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ducing me to this topic and for providing necessary help in the beginning of my thesis. The
knowledge I have gained thanks to both of my supervisors is incredibly valuable to me.

Furthermore, I wish to thank my friends for their support in creating productive discussions
which were very essential for the completion of this thesis.

Lastly, I would like to thank the reader of my Bachelor thesis for taking the time to read this
work and I hope it will provide an interesting and insightful read.

i



Abstract
Observational evidence confirms the existence of dark matter, a type of matter that interacts

mainly through gravity but could still interact with regular matter very weakly. Understanding
the nature of dark matter remains a central objective in modern physics. While past and
ongoing experiments have placed constraints on the mass and interaction cross-sections of various
candidates, a direct detection of dark matter particles has yet to be made. A leading technology
in the detection of Weakly Interacting Massive Particles (WIMPs), one of the most promising
dark matter candidates, is the dual-phase time projection chamber (TPC) that employs liquid
and gaseous noble elements as target medium.

This work focusses on the Xenoscope TPC, a dedicated test facility for the future large
scale dark matter observatory of the XENON-LUX-ZEPLIN-DARWIN (XLZD) collaboration.
Xenoscope is designed to investigate electron drift over the entire TPC length of 2.6 m, along
with other key studies, such as the analysis of electron cloud diffusion. This thesis evaluates
and characterises the photon detection efficiency of the Xenoscope TPC to determine its overall
optical performance. To this end, a detailed Geant4-based Monte Carlo simulation of the TPC
including all components was developed to model scintillation photon transport. Using the
Geant4 framework, the Light Collection Efficiency (LCE) of the TPC was evaluated as a function
of the initial vertical emission position. To achieve this, multiple photon simulations at different
depths were performed, and resulting photon hits on the SiPM array were analysed. Additionally,
the study evaluated whether the photons travelling through the liquid xenon are significantly
deflected from their initial emission direction, focussing on the subset that successfully reached
a detector element.

The data obtained from the simulations were parameterised using a fit consisting of a sum
of two exponential functions that could follow the data points with high precision. The LCE
as a continuous function of the vertical emission height was extracted from the fit parameters,
providing a detailed characterisation of the optical performance of the TPC. A maximum LCE
value of ≈ 0.7% was achieved when photons were emitted directly below the interface between
liquid and gaseous xenon. Furthermore, it was observed that photons which would reach the
detectors were not significantly scattered and propagated upon emission almost directly towards
the detectors. From this observation one concludes that strongly scattered photons cannot reach
the detectors. Based on this result, incorporating reflector elements on high absorbing elements
inside the TPC may enable the detection of photons that deviate significantly from their initial
emission trajectory.
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Overview
While the Standard Model of particle physics successfully describes the fundamental con-

stituents of ordinary, so called baryonic matter, and their interactions, astrophysical evidence
indicates that baryonic matter makes up only a small fraction of the energy budget of the
universe. To resolve discrepancies in gravitational observations, the existence of an additional
component, known as dark matter, is postulated. Dark matter is characterised by its significant
gravitational influence and its lack of electromagnetic interaction, meaning it does not absorb,
reflect, or emit light. However, current theories suggest it may still interact very weakly with
baryonic matter through an unknown interaction type. One of the greatest scientific goals of
our time is to detect dark matter and understand how it interacts. Many candidates for the
constituents of dark matter have risen, but none of them have been detected so far. Some ex-
periments searching for dark matter have already been conducted. The direct detection of dark
matter interactions requires detectors sensitive to interactions with cross-section in the order of
at least 10−48 cm2 while being resilient to background. The dual-phase time projection cham-
bers have emerged as one of the leading technologies in astroparticle physics, enabling three
dimensional particle tracking within large target volumes. Past direct detection experiments
could create a boundary on the interaction cross-section of dark matter particles with baryonic
matter, raising the need for larger and more sensitive setups. To build the next generation
dual-phase TPCs, extensive research and development (R&D) has to be carried out.

The Xenoscope facility at the University of Zurich serves as a dedicated R&D platform. It
houses a demonstrator TPC designed to study optical and charge signal behaviour. Although
smaller in overall volume, it is constructed to the full 2.6 m z-scale of the planned next-generation
detectors, allowing this knowledge to be directly applied to their development. This Bachelor
thesis focusses on the characterisation of the Light Collection Efficiency (LCE) of the Xeno-
scope TPC. The LCE defines the fraction of total scintillation photons produced by an event
within the TPC volume that successfully reach and are recorded by the optical sensors. Specif-
ically, a Geant4-based Monte Carlo simulation was developed to study the LCE.

The thesis is structured as follows: Chapter 1 provides the theoretical background on dark
matter. Chapter 2 describes the working principles of a dual-phase TPC. Chapter 3 intro-
duces the Xenoscope facility. Chapter 4 explains the Geant4 simulation framework. Chapter 5
presents the results of the optical photon simulations, focussing on the LCE and scattering
effects. Chapter 6 discusses the conclusions obtained from the results and provides a future
outlook.
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1 Introduction
Dark matter remains one of the most profound mysteries of modern physics. To provide

context for the work of this thesis, this Chapter gives a brief introduction to dark matter. It
reviews a collection of historical and modern observational evidence, explores viable candidates,
and mentions detection methods designed to measure its interactions with baryonic matter.

1.1 Observational Evidences of the Existence of Dark Matter
The hypothesis of dark matter does not stem from a single anomalous result, but rather from

diverse astrophysical and cosmological observations. Because dark matter does not interact
electromagnetically, its presence has been inferred through its gravitational effects on visible
matter, light, and large-scale structures of the universe, as well as its imprints on the cosmic
microwave background and from the Big Bang nucleosynthesis.

1.1.1 Application of the Virial Theorem to the Coma Cluster

In 1933, the Swiss astronomer Fritz Zwicky applied the virial theorem to observations of the
Coma Galaxy Cluster. From observing the motion of individual galaxies inside the cluster he
obtained their velocities. He then used these velocities of the galaxies to compute the total mass
content of the cluster by applying the virial theorem. Further on, he estimated the total mass
of the cluster by counting the luminous matter inside the cluster and calculating the masses. He
found that the mass derived from the velocities of the galaxy was roughly 400 times greater than
the luminous mass. The total mass obtained from counting luminous matter could not explain
the measured velocities and was much lower than expected. In fact, the galaxies were moving
far too fast to be held together by the luminous mass alone. The solution he introduced was
that there must be additional non-luminous matter contained within this cluster gravitationally
bound with the visible matter that makes up the discrepancy. He introduced the term dark
matter to describe the non-visible matter contribution. Later observations of different galaxies
came to the same results [68].

1.1.2 Rotational Velocities of the Galaxies

Further evidence was provided by Vera Rubin in 1970. She studied the rotation of spiral
galaxies by measuring the velocities of stars and gas clouds at varying distances from the galactic
centre. Classical physics predicts that objects would move slower the farther they are from the
galactic centre. In contrast, the data showed that velocities did not drop off as expected, they
plateaued and remained high even at the edge of the galaxy as seen in Figure 1. This big
discrepancy did pose a problem. The galaxy should, in theory not be able to hold together
maintaining such a high rotational velocity by its own gravitational pull. It became evident
that a standard distribution of luminous matter could not sustain the observed velocities. The
solution was that there must exist unseen matter in the galaxy distributed in such a way that it
accounts for the discrepancy of the velocity curve. Decades after Zwickys discovery, a different
observation came to the same conclusion. By introducing additional non-luminous dark matter
distributed in the shape of a halo it was possible to explain why the velocities in the outer
regions do not drop and why the galaxies were able to hold together [54].

2
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Figure 1: Rotational velocities inside a galaxy as a function of distance from the galactic center.
Note the discrepancy between the observed velocity curve from the visible disk (white) compared
to the expected velocity curve computed from Keplerian orbits (blue). Modified from [32].

1.1.3 Gravitational Lensing

According to general relativity, massive objects warp the spacetime around them. Unlike
in Euclidean space, the shortest path between two points in this curved geometry is a curve
rather than a straight line. Gravitational lensing occurs when light from a distant source bends
around a massive object such as a star, galaxy, or galaxy cluster, following the curvature of
spacetime generated by that mass. This effect allows light from objects hidden behind massive
bodies to be bent in such a way that they become visible to an observer, as illustrated in Figure
2a. However, the apparent position on the sky of the lensed object is displaced from its true
position. It is also possible that the object appears several times at different positions in the
sky and that the shape of the object is distorted. The total mass of the body creating this
lensing effect can be computed by analysing the distorted image of the background object. If
one compares the total mass computed from gravitational lensing measurements to the visible
collection of matter in the same region, a significant discrepancy occurs, meaning the total visible
mass should not be able to bend the light from the object in the background as it is observed.
From such an observation, the conclusion arises that the entire mass content of the lensing body
is not visible. Gravitational lensing measurements of galaxies and galaxy clusters consistently
show that the total mass inferred from the lensing signal exceeds the mass of luminous baryonic
matter, meaning a significant amount of mass must stem from dark matter [43].

1.1.4 Anisotropies of the Cosmic Microwave Background

The possibly strongest indication of the existence of dark matter is given through the mea-
surement of the cosmic microwave background (CMB), which was first discovered in 1964 by
Arno Penzias and Robert Wilson [50]. The early universe after the Big Bang was a very opaque,
dense and hot place. Photons created in the Big Bang could not travel through hot baryonic
plasma and were experiencing a lot of scattering events. At around 380’000 years after the
Big Bang the universe cooled down sufficiently that atoms could form and the universe became

3
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a) b)

Figure 2: a) Conceptual representation of gravitational lensing. The light of a background galaxy
bends around a foreground massive galaxy and is reaching the observer leading to a distorted and
displaced image of the real object. Figure taken from [33]. b) The galaxy cluster Abel 370 is
acting as a gravitational lens for galaxies located behind the cluster. Distorted and discplaced
images of the galaxies appear around the cluster. Figure taken from [46].

transparent to these photons. In our time it is possible to measure these photons and, if mea-
sured, they will have a spectrum of wavelengths with a peak in the microwave range. The initial
wavelengths of the photons released directly after the recombination phase was much shorter
than measured today, but due to the expansion of the universe the wavelengths were shifted
towards the microwave range. The observed wavelengths of the CMB are often translated into
temperatures using the Wien displacement law, which leads to an average temperature of around
2.7 K nowadays. The temperature of the CMB is not perfectly uniform, it has small anisotropies
which are temperature fluctuations in the order of 10−5 K. Satellites such as COBE 1992 [59],
WMAP 2003 [11] and Planck 2013 [27] have measured the CMB in all directions and created a
skymap of the CMB anisotropies. An example from Planck data can be seen in Figure 3. Those
anisotropies encode information about the density fluctuations of baryons, dark matter, and the
geometry of the universe at the time of the last scatter. By analysing these anisotropies, one
obtains that baryonic matter contributes to around 5%, dark matter to around 25% and dark
energy to around 70% of the total energy budget of the universe [57].

1.2 Dark Matter Classification
Traditionally, dark matter candidates have been categorised into three distinct regimes:

cold [13], warm [42], and hot [52]. These classifications are determined by the velocity of the
constituent particles relative to the speed of light during the era of structure formation. Cold
indicates slower and hot being faster objects, whereas warm dark matter consists of elements in
between.

Nowadays, hot and warm dark matter are excluded from the main constituent of dark matter
because for the formation of the observed large scale structures a slower component for dark
matter is required. Cold dark matter is therefore the leading candidate because its low primordial
velocities naturally reproduce the observed large-scale structure of the Universe, matching CMB
data and galaxy formation patterns with high precision. Combined with the concept of dark
energy, the standard model for cosmology, the ΛCDM model arises, which is the modern theory
of the universe. It explains the accelerating expansion of the universe, its large scale structure,
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Figure 3: A temperature map of the cosmic microwave background observed from Planck satellite.
The temperature fluctuations of the CMB are in order of 10−5 K and Figure taken from [26].

and the cosmic microwave background by attributing most of its energy content to dark energy
Λ and cold dark matter (CDM) [13].

1.3 Dark Matter Candidates
There are several proposed candidates, which could be the constituent of dark matter. Most

of them consist of a new type of particle beyond the Standard Model, unlike the first candi-
date, namely Massive Astrophysical Compact Halo Objects (MACHOs) that are compositions
of baryonic particles. A selection of the most common candidates are listed here, note there are
many more candidates. A brief overview of different candidates and their mass range can be
found in Figure 4.

1.3.1 MACHOs

MACHOs consist of faint objects composed of baryonic matter that are not directly observ-
able with optical telescopes, namely white and brown dwarfs, stellar black holes, and others.
However, microlensing observations [4] and [5] showed that MACHOs cannot explain all phe-
nomena from the section above on their own and would need more mechanisms to create a
complete explanation. This leads to the conclusion that the constituent of dark matter must
be of different type. Since baryonic matter is not able to explain all the phenomenons the true
nature of dark matter must lie beyond the Standard Model of particle physics.

1.3.2 Axions

The axion [65] is a proposed bosonic candidate which solves the charge-parity (CP) problem
of the strong force. It has been thought that the strong interaction conserves CP, however, there
is no reason why this symmetry cannot be violated, as in the case of the Standard Model weak
interaction where it is known that the CP operator is not conserved [61]. Although postulated
to fix a Quantum Chromodynamics issue, axions turned out to have properties that make them
suitable dark matter candidates. They are theorised to have masses in the µeV range and despite
these stable, weakly interacting particles have such a low mass, they are expected to be non-
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relativistic particles because their creation mechanism is non-thermal. Due to these properties,
the axion matches the established profile of cold dark matter perfectly [40].

Up until today, no such particle has been detected. Microwave cavity experiments [58] are
trying to directly detect axions.

1.3.3 Sterile Neutrinos

The sterile neutrino is the extension to the Standard Model neutrino which only appears with
left-handed chirality. In contrast, the sterile neutrino is characterised to appear with the right-
handed chirality [41]. Although their precise mass is unknown, sterile neutrinos are considered
a prime candidate for dark matter. Observational bounds place their likely mass in the keV
range [44]. This makes them significantly heavier than ordinary neutrinos but lighter than
traditional cold dark matter candidates.

However, recent observations could not find any signature for sterile neutrinos in the mass
range where they would make up all of dark matter [1].

1.3.4 WIMPs

The maybe most popular candidate for dark matter is the Weakly Interacting Massive Parti-
cle (WIMP). Based on the theory of Supersymmetry [56], the WIMP is thought to be a stable,
new type of particle beyond the Standard Model that is created in the same way as baryonic
particles through the Big Bang. In the early universe, WIMPs would have been in thermal
equilibrium with ordinary matter. In this equilibrium state, a balance exists between WIMP
annihilation and production. WIMPs annihilate to form Standard Model particles, and con-
versely, Standard Model particles interact to produce WIMPs. These annihilation and creation
processes require that the WIMP must have a non-vanishing weak interaction cross-section to be
able to exchange heavy gauge bosons with Standard Model particles. As the universe expanded
and cooled, the annihilation rate of WIMPs fell, “freezing out” a relic abundance. This relic
abundance naturally matches the correct amount of expected dark matter in the universe [22, 53].
The mass of a WIMP particle is estimated in the GeV and TeV range [38]. Since it is a mas-
sive particle it also interacts with baryonic matter particles via the gravitational force. These
properties make the WIMP an excellent candidate for CDM.

The WIMP is a very promising candidate, which is why this work will focus on the WIMP
model.

1.4 Distribution of Dark Matter in the Universe
Dark matter is thought to make up around 25% of the entire energy content of the uni-

verse [27]. In the early phase of the universe the baryonic and dark matter particles were dis-
tributed almost evenly in space with the exception of microscopic density fluctuations according
to the CMB. Cosmological simulations such as the Millennium Run [60], MillenniumTNG [49],
and IllustrisTNG [45] were conducted to analyse, among other phenomena, the evolution of
matter and the emergence of large-scale structures in the universe. The results were that dark
matter accumulates in a gigantic web like structure creating filaments, nodes and empty space.
Baryonic matter is mainly accumulated inside this cosmic web, creating large scale structures
that match with current observations. A visualisation can be found in Figure 5.

Overdense regions of dark matter inside filaments can collapse locally due to gravity into
spherically shaped regions of higher dark matter density, these regions are called halos. Once
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Figure 4: An overview of different dark matter candidates postulated from various theories and
their respective mass range in eV. The masses are ranging from ultralight wave-like particles
to macroscopic candidates which behave more particle-like. The chart indicates the transition
from particles behaving more wave-like to particle-like, from knowledge taken by Standard Model
particles. Figure taken from [47].

Figure 5: Visualisation of the cosmic dark matter web structure. Dark matter is located inside
filaments. The filaments cross at nodes which are regions of higher matter density. The empty
regions are also called voids. The colored dots inside nodes illustrate baryonic matter. Figure
taken from [64].

7
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a dark matter halo has formed, baryonic matter, mainly gas composed of hydrogen and helium
falls into its potential well. Inside the halo, the baryonic matter is drifted towards the centre,
where if the halo is sufficiently massive, galaxies or galaxy clusters can form. A dark matter halo
extends much further into space than the visible galaxy itself [64]. In the case of the Milky Way
where the visible galaxy extends to around 15 kPC from the galactic centre the halo extends to
around 200 kPc [63]. An artistic impression can be seen in Figure 6. In the centre of the image
the Milky Way Galaxy is presented. The dark matter halo is indicated by a blue colour around
the galaxy.

Figure 6: An artistic impression of the Milky Way Galaxy with its dark matter halo visualised
in blue colour. Figure taken from [34].

Similarly, as discussed in Section 1.1.2 it is possible to measure the rotational curve of the
Milky Way and compare the measurement with the expected matter mass inside the galaxy to
gain an estimate on the dark matter content of the Milky Way [39]. In general, the local dark
matter density is estimated to be around ρ0 = 0.3 GeV cm−3.

In summary, it is expected that dark matter is distributed in the entire universe. Recent
theoretical studies suggest the existence of a local dark matter densities in the vicinity of the
orbit of the earth [51]. It seems possible that detectors on earth could detect such a particle.

1.5 Dark Matter Direct Detection
Experimental searches for WIMPs rely on three strategies: indirect detection, collider pro-

duction, and direct detection.

Indirect detection focusses on astrophysical environments with high dark matter densities,
such as the galactic centre or the sun. In these regions, WIMPs may self-annihilate or decay,
producing a flux of observable Standard Model particles. The aim is to observe peaks in the
particle flux signal that deviate from the expected spectrum, which allows for the reconstruction
of the WIMP mass and its annihilation cross-section.

Collider searches conducted at the Large Hadron Collider (LHC) [35] aim to produce dark
matter particles in controlled high-energy proton-proton collisions. Since WIMPs are electrically
neutral and weakly interacting, they would escape the detector without depositing energy. By
summing the momentum vectors of all detected particles and comparing the result to the initial
beam energy, one can calculate the missing energy carried away by the WIMP by applying the
law of conservation of energy and momentum.

Lastly, direct detection, which is the primary focus of this work, aims to observe the scattering
of WIMPs off a Standard Model atomic nuclei within detectors with a target material.

8
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As discussed in previously the Milky Way is embedded in a dark matter halo. While the
solar system orbits the galactic centre the earth traverses the halo effectively receiving a flux
of WIMPs passing through the earth. The average velocity of these particles relative to earth
is estimated to be around 220 km/h. As theories suggest there is an non-vanishing interaction
cross-section mediated by an unknown mediator between Standard Model particles and WIMPs.

?

X

SM

X

SM

Figure 7: Schematic overview
of a scattering event between a
Standard Model particle (SM)
and a WIMP (χ).

The concept of direct detection is to measure the elastic scatter-
ing as seen in Figure 7 between a WIMP coming from this halo
and a target material located inside a detector on earth. The
energy can be transferred primarily to the atomic electrons or to
the nucleus. The struck particle is set into motion, this process
is called a recoil. Recoils are classified as either electronic recoils
when the energy is imparted to electrons or nuclear recoils when
the energy is transferred to the nucleus. A WIMP with mass mχ

is expected to interact with the nucleus with mass mA. When
it does so, it transfers a small amount of kinetic energy ENR in
the order of keV to the target nucleus. This energy deposition is
further on released by the target through one or a combination
of three excitation channels, namely heat, ionisation, or light
which can be collected by detectors [12].

The differential rate of WIMPs from the dark matter halo
scattering off a target nucleus can be estimated by the following
equation:

dR

dENR
= ρ0M

mAmχ

∫ vesc

vmin

vf(v) dσ

dENR
dv (1)

where ρ0 denotes the local dark matter density, M is the total mass of the detector target
medium, vmin is the minimum velocity of the WIMP particle to induce a nuclear recoil, vesc

is the escape velocity of the Milky Way, f(v) is the normalised WIMP velocity distribution
inside the halo defined by the Maxwell-Boltzmann distribution, σ is the interaction cross-section
between WIMP and target [15, 56]. From Equation 1 it is visible that some contributions to the
rate cannot be influenced such as the local density, WIMP mass, etc, which are given from the
properties of the universe. Experimentally, the expected event rate can only be maximised by
optimising the choice of target material and increasing the total mass of the detector. In Figure 8
the rate is plotted for different values of the recoil energy ENR for different target materials.
One can see that in the lower to moderate recoil energy regimes xenon is an excellent target
material, expecting the most rate of interaction. In higher recoil energy regions, materials
such as germanium are expected to have a higher rate. Additionally, the cross-section of a
spin-independent interaction between a WIMP and target nuclei with atomic mass number A
is related as σ ∝ A2. Spin-independent means that the interaction does not depend on the
spin state of either of the participants. It is therefore useful to employ heavy targets with a
high atomic mass number such as xenon in spin-independent direct detection experiments to
maximise the cross-section.

Generally, there is also a spin-dependent contribution to the cross-section, but unlike the spin-
independent part, it is mainly driven by the nuclear spin structure, coupling only to unpaired
nuclear spins and does not scale with atomic mass [12, 15].
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Figure 8: Nuclear recoil spectra induced by a mχ = 100 GeV WIMP in various target ma-
terials with atomic mass numbers A. The assumed spin-independent interaction cross-section
was σ = 10−47cm2. Figure taken from [56].

In the next Chapter, the dual-phase time projection chamber is presented. This is a key tool
for dark matter direct detection experiments and the main focus of this thesis.
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2 Dual-Phase Time Projection Chamber
A dual-phase time projection chamber (TPC) is a highly sensitive particle detector widely

used in experiments looking for various rare events, such as dark matter interactions or neutrino
scattering. It operates with a noble element, typically xenon or argon. In this work, the focus
will be on a TPC that contains liquid (LXe) and gaseous xenon (GXe).

2.1 Properties of Liquid Xenon
Some properties of xenon relevant for rare-event searches are listed in Table 1.

Property Value
Atomic number Z 54
Mean atomic mass 131.29 g mol−1

Liquid density 2.94 g cm−3

Scintillation wavelength 175 nm
Scintillation light yield 63 Photons
(at 122 keV) per keV
Boiling temperature 165.0 K
Melting temperature 161.4 K
Gas density 5.40 g L−1

at 1 atm and 298 K
Gas density 9.99 g L−1

at 1 atm and 165 K

a)

Isotope Abundance (%) Half-life (T1/2)
124Xe 0.095 1.1 · 1022 yr
126Xe 0.089 > 1.9 · 1022 yr
128Xe 1.91 Stable
129Xe 26.4 Stable
130Xe 4.07 Stable
131Xe 21.18 Stable
132Xe 26.9 Stable
134Xe 10.4 > 8.7 · 1020 yr
136Xe 8.86 2.16 × 1021 yr

b)

Table 1: Overview of xenon properties. (a) General physical properties of xenon. (b) Natural
isotopic abundance and half-lives. Values taken from [6] and [9].

Some of the following properties make xenon an excellent target medium for particle inter-
actions:

• Atomic Number and Density: Xenon is a heavy noble gas characterised by a high
atomic number (Z = 54) and a high density in the liquid phase (≈ 3g cm−3). As previously
discussed, its large mass number A is beneficial for direct detection because the interaction
cross-section scales as σ ∝ A2. The high density (comparable to that of aluminium) creates
a strong self-shielding against external radiation [6, 9].

• Radioactive Isotopes: The lifetimes of the xenon isotopes listed in Table 1b are so
long that the overall background caused by these rare decays is very low, though spe-
cific processes like the double electron capture of 124Xe do produce a distinct, low-energy
background that needs to be accounted for [6, 9].

• Scintillation Properties: LXe is also an excellent scintillator. A scintillation photon can
be created through excitation (Xe∗) or ionisation (Xe+) of a xenon atom. These processes
can occur through an interaction of a particle with the nucleus or an atomic electron of
xenon. In addition, xenon is transparent to its own scintillation light, which means that
these photons can pass traverse the medium without being absorbed.

In principle two different modes of scintillation processes can happen. The first mode is given
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as the following:

Xe∗ + Xe + Xe → Xe∗
2 + Xe

Xe∗
2 → 2Xe + hν

(2)

In this mode a particle interaction leads to an excitation of a xenon atom. This excited xenon
atom can bond with another xenon atom and form an excited xenon dimer Xe∗

2. Upon deexci-
tation of the dimer the xenon returns to the ground state, breaking the bond and releasing a
photon with the scintillation wavelength of 175 nm [9].

The second mode is described by the following processes:

Xe+ + Xe → Xe+
2

Xe+
2 + e− → Xe∗∗ + Xe

Xe∗∗ → Xe∗ + heat
Xe∗ + Xe + Xe → Xe∗

2 + Xe
Xe∗

2 → 2Xe + hν

(3)

In this mode, the interaction of a particle with xenon leads to the ionisation of a xenon atom.
The ionised xenon can be captured and bonds with a different xenon in the ground state and
produces an ionised xenon dimer Xe+

2 . The free electron that gets produced can either escape or
be captured by an ionised xenon dimer leading to a second order excited xenon atom. Then, this
state returns to the first excited level, releasing heat. From this point on, the process continues
in the same way as in the process 2, which leads to the release of the scintillation photon with
wavelength of 175 nm [9].

Most importantly, particle interactions in LXe transport energy through two primary chan-
nels. The first is the emission of scintillation photons, while the second consists of ionised
electrons that escape recombination. In addition to these channels, it is also possible that a
particle interaction can deposit thermal energy in the form of heat in the LXe. A visualisation
of these processes is shown in Figure 9. Crucially, a property of xenon is that it is transparent
to its own scintillation light, meaning that it does not absorb the emitted photon. This trans-
parency arises because the scintillation photon originates from the decay of an excited xenon
dimer. Since the individual unbound xenon atoms are all in the ground state, they cannot
absorb this photon [9]. Furthermore, xenon is considered a fast scintillator medium. The time
interval between an interaction in LXe and the emission of scintillation light is either 2 ns or
27 ns, corresponding to the decay of the excited xenon dimer Xe∗

2 in the first or second mode,
respectively [6, 9].

Although LXe is transparent to its own scintillation light, propagating photons can still
undergo Rayleigh scattering. This process describes the mechanism in which a photon elastically
scatters off a particle that is smaller than its wavelength without losing energy altering its
initial trajectory. In the case of the scintillation light of xenon, Rayleigh scattering occurs when
these photons interact with the electron cloud of a xenon atom. The cross-section for such an
interaction depends strongly on the wavelength of the photon described as σ ∝ λ−4. Because of
this relationship, the scintillation photons produced in LXe are highly susceptible to Rayleigh
scattering, making it the dominant mechanism for photon trajectory changes.
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Figure 9: Excitation and ionisation processes that occur after a particle interacts with LXe.
Note that through a particle interaction with LXe the energy can be emitted through two main
channels. The first one being a scintillation photon and the second one an ionised electron. Heat
is also produced by the interaction, but cannot be detected in this setup. Figure taken from [9].

2.2 The Working Principle of a Xenon Time Projection Cham-
ber

A dual-phase xenon TPC is housed inside a cryostat and consists of a GXe layer located
above a LXe target. The liquid volume is divided into an active region, which is instrumented
with electric fields and photosensors to record particle interactions and a surrounding inactive
region, which serves as a shield against external background radiation. A particle interaction
with the active LXe leaves a trail of scintillation light and ionisation electrons as discussed in
Subsection 2.1. The scintillation light traverses the medium and can be detected by the pho-
tosensors almost instantly after the interaction, creating the primary signal (S1). An applied
homogeneous electric drift field controls the velocity of the ionisation electrons, drifting them
upward through the active LXe until they reach the boundary between LXe and GXe. Upon
reaching this interface, they are exposed to a different, much stronger electric field that accel-
erates the electrons and extracts them into the gas phase. In the GXe the accelerated electrons
start to interact with the GXe where they create more scintillation photons in a cascade event
via electroluminescence. These photons induce a secondary signal (S2) when they reach the
detectors. The S2 signal strength is proportional to the number of ionisation electrons created
by the initial particle interaction inside the LXe. A short time delay between the S1 and S2
signal gives rise to the amount of time that the electrons drifted upward. Knowing the drift
velocity of the electrons and the drift time, it is possible to reconstruct the event position in
the z-direction. The S2 signal is very localised on the x-y plane, which means that the position
on which the secondary photons arrive to the detectors on the top indicates the initial position
of the event on the x-y plane. Combining the information from the reconstructed x–y and z
positions of the interaction allows the complete reconstruction of the location of the even in the
three-dimensional space.

As motivated before, in liquid xenon detectors, incident particles deposit energy through
collisions with the xenon atoms. The energy loss in LXe differs for different interaction types.
A nuclear recoil gives a different amplitude of the S2 signal compared to an electronic recoil
produced by background events. By analysing the ratio of amplitudes S2/S1 it is possible
to distinguish between nuclear and electronic recoil signals [55]. For example, highly ionising
electronic recoils from background radiation yield a significantly larger S2/S1 ratio than the
nuclear recoils expected from dark matter interactions. The heat energy deposited by a particle
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Figure 10: A schematic overview of the working principle of a TPC. a) The setup of a TPC
with photosensors on top and on the bottom. An interaction is visualised by the yellow dot and
the straight lines indicate the path the scintillation photons take that create the S1 signal. The
ionised electrons are drifted to the interface between LXe and GXe at which they are accelerated
into the GXe creating more photons in the cascade interactions which generates the S2 signal.
b) The amplitude difference between nuclear and electronic recoil signals is illustrated. A nuclear
recoil results from a particle interacting with the xenon nucleus, whereas an electronic recoil arises
from interactions with a bound electron. Figure taken from [55].

interaction cannot be detected by this detector type and is therefore lost. A graphical overview
of a dual phase xenon TPC can be seen in Figure 10.

2.3 Past, Present and Future Dark Matter Direct Detection Ex-
periments

Experiments such as XENON100 [7], XENON1T [8], and LUX [36] have demonstrated the
power of liquid xenon TPCs in achieving the low background levels and high-resolution event
reconstruction required for rare event searches. These detectors rely, among other parameters,
heavily on the efficient collection of scintillation and electroluminescence light, making the opti-
cal performance of the detector a critical design parameter. Current experiments such as LZ [23],
XENONnT [28], and PandaX-4T [24], which contain 10, 8.6, and 5.6 tonnes of xenon respec-
tively, have established new constraints on the WIMP mass and cross-section due to their high
sensitivity. However, they did not manage to detect a signal from WIMP interactions. Conse-
quently, future efforts in order to detect a dark matter recoil signal focusses on constructing even
larger detectors to achieve sensitivities approaching closely the so-called neutrino fog. This term
refers to an irreducible background of astrophysical neutrinos that induce nuclear recoils, indis-
tinguishable from dark matter signals, which is why they represent a fundamental limit to direct
detection sensitivity. The neutrino fog is not a hard limit on discoveries, but can be overcome
with enough statistics [48]. The XLZD [66] collaboration proposed the next-generation multi-
ton xenon detector, which requires extensive research and development to build. An overview
of the exclusion areas created by various experiments can be found in Figure 11.
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Figure 11: Spin-independent WIMP-nucleon exclusion limits. The plot compares current exclu-
sion limits from LUX, PandaX, XENONnT, and LZ with the projected sensitivity of XLZD.
The colour gradient (from lighter to darker blue shades) shows the neutrino fog, a region where
the discovery potential becomes systematically limited due to nuclear scattering of astrophysical
neutrinos on xenon atoms. Figure taken from [66].
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3 The Xenoscope Time Projection Cham-
ber

As briefly mentioned before, the next-generation WIMP detecting TPC, which will contain
approximately 50 to 70 tons of liquid xenon is part of the XLZD collaboration [66]. It is still in
its baseline design phase, but it is conceptualised as a vertical, cylindrical vessel with a diameter
and height of 3 m.

Constructing such a large detector requires an extensive research and development pro-
gramme. To this end, the Xenoscope facility was built that contains a 2.6 m tall dual-phase
TPC, serving as a vertical demonstrator for future detectors. The main goals of Xenoscope are
to demonstrate the drift of electrons in the liquid xenon over the distance of 2.6 m, to measure
the diffusion of the electron cloud in longitudinal and transverse directions, as well as the optical
properties of the medium [2]. In this Chapter, the construction of the Xenoscope TPC will be
introduced.

Figure 12: Schematic view of the Xenoscope facility with the 2.6 m TPC installed in the double
walled cryostat. Legend: (1) Heat exchanger, (2) Cooling tower, (3) Inner frame, (4) Outer
frame, (5) Purification gas panel, (6) TPC in the 24.8 cm diameter and 312 cm height cryo-
stat, (7) High-pressure storage vessel of liquid recovery system, (8) Power distribution cabi-
net, (9) The BoX, a gas recovery and storage system. Figure and legend taken from [10].

3.1 Support Structure
The Xenoscope TPC as shown in Figure 12 is held by a support structure created by alu-

minium profiles. The support structure is divided into the inner and outer frames. The inner
frame supports the entire weight of the cryostat and its content. The outer frame provides
lateral support for the inner frame and for an upper level floor. A seperate third frame supports
a stair access to the upper parts of the TPC for operation and assembly. The support frames
fully enclose the cryostat assembly to minimise dust accumulation and can be accessed by two
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double doors [10].

3.2 Xenon Storage
The xenon gas handling system is connected to a dedicated recuperation system that allows

recovery and storage of the xenon from the TPC during downtime. The xenon can be stored in
9 aluminium gas cylinders each storing 40 L up to a maximum of 418 kg of GXe. From these
storage vessels, the GXe can be routed to the TPC and subsequently recovered for storage. A
transfer to the storage and back can take a lot of time because the liquid xenon inside the TPC
can only be evacuated by evaporating it into the gas phase, which makes it a long process if this
has to be done often. In order to minimise the time to recover the xenon, a spherically shape
storage vessel, called Ball of Xenon (BoX), exists that allows the direct recovery of liquid xenon.
This special storage is kept cold and has enough capacity to contain 450 kg of liquid and gaseous
xenon at a maximum pressure of 90 bar [10].

3.3 Cooling Tower and Heat Exchanger
The cooling tower, located on top of the cryostat, contains a PC-150 [62] pulse tube refriger-

ator from Iwatani. It ensures that the gaseous xenon coming from the storage moves through a
getter to remove impurities and condenses into the liquid phase when entering the cryostat. It
also regulates the overall temperature of the TPC to maintain LXe. The xenon is also purified
during operation. To achieve this, liquid xenon is extracted from the top of the cryostat, evap-
orated into the gas phase, purified and re-condensed into the liquid phase and returned into the
cryostat. The heat exchanger minimises the heat leak from the GXe during purification pro-
cesses, reducing the overall heat increase in the TPC. It uses the heat from the warm, purified
xenon gas returning to the main body to help evaporate the cold liquid xenon that is being
extracted for purification. Similarly, it uses the cold outgoing LXe to cool down and liquify the
warm incoming xenon gas before it re-enters the cryostat [10].

3.4 Cryostat
The cryostat houses the TPC and is made of a double walled stainless steel cylinder. The

space between the inner and outer shell is under vacuum which eliminates heat transfer via
conduction and convection from the room-temperature environment to the cold inner vessel.
Moreover, it is designed to withstand the operating pressure of the system and to structurally
support the TPC. The xenon target mass that can be contained within the cryostat is around
350 kg [10].

3.5 Field Cage
Inside of the inner cryostat shell is the TPC field cage, which consists of 173 oxygen-free,

high thermally conductive copper rings as seen in Figure 13. The copper rings have an inner
diameter of 16 cm and are held in place by six polyamide-imide pillars along the z-axis. The
field cage establishes a uniform electric field, which directs the drift of electrons upwards towards
the liquid and gas xenon interface. This uniformity is critical to ensure that ionisation electrons
drift vertically from the liquid xenon volume up to the gas phase without their trajectories being
distorted, which allows for accurate 3D position reconstruction of particle interactions. The field
cage is not concentric to the inner vessel and is shifted off centre. A liquid-level monitoring and
setting system is placed on the major clearance side. The xenon located inside the field cage is
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called the active volume. It is the main part of the xenon that acts as a target for interactions.
The xenon lying outside of this field cage is defined as the inactive volume which can still act as
a target, but signals created in that region would need to penetrate the field cage to reach the
detectors [2, 10].

Figure 13: The field cage of the Xenoscope TPC. The cage consists of 173 copper rings with an
inner diameter of 16 cm mounted on polyamide-imide pillars along the vertical axis of the TPC.
Figure taken from [2].

3.6 Photosensors
The photosensors in the Xenoscope TPC serve as the optical readout system of the TPC,

designed to convert the scintillation photons emitted by liquid xenon into measurable electrical
signals. In this setup, the silicon photomultipliers S13371-6050CQ-02 [2] from Hamamatsu are
used. The sensor array consists of a total of 192 multi-pixel photon counters, each 6×6 mm2

in size. These sensors are bundled in groups of four into so called quad modules. In total 48
2x2 quad modules, as seen in Figure 14c are present. In turn, four of these quad modules are
mounted onto a single readout PCB to create units known as tiles. A visualisation of cells, quads,
and tiles can be found in Figure 14b. Each tile is labelled by a letter starting from A to M,
excluding letter I as seen in Figure 14d. Since each of these tiles has its own readout channel,
it is possible to distinguish exactly which tile received a photon hit. The tiles in addition serve
as pre-amplifiers for the collected photon signals before further processing. In total, the area
covered with active sensors is 36% [29] of the array surface. Furthermore, the photosensor
array is mounted closely above the field cage inside the GXe to ensure the precise traceability
of the S2 photons origins. SiPMs were selected for this configuration to ensure scalability for
future upgrades if necessary. The current SiPM array allows for the distinction of 12 different
regions. By increasing the number of readout channels in the backend, it is possible to refine
the granularity. This allows for improved spatial resolution if future R&D phases demand it,
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without requiring mechanical modifications to the array surface.

Figure 14: a) Readout printed circuit board without mounted SiPMs. b) Picture of a single
assembled SiPM readout channel. A cell (green) consists of a 6×6 mm2 pixel counter. A quad
(orange) is a collection of four cells. A tile (red) is a group of four quads mounted on the
readout board. c) A picture of the fully assembled photosensor array with PTFE cover. Consists
of 12 tiles. d) A graphical representation on how the quad modules are grouped for each read
out channel with assigned letters starting from A to M, excluding the letter I. Figures taken and
modified from [2] and [29].
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4 Geant4 Simulations of the Xenoscope Time
Projection Chamber

Using the Geant4 toolkit, photon simulations inside the Xenoscope TPC were created. These
simulations were critical for determining the Light Collection Efficiency of the TPC, providing
the baseline needed to characterise the optical performance of the TPC. A detailed description
of the applied methods and simulation framework used is provided in this Chapter.

4.1 Description of the Simulation Framework
The framework used in this thesis to create the simulations is called Geant4 [3]. This is a

simulation tool developed by physicists and computer scientists at CERN to simulate the passage
of particles through matter. Geant4 has established itself as the preeminent toolkit for particle
physics, serving as the standard computational framework for major experiments such as those
at the LHC. Beyond that, it is also applied in diverse fields, including medical physics for hadron
therapy dosimetry or in aerospace engineering for optimising radiation shielding. Additionally,
it is an excellent toolkit for creating simulations in rare event searches, such as dark matter
interactions.

Geant4 is a toolkit that consists of a vast number of libraries which can be used to simulate
physical interactions at microscopic levels. On top of the Geant4 libraries, a C++ code has
to be created which defines the exact parameters of the experimental setup. Geant4 libraries
include a wide variety of functionalities [20], such as the following:

• Geometry Construction: This consists of various shapes and physical volumes, in-
cluding material properties of elements, isotopes, and complex compounds forming these
volumes.

• Particle Generator: It is used to create specified particles inside a volume element.
All properties of generated particles, such as energy, lifetime, location, or propagation
directions, can be defined.

• Detailed Physical Processes: These include the simulation of particle interactions,
such as electromagnetic or hadronic interactions and their cross-sections, Information on
particle decay and the decay products, and particle transport in and between volumes.

• Storage: Enables the ability to store specified data such as interaction types, positions,
momenta, energies, particle types, etc. which can then be used for further analysis.

• Visualiser: Creates the possibility to make graphical visualisations such as geometries,
trajectories, etc.

The Geant4 toolkit organises the simulation of particle interactions into a strict hierarchical
data structure. This hierarchy is designed to manage the stochastic nature of Monte Carlo
methods efficiently. The Geant4 data structure is organised in four levels:

1. The Run: The highest level of the hierarchy is the Run. A Run includes the entire simu-
lation for a specific configuration. At the initialisation of a G4Run class object, the detector
geometry is constructed, the physics processes are defined, and the material properties are
loaded into memory. The Run manages the global state of the simulation and consists of
independent Events.
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2. The Event: The fundamental unit of the simulation is the Event. A Run can be divided
into several Events. The class object G4Event represents the full history of a particle
interaction, from generation to termination, where the latter means that either particles
are absorbed, decayed, or escape from the system.

3. The Track: Within an Event, each individual particle is represented by a Track. It is
important to note that in Geant4, a G4Track does not represent the geometric path of the
particle but, it is a class that contains the current physical state of the particle (energy,
momentum, position, etc.). In addition to these properties, the Track contains information
on the heritage (family tree analogy) of a particle through unique identifiers, namely the
TrackID and ParentID. This data allows the simulation to distinguish between primary
particles (generated at the source) and secondary particles (produced via interactions).

• The TrackID: An integer number is assigned to each particle upon creation. This
number is the so called TrackID. Primary particles (first generation of generated
particles) are initialised with a TrackID of 1, while subsequent secondary particles
are assigned sequential numbers (2, 3, etc.) as they are generated.

• The ParentID: The TrackID of the specific particle that generated the current one
via a physical interaction is recorded in the ParentID. Primary particles are assigned
a ParentID of 0, while secondary particles inherit the TrackID of their creator.

4. The Step: The finest granularity of the simulation is the Step. A single Track contains
all Steps a particle takes during its existence inside the system. The G4Step class defines
the discrete information of the trajectory a particle takes between two key points:

• The PreStepPoint: The state of a particle (energy, momentum, position, etc.)
immediately before a physical interaction or before crossing a geometric boundary.

• The PostStepPoint: The state of the same particle immediately after a physical
interaction or after crossing a geometric boundary.

As the particle propagates through the system, its continuous trajectory is segmented into
a discrete series of Steps defined by interactions or boundary crossings.

For this work, a custom-made Geant4 code of the Xenoscope TPC was developed, in which
the geometry of the TPC was created, the physical parameters were set and the simulated
particles were defined. In general, most of the code was already written, some modifica-
tions had to be performed. The code is saved in the following GitHub repository https:
//github.com/Physik-Institut-UZH/DemonstratorXenonscope. However, this repository is
not publicly accessible at present. In this code the relevant simulation result data was defined
and ordered to be stored in a ROOT [14] file, a specialised object oriented file structure designed
for the requirements of particle physics. All simulations were executed on the high performance
computing cluster in the farm environment of the Physics Department at the University of
Zurich. Further data analysis was performed using the Python programming language, utilising
standard scientific libraries including NumPy, SciPy, and Matplotlib, with Uproot employed to
access the ROOT files.

4.2 Simulated Geometry of the Time Projection Chamber
The entire geometry of the Xenoscope TPC including all interior components, the liquid and

gaseous xenon, was simulated in Geant4. This includes all material properties, on an atomic
level, to account for microscopic interactions between the components of the TPC and generated
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primaries, which were photons for this study. It was necessary to create new code segments that
define the geometry of the photosensors at the top. The array itself was implemented as an
almost cylindrical volume on top of the active LXe. The specific geometry and arrangement of
the SiPMs were not modelled directly in Geant4 instead, these parameters were implemented
during the analysis. The positions and sizes of each SiPM were created according to the design of
the actual photosensor array that is visualised in Figure 14. Photons arriving on the photosensor
array were categorised depending on the specific point they would reach. Photons incident on
the SiPMs were counted as a signal hit and photons which arrived outside, on the PTFE parts,
were counted as non-detections.

The simulated geometry of the TPC can be visualised by creating a simulation of Geantino
particles, a fictional particle that does not interact with matter, in all of the TPCs components.
The distribution of these particles throughout all volume elements allowed the entire simulated
TPC structure to be clearly visualised as seen in Figure 15a. The main structure consists of
the cryostat shell, which is coloured in grey, the copper rings of the field cage in green, the
polyamide-imide pillars that hold the copper rings at place in brown, the LXe in red and the
GXe in yellow. The implementation of the LXe allowed for the distinction between the active and
inactive LXe, as illustrated in Figure 15b. As mentioned in an earlier section, the photosensor
array is on top of the active LXe which is inside the TPC field cage and the inactive LXe is
located outside of it. However, it is still possible for photons generated in the inactive volume
to reach a SiPM detector element. To distinguish the initial position of photons coming from
the active or inactive LXe this differentiation was made.

To retrieve interaction data from the simulation, it was necessary to designate specific geomet-
ric regions as Sensitive Volumes. In Geant4, a Sensitive Volume is a logical volume configured to
digitise particle interactions. This means that energy deposition and position data from events
occurring within this volume among other information are extracted and stored in the ROOT
file. For this work, the following volume types were set as Sensitive:

• Active liquid xenon

• Inactive liquid xenon

• Gaseous xenon

• Photosensor array

All other volume elements (copper rings, cryostat, etc.) were set as Passive Volumes in which
interactions were not recorded. To construct the detector geometry, the physical properties of
the materials were defined. Standard materials, including the copper for the field cage rings and
the stainless steel for the cryostat, the PTFE for the photosensor cover, and polyamide-imide
for the pillars, were created using the Geant4 NIST database [30] (via G4NistManager). The
isotopic composition of the xenon was also taken from the NIST database, which defines the
composition according to the natural abundance as previously shown in Table 1. All optical
parameters of the used materials can be found in Table 2. The origin of reference is set at the
bottom of the inner vessel in the centre of the active volume as seen in Figures 15a and 15b. The
active surface of the photosensor array was located at height z = 2912.77 mm. The boundary
between LXe and GXe was located at z = 2793.74 mm.
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Material Absorption coefficient Reflection coefficient
Polyamide-imide 0.90 0.10
Steel 0.43 0.57
PTFE 0.05 0.95
Copper 0.80 0.20
Material Refractive index Rayleigh scattering length Absorption length
LXe 1.58 30 cm 100 cm
GXe 1.00 100 m 100 m

Table 2: Overview of the optical properties of the materials used in the simulated TPC.

a)
b)

Figure 15: a) A Geantino simulation of the different components of the Xenoscope TPC.
Grey: cryostat, yellow: gaseous xenon, red: liquid xenon, brown: polyamide-imide pillars, green:
copper rings, blue: photosensor array. b) A simplified top view of the Geantino simulation. In
red one can see the active LXe volume which is located inside the TPC field cage and directly
below the SiPMs. In blue the inactive LXe volume is highlighted. The brown colour indicates
the polyamide-imide pillars.

4.3 Particle Generation
The Geant4 framework offers the user the ability to simulate all types of particles. The

intrinsic properties such as mass, charge, spin, and lifetime are assigned to individual particles
according to the PDG [25]. As briefly mentioned earlier, in Geant4 the initial generated particles
are called the primaries, which can be distinguished from particles arising from interactions and
decays. Before simulating any primaries, the following fundamental initial conditions were set:
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• Particle type: G4OpticalPhoton [19] (low-energy photon)

• Emission shape: A thin circular disk at height z, spanning the full cross-sectional area
of the inner vessel

• Emission direction: Isotropic

• Energy: 7eV (scintillation energy)

• Confined volume element: active and inactive LXe

• Number of primaries: 107

To closely replicate the scintillation photon of xenon, all primary particles were defined
as photons and emitted isotropically at the xenon scintillation wave length of 175 nm which
corresponds to a photon energy around 7 eV. To account for all possible event locations, the
primary particles were generated on a circular disk at a defined height inside the active and
inactive LXe. The amount of primaries generated was 107 in each simulation in order to obtain a
sufficiently large sample size. As a reference, a muon crossing the Xenoscope TPC at a 30° angle
with respect to the horizontal axis can generate approximately 2 · 106 photons. Therefore,
the emitted number of photons represents a realistic amount that could be generated by an
interaction. Once all conditions were set, Geant4 could simulate the passage of the defined
particles through the volume elements recording the interaction and transport data.

4.4 The Physical Processes
The physical interactions which the created particles undergo are governed by the physics

lists that are selected for the simulation. In these physics lists, all interaction properties and
cross-sections are defined. Geant4 provides a vast collection of physics lists [21] which can be
used to study physical processes. From these lists a selection has to be made, which fit the best
for the intended study. It is also possible to use custom created physics lists or to modify existing
lists for a specific problem. Although the primary focus of this study was mainly restricted to
electromagnetic interactions, the Geant4 architecture requires the initialisation of a complete
physics environment. Consequently, two physics lists were utilised to define the models governing
electromagnetic and hadronic interactions.

For electromagnetic interactions the physics library Livermore electromagnetic physics [17]
was chosen. The Livermore library is based on tabulated values obtained from EPDL97 [31]
which is a maintained database of photon interactions which is the main reason why this library
was chosen for this work. The Livermore library incorporates Doppler broadening for Compton
scattering and utilises accurate atomic form factors to model Rayleigh scattering. Because
Rayleigh scattering is the dominant interaction mechanism for 7 eV photons, precisely modelling
this process is crucial for the results presented in this work. In order to be able to describe
interactions on all energy ranges Livermore extrapolates the tabulated values to the broader
energy regime which starts at 0 eV up to 100 TeV. A detailed overview is given in Table 3. In
contrast, the standard electromagnetic physics library is based on analytical computed values
for higher energy regimes which lose accuracy in lower energy regions. Although the Livermore
library also loses accuracy in such a low energy regime (scintillation photon energy ≈ 7 eV) it
suits the problem better since it is based on tabulated values. An overview over this library can
be found in Table 8.

For the hadronic interactions the physics list QGSP BERT HP [18] was chosen. For high energy
interactions Quark-Gluon String (QGS) model is applied to handle the initial projectile and
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nucleon collision, followed by a Precompound (P) model which manages the subsequent nuclear
de-excitation. In intermediate energy range the Bertini Intra-Nuclear Cascade (BERT) model
is utilised. The High Precision (HP) suffix denotes that a precise model for neutron interactions
in the lower energy scale was employed. A detailed overview of this list can be found in Table 4.

Particle Interaction Model Class Range Description

Photons (γ) Photoelectric G4LivermorePhotoElectric 0 eV - 100
TeV

Models cross-section for
atomic shell absorption
edges.

Compton G4LivermoreCompton 0 eV - 100
TeV

Specialised model used
to simulate the inelas-
tic scattering of photons
off electrons (includes
Doppler-broadening).

Rayleigh G4LivermoreRayleigh 0 eV - 100
TeV

Models coherent scat-
tering using atomic
form factors, dominant
at low energies.

Pair Prod. G4LivermoreGammaConversion 1.02 MeV -
100 TeV

Model for e+e− pair
production.

Electrons (e−) Ionisation G4LivermoreIonisation 10 eV - 100
GeV

Uses tabulated stopping
powers for soft colli-
sions.

Bremsstrahlung G4LivermoreBremsstrahlung 10 eV - 100
GeV

Data-driven model re-
sponsible for simulating
braking radiation

Positrons (e+) All Standard Models all Default analytical mod-
els are used (no specific
Livermore data avail-
able).

Table 3: Detailed specifications of the electromagnetic models within the Livermore electro-
magnetic physics library, including their valid energy ranges and underlying algorithms. Content
of this table obtained from [17].
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Particle Energy Range Model Description

Hadrons (p, π, K) > 12 GeV QGS Quark-Gluon String model, handles
high-energy string fragmentation.

< 6 GeV Bertini Intranuclear Cascade model, sim-
ulates interactions with individual
nucleons.

3 - 25 GeV FTF The Fritiof parton model treats
hadrons as bound states of partons
(quarks and gluons) held together
by a string of the strong force.

0 - 100 TeV FTF The Fritiof parton model only for
anti particles (anti-protons, anti-
neutrons, ...)

Neutrons (n) > 20 MeV Bertini / QGS Follows standard hadronic models.
< 20 MeV NeutronHP High Precision data driven model,

uses ENDF/B-VII libraries for exact
resonances and capture.

EM (e±, γ) All Energies Standard EM standard electromagnetic interac-
tions (not used in this work).

Table 4: Summary of the physics models utilised in the QGSP BERT HP physics list, categorised
by particle type and energy regime. Content of this table is obtained from [18].

4.5 Goal of the Simulation
One of the main goals was to determine the LCE which serves as a fundamental performance

parameter for a TPC. Physically, the LCE represents the total probability that a single scin-
tillation photon will survive the transport process, navigating geometric losses, absorption in
the medium, and surface reflections and trigger a signal in the photosensor array. A high Light
Collection Efficiency is critical for rare event searches such as dark matter detection which aims
to measure faint recoil signals. In addition, a high LCE is necessary to gain a better distinction
between signal and noise.

In the case of the Xenoscope which does not have the purpose of detecting WIMPs but serves
as an R&D setup, it is also necessary to fully understand its optical performance. For one, it is
important to give a proof of concept that photons inside the TPC can indeed survive the entire
length of 2.6 m, which is a driving factor for building larger next-generation detectors. Secondly,
Xenoscope is also designed to drift electrons over its entire length, but the measured signal will
be photons created in the electron avalanche at the LXe GXe interface. Without knowing
the optical performance of the TPC there is no possibility to quantify the obtained signals.
Furthermore, characterising the LCE enables the accurate measurement and quantification of
background events induced by particles traversing the TPC and creating a categorisation of
background created by different types of particles. These reasons make it essential that the
optical performance of the Xenoscope TPC is fully understood.

The Light Collection Efficiency of the TPC is given as the following ratio:

LCE = Ndet

Ngen
, (4)

where Ndet is the number of photons that reach the photosensors and Ngen is the total number
of photons initially generated inside the LXe. The factor Ndet has a strong dependence on the
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initial height z at which the primaries were emitted. To investigate the effect of emission height
on the LCE, several simulations with varying z were conducted.

In the past, another study was performed to analyse the LCE of an older version of the
Xenoscope TPC in a simulated environment by Rachana Yajur [67]. In contrast to this study,
their work did not include the real geometry of the physically constructed TPC which was not
yet available at the time. The main difference is that the older version of the TPC also included
an array of photomultiplier tubes at the bottom and additional SiPM rings around the field
cage. Their result showed that the LCE depends on a sum of two exponential functions of the
increasing height. In this thesis, the exact geometry of the physical TPC is studied for the LCE
simulations. The obtained dependence will then be compared qualitatively with the previous
work in order to see if the results agree.
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5 Results
In order to obtain the relation between Light Collection Efficiency and vertical emission

height z several simulations were performed and analysed. The Geant4 parameters have been set
as discussed in previous Chapter, and the results obtained from these simulations are presented
here. A simplified overview on how the simulations were configurised can be found in Figure 16.

Z [mm]

0

z

2600

2200

2793.74 LXe LXe/GXe interface

GXeSiPM

Figure 16: A simplified visualisation on how the simulations were created. At a specific height z
inside the LXe 107 photons (wavy arrows) were generated on the entire cross-sectional area and
emitted in all directions inside the TPC . This procedure was repeated for different heights z.
The position of the presented simulations performed at heights z = 2200 mm and z = 2600 mm
with correct relative position to the LXe/GXe interface are marked with dashed lines. The third
presented result at z = 2793.73 mm is located just below this interface.

5.1 Light Collection Efficiency
The Geant4 simulation data allowed the analysis of the active coverage of the photosensor

array. In doing so, it was possible to calculate the fraction of incident photons lost to the non-
sensitive PTFE cover located between the individual SiPMs. To gain an estimate on the amount
of lost photons, the data obtained from individual simulations was analysed. One example can
be seen in Figure 17. Each photon reaching the top array is visualised either in red or in blue.
A red point indicates a photon hit on a SiPM sensor, and a blue point indicates a photon that
reached the PTFE cover of the array and missed the SiPMs. All blue coloured photons are
therefore not detected. To obtain this figure, a simulation of 107 photons which were generated
at z = 2600 mm, located around 194 mm below the interface between LXe and GXe, was
performed (see Figure 16 for relative position). As briefly mentioned in Chapter 4 this number
of emitted photons was chosen because real known interactions can create a similar amount of
photons. In addition, to obtain statistical significance, it was necessary to create a high sample
size. This specific value of z was chosen in order to provide enough data points to create a
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general statement. Another reason for this choice was that the figure should also contain some
white spots such that it is clear that each coloured point really represents an individual photon.
Two additional results for different choices of z can be found further on.

Figure 17: Visualisation of incident photons on the top photosensor array. Red dots indicate
hits on the active SiPM detector surfaces, while blue dots mark photons absorbed by the inactive
PTFE cover. The vertical emission height was at z = 2600 mm.

Ngen 107

Narr 28170
Ndet 9623
Nloss 18547

Narr/Ngen 2.82 · 10−3

Ndet/Narr 0.341
Ndet/Nloss 0.519

LCE = Ndet/Ngen 9.62 · 10−4

Table 5: Data obtained from a simulation of photons emitted at initial height z = 2600 mm.

The results seen in the Figure 17 are summarised in Table 5. Ngen is the total amount of
primary photons generated, Ndet is the number of red points which resemble photons reaching a
SiPM element, and Nloss is the number of blue points that describe photons reaching the PTFE
cover, Narr is the total number of photons that reach the photosensor array which is the sum
of all the red and blue points. The number of total photons that reach the top array is found
to be 28170, which is ≈ 2.8% of the total number of photons. Of these, 9623 photons reach a
SiPM detector which brings the number of detected photons to ≈ 34% of all photons reaching
the top array. So around a third of all photons reaching the top array are detected. Compared
to the total number of photons generated, these make up only ≈ 0.09%. This value is the LCE
for this specific emission height z = 2600 mm.

Repeating this procedure for different initial emission heights and computing the LCE for
each individual z gives us the trend seen in Figure 18a. The individual step sizes in z were
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chosen according to how the LCE evolves. In regions where the curve does not change much, a
larger step size was chosen and, in regions where the growth is the strongest, smaller step sizes
were taken to obtain a better granularity. The individual simulation data are not presented
here, but are also stored on the farm computer environment of the University of Zurich. A total
of 17 simulations were created to obtain this figure.
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Figure 18: From several simulations where primaries are generated at different z, the following
relation between the LCE and z is obtained. a) Simulated LCE data fitted with a sum of two
exponential functions. b) The same data and fit presented on a logarithmic scale.

It is clearly visible that the LCE increases with increasing height z or decreasing depth of
the initial emission position of the primaries that were generated. Since the photosensor array
is placed at the top of the GXe, primaries emitted at a higher location are closer to the SiPMs.
This proximity increases the likelihood that they will be successfully detected. At values of
z = 2000 mm and below the LCE drops to ≈ 0%. For photons generated at this height and
below almost no detection is expected. The fit reveals that the LCE depends on a sum of two
exponential functions of height z, in good agreement with results obtained from a prior Master
thesis by Rachana Yajur [67]. The maximum value of the LCE is ≈ 0.71% and is given at
z = 2793.73 mm, which is just below the interface between LXe and GXe.

To verify the exponential nature of the growth, a logarithmic plot is presented in Figure 18b.
In the logarithmic plot it is clearly visible that the best fit line follows very closely the obtained
data points, which indicates that the fit is in a very good agreement with the data. The following
relation for the LCE in dependence of z can be extracted from the parameters of the best fit
line:

LCE(z) = 7.4 · 10−7 · e6.8·10−3·z + 2.2 · 10−10 · e1.4·10−2·z (5)

One can see that the first exponential is much less suppressed with a constant pre-factor pro-
portional to 10−7, while the second exponential has a greater suppression with a pre-factor in
the order of 10−10. The pre-factors have a greater impact on lower values of z, since on higher
values the exponential parts will dominate more. The factors 6.8 ·10−3 and 1.4 ·10−2 in the
exponents describe the attenuation of the photons propagating in the TPC. The lower these
numbers are, the more photons cannot reach the photosensors due to various effects such as
the geometry of the setup and the material properties of xenon. A geometric influence on these
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parameters is that there are no reflectors along the walls of the inner vessel or along the inside
and outside of the field cage. According to Table 2 the reflectivity of the stainless steel inner
vessel is around 60%, meaning only this fraction of photons that reach the walls of the outer
vessel are redirected towards the inner parts. The reflectivity of the copper rings are even worse
with only 20%, absorbing most of the photons that reach them.

5.2 Deflection Angles of Detected Photons
In a second part, the analysis of deflection angles of detected photons was performed. In

spherical coordinates, the emission direction of a photon has a contribution to the azimuthal
direction (φinitial) and the polar direction (θinitial), which can be extracted from Geant4. A
detected photon has an initial starting position and a final detection position on the SiPM in
3D space. The vector connecting these two points can be decomposed in a contribution in φdet

direction but more importantly in θdet direction which is the angle between initial emission
direction to the z-axis. By comparing the polar angles between emission direction and detection
direction of a photon, one can find its net deflection angle. This angular shift is the cumulative
result of Rayleigh scattering within the LXe and reflections off internal detector components as
detailed in Table 2 during propagation. The angle of deflection is therefore given as:

θdefl = θdet − θinitial (6)

Note that Equation 6 only gives information about the net deflection angle projected towards
the z-direction, whereas in general there could be many scattering processes involved in all kinds
of directions during the propagation time of a photon in the xenon.

The simulation data created in the Light Collection Efficiency simulations was reused to anal-
yse the deflection angles. To be consistent with the previous results, the same height z = 2600 mm
was chosen. Figure 19a presents a histogram detailing the photon count per bin as a function
of the deflection angle.

Figure 19: Graphical representation of deflection angles for a simulation where primaries were
generated at z = 2600 mm. a) Histogram of deflected photon angles in θ direction in logarithmic
scale. b) Initial positions of primary photons that reach a SiPM detector. Individual primaries
are coloured by the deflected angle in θ direction.
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Another study that can be performed is by plotting the initial position of the primary photon
before emission in the x-y plane and colour coding it according to the net angle of deflection.
Consequently, Figure 19b is obtained. One can see that the dominant deflection angle θdefl is
around 0 radians which indicates that most of the photons were not deflected from their initial
emission direction. Also notable is that many more photons arrive from the active LXe. The
TPC field cage is located between the inactive and active LXe and consists of copper rings that
according to Table 2 easily absorb 80% of the photons that reach it. It is reasonable to expect
that more photons from the active region manage to reach the detectors.

A further quantity to analyse deflection angles is given by the deviation distance d between
where the particle would have landed on the photosensor array plane if it had moved in a
straight line (no scattering) and where it actually landed (real trajectory). This distance d is
given according to the following equation:

d =
√

(xdet − xproj)2 + (ydet − yproj)2 (7)

where xdet and ydet define the detected x-y positions of the particle on the detector, xproj and
yproj are the projected x-y positions onto the detector plane if the particle would not have
scattered and followed its initial emission direction. Note that the z position of the SiPM array
and the vertical emission height are both fixed.

In Figure 20a the resulting histogram of the deviation distance d is presented. Most of the
photons are contained in the bins close to zero deviation, which confirms that these photons
reached a SiPM element without being significantly altered from their initial emission direction.
This is in good agreement with the results obtained from analysing scattering angles. In Fig-
ure 20b this deviation distance d is plotted against the deflection angle θdefl. In this distribution,
one can see that with an increasing deflection angle the deviation distance increases, which is
the expected behaviour, since a greater angular deflection will automatically lead to a longer
distance between the detection and projected point on the detector plane. The visible boundary
at π

2 marks the limit where the initial photon emission direction stops pointing towards the
detector. Any angle exceeding this threshold results in a trajectory that never intersects the
detector plane. Also visible in this plot is that many points are located close to the origin giving
a further confirmation to the prior obtained result that most photons that reached a detector
element are not scattered significantly.

32



Results Hakan Ekinci

Figure 20: Graphical representation of deviation distance d and comparison to deflection angle θ
for a simulation with 107 photons initially emitted at z = 2600 mm. a) Histogram of deviation
distance d in logarithmic scale. b) Deflection angle θ vs deviation distance d.

5.3 Additional Results
The presented results above were specifically chosen examples to create a fundamental un-

derstanding. To extend these, two edge case results are presented here for two additional values
of z. The first, at z = 2200 mm, yields very few photons reaching the SiPM array, leading to
overall lower counts. The second, at z = 2793.73 mm, is located within the LXe but immediately
below the GXe boundary. This second height produces a very high number of detected photons
and overall higher counts.

5.3.1 Light Collection Efficiency

In the case of z = 2200 mm a similar approach was made as presented above. The obtained
values and ratios can be extracted from Table 6 and a visualisation can be found in Figure 21.
The ratio between red dots and blue dots remains the same with approximately 34%. The LCE
in this case is given as ≈ 0.004%.
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Figure 21: Visualisation of incident photons at the top photosensor array. Red dots represent
photons striking the active SiPM surfaces, while blue dots indicate photons landing in the passive
gaps between sensors. The initial emission depth was set to z = 2200 mm.

Ngen 107

Narr 1237
Ndet 422
Nloss 815

Narr/Ngen 1.23 · 10−4

Ndet/Narr 0.341
Ndet/Nloss 0.518

LCE = Ndet/Ngen 4.22 · 10−5

Table 6: Data obtained from a simulation of photons emitted at initial height z = 2200 mm.

In the other case where the height was chosen as z = 2793.73 mm the obtained values and
ratios can be extracted from Table 7 and a visualisation can be found in Figure 22. The
ratio between red dots and blue dots is slightly higher with approximately 36%, which matches
precisely the SiPM coverege of the photosensor array. The LCE in this case is given as ≈ 0.71%.
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Figure 22: Visualisation of incident photons at the top photosensor array. Red dots represent
photons striking the active SiPM surfaces, while blue dots indicate photons landing in the passive
gaps between sensors. The initial emission depth was set to z = 2793.73 mm.

Ngen 107

Narr 196246
Ndet 71321
Nloss 124925

Narr/Ngen 0.0196
Ndet/Narr 0.363
Ndet/Nloss 0.571

LCE = Ndet/Ngen 0.0071

Table 7: Data obtained from a simulation of photons emitted at initial height z = 2793.73 mm.

5.3.2 Deflection Angles of Detected Photons

Observing the deflection angles given from Figures 23a and 24a one can see similar to the
discussion from earlier that most of the detected photons were not deflected from their initial
emission direction.

Investigating the colouring in Figures 23b and especially 24b confirm that the deflection
angles are located around zero. In addition, in Figure 24b one can see in the white spots the
positions of the polyamide-imide pillars which were not visible in Figure 19b.

Furthermore, it is also possible to analyse the deviation distance d for the additional emission
heights presented here. In doing so, one obtains the two histograms in Figures 25a and 26a.
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Note that in Figure 25a the y-axis is not in logarithmic scale, since the photon count is not high
enough. In Figures 25b and 26b the deflection angle θ is plotted against the deviating distance d.
The trend is the same as discussed above, the distance d grows if the deflection angle increases.
A big collection of points can be found close to the origin indicating that a lot of photons did
not scatter much if they reached a SiPM element.

Figure 23: Graphical representation of deflection angles for a simulation where primaries were
generated at z = 2200 mm. a) Histogram of deflected photon angles in θ direction in logarithmic
scale. b) Initial positions of primary photons that reach a SiPM detector. Individual primaries
are coloured by the deflected angle in θ direction.

Figure 24: Graphical representation of deflection angles for a simulation where primaries were
generated at z = 2793.73 mm. a) Histogram of deflected photon angles in θ direction in log-
arithmic scale. b) Initial positions of primary photons that reach a SiPM detector. Individual
primaries are coloured by the deflected angle in θ direction.
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Figure 25: Graphical representation of deviation distance d and comparison to deflection angle θ
for a simulation with 107 photons initially emitted at z = 2200 mm. a) Histogram of deviation
distance d. Note scale is not logarithmic. b) Deflection angle θ plotted against deviation distance
d.

Figure 26: Graphical representation of deviation distance d and comparison to deflection angle θ
for a simulation with 107 photons initially emitted at z = 2793.73 mm. a) Histogram of deviation
distance d in logarithmic scale. b) Deflection angle θ plotted against the deviation distance d.

5.4 Consistencies of the Simulations
To verify the correctness of the simulations, some effects that could have impact on the

results were analysed. One of these verifications was done by studying whether some photons
could be counted several times. Ideally, a photon reaching the SiPM is absorbed after detection.
However, it is possible for the photon to scatter off the detector surface back into the GXe
volume after being counted as a signal. If this photon undergoes further scattering and returns
to the SiPM, it could be counted a second time. This way it would be possible that a single
photon would be counted as two different photons which could influence the obtained results.
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A different validation of the simulations was done by investigating whether unexpected in-
teractions within the xenon could generate additional photons again altering the results. This
validation was done by observing whether a photon had a ”parent” or not. Particles generated
through primary interactions originate from a specific parent particle. This relationship is ex-
plicitly preserved within the Geant4 tracking system, storing the information whether a particle
is created in secondary processes. If secondary created photons were present within the volumes
obtained from unexpected interactions they could create additional signals on the SiPMs which
would influence the results.

In general, these inconsistencies were ruled out as a contributor to result altering effects for
the simulations. As these verifications serve primarily as methodological validation rather than
experimental results, the more extended discussion of the precise procedure can be found in the
Appendix.
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6 Conclusion and Outlook
In this study, the Light Collection Efficiency of the Xenoscope TPC was characterised using

Geant4 simulations. The reliability of the simulation was established by verifying that photon
hits were correctly stored in the ROOT files and confirming that no significant secondary photons
were generated by unconsidered interactions within the xenon. The presented result observed
that only approximately 34% of the photons that reach the top array could be detected. This
result agrees with the area coverage of the array surface with SiPMs which was 36%. This value
is even better approached by a simulation created very close to the GXe boundary.

Secondly, the LCE was computed in dependence on the event depth and it was observed
that the LCE exponentially declines with increasing depth. In other words, the LCE increases
with increasing height z and reaches its maximum at the interface between LXe and GXe. This
exponential trend was verified using logarithmic plotting and is in good agreement with the
theoretical expectations and previous results reported by Rachana Yajur [67]. Using a best
fit line on the data points, it was possible to extract the precise function that describes the
behaviour of the LCE in dependence of z, which was a sum of two exponential functions. The
obtained function suppressed the LCE in the lower regions of the TPC due to very low pre-
factors causing a very low LCE in that region. In the upper regions of the TPC close to the
LXe/ GXe interface the exponential parts started to dominate which would allow the LCE to
rise. Since there are no reflectors employed in the TPC, photons that reach a wall or the field
cage are often absorbed, which creates low attenuation coefficients. The overall efficiency is even
more limited by the active area of the top array as stated above.

The analysis of the deflection angles showed that the vast majority of the photons that reach
the top array do not scatter significantly inside the xenon. It was therefore possible to conclude
that photons with initial emission direction towards the SiPM array have a higher likelihood to
be detected. Furthermore, the inactive LXe is outside of the TPC field cage and most photons
emitted from there have to penetrate the copper rings to reach the SiPMs. This means that
photons generated inside the active volume have better chances to reach the top array, whereas
the photons from the outer volume can be easier absorbed. From this study no additional
knowledge on the deflection angles for the photons that did not reach the detectors was gained.

Future data gathered by a real Xenoscope TPC run will allow a direct comparison with the
simulation results obtained in this thesis. From observing discrepancies and consistencies with
real data, one can study the underlying physics in more detail and use the obtained knowledge
to tune the simulation framework such that it agrees with a real run. Moreover, future work
could build upon and extend the findings presented in this thesis. For instance, the performance
of the SiPMs was not included in this study. The addition of precise optical properties of the
SiPM surfaces could impact the results on the LCE. In this study, the initial photon source
was modelled as a circular disk with isotropic emission. Future studies could investigate the
impact of varying the spatial distribution of the initial photon location and emission direction.
In addition, the xenon was assumed to have no contamination, which in reality is not the case.
Future investigations could involve the analysis of the expected impurities of the xenon and the
influence these could have on the obtained results.

Lastly, the results presented here can inform the development of future detectors. For one,
to mitigate the photon loss caused by the dead space between sensors, future studies could focus
on optimising the area covered by the SiPMs on the photosensor array. Other improvements on
the LCE include the addition of reflecting elements along the TPC wall to recover lost photons.
The addition of more sensors on the bottom of the TPC could also increase the light gathered
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and further increase the value of the LCE.
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7 Appendix
7.1 Standard Electromagnetic Interaction Physics Library

The specification of the electromagnetic model of the G4EmStandardPhysics can be found
here as a comparison to the Livermore Electromagnetic physics library from Table 3.

Particle Interaction Model Class Description

Photons (γ) Photoelectric G4PEEffectFluoModel Analytical cross-sections
based on atomic shell param-
eterisations.

Compton G4KleinNishinaCompton Simulates scattering off free
electrons (no Doppler broad-
ening).

Rayleigh G4RayleighScattering Analytical formulation for co-
herent scattering.

Pair Prod. G4BetheHeitlerModel Describes the pair production
process with corrections.

Electrons (e−) Ionisation G4MollerBhabhaModel Møller scattering for e−e−

interactions and Bethe-Bloch
energy loss.

Brems. G4eBremsstrahlungRel Relativistic model; often cou-
pled with Seltzer-Berger ta-
bles for low energies.

Scattering G4UrbanMscModel Multiple Scattering algorithm
to simulate deflection steps.

Positrons (e+) Annihilation G4eplusAnnihilation Simulates annihilation into
2γ.

Ionisation G4MollerBhabhaModel Bhabha scattering for e+e−

interactions.

Table 8: Summary of the electromagnetic models defined in the Standard Electromagnetic
physics library G4EmStandardPhysics. These models rely primarily on analytical parameteri-
sations covering the energy range from 0 to 100 TeV. Content of table obtained from [16].

7.2 Verification of Simulation Data
Unexpected and strange occurrences within the TPC were observed because if present these

could have a significant impact on the results. As discussed before, the first part was done by
observing if any photons inside the TPC could be created by strange interactions. If such photons
would exist the Geant4 simulation would distinguish them from the initial emitted photons. The
difference between these particles would be that the initial emitted primary photons do not have
a ”parent” since they are the first generation of particle that were generated inside the TPC.
A photon created in an interaction would therefore have a parent. From the ROOT files, it is
possible to extract the information about every particle whether it possess a parent or not. This
information is stored in a parameter called the ParentID which is just an integer. A histogram
of the ParentID is shown in Figure 27. One can see that no secondary particle (ParentID 1
or higher) was created in the simulation, which means all observed photons were indeed the
primary generated photons.
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Figure 27: From the ROOT file one can extract the information about whether a particle has a
parent. All entries are located in the bin containing ParentID value 0.

The next part was to check whether photons could be detected several times. As briefly
mentioned before a photon can be double counted if it scatters on the SiPM and is redirected
into the GXe/LXe in which it scatters again changing its trajectory again such that it reaches
a SiPM for a second (or more) time. From the ROOT file the total amount of photons counted
Ncount and the number of photons that reached the photosensor array Narr were extracted. This
data leads to Table 9. One finds that around 0.1% of the photons can scatter back from the
top array and be redirected towards it for at least one time. Since the entire photosensor array
was considered and not only the SiPMs the influence of this effect on the signal is even more
suppressed. From earlier results it was obtained that around 34% of the photons reaching the
top array would be detected on a SiPM. Using this value, it is possible to reduce the percentage
of photons that can reach a SiPM twice to around 0.034%. Furthermore, as mentioned in
Chapter 4 the top array was implemented as PTFE only which has a high reflection coefficient
according to Table 2. If one were to implement the SiPM parts as silicon, the reflectivity would
be even lower. It is therefore possible to conclude that the influence of several counted photons
is so small that it can be neglected.

Ncount 28203
Narr 28170
∆N 33

∆N/Narr 0.001

Table 9: The amount of total counts when a photon reaches the top array is compared to
the number of individual photons that arrive at the top array. Data extracted from a photon
simulation with primary emission at z = 2600 mm.
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