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Abstract

This master thesis is conducted within the DARWIN project, a next-generation de-
tector for direct dark matter detection utilising a dual-phase xenon Time Projection
Chamber (TPC). The experiment represents the ultimate phase to the existing line of
XENON detectors at Gran Sasso National Laboratory (LNGS), Italy.

When Weakly Interacting Massive Particles (WIMPs) interact with the liquid xenon
target, they generate scintillation and ionisation signals. While the current XENONnT
detector employs Photomultiplier Tubes (PMTs) for signal detection, recent advance-
ments in silicon-based photosensors, specifically Silicon Photomultipliers (SiPMs),
present promising alternatives for the forthcoming DARWIN experiment.

This thesis focuses on modeling the response of SiPMs within the Xenoscope detec-
tor, a vertical demonstrator for DARWIN. By characterizing the SiPM array and sim-
ulating electron transport, we explore = — y position reconstruction using a center of
gravity algorithm. Disparities in reconstruction bias based on initial positions and in-
teraction energies are observed, with higher accuracy noted for a closer proximity of
the source to the photodetectors, varying from Ar = 0.6 mm for a source placed at
ground level to Ar = 0.2 mm when the source is placed 60 cm away from the pho-
tosensor array. Additionally, the analysis highlights the pronounced correlation be-
tween source energy and improved reconstruction accuracy with a decrease of 81%
when the number of electrons in the interaction is multiplied by a factor 20. This
effect proves the significance of selecting high-energy sources for precise reconstruc-
tions. The reconstruction accuracy is also observed to be higher within the centers
of the photodetectors and diminishes toward the edges of the detector. These effects,
aligned with physical consistency, are also attributed to the Centre of Gravity (CoG)
algorithmic construction.
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Introduction

1 Introduction

In the vast cosmic puzzle, the enigmatic presence of dark matter defies conventional
comprehension. Its existence, first postulated by the astute Swiss-American astronomer
Fritz Zwicky nearly a century ago, has since been one of the main questions in the field
of astrophysics [1].

Over the years, our understanding of dark matter led to the development of cosmic
models, suggesting that around 26% of the Universe’s composition comprises this un-
known form of matter [2]. However, direct evidence of dark matter has not been found
to this day and its composition remains a unknown. In response to this cosmic puzzle,
a diverse range of experiments has taken root in this search, with the most promising
among them employing dual-phase time projection chambers (TPCs). Among these,
the DARWIN project emerges as the next-generation experiment, aiming to scale up
the current technologies. With a liquid xenon target of 40 tonnes, the project seeks to
probe the accessible parameter space for the discovery of weakly interacting massive
particles (WIMPs), charting a course to investigate masses above 5 GeV/c? [3]. No-
tably, DARWIN'’s unprecedented scale and ultra low background give the opportunity
to investigate other physics channels, such as the search for neutrinoless double beta
decay and measure the solar neutrino flux.

However, these ambitions are accompanied by various technological challenges that
must be overcome to navigate the complexities of such experiments. In this context,
Xenoscope, a full-scale vertical demonstrator for the DARWIN project, was meticu-
lously constructed at the University of Zurich. This endeavour carries the critical mis-
sion of testing the feasibility of electron drift over a distance of 2.6 metres within a
dual-phase xenon TPC [4]. This work, in particular, delves into a crucial facet of the
Xenoscope project: choosing the optimal photosensors, which play an indispensable
role in the success of this pioneering research effort.
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2 Dark Matter Research

2.1 Dark Matter Evidence

Only 5% of the Universe’s total mass-energy is composed of ordinary matter. In con-
trast, the quantity of dark matter is roughly estimated to surpass that of ordinary mat-
ter by more than 5 times. As seen in Figure 1, the remaining majority is attributed to
dark energy, responsible for the accelerating expansion of the Universe [5]. In 1933,
the astronomer E Zwicky inferred the concept of Dark Matter when he investigated
the velocity distribution of galaxies within the Coma Cluster [1] . His exploration of
galactic dynamics within the Coma cluster led to the recognition of anomalies, reveal-
ing a mismatch between the observed mass of the Cluster and the predicted values
from the virial theorem [6].

Dark Matter
Dark Energy -

Ordinary Matter

Figure 1: The energy-matter composition of the Universe, deduced from models of temper-
ature fluctuations in the Cosmic Microwave Background (CMB). CMB refers to the
residual radiation from the Big Bang. It is instrumental in explaining evidence for
dark matter. Temperature fluctuations in the CMB arise due to the gravitational ef-
fects of dark matter on the distribution of matter in the early universe. Numbers
from [7].

Several decades later, groundbreaking observations by Vera Rubin and Kent Ford [8]
showed that the orbital velocities of outer regions of galaxies do not follow a velocity
model derived from the classical theory of gravitation. There is a discrepancy between
observed galactic rotational curves and the prediction based on Newtonian mechan-
ics. From the predictions, the rotational speed of stars, v(r) at the distance r from the
galaxy centre which matter distribution are given by M (r) is:
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v(r) = , 2.1

where G is the gravitational constant and M () is the mass enclosed by the orbit. Their
observations revealed a nearly constant value forming a flat rotation curve instead of
decreasing with the distance r. A possible interpretation would be the existence of
a spherical dark matter halo with a density profile of p(r) = 1/r? [8]. Subsequent
to this discovery, a series of observations followed, including for example the study
of the NGC 6503 galaxy. The study of the velocity dispersion in this galaxy illustrates
precisely the phenomenon described—a notable mismatch between the observed ve-
locity data points and the predictive models reliant solely on visible matter.
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Figure 2: a) The galactic rotation curve of the NGC 6503 spiral galaxy illustrates the relation-
ship between the rotation velocity (1) and the distance to the center of the galaxy.
The observed data points from NGC 6053 gas does not align with the predicted con-
tribution from luminous matter (disk). Conversely, the dark matter halo’s antici-
pated effect (dashed-dotted line) corresponds more closely to the measured data.
The collective influence of all three contributions - luminous matter, gas, and dark
matter - offers a fitting representation of the data. This alignment underscores that
the composition of the galaxy extends beyond visible matter, indicating the pres-
ence of a significant dark matter component [9]. b) The "Bullet Cluster" displays a
collision between two galaxy clusters. The noticeable separation between most of
the matter shown in the clusters and baryonic matter distributions provides clear
evidence of dark matter[10].

Another compelling piece of evidence supporting the observation of dark matter comes
from the exploration of galaxy cluster collisions. This phenomenon unveils gravita-
tional interactions that cannot be solely attributed to visible matter.
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In the composite image depicted in Figure 2, galaxies and stars are represented in or-
ange and white, captured by the Magellan and Hubble Space Telescopes. The pink
distributions indicate X-ray-emitting hot gas, detected by the Chandra X-Ray Obser-
vatory, containing the majority of ordinary matter. The blue areas in the image show
the distribution of non-luminous mass within the clusters [11]. This mapping results
from gravitational lensing, a phenomenon where massive objects deflect light from
more distant ones because of their gravitational fields. The goal is to find the distri-
bution of mass in regions where direct observation might be limited, providing in this
situation insights into the existence and characteristics of dark matter. An intriguing
observation arises from the visible deceleration of the hot gas during the merger of
the clusters, attributed to a drag force. However, the mass indicated by gravitational
lensing was not subjected to such deceleration during this process. This discrepancy
suggests a form of matter that interacts primarily through gravity and very weakly
with itself or the gas. When the clusters collided, the clumps of dark matter advanced
ahead of the hot gas, leading to the visual separation between dark and normal matter
in the image. This separation would not occur if hot gas were the heaviest constituent
of the clusters, as proposed by modified gravity theories [12]. Instead, this discovery
lends support to the existence of dark matter.

2.2 Dark Matter Candidate

While the presence of dark matter is well-established, its exact nature remains a mys-
tery. On the side of particle dark matter, a diverse array of properties for potential
candidates emerges from cosmological and astrophysical observations. These candi-
dates possess a set of defining attributes, including:

¢ Gravitational Interaction: Dark matter candidates are expected to interact pri-
marily through gravity, a phenomenon that contributes significantly to the for-
mation and behaviour of cosmic structures.

* Neutral and Non-Electromagnetic: Potential candidates exhibit extremely small
electromagnetic interactions, such as light absorption, emission, or reflection.
There is, to this date, no observed evidence of their potential decay into charged
particle pairs or photons.

* Non-Baryonic Nature: Insights from CMB data indicate that dark matter is dis-
tinct from ordinary baryonic matter. Baryonic matter consists of protons and
neutrons, which are made up of quarks, participating in strong and electromag-
netic interactions. Dark matter is believed to be composed of particles funda-
mentally different from the particles making up atoms.
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* Non-Relativistic at Decoupling: Dark matter candidates must become non-
relativistic during decoupling from the thermal bath, marking the phase when
their interactions with radiation decrease. This transition, where dark matter
moves at speeds much lower than the speed of light, plays a crucial role in shap-
ing the formation of large-scale structures in the Universe [13].

* Stability or Long Lifetime: Their stability, or alternatively, a sufficiently long
lifetime, is implied by their early thermal production in the Universe. This trait
is essential for explaining their presence from the early Universe to the present
day.

These criteria serve as guiding principles for identifying plausible candidates and for-
mulating a more comprehensive understanding of the fundamental characteristics of
dark matter. Potential candidates for non-baryonic dark matter can first be explored
among the particle types that are already familiar within the framework of the Stan-
dard Model (SM) [14]. One notable candidate is the neutrino, which was already mov-
ing at relativistic speeds during the decoupling era. However, neutrinos would repre-
sent a "hot" type of dark matter and are unable to explain the observed formation of
large-scale structures in the universe. While studies involving both the characteris-
tics of these large structures and CMB observations do indicate a physical density of
neutrinos, this density falls short of accounting for the predicted abundance of dark
matter [15].

Therefore, the range of potential candidates for dark matter in ongoing research ex-
tends beyond the Standard Model of particle physics. Among these candidates, a
prominent contender is the Weakly Interacting Massive Particle (WIMP). This model
is currently favored because WIMPs are considered as "cold" dark matter candidates,
had relatively low speeds at the time of decoupling. This characteristic enabled them
to play a crucial role in the formation of the large-scale structures observed in the Uni-
verse. This particle arises from a supersymmetric extension of the Standard Model
(SUSY), a theoretical framework that aims to reconcile some of the existing gaps in
our understanding of fundamental particles and their interactions [16]. This category
of particles could have masses spanning from approximately 1 GeV/c? to 100 TeV/c?,
and would interact with Standard Model particles on the weak scale. The reason for
WIMPs being the leading candidate currently rests on the hypothesis of the "WIMP
miracle" or the freeze-out hypothesis according to which dark matter is a thermal
relic of the early universe [17]. Essentially, the observed abundance of dark matter in
the Universe can be explained by the notion that WIMPs were once in thermal equi-
librium with other particles in the early Universe. They subsequently decoupled and
"froze out", leaving behind the amount of dark matter we observe today. In cosmo-
logical models, a simplification is employed where, in the early Universe, all particles
are considered to be relativistic and in a state of thermal equilibrium. As the Universe
cools down, some particles decouple and their number density reduces rapidly.
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Figure 3: Comoving WIMP number density over time. The solid lines represent the equilib-
rium state and the dashed lines show the relic abundance of WIMP particles, i.e their
current quantity remaining from the Big Bang. The x-axis, represented as (m/T),
quantifies the ratio between the WIMP mass (m) and the temperature (7'), which is
directly since the Big Bang. The relic abundance depends on the the WIMP velocity v
and the annihilation cross section o 4. As the product of these 2 quantities increases,
the number of WIMPs remaining after freeze-out decreases [18].

If we solely account for the process described, the density of dark matter would gradu-
ally decrease until it eventually disappears entirely. Nonetheless, the expansion of the
universe plays a crucial role; as it expands, dark matter particles become increasingly
sparse, causing their likelihood of interaction to progressively decline. This process,
known as freeze-out, results in the number of dark matter particles approaching their
relic density in an asymptotic manner. This phenomenon is illustrated over time or as
a function of the temperature of the Universe in Figure 3. It shows the change in dark
matter density as a function of the temperature of the Universe, illustrating how the
freeze-out process gradually approaches the relic density.

2.3 Dark matter Detection

2.3.1 Types of Detection Experiments

There are three main detection techniques used nowadays in dark matter searches as
schematically represented in Figure 4.
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Figure 4: [llustration of approaches for detecting dark matter. Production searches try to gen-
erate dark matter particles through high-energy collisions involving SM particles,
with missing energy as the signature of the production. Indirect search strategies
focus on detecting SM decay products of dark matter annihilation. Lastly, the direct
detection of dark matter aims to detect dark matter particles colliding with Standard
Model particles.

One of the efforts for dark matter searches resides in the production process. Gen-
erating dark matter particles in particle colliders results in a distinct signature: the
absence of energy and transverse momentum. This occurs as the particles do not get
detected, leaving behind no trace. Numerous efforts have been dedicated to produc-
tion searches, including those undertaken by experiments like ATLAS (A Toroidal LHC
Apparatus) and CMS ( Compact Muon Solenoid) at the LHC (Large Hadron Collider)
(19].

Indirect detection of dark matter encompasses the quest for SM particles produced
as a result of the annihilation of dark matter particles. Typically, these searches focus
on areas where WIMP dark matter is anticipated to be most densely distributed: the
cores of galaxies and galaxy clusters. Several ground-based experiments contribute
to this pursuit, among them: HESS (High Energy Stereoscopic System) [20], VERITAS
(Very Energetic Radiation Imaging Telescope Array System) [21] and MAGIC (Major
Atmospheric Gamma Imaging Cherenkov) [22].

Finally, another channel to detect dark matter particles is direct detection. In order to
observe the weakly interacting particles collide with nuclei in some target medium,
the search must be conducted using highly sensitive low-background experiments.
These interactions can potentially occur with the atomic nuclei within the target ma-
terial or with their surrounding electron clouds. Due to the neutral property of WIMPs,
the primary interaction of interest centres around elastic scattering with the atomic
nucleus itself. This leads to the occurrence of a nuclear recoil (NR) [23].
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2.3.2 Current Experiments
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Figure 5: The evolution of the XENON project’s timeline and the corresponding total xenon
mass employed in each XENON detector is outlined [24].

A wide array of direct detection experiments exists, employing diverse target materi-
als and detection techniques. A common requirement among these experiments is
the pursuit of minimal backgrounds and low energy thresholds, which are crucial for
detecting rare, low-energy recoils. The conventional strategy entails shielding with
high-density, low-radioactivity substances, complemented by water shields [25]. To
counter cosmic radiation, installations are strategically located in deep underground
laboratories, intercepting the cosmic-ray radiation influx.

Within this direct detection method, three primary channels exist [25]. The first is
scintillation, where the target material emits photons upon receiving energy from an
incoming particle. Mechanical energy transfer also occurs as heat or phonons in crys-
talline structures. Ionisation, the release of electrons from the target, forms the final
detection avenue. Experiments harness one or more of these methods, often through
multi-channel readout. This facilitates the differentiation of NRs and electronic re-
coils (ERs), offering a potent mechanism for background rejection.

In nuclear recoils involving the interaction between WIMPs and atoms in the target
material, typically two types of interactions are taken into account: spin-independent
(SI) and spin-dependent (SD) interactions. These interactions contribute to the to-
tal cross-section and can be categorised into two distinct factors contributing to the

: do .
Cross-section dEng

do

= aog! + BodP, 2.2)
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Figure 6: WIMP-nucleon spin-independent cross section limits (solid lines) from current dark
matter experiments and projections (dashed) for planned direct detection dark mat-
ter experiments. The yellow area illustrates the extent to which these experiments
can exclude certain interaction strengths. The blue region outlines the neutrino
floor, representing a theoretical lower threshold for detecting WIMP-like dark matter
in direct detection experiments. Neutrino discrimination is crucial as they are ex-
pected to have similar interaction characteristics with matter, making their distinc-
tion challenging with potential dark matter particules. This concept often signifies
the point where dark matter signals become indistinguishable from a background
created by neutrinos, which have very similar characteristics [26].

where o and $ depend on the respective nuclear form factors. Figure 6 illustrates
the latest understanding of the WIMP-nucleon spin-independent cross-section. This
structure lets us compare experiments that use different target atoms. This compar-
ison includes various WIMP masses and WIMP-nucleon cross sections. When there
are no observed events, specific parts of the parameter space can be ruled out. This
is usually done with a 90% confidence level. Based on this plot, the current lead-
ers in direct dark matter searches with highly effective exclusion limits are the dual-
phase noble gas Time Projection Chambers (TPCs). These experiments stand out due
to their capacity to simultaneously measure scintillation light and ionisation charge,
thereby positioning them at the forefront of groundbreaking advancements. Measur-
ing both scintillation light and ionisation charge allows for discrimination between
NRs and ERs, crucial for background rejection. In particular, the upcoming searches
led by DARWIN aim to reach the lower limit defined by background originating from
neutrino emissions from the Sun, the atmosphere, and the diffuse supernovae back-
ground.
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3 DARWIN and its Vertical Demonstrator

3.1 Noble Gas Dual-phase Time Projection Cham-
bers

3.1.1 Xenon as a Detection Medium

The exclusion diagram depicted in Figure 6 underscores the potential of noble gas
dual-phase TPCs as valuable detectors for elevating the sensitivity of direct WIMP
searches. Prominent experiments in this category, such as those in the XENON, LZ
and PandaX initiatives [27, 28, 29], have notably leveraged xenon as the primary de-
tection medium within their target volumes. In all of these detectors, most of the
volume is occupied by the liquid phase of xenon, acting as the target material; and a
small gas phase is situated on top.

Among noble elements, xenon stands out due to its strong ability to produce both
high charge and light output for nuclear reactions — the signals expected from WIMP-
nucleon interactions. This makes Liquid Xenon (LXe) an excellent candidate for WIMP
detection. Furthermore, its capacity to be easily scaled up for larger detectors is a
clear advantage. The dense nature of liquid xenon (density: 3 g/cm?) offers effective
self-shielding and a compact detector design. With its high atomic mass of A ~ 131,
xenon is a suitable choice as it increases the spin-independent cross section, propor-
tional to A2. Additionally, the absence of long-lived radioactive isotopes guarantees
the attainment of an ultra-low background level [30]. One of the leading experiments
in the field is the line of XENON projects, whose timeline is represented in Figure 5.

When a WIMP interacts with a xenon atom, the energy transfer occurs through ioni-
sation, excitation, and heat distribution. Scintillation light can be generated through
two distinct mechanisms. The xenon atom that undergoes recoil becomes excited,
combines with another atom, forming an excited diatomic molecule [31]. During its
subsequent de-excitation, it emits a photon with a wavelength of 178 nm in the vac-
uum ultra-violet (VUV) range [32]. This phenomenon is described by the following
equations:

Xe* + 2Xe — Xe; + Xe (3.1)
Xe; — 2Xe + hv. (3.2)
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Electron-ion pairs resulting from ionisation can undergo recombination, leading to
the creation of excited states. When no electric field is applied, or if the field’s strength
is insufficient to fully separate all ion-electron pairs, a portion of xenon ions Xe™ will
engage in recombination. This recombination process results in additional scintilla-
tion light originating from xenon dimers. The process unfolds as follows:

Xe't 4 Xe — Xed

Xey + e~ — Xe*™ + Xe
Xe™ — Xe* + heat (3.3)

Xe* + Xe — Xej

Xe; — 2Xe + hv.

The total number of scintillation photons produced by an interaction is therefore
given by:
Nphotons =a.Neg +b-1- Ny, (3.4)

where N, is the number of direct excitons, r is the fraction of ions that recombine
dependent on the applied electric field, NV; is the number of ions and «, b are the co-
efficients representing the efficiencies to produce the photons [33]. The number of
produced electrons would then be:

No=b-(1—7)-Nj. (3.5)

The energy released in the interaction can be written as:

E=wW. (Nphotons + Ne)- (3.6)

Due to different ionisation processes, the ratio between the two values Nypotons and
N, is different between nuclear and electronic recoil events:

N, N,
< e) > <e> ’ (3.7)
Nphotons ER Nphotons NR

which allows for background discrimination [32].

10
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3.1.2 Working Principle of a Xenon Dual-Phase TPC

4 L L a1 Photosensor
GXe| toparray

.................................. Anode

.................................. Gate T s2

Edrif

e et eaeeavenean Cathode

-~~~ | Photosensor
Z " bottomarray

Figure 7: Working principle of a xenon dual-phase TPC. The initial scintillation light emission
(S1) generated within the LXe medium is captured by photosensors (mainly the bot-
tom array). After the ionisation electrons drift towards the gate and are extracted
into GXe, a delayed secondary light signal, denoted as S2, is produced through pro-
portional scintillation. The drift field (Eariee) and extraction field (Eey) are also rep-
resented.

In the base design of a dual-phase TPC, the target medium is the liquid phase and de-
fines the drift region between the cathode and the gate. On top of the liquid phase is
situated a smaller gas phase. As seen on the diagram in Figure 7, there is a liquid-gas
interface in the extraction region that is roughly equidistant from both electrodes [34].
When a particle interacts within the LXe target, the energy exchange occurs through
scintillation, ionisation, and heat distribution. The immediate emission of scintil-
lation photons at 178 nm is captured by arrays of photosensors, resulting in the S1
signal [25]. Following ionisation, free electrons are guided toward the gate by the ver-
tical electric field, denoted as Edrift. Upon reaching the gate, these electrons are drawn
from the liquid to the gas phase due to a stronger applied field between the gate and
the anode: the extraction field. This process induces proportional scintillation, gen-
erating a delayed scintillation signal called S2.

One of the primary advantages inherent to a dual-phase TPC lies in its ability to re-
construct three-dimensional positions of interactions.

11
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By analysing the shape of the S2 signal captured by the top array of photosensors, the
x — y position can be found. This position resolution depends on the geometry and
granularity of the photosensor array and its distance to the liquid-gas interface [35].
Determining the z—position is achievable through the time delay between the S2 and
S1 signals, using the known value of the electric field.

Using its two signals topology, the dual-phase TPC offers the capability for volume
fiducialisation through position-based methods. It enables background discrimina-
tion using the scintillation signal strength ratio: S2/S1, where typically ER events ex-
hibit a higher electron count compared to NR events. This approach uses xenon’s in-
nate self-shielding characteristic, effectively eliminating events originating near the
detector walls where there might be elevated background levels [25].

In cases where the extraction field strength is sufficient (around 10 kV/cm), the effi-
ciency of charge extraction from liquid to gas phase is nearly 100%. Dual-phase xenon
TPCs have taken a leading role in the direct dark matter search over the past decade.
Nonetheless, several challenges remain to be addressed in order to successfully scale
up to the DARWIN project and enhance the achievements of the XENON collabora-
tion efforts [27].

3.2 The DARWIN Observatory

DARWIN aspires to enhance the sensitivity of WIMP searches when compared to the
presently operational XENONNT experiment. The primary objective is to extend the
exploration of cross-section ranges involving WIMPs above a mass of 5 GeV/c2. A
depiction of DARWIN'’s foundational design is illustrated in Figure 8.

Achieving these objectives entails expanding the total detector mass to 50 tons, of
which 40 tons will constitute the active liquid xenon target. This expansion will co-
incide with a groundbreaking reduction in background noise. In response to the cos-
mogenic neutron background, the detector will be positioned within an underground
facility, likely the LNGS, bolstered by both a neutron-veto system and a water shield
featuring an active Cherenkov veto. For its baseline design, the DARWIN TPC will
assume a cylindrical configuration, with dimensions of 2.6 meters in diameter and
height. This configuration will be securely encased within a double-walled cryostat.
The options for photosensors encompass two choices: Photomultiplier tubes (PMTs)
and Silicon photomultipliers (SiPMs), responsible for light detection in both upper
and lower arrays. Notably, a hybrid arrangement, such as employing PMTs at the base
and SiPMs on top, is under active consideration.
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Figure 8: Rendering of the DARWIN TPC baseline design where the main parts of the detector
are indicated [3].

Benefitting from its extensive mass, low-energy threshold, and minimal background
interference, such a detector holds the potential to detect a range of other rare in-
teractions. Beyond its primary focus, other main searches include identifying solar
axions, exploring galactic axion-like particles, and studying the neutrinoless double-
beta decay of 136Xe. The detector will also be able to measure the low-energy solar
neutrino flux with precision levels exceeding 1%, observe coherent neutrino-nucleus
interactions, and even detect the occurrence of galactic supernovae [36, 37]. DARWIN
faces various technical challenges to achieve its science objectives. These challenges
include in particular background mitigation and scaling issues [24]:

¢ Background Mitigation: XENONNT demonstrated the reduction of intrinsic ra-
diogenic background from ??2Rn to less than 1 nBq kg™! using dedicated distilla-
tion columns. Achieving DARWIN’s stringent background level requires reduc-
ing radiogenic background to 0.1 nBq kg™'.

* Scaling Challenges:

- Electrodes: Developing robust electrodes to support the enlarged 2.6 m di-
ameter of the future detector.
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Electron Drift: Adapting electron drift over the unprecedented distance in
LXe TPCs, necessitating efficient purification and field cage design.

— Electric-Field Uniformity: Ensuring spatial and temporal field uniformity
and preventing charge-up of polytetrafluoroethylen (PTFE) panels.

- High-Voltage (HV) Transfer: Facilitating HV transfer to the cathode, reach-
ing 100 kV.

— Drift Field: A high drift field is vital for improved ER and NR band separa-
tion, while a low drift field may lead to pile-up and accidental coincidence
(AC) events.

- Dirift Velocity: Lower drift velocity affects time separation of scintillation
and ionisation signals (respectively S1 and S2), influencing detection rates.

- Electron Cloud Diffusion: Lower drift velocity causes diffused electron clouds,
impacting depth and planar reconstruction resolution.

3.3 The Xenoscope Facility

To demonstrate the viability of electron drift over a distance of 2.6 meters for the
DARWIN project, Xenoscope, a dedicated demonstrator, was built at the University
of Zurich. The demonstration of this drift distance is crucial for efficiently detecting
and measuring the interactions of dark matter particles in the large volume of xenon.
The main requirements consist in obtaining highly pure xenon for the setup in order
to minimise background signals. Establishing a consistent vertical drift field ensures
that electrons can efficiently reach the gas phase for signal detection. To this end, an
efficient xenon purification system and a HV distribution scheme are meticulously
tested [38]. Additionally, the installation of a top array of SiPMs enables the evalua-
tion of their performance under cryogenic conditions and allows to test their potential
use in the DARWIN project.

Other than its main objective of testing the electron drift, Xenoscope is ready for ex-
tended applications aiming to test diverse detector components for DARWIN. The
focus is on two critical aspects: maintaining LXe purity and achieving a robust and
uniform electric drift field. Improving the purity in the detector revolves around min-
imising electronegative impurities in the LXe, accomplished through continuous re-
circulation. We aim for an electron lifetime exceeding 1.75 ms [39]. Achieving a uni-
form drift field (~ 100V/cm) is pivotal for maximising electron migration to the gas
phase, enabling the use of a liquid recirculation system.
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Figure 9: Rendering of the Xenoscope facility with all the main components. (1): Heat ex-
changer, (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 cryostat, (7): Liquid re-
covery system, (8): Power distribution cabinet, (9): Gas recovery and storage system
[4].

Allowing for systematic testing and optimisation of various components, the design
and characterisation of Xenoscope is done over two steps, of increasing drift lengths:
first a 50 cm purity monitor [40], then the current configuration of a 2.6 m TPC [25].
Realising such a high drift field in a 2.6 m TPC necessitates delivering HV (~ 50kV)
to the cathode while considering safety, stability, and LXe temperature compatibility.
Xenoscope serves as a testing ground for various HV systems to identify the optimal
setup for DARWIN. Beyond electron drift demonstration, Xenoscope also facilitates
benchmarking and parameter assessment crucial for DARWIN, such as longitudinal
and transverse diffusion measurements, along with optical parameter investigations
[4]. Additionally, Xenoscope offers a platform for collaborative activities within the
DARWIN initiative, encompassing novel photosensor concepts and subsystem testing
for the future DARWIN experiment.
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4 The Silicon Photomultiplier Array

As a full-scale demonstrator, Xenoscope investigates many of the technological chal-
lenges raised in the DARWIN project. A key focus is the search for ultra-low back-
ground photosensors capable of detecting prompt scintillation light and charge sig-
nals in xenon. While current rare-event experiments employ PMTs for this purpose,
Xenoscope allows to explore the use of SiPMs, advanced solid-state photodetectors
that have gained significant attention in the DARWIN project research. This section
presents a theoretical background on the working principle of silicon photomultipli-
ers, as well as the results of a sensor testing campaign. This preliminary investigation
serves as groundwork for a simulation focusing on the transport of electrons within
the TPC and their detection using the SiPM array.

4.1 Working Principle of Silicon Photomultipliers

4.1.1 Semiconductors

There are multiple key parameters that are essential for understanding the operation
of SiPMs. Since they are semiconductor devices, the starting point will be to give a
short introduction into this concept.

A semiconductor is a material which can behave as a current conductor or insulator,
making it ideal for a wide range of purposes. The diverse applications encompass
light detection in astronomy, medical applications, and utilisation in high-resolution
microscopy [25]. The arrangement and structure of atoms within a crystal’s lattice
are the key to understanding semiconductor behaviour. Typically, elements like sili-
con (Si), germanium (Ge), or compound semiconductors like gallium arsenide (GaAs)
make up semiconductors. These substances are characterised by a regular arrange-
ment of atoms that form a crystal lattice [41].

The band theory offers an essential framework for understanding the electronic char-
acteristics of semiconductors. In free atoms, electrons are bound to the nucleus and
exist in distinct energy states. The following process is represented in Figure 10. When
atoms form a crystal, the discrete states of these electrons are grouped into two dis-
tinct bands: the valence band and the conduction band. The valence band is occu-
pied by electrons at their lowest energy states at absolute zero temperature. Electrons
with such energy levels are tightly bound to their parent atoms and contribute to the
stable chemical properties of the material. Above the valence band lies the conduc-
tion band which represent higher energy levels that electrons can access.
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Unlike electrons in the valence band, the energy levels accessible in the conduction
bands allow electrons to move freely in the material, contributing to its electrical con-
ductivity [42]. Between these two bands, there is a spacing defined as the energy band
gap or the "forbidden gap" where electrons are absent, therefore creating a potential
barrier. This gap is the defining characteristic for insulators and conductors. In con-
ductors, the valence and conduction bands overlap, allowing electrons to move freely
and conduct electricity in the material. This overlap results in high electrical conduc-
tivity as electrons can easily transition between the two regions.

On the other hand, insulators are defined by a wider energy gap, restricting the flow
of electric current through the material, rendering insulators poor conductors. This
difference of potential is specifically defined as an energy £ = Ey — E¢, where Ey
is the highest valence band energy and E¢ is the lowest conduction band energy. In
particular, an electron would need to acquire energy in the order of E to overcome
the potential barrier and get transported to the conduction region.

p-type n-type

Conduction band Conduction band

Donor level

Acceptor level

Valence band Valence band

2T Acceptor impurity Donor impurity

I~ creates a hole -\\_ contributes free
- @ (/ ) @ /f‘ electrons

@ |

Figure 10: On the left: silicon lattice with a boron acceptor impurity, which leaves free-moving
holes in the crystalline silicon structure. The acceptor atom creates a new energy
state - the acceptor level - right above the valence band, which can be occupied
by valence electrons through thermal excitation. On the right: silicon lattice with a
donor impurity, which creates free-moving electrons in the silicon crystalline struc-
ture. The newly created energy level - the donor level - is below the conduction
band. Figure adapted from [43].
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Semiconductors represent an intermediate state between insulators and conductors
in terms of their gap energy magnitude. Semiconductors display distinctive electrical
characteristics because of this intermediate energy gap. At room temperature, ther-
mal energy enables some electrons to cross the band gap and move from the valence
band to the conduction band, increasing the conductivity of the material.

Through manipulation techniques such as doping, the electrical behaviour of semi-
conductor materials can be finely tuned to suit specific applications. The way to dope
a material is to act on the concentration of free charge carriers, by intentionally in-
troducing impurities or "dopants". Dopants used in semiconductors are of 2 types:
electron donors (n-type), and electron acceptors (p-type). Among the most used n-
type dopants are phosphorus (P), arsenic (As), and antimony (Sb), which introduce
extra electrons into the semiconducting material. Common p-type dopants include
boron (B), gallium (Ga), and indium (In), which create electron holes in the crystal
lattice. The dopant concentration is also an important factor for semiconductor dop-
ing. The concentration of dopants is typically expressed in terms of the number of
dopant atoms per unit volume. When the dopants are introduced into a material,
dopant states are created within the band gap with new accessible energy levels. The
conductivity of the material is, therefore, directly affected. These new energy states
are called either acceptor level or donor level, as represented in Figure 10. A ther-
mally excited electron can access the acceptor state right above the valence band. On
the other hand, donor states located close to the conduction band act as energy levels
that electrons from the donor atoms can transition into, becoming mobile charge car-
riers. Doping significantly changes the concentration of charge carriers that increase
in n-type doping and decreased in p-type doping.

4.1.2 PN Junction

In a crystal, a PN junction refers to the interface created between a p-type semicon-
ductor and an n-type semiconductor. When the two regions are assembled, the con-
centration gradient of the charge carriers causes a diffusion process. During diffusion,
electrons from the n-type region are transported across the junction into the p-type
region, while holes in the p-type region diffuse in the opposite direction and into the
n-type region. This diffusion will go on until an equilibrium is reached. As electrons
move to the P-region, they recombine with the holes, and vice versa. This recombina-
tion process leads to the creation of a depletion layer.

The depletion layer is a narrow area in the PN junction where the concentration of
mobile charge carriers is significantly reduced. Because of the ionisation of impuri-
ties, there are immobile positive ions in the N-region and immobile negative ions in
the P-side. These fixed ions create an electric field that opposes the further movement
of charge carriers across the junction. Consequently, a potential barrier is established
across the PN junction.
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Figure 11: Diagram of P-N junction. Figure adapted from [43].

The magnitude of this potential barrier depends on the doping levels of the P and N
regions. The Fermi energy levels of the P and N regions align in equilibrium, and there
is no net diffusion of charge carriers.

Applying an external voltage to the PN junction changes its behaviour. When a for-
ward bias is applied to the P-region and a reverse bias is applied to the N-side, the po-
tential barrier is reduced, allowing current to flow across the junction. This forward
biasing facilitates the conduction of electricity through diodes or transistors. Con-
versely, when a reverse bias is applied to the P-region and a forward bias is applied
to the N-region, the potential barrier increases, hindering the flow of current across
the junction. This reverse biasing makes the diode or transistor act as an insulator,
preventing the flow of electricity.

4.1.3 Single APD and Geiger Mode

An Avalanche Photodiode (APD) is a diode using the same principle as a PN junction,
but optimised for photon detection by amplifying weak optical signals. The avalanche
photodiode effect exploits the properties of the PN junction in reverse bias mode.

In a PN junction, the depletion region widens when a reverse bias voltage is applied,
producing a potent electric field across the junction. This electric field in a standard
PN junction diode prevents the flow of current [44]. In contrast, a high reverse bias
voltage is applied to the PN junction in avalanche photodiodes, producing a strong
electric field. An electron-hole pair is produced when a photon with enough energy
enters the depletion region and is absorbed by the semiconductor material there.
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These charge carriers are accelerated by the electric field present in the depletion re-
gion. As the accelerated charge carriers gain energy, they acquire a sufficiently strong
kinetic energy to extract additional electrons from the crystal through impact ionisa-
tion. The newly freed electrons are then accelerated by the electric field, thus creating
even more electron-hole pairs. This process of impact ionisation followed by charge
carrier multiplication is known as the avalanche effect. This effect is used to signifi-
cantly amplify the original signal. A low photon count can generate a higher number
of electron-hole pairs, resulting in a much higher current. This makes avalanche pho-
todiodes highly sensitive to low-light conditions and allows them to efficiently detect
weak optical signals.

4.1.4 Photon Detection by SiPMs

A silicon photomultiplier operates based on the principle of avalanche multiplication
in a semiconductor material. SiPMs are composed of an array of APDs, referred to as
a single MPPC pixel, each having its own quenching resistor, as illustrated in Figure
12. When a photon hits the silicon material, it creates an electron-hole pair within a
cell. The electric field across the diode accelerates these charge carriers, leading to an
avalanche of 10° — 10° electrons. This multiplication process results in a rapid, self-
sustained discharge that produces a significantly amplified current pulse, enabling
the detection of single photons. The amplified avalanche signal within the SiPM pixel
requires suitable amplification and readout mechanisms to convert it into a measur-
able output. This process involves monitoring the avalanche discharge to prevent
the continuous flow of current. As represented in Figure 12, each pixel includes a
quenching resistor Rg , which rapidly reduces the voltage across the pixel, ending
the avalanche process which allows the pixel to reset quickly for the next detection
event.

SiPMs are characterised by several key performance characteristics in their applica-
tion within detectors. Photon detection efficiency (PDE) quantifies the ability of the
sensor to convert incident photons into detectable electrical signals. It is expressed as
the percentage of incident photons that result in a registered response by the detector.
Dark count rate (DCR) represents the frequency of avalanche discharges occurring in
the absence of incident photons, influencing the overall noise level of the SiPM [45].

The probability of cross-talk, another key parameter, delineates the likelihood of si-
multaneous or near-simultaneous avalanches occurring in adjacent pixels. Gain, sig-
nifying the multiplication factor of the charge carriers within the avalanche process,
serves as a crucial performance determinant. The breakdown voltage (BV) is a critical
parameter characterising the SiPM. It corresponds to the specific voltage at which the
SiPM transitions into the Geiger mode, initiating the avalanche multiplication pro-
cess.
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Figure 12: Working principle of a SiPM. An array of parallel-connected, identically sized mi-
crocells makes up a SiPM. A single APD is combined with a quenching resistor, RQ,
to form a single microcell. Figure adapted from [46].

This value represents a threshold beyond which the energy received by an incident
photon triggers a chain reaction of electron-hole pair creation and multiplication
within a SiPM cell. When the applied voltage exceeds the BV, the avalanche effect re-
sults in an amplified electrical pulse that constitutes the output signal of the SiPM.

4.2 Integration of the SiPM Array

Xenoscope allows to investigate the use of a SiPM array as its only light sensor de-
vice for the S2 signal detection. These devices were first implemented in the Xurich
II test facility [35], also a dual-phase xenon TPC. To qualify for integration into the
DARWIN project, photosensors must satisfy a range of criteria. In the context of dark
matter detection, the capability to detect low-energy recoils from WIMPs in xenon
holds significant weight. These interactions yield relatively subdued light output due
to their low energies (O(1 keV)) [25], hence the need for photosensors with the ability
to detect individual photons. This requires high gain, a substantial photon detection
efficiency (PDE), and precise single photoelectron (SPE) resolution. SiPMs also have
a good VUV light detection efficiency similar to that of PMTs used until now. One
of their main advantages is also their small size which is more efficient for position
reconstruction.

The chosen model for the operation of Xenoscope is the VUV4 family of sensors [47]
which is the most recent and the most improved model regarding PDE (from 10% to
24% at 175 nm) and cross-talk probability. Figure 13 shows the configuration of the
array in 12 tiles. Each tile is composed of 4 quads, which makes a total of 48 quads in
the array.
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Figure 13: SiPM array configuration in Xenoscope: 12 tiles named A to M, 48 quad modules,
and 192 6x6 mm? MPPC cells. The array is illuminated by light from LED transmit-
ted through optical fibers positioned as shown in the Diagram.

A quad itself contains 4 6 x 6 mm? MPPC units from Hamamatsu (S13371-6050CQ-02
MPPCs) with a total sensitive area of 12 x 12 mm?2, so a total of 192 unit cells. Each
cell is an independent operating unit, which role is to start and avalanche when a
photon is absorbed. The four quads are fixed to printed circuit boards to form the
tiles, collectively covering 36% of the total area with active sensors. These tiles are
attached to a stainless steel plate to ensure their stability. The array is placed at the
top of the TPC facing downwards, as it constitutes the top photosensor array which
role is to detect the signal. The distance between the anode and the SiPM plane is set
at 14.65 mm [47].

In this setup, all the sensors in a given tile area work together as a single unit, creat-
ing a larger active area. Combining multiple photosensor units into a single output
expands the range of details that can be captured. This impacts the accuracy event
position reconstruction, as illustrated in the simulation within Chapter 6. By consoli-
dating signal amplification on-site, it becomes possible to decrease the necessary op-
erational amplifiers. This presents an advantage, considering their power consump-
tion and heat generation. Fewer amplifiers also mean fewer electronic parts, which
helps keep radiation levels lower [24].
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a) b)

Figure 16: a) Tile with mounted SiPMs. b) Fully loaded SiPM array. The tiles also serve as a
structure holding the SiPMs, voltage distributors and pre-amplifiers for the signals.
Images from [47].

4.3 Characterisation of the SiPM Array

The primary motivation behind the characterisation campaign is to collect SiPM data
using the Data Acquisition (DAQ) system. To process the SiPM data, the PyLArS frame-
work [34] was developed. This Python-based tool efficiently handles pulses originat-
ing from the detector’s SiPM array data. It reads and interprets the output signals,
providing a range of analysis tools for assessing key characteristics of the SiPMs, such
as gain, DCR and CTP [25]. Currently, the framework is employed for consistency
checks to ensure data integrity. In the future, it will be further utilised in the analysis of
data collected during upcoming runs. This framework plays a critical role in data pre-
processing, quality assurance, and the eventual extraction of valuable insights from
the SiPM array data.

Among all the SiPM characteristics, the accurate determination of BV is crucial, as
voltages above the BV are necessary for achieving efficient photon detection and max-
imising the gain of the SiPMs. The BV of a SiPM can vary among individual cells due
to factors such as manufacturing processes, material properties, and operating con-
ditions. As a result, meticulous calibration and adjustment procedures become nec-
essary to establish consistent behaviour across the entire SiPM array. In the following
section, we delve into the practical integration of an SiPM array within the detector.
Subsequently, we detail the testing conducted on our SiPM array under vacuum con-
ditions, within the detector environment. These tests are aimed at verifying the BV
values and cross-validate them against findings from prior campaigns. In order to
characterise the array, the bias voltage of the tiles is varied while maintaining a con-
stant LED intensity, with the LED coming from the fibres as described in the Diagram
13. The objective being to determine the breakdown voltage values for all 12 tiles. The
chosen settings for this test are collected in Table 1.
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LED Configuration

Amplitude 10Vpp
Frequency 500 Hz
Pulse Width 200 ns
Preamp Voltage 5V

Array Voltage

Voltage Range 53Vto57V

Table 1: Settings for SiPMs measurements of BV characterisation.

The experiment is conducted under standard room temperature conditions, with the
array installed within the TPC. Both the inner and outer cryostat components remain
intact throughout the testing procedure. An example of the obtained waveforms in
tile B is shown in Figure 17 for a signal triggered by LED pulses. Using this data, the
maximal ADC count can be extracted for each intensity of the bias voltage to compute
the BV associated to each tile.

Tile B
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£ 15000} 4.5V
g 55V
o =4
© 14500 S
é) 56V

14000} 56.5V
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Sample number

Figure 17: Examples of waveforms collected for different values of bias voltage.

In Figure 19, we compute the breakdown voltages of each tile for the chosen param-
eters through a linear regression. The values used for the fit range from 54 V to 57,
excluding values below this range as the tiles are not yet operating in Geiger mode.
Values above this range were disregarded due to saturation, resulting in a flattened
curve and ultimately a biased outcome. The error bars on the plot are derived from
the square root of ADC counts. The uncertainty values quantify the potential range of
bias voltage where the ADC count transitions to the noise level.
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Collectively, the measurements conducted, as detailed in previous characterisation
campaigns [24, 25], confirm the successful installation and proper functionality of
all twelve channels within the top array of Xenoscope. Furthermore, the computed
breakdown values, as seen in Table 2 and Figure 18, align with the specifications pro-
vided by the manufacturer of 53V + 5 [48].

Channel/Tile | Breakdown voltage [V]
01A 53.36 £ 0.02
02B 53.53 + 0.04
03C 53.49 £+ 0.04
04D 53.51 £+ 0.04
O5E 53.52 + 0.04
06F 53.43 £ 0.03
07G 52.26 = 0.03
08H 53.42 + 0.03
09J 53.45 + 0.04
10K 53.53 £+ 0.04
11L 53.52 4+ 0.04
13M 53.38 £ 0.09

Table 2: Computed values of BV for each Channel/Tile with deviations.
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Figure 18: Collection of the breakdown voltage values for each tile while the array is installed
in Xenoscope. The average value for the 12 tiles amounts to 53.45 £ 0.04 V.
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Figure 19: A linear regression between the bias voltage values and the peak amplitudes is per-
formed to compute the breakdown voltage.
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5 Signal Simulation and Detection

The upcoming goals of Xenoscope include quantifying the longitudinal and trans-
verse diffusion of electrons emitted from the photocathode. The way to do do so is
to study the drift and diffusion of electrons ejected from a photocathode illuminated
by a pulsed xenon flash lamp [24]. Current efforts involve studying electron transport
in the TPC when originating from other sources, such as internal or external radioac-
tive for calibration purposes. In this section, the focus is to implement simplified
simulation to gain insight into the interaction between gamma particles ejected from
idealised gamma sources and xenon atoms in the liquid phase of the TPC. Further
down the line of the analysis, the positions of these interactions are reconstructed
and the accuracy of the reconstruction is evaluated depending on various parameters
such as energy of the sources and their spatial distributions. This analysis is based on
specific parameters associated with available calibration sources. So this serves as a
fundamental step towards upcoming calibration campaigns.

5.1 Simulation Framework

Within this section, we present the relevant outcomes of an analysis using ideal sources
as inputs, with a primary focus on examining the transportation of electrons gener-
ated through gamma interactions in LXe. In order to simulate the electron transport
and predict the expected signals received by the top array, a framework called XenoD-
iffusionScope was developed [49] and is used in this study. The Diagram 20 recaps all
the steps used in the simulation, and more details are given in the following sections.
These steps are based on the working principle of a dual-phase TPC (Figure 7).

To begin, this investigation involves the selection of specific gamma energy peaks,
in alignment with forthcoming calibration sources. The decision to focus on spe-
cific gamma energy peaks, rather than conducting an analysis of the entire spectra,
is rooted in the context of this idealised study. While a comprehensive spectrum anal-
ysis holds inherent value, our central objective is to establish a fundamental compre-
hension of electron transport mechanisms within the TPC. By concentrating on dis-
tinct energy peaks, the investigation is narrowed down to specific interactions that are
particularly illustrative of the underlying principles at play. This targeted approach
grants a first insight into these mechanisms, before approaching realistic sources sim-
ulation. The idealised nature of this study allows to isolate and systematically ex-
amine the main steps of the simulation without potential errors stemming from full
spectra analysis.
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Simulation Framework

[Interaction between ~ rays and LXe]

[Electron Point Source from one Interaction Vertex]

[Drift and Diffusion of electrons in the TPC]

[Focusing effect on the Gate’s Hexagonal Grid]

[Extraction of Electrons from Liquid to Gas Phase]

[Detection of the S2 signal in the SiPMs]

[Position Reconstruction from the Detected Signal]

Figure 20: Flowchart of the XenoDiffusionScope simulation framework.

As seen in the Figure 20, electrons produced in gamma-Xe interactions are drifted
through the TPC, taking into account longitudinal and transverse diffusion. When
the electrons reach the gate, they are extracted from the liquid to the gas phase un-
der the effect of the extraction field resulting in the production of a proportional S2
signal. Subsequently, the distribution of photoelectrons across the array can be ob-
tained. This requires accounting for the gain from electrons to photoelectrons and
the light collection efficiency map derived from each extracted electron position [24].
Summing the light patterns produced by the photoelectrons and integrating the re-
sulting pattern across the sensitive area of SiPM photosensors generates the final pat-
tern. This pattern holds the key to determining the 2 — y position and spread of the
initial electron cloud.
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5.2 Drift and Diffusion of Electrons

5.2.1 Simulation of the Initial Electron Point Source

The study relies on the use of available gamma sources for forthcoming calibration
campaigns of Xenoscope [50]. These gamma sources, namely '37Cs, 133Ba, and 57Co,
are selected for the analysis due to their well-understood decay properties and dis-
tinct decay peaks. As mentioned, the approach is to ensure robust and accurate cali-
bration without introducing unwanted interference. Therefore, the simulation makes
use of the specific gamma peaks of each source associated to the energy levels de-
picted in the Table 3.

In v-decays, a nucleus initially existing in an excited state undergoes a transition to
its fundamental state or another lower-energy state through the emission of a pho-
ton. Unlike a- or 8-decays, this process does not alter the isotope itself, reflecting an
analogy to the light emission during the deexcitation of excited atoms. While the en-
ergy level spacing in atoms is typically on the order of electronvolts, nuclear energy
level differences are on the order of megaelectronvolts. Each isotope possesses a dis-
tinctive set of energy levels, yielding a discrete v-ray energy spectrum that exhibits
distinct and sharp peaks, akin to the spectral lines seen in atomic systems [51].

QY for Gamma-ray interaction

— 1V/cm
10 V/em Isotope | E, [keV] | N,
sol —— 30V/cm I37Cs 661.7 22618
— 50V/cm 57
— 100 V/cm ‘CO 122 2482
—— 150 V/em %Ba 81 1512
200V/cm |

Table 3: Isotopes to be employed in
future calibration campaigns
of Xenoscope. The electron
yield for each energy value
is calculated given a value of
electric drift field Epgg = 100

-1 0 T 2 3
10 10 _10 10 10 V/cm. Energy values from
Interaction Energy [keV] 53].

Electron yield [n./keV]
Do =
C? o

Figure 21: Charge yields (QY) obtained for gamma inter-
actions using NEST framework v2.1.0 [52].

The initial electron cloud is obtained using the the NEST (Noble Element Simula-
tion Technique) framework, which accommodates the micro-physics of interactions
within noble gas detectors [54]. The framework allows to simulate the outcome of
gamma-induced ionisation within a xenon medium.
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This is done by taking into account the properties of the detector, such as the chosen
drift field. By inputting the gamma energies relevant to our calibration sources, along
with the specific drift field used in the detector, the number of electrons in the initial
point sources is retrieved and the values are presented in Table 3.

5.2.2 Diffusion Model and Transport Properties

Transport parameters
Electric drift field 100 V/cm
Electric drift speed 1.364 mm/us

Longitudinal diffusion coefficient 0.0027 mm?/us
Transversal diffusion coefficient ~ 0.0057 mm?/us
Electron lifetime 200 ns
Extraction efficiency 99%

Table 4: The relevant parameters and constants used in the diffusion model as encoded in the
XenoDiffusionScope framework [24].

The simulation framework employed in this study was built upon a selected set of
transport parameters collected in Table 4, each playing an important role in char-
acterizing the electron transport within the detector. The values used for longitudi-
nal and transversal diffusion effects are based on the model from NEST v2.0.0 imple-
mented in the first version of the XenoDiffusionScope framework. The electric field
implemented in the simulation is chosen according to the intended value aimed for
the operation of Xenoscope [4]. The electron lifetime is defined by the drift time after
which the number of electrons is attenuated to 1/e and is set to 200 ns.

The sequence of events begins with incident gamma particles depositing energy in
LXe, generating free electrons. These electrons then undergo a drifting process, trav-
eling from the cathode to the gate. Additionally, the behaviour of the initial electrons
is influences by both longitudinal and transversal diffusion. Longitudinal diffusion,
occurring parallel to the electric field, contributes to the widening of signals as the
drift distances increase [38]. On the other hand, the transverse diffusion takes place
perpendicular to the electric field, impacts the detector’s resolution in the = — y plane.
The diffusion effects are modeled in Equation 5.1 as random walks with standard de-
viation Dy, and Dy for the longitudinal and transversal component, respectively [24].
As seen on the Table 4, the transversal diffusion coefficient is expected to be approxi-
mately twice as high as the longitudinal one. The variance of the gaussian distribution
for each direction is given by 02 = 2Dy /it

N — (2 +y?)
= ex
ArDpt/Ar Dot P | 4Dyt

n(Z,t)
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The simulation captures the diffusion process within discrete time intervals. The up-
dates to coordinates x, y, and z are controlled by the diffusion constants presented in
Table 4, while the overall behavior is determined by the diffusion Equation.

The inherent randomness enriches the variability of the outcome, leading to different
outcomes across different runs. This effect will be specifically discussed within the
context of position reconstruction, detailed in Chapter 6.

5.2.3 Extraction of Electrons

When the electrons reach the gate, they are extracted from the liquid to the gas phase.
The extraction process considers two effects: extraction efficiency and charge-focusing
by the electrode grids [24]. The extraction efficiency correction is calculated based on
a user-defined extraction efficiency parameter. As seen in Table 4, this value is set
to 99%. The charge-focusing effect is complex and depends on the geometry of the
electrodes, particularly the gate and anode electrodes, which are regular hexagonal
meshes in Xenoscope. From previous studies, it is anticipated that the electrons tend
to converge towards the centres of the hexagons constituting the gate [55]. To incor-
porate this effect, a model is established by determining the positions of the hexago-
nal centres, based on user-defined parameters such as hexagon side length and grid
radius. Electrons initially situated within a specific hexagon are then shifted to the
centre of that hexagon, located at zgate.

E,[keV] | Initial yield | Extracted electrons | Photoelectrons
81 1512 577 16,484
122 2482 947 27,055
661.7 22618 8,632 246,616

Table 5: Initial electron yield, number of extracted electrons and calculated number of photo-
electrons using single electron gain.

To illustrate the impact of the charge-focusing effect, a selection of events correspond-
ing to the energies of the considered isotopes in Table 3 is chosen. The final positions
of the electrons are constrained to the 2787 centres of the hexagonal grid. Notably, the
points after the diffusion process are subsequently shifted to the centre of the nearest
hexagonal unit, highlighting the influence of the electrode grid geometry. Figure 22
demonstrates an event involving electrons released from a potential interaction be-
tween °"Co and xenon atoms. Various z values are examined to highlight the impact
of transversal diffusion, which is more pronounced than longitudinal diffusion. For a
more detailed perspective on the points within the focusing plots, the corresponding
visualisations can be found in Figure 36. In a TPC, charged particles drift along the
electric field, causing lower longitudinal diffusion due to the predominant guiding ef-
fect of the electric field. Conversely, transversal diffusion, occurring perpendicular to
the drift direction, is higher as the electric field has less influence on this motion.
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Figure 22: [llustration of charge-focusing effect in Xenoscope for a E, = 122 keV with initial
positions (0,0, z) with z = 0.5,1,2 m to visualise the diffusion effect for different
heights. The electron positions are depicted after undergoing drift and diffusion.
The different colored points represent the effect of the focusing process. The dif-
fusion process spreads out the events, while the focusing shifts the points to the
centre of the closest hexagonal unit in grid. The outer red line corresponds to the
TPC radius.

However, it is important to acknowledge a limitation associated with this approach. In
instances where events are positioned near the edge of the TPC, the charge-focusing
effect can lead to a counter intuitive outcome. Specifically, the electrons tend to con-
verge back towards the gate electrode due to the focusing mechanism. Note that the
data points, before and after focusing, represent clusters of multiple electrons as the
overall number of extracted electrons have to correspond to the values written in Ta-
ble 5.

5.3 Signal Detection on the Top Array

5.3.1 Simulation of Light Signals

As electrons transition from the liquid to the gas phase, they trigger a proportional
scintillation effect, generating the S2 signal. This signal is captured in the photosen-
sors, which record amplified ionisation response. The next step of our simulation is
therefore to convert these extracted electrons situated at the gate, into proportional
scintillation light. In this process, we make the assumption that the emission of scin-
tillation photons is isotropic around the position of the extracted electron. In order
to quantify this scintillation light, we need to account for the number of photoelec-
trons. Photoelectrons (PE) refer to electrons that are detected by the photosensors,
taking into account considerations related to photon detection efficiency. Within the
proportional range of the photosensor, the quantity of photoelectrons is directly pro-
portional to the number of incident photons striking the photosensor.
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Figure 23: Extracted electrons from an £, = 81 keV event where positions are shown before
and after the focusing effect.

Converting electrons to photoelectrons can then be used as a unit of measurement for
detected photons in this context. This conversion is done using the empirical value
derived from the Xurich II experiment, which characterises the gain for a single elec-
tron as 28.57 PE [39]. This value applies to Xenoscope as the extraction field is the
same as in Xurich II, the SiPMs were also integrated as photosensors albeit in a differ-
ent geometry.

Once the number of resulting photons is collected, the next step is to construct a
light collection efficiency (LCE) map, meaning the spatial-dependent probability that
a photon produced at a given position hits a photosensor. An example of one light
collection efficiency map is presented in Figure 24 where a light signal resulting from
one grid point is computed.

The key for computational efficiency is to take into account the fact that events will
happen in the constrained number of hexagonal centres of the mesh grid. It is suf-
ficient to compute the light pattern produced by one hexagonal unit, and scale it to
the number of photoelectrons located at that specific point. Given that all electrons
contribute uniformly to the signal, the intensity registered by a sensor is proportional
to the quantity of electrons associated with each hexagonal point. Following this pro-
cess, we can use the LCE maps to construct the light pattern resulting from our initial
events as seen in Figure 25, where the signals are simulated for different = values. For
a closer examination of the pre-sensor patterns, refer to the plots shown in Figure 37
in the Appendix section (Appendix 8.2).
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Figure 24: Example of a LCE map for hexagonal unit number 2304. As described in the text, toy
events representing photon hits are simulated. The distribution is then normalised
to the number of photons produced and the pattern is interpolated.

This collective signal is then applied to the chosen sensor configuration to accurately
represent the scintillation response.
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Figure 25: The interactions correspond to the scenarios illustrated in Figure 22 to show the
diffusion effect at different heights.

5.3.2 Hit Patterns on the Photosensors

In practice, the configuration of the sensors allowing us to view the signal is not as
small as the grid points chosen for the computation of the patterns in Figure 25. As
discussed in Chapter 4, the photosensors are organised in an array of 12 tiles contain-
ing 12 x 12 mm? MPPC quad units. This model with 48 quads was reproduced in the
simulation and the patterns are integrated in the sensitive area delimited by the pho-
tosensors. The Figure 26 presents the results obtained for the considered events. In
order to optimise the measurement of transversal diffusion in future campaigns, this
area of the analysis (granularity of the simulated photosensors) should be explored
more into detail.
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Our main objective is to reconstruct the interaction positions from selected events
which is presented in the following section.
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Figure 26: Patterns obtained from the an initial event with £, = 122 keV with initial positions
of the electron source given by (0,0,0). Different configurations of the array are
shown.

The simulation operates under certain assumptions, which ultimately have an influ-
ence on the intermediate and final results. The implications arising from these as-
sumptions will be addressed in Section 6. To summarise, one notable assumption re-
lates to the uniformity of the electric field across the wall and electrodes of the detec-
tor. It is worth noting that the drift field, as explored in Xenon detectors, encounters
distortion effects near the boundaries [56]. Several optical parameters such as reflec-
tions, scattering, and absorption, could also introduce complexities that are currently
unaccounted for in the analysis.

35



Position Reconstruction

6 Position Reconstruction

Building upon the established electron transport framework for Xenoscope, this sec-
tion focuses on applying and evaluating an algorithm for reconstructing interaction
positions within the detector.

The process of reconstructing the three-dimensional position within a TPC involves
several critical factors. The z coordinate is an essential parameter that can be deter-
mined through the drift time of ionisation electrons. This is achieved by calculating
the time difference between S1 and S2 signals, with the use of the field-dependent
drift velocity in liquid xenon.

To initiate the process of reconstructing initial positions, we start by introducing the
center of gravity algorithm. This algorithm stands as a simple yet effective tool for
position reconstruction in dual-phase xenon detectors [57]. Subsequently, we put the
algorithm into action by applying it across diverse scenarios that involve modifying
initial conditions. These scenarios involve adjusting the initial mapping of transversal
positions, variations in the interaction height, and modifying the interaction energy
(associated with specific radioactive sources). The aim is to evaluate the effectiveness
of the algorithm and its responsiveness to distinct factors affecting the reconstruction
process in the Xenoscope setup.

6.1 Center of Gravity Algorithm

SiPM array SiPM array
A xS,
B C D xBSB xCSC
xASA+ xHSE+ xCSC
E F G H Xeor™
S,+85,+S.
K J L
M

Figure 27: Diagram illustrating the position reconstruction algorithm based on the photosen-
sors configuration in Xenoscope. In this example, the initial interaction is detected
in the A, B and C photosensors.

The Center of Gravity (CoG) algorithm is a common method used for position recon-
struction in the detector.
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The algorithm is based on the principle of calculating the weighted average of the
sensor positions to estimate the x and y coordinates of the initial event position. The
CoG algorithm is constructed in a way to account for partial signals received on each
sensor. In the context of SiPM arrays, the CoG method assigns to each term a weight S;
based on the partial signal by the sensor i. The CoG algorithm follows these steps:

1. Obtain the signals S; from each sensor, where i = 1,2,..., N and N is the total
number of sensors in the detector.

2. Compute the weighted average of the x and y coordinates:

TooG = Zfil&"wz’
oG — N
Zi:l S
N
YCoG = izt S yi
oG — N
Zi:l Si

3. The reconstructed position of the initial event is given by (z¢g, ¥coG)-

The diagram in Figure 27 illustrates the steps of the CoG algorithm. First, the sig-
nals S; from each sensor are obtained. Then, the algorithm proceeds to calculate the
weighted average of the x coordinates (z¢og) and the y coordinates (ycog). The esti-
mated position of the initial event is output as (xcoG, YcoG)-

For each reconstructed transversal position, the bias will be computed as the distance
from the initial simulated positions and denoted Ar:

Ar = \/(2coG — Tinitial)2 + (YCoG — Yinitial)2 (6.1)

This value serves as the metric for the resolution comparison across the varied simu-
lation assumptions discussed in the following sections.

6.2 Dependence on Initial Positions

6.2.1 Transversal Plane

An important aspect of the position reconstruction process lies in understanding its
sensitivity to the transversal plane, defined by the chosen mapping of = and y coordi-
nates. In this section, we compute the reconstruction bias by evaluating the depen-
dency on the initial = and y positions. A mapping of the x and y coordinates is done,
with 1060 distinct points.
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At each of these points, 50 simulation runs are conducted. To capture the essence
of the variability introduced by diffusion, the median is chosen as our representative
value for Ar. This choice acknowledges that reconstructed positions can vary due to
the stochastic nature of diffusion. The impact of computing the reconstruction bias
for different initial positions is shown in Figure 28. This selection showcases only the
scenario where z = 2m and the initial electron count is fixed. The height z is set with
the reference point on the ground level, increasing as we ascend within the TPC, as
seen in Figure 7. These plots show the outcome when the initial electron cloud con-
tains N, = 2482, which would be associated to the introduction of a cobalt source (as
seen in Table 5). Among the different array, we are focusing on the quads and tiles
setups. As the differences are not distinguishable solely based on the plots, the results
for other energy scenarios and z values are collected in Appendix 8.3. Depending
on the transverse initial positions, a significant observation emerges: the CoG algo-
rithm shows a clear inward reconstruction bias. Notably, as positions approach the
center, the value of Ar decreases, resulting in more accurate reconstructions. This
phenomenon is also tied to sensor configuration, where the arrangement of tiles and
quads distinctly influences the values of the reconstruction bias. It becomes clear that
precision increases when interactions happen close to the center of a given sensor, re-
flecting the combined impact of the algorithm and sensor distribution. On the edges
of the array, reconstruction accuracy drops by a factor of 5 compared to the central
region, an outcome attributed to both algorithmic behavior and sensor design.

Additionally, our analysis highlights a pattern consistent with the array configuration.
A stronger reconstruction is also demonstrated when initial interactions occur be-
tween sensors. This observation suggests that the signal distribution across multiple
sensors enhances detection accuracy. However, it’s important to critically evaluate
our choice of using approximately a 1000 grid points and conducting 50 iterations per
grid point. This decision prompts us to weigh the trade-off between grid point gran-
ularity and iteration count. While a finer grid may seem like the obvious choice to
obtain more detailed insights, it also demands greater computational resources and
does not guaranty a more accurate representation. In appendix 8.3, we display the
results for the simulation ran with 10000 grid points and no iterations. Conversely,
employing a coarser grid may accelerate computations but could compromise the
precision of results by giving less coverage of the array.

6.2.2 Longitudinal Coordinate

The analysis of the impact of the initial interaction height on position reconstruction
is portrayed in figure 29. This graphical representation illustrates the reconstruction
bias as the initial interaction height varies within the TPC volume. The values of z are
varied from 0 to 2 m, to encompass the possibilities for the placement of the radioac-
tive source in future calibration campaigns.
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Figure 28: Position reconstruction bias maps: the plots depict the reconstruction bias, repre-
sented as Ar, over a grid of initial points (z, z) of the interaction vertices. The two
maps are computed for z = 1m, representing the height of the interaction from the
bottom of the TPC, and N, = 2482, the number of electrons in each 122 keV point
source.

The results are shown in separate curves for three distinct values of N, representing
the initial number of electrons in the vertex. These NN, values are chosen to align with
gamma energy levels from the well-defined calibration sources, a topic detailed in
section 5. The data points correspond to the median over 200 iterations for each en-
try of the initial position. The error bars represent the standard deviations associated
with each distribution. To limit potential biases within the results, the initial transver-
sal position is deliberately set at the central point of the TPC where z = 0 and y = 0.
This choice does correspond to the optimal (or the least favorable) reconstruction po-
sition as it is not aligned with the center of a sensor. This decision also ensures that
any impact from the lack of field uniformity effects is minimised, as it is unaccounted
for in the framework at the moment. The reconstruction bias Ar is computed within
the quads configuration on the top array.

The first observation from figure 29 is that the reconstruction bias demonstrates a
decrease with higher » values when the interaction stems from the E, = 81,122 keV
energy peaks. More specifically, the variation around the standard deviations values
decrease. This is due to the reduced drift and diffusion times experienced by the elec-
trons during their transport within the detector volume.

When running the simulation for the drift described by Equation 5.1, the coordinates
are updated at each time step, until the z coordinate reaches the height of the TPC.
The time step is chosen to be At = 0.1us. When the source is closer to the top of
the TPC, which corresponds to higher z values, the electron cloud experiences less
diffusion as represented in Figure 36.
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Figure 29: Position reconstruction bias (Ar) as a function of the initial interaction longitu-
dinal position (z) for different initial electron counts. The initial positions of the
interactions are given by (0, 0, z) where z is varied from 0 to 2 m.

Notice that the reconstruction bias does not show a distinct decrease when the ini-
tial interaction comes from the £, = 661.7 keV peaks, i.e involving 22618 ionisation
electrons. These increased statistics lessen the effect of the interaction heights. This
aspect is discussed in the following section. The second characteristic acting on the
reconstruction bias is the number of electrons involved in the initial event. The results
manifest an expected correlation between the reconstruction bias and the number of
electrons in the initial point source. Specifically, the algorithm exhibits enhanced pre-
cision and reliability with increasing electron numbers, corresponding in our case to
more energetic sources. This phenomenon stems from the increased collection of
photoelectrons, leading to more distinct and well-defined patterns on the photosen-
sors. The computation therefore benefits from a larger and more reliable data set.
The results linked to the point source variations are also explored in the following
section.

As described in Chapter 5, the simulation inherently involves randomness. This ran-
domness results in variations between different simulation runs, even when using the
same initial conditions. Consequently, the computed values at each step of the sim-
ulation may slightly differ across runs due to the stochastic nature of diffusion. It is
essential to point that the observed results, while indicative, are not characterised by
the utmost precision. The center of gravity algorithm employed in the position re-
construction does possess inherent limitations which impact its accuracy. In order
to refine reconstruction accuracy and specifically mitigate issues related to inward
reconstruction, modifications to the fundamental expression of Equation 3 are nec-
essary.
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These modifications would involve adding flat-fielding coefficients to the expression.
These coefficients compensate for disparities in gain and quantum efficiency across
the photosensor array [57]. However, the most prominent source of uncertainties
stems from the stochastic nature of the diffusion process, which is random by con-
struction. In order to acknowledge the statistical nature of the electron transport
process, the error bars are determined by calculating the standard deviation of the
distribution for each initial position. As a representation of this characteristic, the
2D histograms for the construction bias as a function of the position is displayed in
Figure 30.
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Figure 30: Position reconstruction bias (Ar) as a function of the initial interaction longitudi-
nal position (z) for different initial electron yields.

In summary, the examination of the influence of initial interaction height on position
reconstruction within the Xenoscope TPC provides quantifiable insights. A notable
quantitative trend is the consistent decrease in reconstruction bias with higher source
positions, especially evident in the transition from 0 m to 2 m. This quantifiable re-
duction in bias, from 0.6 mm to 0.2 mm, aligns with expectations of decreased elec-
tron drift and diffusion times at elevated heights. The data-driven correlation high-
lights the potential for optimising position reconstructions in future calibration cam-
paigns and underscores the impact of source height on precision. Despite these con-
siderations, further refinement of the analysis is required to account for the stochastic
nature of the electron transport in a dual-phase Xenon TPC.

6.3 Dependence on Initial Interaction Energy

Following the methodology detailed in the previous section, the effect of the initial in-
teraction energy on position reconstruction is explored. Specifically, the computation
of Ar values has been performed for an array of electron yields involved in the initial
interactions. These interactions span the range of electron yields from 0 to 24000,
encompassing the values relevant for our chosen interaction energies. Similar to the
z-dependency plot depicted in figure 29, the obtained data points correspond to the
median Ar value computed over 500 iterations of consistent initial conditions. The
error bars represent the standard deviations of this distribution.
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Figure 31: Position reconstruction bias (Ar) as a function of the number of electrons in the
initial point source (V.). The associated energy values of the calibration sources as
described in section 5 are also displayed. The initial positions of the interactions
are given by (0,0, z) where z = 0.5,1,2 m.

The main trend observed is a decrease in Ar magnitude with an increasing amount
of electrons. More specifically, a prominent feature is the reduction in standard devi-
ation values. All electrons share the same properties and undergo identical drift and
diffusion processes. This, coupled with the 200 iterations of each entry, substantially
enhances simulation statistics, leads to minimised fluctuations around the median.
An additional observation shows the lack of impact from the = value on reconstruc-
tion bias as the values of NV, increase. With higher statistics, the influence of height
variation is less important, and data points tend to converge towards the median.

Hence, within this constrained analysis, the variation of the energy source bears a
more pronounced effect compared to fluctuations in the z position of the source.
This correlation stems from the fact that choosing a high energy source increases the
number of involved electrons, resulting in a more intense signal and subsequently,
improved reconstruction accuracy. On the other hand, elevating the source acts on
the diffusion effects, yielding a more compact signal albeit without an associated in-
tensification of the signal.

This phenomenon is visible on the histograms illustrated in Figure 32, featuring re-
sults for the three distinct z values. To ensure a faithful comparison, the selected bin-
ning parameters are equal to the values used in the plots of Figure 30. A clear distinc-
tion emerges in the distribution spread between the z-dependent and N.-dependent
analyses.
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Figure 32: Position reconstruction bias (Ar) as a function of the number of electron yield (N.)
associated to the interaction energies between gamma particles and Xenon atoms.

Notably, even at lower N, values, the Ar values exhibit greater concentration around
the mean. As previously indicated, the variation in z is comparatively less effective,
with plots displaying a median Ar of approximately 0.25 mm for z = 0.5,1 m, and a
median around 0.2 mm for z = 2 m.

In summary, the detailed exploration of the initial interaction energy’s impact on po-
sition reconstruction has provided valuable insights. The observed trend of decreas-
ing Ar magnitude with increasing electron yields indicates a pronounced correlation
between source energy variation and improved reconstruction accuracy. This corre-
lation surpasses the influence of fluctuations in the z position of the source, high-
lighting the significance of choosing a high-energy source in achieving more precise
reconstructions. The histograms in Figure 32 vividly illustrate the concentrated dis-
tribution of Ar values around the mean for varying electron yields, emphasising the
effectiveness of higher source energies in minimising reconstruction discrepancies.
Overall, the analysis underscores the critical role of initial interaction energy in shap-
ing the accuracy of position reconstructions, showcasing a notable reduction from
0.45 mm to 0.1 mm in Ar as the interaction electron count increases from 1000 to
over 20000.
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7 Conclusion and Outlooks

7.1 Work Highlights

The existence of dark matter is deduced from astrophysical and cosmological obser-
vations, revealing the presence of an invisible, non-luminous entity that influences
the structure of the Universe. While the Standard Model prevails, the idea that dark
matter consists of particles emerging from new physics gains attraction, with WIMPs
among the leading candidates. In direct detection, large liquid noble gas targets, such
as employed in dual-phase xenon TPCs, lead the way in sensitivity. While these de-
tectors have set strong limits on WIMP interactions, the quest for direct detection is
still ongoing. In this context, DARWIN emerges with a resolute mission. Equipped
with a 40 t xenon dual-phase TPC, DARWIN sets its goal on unraveling the entirety of
the accessible parameter space for dark matter. Among its R&D activities, a specific
focus resides on the exploration of SiPMs as potential photosensors for the top array.
These photosensors are responsible for detecting light resulting from the excitation
and ionisation of the target medium. To assess the feasibility of this installation, this
work was conducted in various steps to gain insights into the functioning of SiPMs in
this role:

* SiPM array testing and breakdown voltage determination: The functionality
of the SiPM array in Xenoscope was systematically tested, leading to the cal-
culation of the breakdown voltage of the tiles in the array. The derived value,
approximately 53V, closely aligned with both prior measurements and the man-
ufacturer’s specifications.

* Simulation of gamma ray interactions: A simulation was conducted to repli-
cate the outcomes of interactions between gamma rays and xenon within the
detector. The simulation included the creation of electrons via ionisation, their
subsequent drift, and eventual extraction into the gas phase. The resulting pro-
portional scintillation generated a distinct S2 signal on the photosensor array,
effectively captured and illustrated by the SiPMs.

¢ Signal reconstruction using centre of gravity algorithm: The signal captured
by the SiPM array was subjected to a reconstruction process employing a CoG
algorithm. The influence of initial positions and initial energy of gamma sources
on the reconstruction accuracy was studied. The x — y reconstruction revealed
that the centers of the sensors were most effective for signal reconstruction,
while inaccuracies were observed at the edges of the array. The resolution is
estimated to be at 0.7 mm at the centre of the photosensors and culminating at
more than 25 mm towards the edges.
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This effect is both attributed to the inherit properties of the algorithm and the
configuration of the photosensors.

* Height and energy dependency of reconstruction: An exploration of the source’s
height dependency unveiled significant insights. Analysing the initial interac-
tion height revealed a distinct quantitative trend: there is an overall decrease of
66% in reconstruction bias when the source is positioned at ground level com-
pared to being located 60 cm away from the photosensor array at the centre of
the TPC. This aligns with reduced electron drift and diffusion times at higher
positions. However, with the escalation of source energy and the involvement
of a greater number of electrons, the height of the source no longer signifi-
cantly affected reconstruction bias. Notably, as the electron count increased,
the data points illustrating reconstruction bias began to align across different
source heights. The investigation of initial interaction energy revealed a notable
reduction from 0.45 mm to 0.1 mm in Ar for escalating electron counts from
1000 to 20000.

7.2 Outlook

The investigation conducted in this thesis opens up several paths for future research
and development in the context of Xenoscope. Some key areas for further exploration
include:

* Enhanced Signal Simulation: Expanding signal simulation capabilities by in-
corporating additional dependencies and considering intricate factors that af-
fect signal behavior within the detector. This could involve accounting for more
comprehensive physical processes and electron transport dynamics, such as
updating the computation values for the diffusion process when new measure-
ments are conducted.

* Realistic Source Simulation using Geant4: Moving towards a more realistic
simulation framework by using Geant4 to generate simulated sources. Incor-
porating the geometry of the detector and accounting for energy attenuation
considerations will provide a more precise representation of expected experi-
mental data, facilitating improved calibration and analysis. This approach was
started in previous works [50].

* Advanced Position Reconstruction Algorithms: Exploring advanced algorithms,
particularly machine learning-based methods, for precise particle position re-
construction. Machine learning techniques hold promise in improving the ac-
curacy and efficiency of position reconstruction, potentially reducing biases and
uncertainties associated with this simplified approach [58].
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* Integration with DARWIN: Extending the findings of this thesis to the DARWIN
experiment and its dual-phase xenon TPC. Insights gained from studying the
SiPM array in Xenoscope could directly optimize and enhance the performance
of the larger-scale DARWIN detector.

The ongoing advancement of technology, simulation methodologies, and data anal-
ysis techniques holds the promise of enhancing precision and capabilities in future
dark matter detection experiments, both within the Xenoscope detector and, in the
longer term, within the DARWIN project.

46



Conclusion and outlooks

8 Appendix

8.1 SiPM Waveforms
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Figure 33: Waveforms obtained for different values of bias voltages.
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8.2 Electron Extraction
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Figure 34: The interactions depicted in these figures occur at various initial positions: at the
center of the TPC, along its edge, and at a position that lies between the SiPM pho-

tosensors.
E,=122keV Ls E,=122keV B, =122keV 15
S N : IS e I 0
50 / \ 10 £ 5 LE 5 10 &
7 | e Ee o Eg oo 2
[=} =} . =}
£ 9 e 28 ¢ 1L | s
> \ / _05& - / _13 > /’ . &
-50 \\ / 102 50 S 50 / 1og
S ¥ o o ¥ N -15 %
50 0 50 -1.5 50 0 50 50 0 50 -2.0
X [mm] x [mm] X [mm]

Figure 35: The light signals generated by extracted electrons from a £, = 122 keV gamma
peak interaction are determined using the LCE maps.
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8.3 Reconstruction Bias for Initial Position Mapping

The reconstruction maps are obtained for 1060 grid points, 50 iterations each. Using
10 CPU cores, the computation took around 30 hours.
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Figure 38: Position reconstruction bias maps.

49



Conclusion and outlooks

y [mm]

z=0.5m, N, = 2482 30 z=0.5m, N, = 2482 30
& & aulT R
Em 2 | ,ﬁ 2
50 : 50 >
95 20 95 20
z = :
E 0 5E E 0 155
> <L] - él
-25 10 -25 10
-50 5 -50 5
- - oy TR
R 0 50 0 R 0 50 0
X [mm] X [mm)]

Figure 39: Position reconstruction bias maps.
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Figure 40: Position reconstruction bias maps.
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Figure 42: Position reconstruction bias maps.
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