possible (Birks, 1967).

1.4.2.3 Charge coupled devices

Charged coupled devices (CCDs) were initially constructed as data storage devices, but were
soon noticed to be usable as detectors for light of different energy ranges.

There are several kinds of CCDs. The concept of a CCD used for instance for the eROSITA
mission is based on a p-n-junction of semiconductors. For typical pnCCDs, silicon crystal
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structures are doped with elements that have at least one more valence electron for the n-type
layer and with elements that have fewer valence electrons for the p-type layer. If those two
layers are brought together, electrons recombine with the holes in the p-layer structure. An
electrical field is applied between the two layers to enlarge the recombination zone. This zone
contains no more free charge carriers and is called depleted.

If high energetic photons enter the depleted zone, they create electron-hole pairs. Those pairs
are separated in the electric field since the holes drifts to the n-layer while electrons travel in
the direction of the p-layer where they can be stored in potential wells.

For X-rays this effect is further enhanced. In this case two p-layers are used, enclosing one
n-layer. A voltage of about 200V is applied to one p-layer whereas a much smaller voltage
of about 20V is applied to the other so that in the end the whole layer in between is fully
depleted and sensitive to the X-rays. This process was described by Gatti and Rehak (1983)
and is known as stdeward depletion. In Figure 1.5 the principle is illustrated.

= B
i - / -.U -
undepleted n - silicon/
. depleted n - silicon
®  ——
d

Figure 1.5 Principle of the sideward depletion of a pn-CCD according to Gatti and Rehak
(1983). In Figure (a) no voltage is applied to the pn-junction, so only the basic deplation zone
has formed. From (b) to (c) the voltage is increased until the zone is fully depleted. Image
taken from (Send, 2013)

For astronomical detectors, large arrays of those pnCCD sensors are used. This way an image
can be generated that provides spatial information about the incident photons.

An image of such a CCD is shown in Figure 1.6. The pixel array is illuminated as a whole,
but read out row by row. For this, the charge of collected in each row has to be converted into
a voltage. However, only one edge of the CCD is connected to the charge-voltage converter.
This row can be read-out. All other rows has to be shifted to the read-out, step-by-step. This
is done by controlling the voltage ® applied to the individual electrodes. When the charge in
the row at the read-out electronics is converted into a measurable voltage signal, the row is
empty from charges. To this row a voltage is then applied which is the same as the voltage
in the next higher row, so that the stored electrons are spread over the whole area of both
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rows. Then, the voltage in the upper row is raised in order to force all remaining electrons to
move to the readout row. There they can again be processed by the charge-voltage converter.
This way all rows can be read out one by one (Boyle and Smith, 1970).

p n _C C D ¢w q)z ¢3 controlling electrodes

- epitaxial lnyer @O ©OQ

to anode
Phi

cathode TTT

X-rays

Figure 1.6 Functionality of a pnCCD. Incident X-rays induce charges that are collected in
potential wells. Due to the controlling of the voltage applied to the electrodes, the charge can
be shifted to the read out converters. Image by Thomas Schanz (IAAT).

1.5 Significance of X-ray background for space missions

For all space missions, a large amount of engineering work is required from the first sketches to
material testing and actual construction. With the advent of modern computers, instrumental
geometries and material configurations can be tested by simulations during the early phases
of a mission. In this way, the influence of the setup that envelops the sensitive part of the
detector can be studied and errors in the construction and the amount of spent resources
can be reduced. Today, simulations of physical processes and instrumental functionality are
a basic component of all fields of physics.

A main part of these pre-mission simulations are studies about the background that is ex-
pected for a certain detector. For X-ray missions, this background contains on the one hand
photons from the cosmic X-ray background (CXB), on the other hand soft protons coming
from strong solar winds, cosmic rays, stray light or solar wind charge exchange.

The CXB was already detected in 1962 during the first rocket-aided X-ray mission by Giacconi
et al. (1968). For a long time it was assumed to be a kind of hot gas, maybe even generated
shortly after the Big Bang like the cosmic microwave background (CMB). Today it is believed
that the CXB consists of the radiation from many unresolved X-ray sources, mainly AGNs
for the background in the energy range between 3-300 keV, supernovae type Ia for the energy
range between 300 keV and 30 MeV as well as blazars for even higher energies (Gruber et al.,
1999).

The background depends strongly on the orbit of the mission’s satellite. Key factors are the
distance from the Sun for the strength and amount of the soft protons as well as the proximity
to the Earth for shielding effects by Earth’s atmosphere and magnetosphere. The inclination
of the orbit to the rotation axes of the Earth is also important. The South Atlantic Anomaly
(SAA) 200 km above the surface of the Earth and near Brazil in terms of degree of longitude
and latitude origin from the tilt of the magnetic to the rotation axis. High energetic solar
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wind particles are trapped within and cause an additional background for spacecrafts crossing
the region.

A sample spectrum for soft protons and the CXB calculated for the planned orbit of the
IXO* mission that was scheduled for 2020 is given in Chapter 7.

This background can induce additional intrinsic background inside a detector geometry in
addition to the electronic noise. Minimum ionising particles depose high amounts of energy
inside the detector. Those events can be excluded easily by setting a certain high energy
threshold that is significantly exceeded by the deposition.

One way to reduce this background is by excluding the pixels that exceed the energy threshold
as well as all neighbouring pixels. The method is called MIP rejection.

Other charged particles with energies which are within the correct energy range cannot always
be distinguished from real events. However, especially high energetic particles who deposit
energy in one pixel of a detector deposit further energy in neighbouring pixel creating a path
through the detector. By pattern analysis only those events can be counted in which only
certain valid pattern of pixel are hit by a photon.

A dominating background source inside a detector are fluorescence effects induced by cosmic
rays. If those highly energetic particles collide with the outer materials of the detector like
shieldings or blinds, they can raise electrons to higher energy levels. When these electrons fall
back to their basic state, they emit photons in the X-ray energy band. Those emissions are
mostly K-shell de-excitations producing characteristic lines inside the background spectrum.
This effect can be reduced by installing a graded Z shield. Several layers of materials with
different atomic number Z are set around the detector leaving only the entrance window open
for incident radiation. It is important that the atomic number increases the further away the
layer is from the detector itself. Cosmic rays then depose energy in the layer furthest from
the detector which generates high energetic fluorescence photons. Those photos are absorbed
in the next layer producing again fluorescence photons, but with lower energy than before
until in the lowest layer the energy is low enough to fall below the low energy threshold of
the detector. Thus, for the lowest layer mostly materials like boron or carbon compounds are
used because their K-shell de-excitations are at very low energies (Katayama et al., 2004).

Another limiting effect for the operation of a detector was observed quite recently, during the
XMM-Newton mission. In one orbit 35 pixels showed a sudden unexpected increased count
rate that was later assumed to be caused by micrometeroids. Those compact grain or dust
particles can enter the Wolter optics where they are scattered and disintegrate in the process.
The damage induced by those secondary particles is not negligible.

At the Mazx-Planck Institut fiir Kernphysik in Heidelberg, Germany many properties of im-
pacting grain and dust particles can be analysed such as the intensity and the traces of the
impact left on the CCD surface as well as the effects done to an operating CCD. For the
measurements a particle accelerator is used. Studies done by Pfeffermann et al. (2004) match
the effects found during the XMM-Newton measurement. To reduce the danger of damage
by micrometeroids an appropriate shielding is necessary.

In this work computer-based Monte-Carlo simulations of particle background and detector
functionalities are performed for several astrophysical X-ray space mission geometries. Im-
portant properties like quantum efficiency or shielding capacities are analysed. The effects of
micrometeroids are not further investigated because it cannot be simulated by the simulation
toolkit used for this work.

41XO: International X-ray Observatory
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In Chapter 2, the idea behind the Monte-Carlo method will be presented shortly together
with the description of the Geant4 software that is used for the implementation.

Because there are several versions of the Geant4 code, that are used during this work, in
Chapter 3 the comparability of those version is tested in a simple simulation environment.
The energy loss processes of electrons in matter are therefore simulated with four different
Geant4 versions.

The following chapters approach the actual simulation projects. The projects are not only
related to different space missions but also cover simulations in various energy ranges. In
Chapter 4 a low keV range was treated for a quantum efficiency measurement for eROSITA.
This simulation was performed in order to compare simulated data to a laboratory measure-
ment done by Ebermayer et al. (2010).

The study of a Compton telescope setup for a high keV range is reported in Chapter 5. An
analysis tool is provided to reconstruct X-ray images observed with a Compton telescope.
Beside a simple two layer setup, the effects of a three layer setup are studied.

In Chapter 6, the results found in the previous chapter are used for the simulation of the
CANDELA stacked detector setup by Maier (2014) used for the work on SIMBOL-X detectors
that can also be used as a Compton telescope. The main focus is on the analysis of the
fluorescence background.

In Chapter 7, shielding configurations for a graded-Z shielding are simulated for the recently
selected Athena mission. The effects of the CXB as well as the effect of protons on the
detector geometry are analysed.

The individual chapters for the projects are roughly divided into four parts each: a theoretical
part including all the physics needed for the understanding of the used processes, a description
of the simulated setup as well as a part about the evaluation of the received data followed by
a discussion of the results.

In Chapter 8, a short summary of the results can be found as well as an outlook will be
presented about what other measurements or simulations could be run in order to continue
the work conducted in this thesis.

In the appendix, which contains additional material, more detailed derivations of parameters
or data tables are provided. Manuals for Geant4 and the self-written software are also
attached.
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2 The Geant4 tooklit

The simulations presented in this work were performed with the help of the simulation tool-
kit Geant4. The toolkit uses Monte-Carlo methods in order to simulate interactions between
particles and matter in a given detector geometry. In the beginning of this chapter the
Monte-Carlo method will be introduced focusing on the historical development as well as on
the basic ideas of the theory behind the method. In a second part, the simulation tool Geant4
itself will be presented, also outlining the historical progress, the general handling and the
structure of the tool.

Because Geant4 is an open source project, in the Appendix 1 a manual is provided about the
installation of the source code of version Geant4.9.6 that was mainly used during this work.
An introduction on how to execute simple simulation examples is also given there.

2.1 Introduction to the Monte-Carlo method

Monte Carlo is a numerical method that uses probabilities to establish statements about the
behaviour of a system. In this way, through frequent iterations of solving a problem in a
random configuration by calculating mean values, the global observables of the system can
be obtained. The method was already used in the 18th century under the name of statistical
sampling but became popular when the first electronic computers were introduced because of
the huge number of calculations which have to be done in order to reach the desired accuracy.
The Buffon Needle Problem from 1733 was one of the first Monte Carlo simulations done long
before the time of electronic computers. George-Louis Leclerc, Compte de Buffon (Figure
2.1(a)), calculated the value of m by measuring the probability of dropped needles to cut
the lines between the boards on the floor. With this approach by dropping only 10 needles
already values for 7 of about 3 can be obtained (Dunn and Shultis, 2011).

The idea behind this measurement is the following: the floor with the boards represents a
plane with parallel lines in a certain distance D to each other. This distance should be larger
than the length of the needles. Then, the probability of a needle that dropped on the plane
under an angle of ¥ to cut such a parallel line is

Lsin(¥)
D
which is the parallel projection of the needles length divided through the distance between

the lines. Figure 2.1(b) shows a geometrical display of the problem.
Furthermore, the possibility to find the needle under an angle 1 is

Pyt (0) = (2.1)

PW) = - (2.2)

for symmetry reasons. As a result, the total probability of a needle to cut a line is

™ Lsind 2L

dd = —.
0 Dr Dmt
This probability can be obtained by performing the drop many times and thereby the value
7t is obtained. The larger the number N of dropped needles the higher the accuracy of 7.

Py = (2.3)
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In 1945 the United States started a secret project at the Los Alamos Scientific Laboratory
to study the movements of neutrons for the development of the first hydrogen bomb. For
this task, the Electronic Numerical Integrator And Computer (ENIAC, see Figure 2.2(a))
was used, which was the first fully electronic computer. Leading scientists of this project
were Nicolas Metropolis, Stanislav Ulam and John v. Neumann who gave the statistical
sampling method the code name Monte-Carlo because the seemingly gambling nature of the
method reminded them of an uncle of Ulam who was known to “borrow money from relatives
because he just had to go to Monte Carlo” (Metropolis, 1987). While the code was written
to implement the method for the ENIAC and the ENIAC itself was moved to the Ballistics
Research Laboratory in Maryland, Enrico Fermi, also interested in the diffusion processes
of neutrons, constructed an analogue mechanical device, the FERMIAC (Figure 2.2(b)), in
order to do the same calculations as done in Los Alamos.

The Monte Carlo method works for all physical systems that can be described by their
probability density. To solve the problem, for the included variables, a set of values is chosen
depending on the probability density and the system is solved in this configuration. This
process is repeated several times for randomly chosen sets of values. If N, the number of
iterations, is large enough, from constructing mean values, statements regarding the general
behaviour of the whole system can be derived.

As an example the numerical solution of a one-dimensional integral can be calculated. The
mean value of a system depending on one variable x can be written as an integral over the
whole function folded with the probability density of the variables.

<z>= /abz(a:)f(m) dz (2.4)

Here, z(z) is the function describing the system and f(x)dz is the probability density of
the values z. Even if the function is assumed to be already too complicated to be solved
analytically, the Monte Carlo method can be applied. On that account, N values of = are
chosen randomly depending only on their probability density. The function is then evaluated
at this N so called nodes z; and the integral is solved as a Riemann sum.

I8
Il

1 N
N Z z(x;) (2.5)
1

The error of this method goes with N~1/2 even in higher dimensional problems. This way,
with a large enough sample size N, very high accuracies can be obtained (Dunn and Shultis,
2011).

For the physical processes later treated for particle interactions, the probability densities are
the corresponding cross section.

In some cases it is not even necessary to formulate the problem which should be solved in
a mathematical way. Dunn and Shultis (2011) allege an example in which the area of a
continent drawn on a map should be figured out. For this purpose, points on the map are
randomly chosen. By counting the number of chosen points found inside the continent and
the number of those outside, the percentage of the continent area on the whole map area is
obtained. No mathematical description is needed, so the result is independent of a specific
model.
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(a) (b)

Figure 2.1 George-Louis Leclerc, Comte de Buffon (a) calculated the value of 7t with the Monte
Carlo method (Portrait by Francois-Hubert Drouais (1753)). From Figure (b) the probability
of a needle with the lenght L dropped under a certain angle to cut one of the parallel lines in
a distance d can be calculated (Image taken from from http://andreiformiga.com)

(b) Fermiac

Figure 2.2 Devices for performing Monte Carlo calculations. (a) shows the electronic devices
used at the research laboratory in Los Alamos (US Army Photo). The two women in the
picture are Betty Snyder (front) and Glen Beck (background), two female programmers at Los
Alamos. (b) shows the mechanical device built by E. Fermi doing the same calculations (Image
taken from Metropolis (1987)).
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2.2 Introduction to Geant4

Geant4 is a tool-kit to simulate interactions between particles and matter from the generation
of a particle in a source until all its energy is used up on the way through a given geometry
or until it has left the described geometry (Agostinelliae et al., 2003). At the beginning
Geant was an acronym for Generating and Tracking. Later as geometries got more and more
important it became an acronym for Geometry and Tracking. It is nowadays used in almost
all areas of physics like space science, nuclear medicine or accelerator projects like CERN®.
The code itself is based on a former project, Geant3, written by Rene Brun in the 1970s in
the computer language Fortran. In 1993 two groups, one at CERN and one at the Japanese
accelerator project KEK?, decided to refine the code to match the growing complexity of
the project. It was therefore rewritten in C++ and is thus object-oriented which leads to a
higher flexibility of the code. One year later the two groups joined forces under the lead of the
CERN group as a research and development project called RD44. The first production release
was in 1998. At the beginning of the year 1999 the GEANT4 collaboration was founded in
order to coordinate further development, implementation of new physical processes and user
support under the demand of openness, modularity, transparency and flexibility (Geant4
collaboration, 2013). Today projects like ATLAS?® (CERN), XMM-Newton (ESA) or the
Fermi Gamma-ray space telescope (FGST) use Geant4 simulations to compare the results to
their experimental data or to do material and geometry tests before building new components
(ESA, 2014).

2.2.1 Structure of the Geant4 simulation tool

The Geant4 code is object oriented which means it is based on interfaces and classes for every
component of the simulation (geometry, particles, events etc.). This provides a high level of
flexibility. Each physical process is implemented as an interface containing the corresponding
cross-sections for each particle from calculations as well as from experimental data as far as
they can be obtained. The user can select only those processes that are of interest. Also, for
new theories, interfaces can be written with the cross-sections from theoretical calculations
or measurements to test them against each other.

In Figure 2.3 the class diagram of the Geant4 source code is shown to give an overview over
the main structure of a Geant4 simulation. Following a hierarchical concept, classes beneath
are required by the classes above. From bottom to top, the lowest unit is the global class.
It contains all kinds of mathematical basics needed to do the Monte Carlo calculations. The
most important ones are the physical and mathematical constants, a system of units and
methods to generate random numbers.

The next unit is the class for material definitions. In order to calculate the proper in-
teractions between the particles and the detector geometry, the material of each detector
part has to be specified. Those materials can be chosen predefined for example from the
NIST* database or can be constructed by the user himself. Hereby, physical properties like
atomic numbers, density, aggregation state or temperature of the materials can be used for
the description.

In the next step particles can be chosen. There is one class for every kind of particle, so
that the user can select single particles or whole particle families like fermions, bosons or

LCERN: Centre Européenne pour la Recherche Nucléaire

2KEK: ko-enerugi kasokuki kenk