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Introduction

It was almost 100 years ago, when the Swiss-American astronomer Fritz Zwicky for the first
time inferred the possible existence of dark matter, that is, matter that has mass but does not
interact with light [1]. Due to a multitude of experiments and technical advances, evidence
has accumulated over the years and has led to the development of the standard model of
cosmology, in which about 26% of the universe consist of cold dark matter [2]. Nevertheless,
its existence could not be proven directly yet.
At this point, a broad range of experiments is trying to fill this gap in knowledge with many
different detection ideas and experimental setups. The currently most promising dark matter
experiments use so called dual-phase time projection chambers (TPCs) to set limits to possi-
ble dark matter masses and scattering cross sections [3]. DARWIN, a next-generation experi-
ment, employing this same detector technology, will further investigate this open issue. It will
use a target of 40 t of liquid xenon to reach unprecedented sensitivity to weakly interacting
dark matter with masses above 5 GeV/c2. In addition, its ultra-low background will make
DARWIN competitive in other physics channels, including neutrinoless double beta decay
and solar neutrinos [4]. Building such a detector requires, however, technological advances
and new ideas to solve arising problems. To test the feasibility of the DARWIN project, an
R&D detector was designed and built at the University of Zurich, called Xenoscope. It has a
similar working principle and the full 2.6 m height of the DARWIN TPC and serves therefore
as its Vertical Demonstrator. The main goal of Xenoscope is to prove for the first time that
it is, indeed, possible to drift electrons over such a long distance in liquid xenon [5].
In order to calibrate and run Xenoscope, it is crucial to know the expected background rate in
the detector. Determining this background rate and finding out which sources can be used to
calibrate the detector are the main goals of this work. To this end, first, the radiogenic back-
ground in the lab was measured with a thallium doped sodium-iodide (NaI(Tl)) detector.
From the measurements, the extent of radiation hitting the detector was derived. Using
Geant4 [6], a Monte Carlo software for the simulation of the passage of particles through
matter, the amount of energy deposited inside the detector was determined. Further, the ex-
pected signal of different internal and external calibration sources was simulated by the same
means. For the external sources, additionally, a calibration setup was designed and incorpo-
rated in the simulation geometry, which will be built once its needed. Finally, the simulated
events were analyzed to find the background rate and to identify the sources that are best
suited for calibrations in different energy ranges as well as their required activities.
This thesis is structured as follows: In the first chapter, open questions and current experi-
ments in dark matter and neutrino physics are discussed. In chapter 2, the DARWIN project
is presented and its detection principle is explained. A special focus is placed on the DAR-
WIN Vertical Demonstrator located at the University of Zurich. In chapter 3, the background
measurements in the experimental hall with an NaI(Tl) detector, and the corresponding data
analysis, is shown. Chapter 4 is then dedicated to the simulations of the background an
calibration sources. The analysis and results of the whole procedure are shown in chapter 5.
Finally, in chapter 6, the findings are summarized and discussed.

vii
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1 Dark Matter Research and Neutrino Physics

The direct search for dark matter is a relatively new field of physics which quickly gained
momentum in the last decades. Since the early 2000s, the sensitivity of dark matter experi-
ments has increased by an order of magnitude roughly every three years [7]. This development
has opened new perspectives for multipurpose ultra-low background experiments: The next
generation of dark matter experiments will have excellent sensitivity to various dark matter
candidates, as well as to additional physics channels like the neutrinoless double β-decay and
solar neutrinos.
In this chapter, first, the evidence for dark matter, current detection ideas, and dark matter
experiments are introduced. The second section addresses neutrinos, an additional physics
channel for extremely sensitive detectors. Finally, in the third section, the chances and
challenges of a simultaneous search for dark matter and neutrinos are briefly discussed.

1.1 Dark Matter

The standard model of cosmology, Λ Cold Dark Matter (ΛCDM), suggests that the con-
stituents of our universe are still unknown for the most part. It predicts that only ~5 % of
the universe consists of well-known matter and radiation. The rest of its density is com-
posed of cold dark matter (CDM) and dark energy, which account for ~26 % and ~69 %
respectively [2]. However, even though the existence of dark matter can be inferred from its
gravitational effects, it has never been directly measured to this date. The search for dark
matter is one of the major open research fields of modern physics.
This section starts with the evidence for dark matter that led to the development of the
ΛCDM-model. Then, possible candidates for dark matter are briefly presented. The section
concludes with an overview of current experiments aiming to prove the existence of dark
matter.

1.1.1 Evidence for Dark Matter

Dark matter was first mentioned in a paper by Fritz Zwicky in 1933 [1]. Over the years,
evidence accumulated due to novel astrophysical and cosmological observations benefiting
from better technical capabilities. In the following subsections, the milestones in dark matter
research, that led to the development of the ΛCDM-model, are presented in chronological
order.

Rotation of Galaxies and Stars
In 1933, the Swiss-American astronomer Fritz Zwicky found the first indication of dark matter
in the Coma Cluster. As he tried to estimate the mass of the cluster using two different
methods, a large discrepancy emerged. The first method, an estimate of the visible mass
based on the brightness of the cluster, resulted in a mass 400 times smaller than the second
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method, an estimate of the gravitational mass based on the measurement of the orbital
velocities of galaxies around the cluster’s center. Zwicky suggested that this inconsistency
could be solved by a new type of matter that does not interact with light, which he, therefore,
called Dunkle Materie, German for dark matter [1].
A similar piece of evidence was found by Vera Rubin in 1978, analyzing the velocities of
stars around the galactic center of ten disk galaxies. Newtonian dynamics predict a radius-
dependent orbital velocity, vorb(r), related to the mass enclosed by the orbit, M(r), of

vorb(r) =

√
G ·M(r)

r
, (1.1)

where G is the gravitational constant. Taking into account the visible mass only, the predic-
tion differed from the velocities measured using the redshift of the respective stars, especially
at large radii. This measurement allowed for the first time to map the dark matter distribu-
tion (dark matter halo) in a galaxy [8]. A schematic of such a study is shown in figure 1 (a).
It can be seen that at large radii, instead of decreasing, the orbital velocity levels out to a
constant value. Solving formula 1.1 for the mass, and substituting M = ρ · V , then yields a
dark matter halo density distribution ρ ∝ 1/r2.

(a) (b)

Figure 1: (a): Schematic of the orbital velocities of stars in a disk galaxy as a function of the radius.
The measured velocities at large radii are much higher than expected from the visible
mass. Figure created based on [9]. (b): Baryonic mass (pink) and gravitational mass
(blue) distribution in the Bullet Cluster merger (1E 0657-558). Figure from [10] based on
data presented in [11].

Gravitational Lensing
A very strong indication for dark matter was observed in 2006 in the merger of the Bullet
Cluster. Using the effect of gravitational lensing, that is the bending of light trajectories by
large masses according to Einstein’s general relativity, Douglas Clowe and his team mapped
the gravitational mass distribution in the cluster merger. Once again, the mass was estimated
in a second way, by detecting X-rays from the heated-up gas clouds, the dominant baryonic
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mass component in the cluster. While the gas slows down in the merger due to friction, dark
matter continues its initial trajectory [11]. Therefore, the mass distributions are shifted with
respect to each other, as can be seen in figure 1 (b).

Cosmic Microwave Background Radiation
The most important evidence for dark matter today comes from the precise measurement
of the cosmic microwave background (CMB). The CMB was discovered in 1965 by Penzias
and Wilson [12]. It provides information about the early universe because it consists of
radiation released during recombination area, about 380 000 years after the Big Bang. At
this time, electrons became bound to nuclei forming neutral atoms, which made the universe
transparent to light. Density fluctuations in the early universe, sensitive to the proportion of
ordinary matter and dark matter, are since then imprinted in the CMB [13]. The latest mea-
surements by the Planck satellite show that the CMB follows an almost perfect black body
radiation spectrum with a temperature of about 2.7 K, interspersed with small anisotropies
of O(10−5 K), as shown in figure 2. These fluctuations produce several peaks in the an-
gular power spectrum, as shown in figure 3. The best fit to the data is achieved with the
ΛCDM-model including a cold dark matter density (Ωch

2) of [14]:

Ωch
2 = 0.11933± 0.00091, (1.2)

where h is the dimensionless Hubble constant. This corresponds to dark matter accounting
for 26.07% of the density of the universe.

Figure 2: Map of the CMB temperature with its fluctuations across the sky, as measured by the
Planck experiment in 2015. Warmer regions are shown in red while cooler region are
colored in blue. Figure from [15].

3
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Figure 3: CMB power spectrum: The red dots show the CMB temperature fluctuations as a function
of the multipole moment l. The blue line, showing a fit based on the ΛCDM-model
including dark matter, is in excellent agreement with the data. Figure from [16].

1.1.2 Dark Matter Candidates

Even though evidence for dark matter accumulated over the past decades, its nature is
completely unknown. However, some properties can already be inferred from astrophysical
and cosmological observations. The ΛCDM-model assumes gravitationally interacting and
stable particles. They must be neutral with respect to the strong and electromagnetic forces,
while the possibility of weakly interacting dark matter cannot be ruled out. Furthermore,
dark matter must be relatively slow (non-relativistic) in order to be bound to galaxies. These
constraints rule out all standard model (SM) particles.
Nevertheless, the list of dark matter candidates is quite broad and the composition of dark
matter from multiple candidates cannot be ruled out. Ideas range from baryonic massive
astrophysical compact halo objects (MACHOs), for example brown and white dwarfs, stellar
black-hole remnants, and neutron stars, to new particles species, as sterile neutrinos, weakly
interacting massive particles (WIMPs), and axions. There are even theories trying to explain
some of the observations mentioned above without a particles, for example by modified
Newton dynamics (MOND) [7]. In the following subsections, two of the most promising
candidates are discussed in more detail.

WIMPs and the WIMP Miracle
WIMPs are a type of particles arising in extensions of the SM. Among the most popular can-
didates are the hypothetical neutralino and sneutrino from supersymmetric theories. WIMPs
have masses in the GeV-TeV range and, as their name suggests, interact with SM particles
only through the weak interaction. Besides the fact that many theories predicting WIMPs
already exist, they are attractive candidates for dark matter for two more reasons. Firstly,
because of their interaction with baryonic matter, WIMPs can be detectable, meaning that
the WIMP hypothesis can be tested. Secondly, there exists a WIMP production mechanism
that can explain the abundance of dark matter observed today in the universe. Let us as-
sume a hypothetical dark matter particle χ. In the hot and dense early universe, this particle
existed in an equilibrium with SM particles, maintained by the counterbalancing annihilation
and production processes χχ̄ 
 l̄l, where l is a lighter SM particle and the bar denotes
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anti-particles. As the universe expanded and the temperature decreased, it eventually fell
below the χ-mass and the χ-production reaction stopped, leading to an exponential drop
in its abundance. Later, when the χ-annihilation rate fell below the expansion rate of the
universe, the comoving χ number density froze in to a constant value. The dark matter
abundance of today is therefore determined by the freeze-out point, that predominantly de-
pends on the χ-annihilation cross section, σA, and χ-velocity,v. This mechanism is sketched
in figure 4. The remarkable coincidence is that considering σA around the weak scale - as
predicted by the theoretical supersymmetrical extensions of the electroweak sector - leads to
a dark matter abundance very close to what is observed today. This is known as the "WIMP
miracle" [7].

Figure 4: Schematic of the comoving WIMP number density over time, from the early equilibrium
short after the Big Bang to the relic abundance after freeze-out today. As shown by the
dashed lines, the relic abundance depends on the WIMP velocity, v, and annihilation cross
section, σA. The higher the cross section and velocity, the later the annihilation reaction
stopped, and the less WIMPs remain after freeze-out. Figure based on [17].

Axions and the Strong CP Problem
The commonly called strong CP problem arises from the non-Abelian nature of the quantum
chromodynamics (QCD) gauge symmetry. As in the electroweak sector (also non-Abelian),
charge-parity (CP) symmetry can in principle be violated. CP violation is one of the necessary
condition to explain the matter-antimatter asymmetry observed in our universe today [18].
In the electroweak sector, CP violation was observed in different weak interactions of quarks
(quark mixing). It was first measured in 1964 in neutral kaon decays [19]. Only recently, in
2020, also in the lepton sector CP violation was found by the T2K experiment measuring
neutrino oscillations [20].
Similarly, the strong interaction could give rise to CP violation proportional to the angle θ
describing the QCD vacuum state. However, CP violation in the strong interaction has never
been observed. Furthermore, it would naturally generate a neutron electric dipole moment

5
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about ten orders of magnitude above the current limit of d(n) < 0.0 ± 1.1stat ± 0.2sys ×
10−26 e.cm [21]. Peccei and Quinn solved this problem by introducing a new global U(1)PQ
symmetry [22]. Spontaneous breaking of the U(1)PQ symmetry yields an initially massless
Nambu–Goldstone boson, called the axion. Non-perturbative effects result in a potential
for the axion, causing it to acquire mass and relax to the CP conserving minimum of the
potential at θ = 0, thus solving the strong CP problem. In this framework, the mass of
the axion turns out to be inversely proportional to the arbitrary symmetry breaking scale.
Various experiments have already ruled out a large range of axion masses, leaving only the
possibility of very light axions with a mass of O(µeV - meV) or axion-like particles (ALPs).
ALPs are also Nambu–Goldstone bosons generated by spontaneous breaking of an additional
U(1) symmetry, but unrelated to the strong CP problem. ALPs therefore do not have a mass
related to the symmetry breaking scale [23, 7].

1.1.3 Looking for Dark Matter

To confirm the ΛCDM-model, the existence of dark matter has to be proven. The goal is to
measure the properties of dark matter, for example its mass and interaction cross section,
and finding a theory beyond the SM which is able to explain them. So far, no evidence of
dark matter interactions, apart from gravitational, have been observed. Nevertheless, a wide
range of experiments is looking for such rare interaction processes. They can be categorized
into three groups based on the type of events they are looking for: Collider experiments,
indirect-, and direct detection.
In the subsections below, the different ideas and techniques behind these experiments are
presented, with an emphasis on direct detection.

Figure 5: Underlying processes of the different kinds of dark matter detection experiments.

Indirect Detection
Indirect detection experiments are searching for products of dark matter self-annihilation
into SM particles, as shown in figure 5, left. These processes are expected to happen
predominantly in regions of high dark matter density, such as the Sun, dwarf galaxies, or the
galactic center. Possible channels are

χχ̄→ γγ, γZ, γH, qq̄,W+W−, ZZ. (1.3)

6
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The unstable Z,H, and W and the coloured q and q̄ further produce e+e−, pp̄, γγ, and
neutrinos in the final state. Specialized experiments dedicated to looking for specific final
state particles are under operation. Ground-based telescopes like H.E.S.S-II [24], MAGIC [25],
VERITAS [26] and CTA [27] are looking for high energy γ-rays that produce Cherenkov light
in the atmosphere. Such γ-rays can originate, besides from dark matter annihilation, from
various interesting galactic or extragalactic sources. Therefore, indirect searches of dark
matter are not the main goal of these experiments. An excess of γ-rays at a well defined
energy could, however, indicate a dark matter decay. The same holds for neutrinos, which are
also searched with ground based Cherenkov detectors, but because of their small interaction
cross section more massive targets are required. Examples are the ice based IceCube [28] and
the water based Super-Kamiokande [29] and KM3Net [30]. Finally, cosmic positrons and
anti-protons as well as low energy γ-rays that do not reach the earth are measured in satellite
based experiments such as PAMELA [31], Fermi-LAT [32] and AMS-2 [33]. PAMELA and
AMS-2 reported an excess in cosmic positrons in 2009 and 2013 [34, 35]. However, the
measured signal could also be explained by a nearby pulsar and was rejected by Fermi-
LAT [36].

Collider Experiments
Dark matter collider experiments are looking for the annihilation of SM particles into dark
matter, as shown in figure 5, center. In high energy colliders, like the Large Hadron Collider
(LHC) at CERN, the dark matter produced in p-p collisions would escape the detector and
show up as missing transverse energy and momentum [37]. Based on this signature, the mass
of the missing particle could be reconstructed. So far, no such signal has been detected [38,
39, 40]. Moreover, even if a new particle would be discovered in this way, its validity as dark
matter particle would have to be proven by direct detection.

Direct Detection
Direct detection experiments look for scattering processes of dark matter with SM particles,
as shown in figure 5, right. They mainly focus on WIMPs elastically scattering off nuclei in
earthbound targets, producing nuclear recoils. The recoil energy can be deposited in three
different ways, as ionization charge, scintillation light, or phonons/heat. Various experiments
exploiting one or two of these signal channels are under operation or being planned, as shown
in figure 6.
The first limits on the WIMP-nucleon scattering cross section were obtained in experiments
measuring ionization charge in germanium detectors [41]. This technique is still employed in
experiments such as CDEX-1B [42]. Other detectors like SuperCDMS [43], EDELWEISS-III
[44] and CRESST-III [45] use cryogenic bolometers that can read out phonons in addition
to ionization charge or scintillation light. Further, there are experiments, like PICO-60 [46],
using bubble chambers filled with superheated liquids to measure heat depositions causing
bubble nucleation. Experiments such as DAMA/LIBRA [47] use solid scintillation detectors
(in this case NaI(Tl)) looking for annual modulation of dark matter events due to the Earth
motion through the dark matter halo. This experiment indeed found such a signal, however,
the reported result was rejected by other experiments like ANAIS [48] and COSINE [49] that

7
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Figure 6: A selection of different present and future direct dark matter detection experiments. The
signal(s) they are looking for is indicated by the respective color.

use the same detection technique. Finally, a big family of detectors use (liquid) noble gas as a
target material. Some of them use single phase detectors that can only measure scintillation
light, like XMASS [50] and DEAP-3600 [51]. However, the most promising detectors today,
reaching the best exclusion limits, are dual-phase (liquid/gas) xenon and argon time pro-
jection chambers that can measure scintillation light and ionization charge. The ones using
liquid argon, like DarkSide-50 [52] and ArDM [53], so far reach worse sensitivities than those
using liquid xenon, like XENON1T [3], LUX-ZEPLIN [54] and PandaX-II [55]. XENON1T
recently reported an excess of electronic recoil events that could be caused by axions [56].
However, the signal did no reach the 5σ discovery limit and could also be explained by an
additional background, e.g., from 3H β-decays.
In order to compare the results of different experiments, the exclusion of WIMPs of certain
mass and interaction cross section has to be defined in a target independent way. For this,
the expected differential event rate in terms of the recoil energy ER has to be known. It can
be written as [57]:

dR
dER

= ρχNT

mχ

∫ vesc

vmin

vf(v) dσ
dER

dv, (1.4)

where ρχ, mχ, and f(v) are the dark matter density, mass and velocity distribution. NT

is the number of target atoms, and σ is the scattering cross section. Apart from the rate,
R, that is measured, only NT is unambiguously known. Therefore, to compare results,
the different experiments have to agree on additional assumptions for ρχ and f(v), based
on the standard halo model. The local density of the dark matter halo is assumed to be
ρχ = 0.3 GeV/cm3, based on cosmological observations in the Milky Way similar to the one
shown in figure 1 (a). Further, the observed ρχ ∝ 1/r2 of the halo can be explained by
assuming dark matter behaves as a collisionless gas, compressed by gravity, and following
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a Maxwell-Boltzmann velocity distribution. The velocity distribution is therefore commonly
assumed to be

f(v) = 1√
2πσ0

· exp
(
−|v2|
2σ2

0

)
, (1.5)

where the circular velocity dispersion is σ0 =
√

3/2 · v0, with v0 ' 220 km/s, the velocity
of our solar system through the dark matter halo. The integration goes from the minimal
velocity that can produce a recoil of energy ER, vmin, up to the maximal velocity for which
dark matter remains bound to the Milky Way, vesc ' 544 km/s. The unknown scattering
cross section σ can be written in terms of the spin-independent and -dependent WIMP-
nucleon cross sections and nuclear form factors in order to compare experiments with different
target atoms. Using the expected rate of events, the probability of a null result in a given
detector can be calculated for a range of WIMP masses and WIMP-nucleon cross sections.
If indeed no excess in the event rate was observed, a region of the parameter space can be
excluded. Usually, this is done at the 90 % confidence level. A comparison of the latest
results for the WIMP-nucleon spin-independent cross section can be found in figure 7.

Figure 7: Exclusion limits for the spin-independent WIMP-nucleon cross section of the current ex-
periments along with some future projects. The best current limit is from XENON1T [3].
The already excluded area is shaded in blue. The area that will be covered by future ex-
periments is shown in yellow and the neutrino fog in red. Figure created using [58], based
on data published by the individual collaborations.

9



Master Thesis Dark Matter and Neutrinos

1.2 Neutrino Physics

In the SM of particle physics, for every charged lepton (e, µ, τ) there is an uncharged coun-
terpart, the neutrino, called νe, νµ, and ντ respectively. Neutrinos were already predicted in
1930 by Wolfgang Pauli based on the electron energy spectrum observed in β-decays [59],
as described in section 3.1.2. The first direct detection succeeded in 1953 [60]. However,
even today neutrinos are among the most mysterious particles of the SM because they have
incredibly small masses of unknown origin and are very hard to detect due to their also small
interaction cross section.
This section will give a short insight into neutrino physics and experiments with a focus on
neutrino masses and neutrinoless double beta decay, as well as solar neutrinos.

1.2.1 Flavour Oscillations and Neutrino Masses

For a long time neutrinos were assumed to be completely massless. In 1960, R. Davis mea-
sured the solar neutrino flux in a radiochemical experiment in the Homestake mine. The
result was about 1/3 of the expected neutrino flux based on the J. Bahcall solar model [61].
This result, later confirmed by other experiments [62, 63], was called the Solar Neutrino
Puzzle. A theoretical solution to this problem was found in 1985 by Mikheyev and Smirnov
[64], based on the work by Wolfenstein [65]. They explained the low neutrino flux with
neutrinos that oscillated into another flavour. The oscillations are based on the nondiag-
onal nature of the neutrino mixing Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix.
Wolfenstein realized that the equations need to be modified for the passage of neutrinos
through matter. However, such flavor oscillations are only possible if neutrinos have mass
because they are, analogous to quark mixing, introduced by the Dirac mass term. In 1998
Super-Kamiokande announced the first observation of atmospheric νµ neutrino oscillations
[66]. The Solar Neutrino Puzzle was finally solved in 2002 by the Sudbury Neutrino Ob-
servatory (SNO) collaboration. The key to their discovery was that the detector was not
only sensitive to νe, that are predominantly produced in the Sun, but also to νµ, and ντ .
SNO proved that the missing νe had oscillated on their way from the Sun to Earth into
neutrinos of another flavor [67]. Since then, several neutrino-appearance and -disappearance
experiments, like OPERA [68], T2K [69], and MINOS [70], have been conducted in order to
constrain the oscillation probability, which provides information about the squared neutrino
mass difference. Today the squared mass differences are tightly constrained. Nonetheless,
the absolute neutrino masses and the mass ordering are still unknown.

1.2.2 Dirac and Majorana Mass Terms and the Seesaw Mechanism

In quantum field theory (QFT) the neutrino masses can in principle be generated with a
Dirac mass term analogously to the masses of the down type quarks using the conjugate
Higgs doublet Φc. This neutrino Yukawa term reads

LY uk,ν = −
∑
i,j

(
L̄iLλijΦcν

j
R + h.c.

)
, (1.6)
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where L̄L is the left-handed lepton doublet, λ is the Yukawa coupling, and νR is the right-
handed neutrino. After spontaneous symmetry breaking, this term leads to the neutrino
masses mi = λi√

2v, where, v is the Higgs vacuum expectation value. Assuming non-zero
Yukawa couplings, this mass term can explain the observed neutrino oscillations. However,
the neutrino masses are at least ten orders of magnitude smaller than the quark- and other
lepton masses. There is no satisfying reason why the neutrino couplings should be so much
smaller than the other Yukawa couplings.
A solution to this problem could be provided by the right-handed neutrinos. They are the
only SM particles carrying zero SU(3) and SU(2) × U(1) quantum numbers. Therefore,
they are the only SM particles being their own anti-particles and thus fulfilling the Majorana
condition (invariance under charge conjugation: ψ = ψc). This allows them to have an
additional mass term called the Majorana mass term:

LMaj,ν = −1
2
∑
i,j

(
ν̄cR,iMijνR,j + h.c.

)
. (1.7)

The Majorana mass term is not related to the Higgs mechanism and can be generated by
a non-renormalizable dimension five operator, suppressed by the energy scale Λ at which a
grand unified theory (GUT) is expected. Diagonalyzing the overall mass matrix produced
by the two mass terms yields three very light eigenstates, scaled by 1/Λ, and three heavy
eigenstates. This effect, commonly referred to as the Seesaw mechanism, could be an
explanation for the very light neutrino masses [71].

1.2.3 Neutrinoless Double Beta Decay

A direct implication of the Majorana mass term is that the neutrino would be its own anti-
particle. This makes possible a process called neutrinoless double beta decay (0νββ). As
can be seen in the schematic shown in figure 8, this is a double beta decay in which the two
neutrinos annihilate. More information about β-decays can be found in section 3.1.2.

Figure 8: Feynman diagrams of the 2νββ-decay (left) compared to the 0νββ-decay (right). Because
the final state neutrinos can not be measured due to their small interaction cross section,
these processes can only be distinguished based on the electron energy distribution.
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Figure 9: (b): Schematic of the summed up electron energy spectrum in a 2νββ-decay and the
expected additional signal from 0νββ-decay. The width of the 0νββ peak is only due
to the finite energy resolution of a detector. For an ideal detector the signal would be a
δ-function.

This process would have a very clear signature, a sharp peak at the Q-value, because the two
electrons carry the whole available decay energy, as can be seen in figure 9. Because of the
small neutrino scattering cross section it would, however, also be extremely suppressed with
respect to the already rare normal double β-decay (2νββ), which can only be measured in a
few isotopes. The 2νββ-decay was first measured by Inghram and Reynolds in 1950 using
130Te. This experiment was based on measuring the daughter nuclei and was therefore unable
to distinguish between 0νββ and 2νββ [72]. The first direct observation of the 2νββ-decay,
measuring the electron energy spectrum of 82Se, was achieved in 1987 in a time projection
chamber [73]. On the other hand, the 0νββ-decay has never been observed to this date.
Experiments, exploiting different detection techniques, are looking for this process in various
isotopes. The theoretically expected 0νββ-decay rate depends on the effective Majorana
mass, that is defined as 〈mee〉 = |

∑3
i=1 U

2
eimi| where mi are the diagonalized neutrino

masses and U is the neutrino mixing PMNS matrix. Thus, based on a null result and the
background model, a limit on 〈mee〉 can be calculated for all experiments. However, a proper
comparison between experiments using different isotopes is almost impossible because the
results strongly depend on the respective nuclear matrix elements which are not very well
known. For a given lightest neutrino mass, 〈mee〉 differs depending on whether the mass
ordering is normal or inverted. Therefore, 0νββ-decay experiments are also sensitive to the
neutrino mass ordering, as can be seen in figure 10.
The best current limit for the half-life of 136Xe is set by KamLAND-Zen [74] in a Xe-loaded
liquid scintillator. Future experiments with larger amounts of 136Xe, such as nEXO [75] and
NEXT-100 and NEXT-HD [76] are already planned. Other experiments, like GERDA [77] and
MAJORANA [78] used solid state germanium diodes enriched in 76Ge to look for 0νββ-decay.
GERDA was the first experiment to reach zero background in the region of interest. LEGEND,
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a merged collaboration from GERDA and MAJORANA, will further improve the 〈mee〉 limit
in the LEGEND-200 (under construction) and LEGEND-1000 (planned) experiments [79].
Finally, experiments like CUORE [80] use cryogenic bolometers to search for 0νββ-decay in
130Te. Also for this type, follow-up experiments such as CUPID [81] are being planned.

Figure 10: Effective Majorana mass mββ = 〈mee〉 plotted against the mass of the lightest neutrino
for the case of normal- (NH) and inverted (IH) mass hierarchy. The region excluded by
0νββ-experiments is shaded in blue. Figure from [82], modified from [83].

1.2.4 Solar Neutrinos

Neutrinos are not only interesting objects of research themselves, but are also carrying in-
formation about other physical phenomena. An example are the solar neutrinos which are
produced by various processes in the Sun. While the sunlight we see on Earth originates
predominantly from the Sun’s surface, neutrinos can reach the Earth from everywhere inside
the Sun due to their small interaction cross section. Their energy spectrum therefore con-
tains information about the internal structure of the Sun as for example about the relative
importance of the different fusion and decay processes in which neutrinos are produced.
Several experiments have measured solar neutrinos, as already mentioned in section 1.2.1.
After the SNO experiment which solved the solar neutrino problem, mainly Borexino remains
to be mentioned. This experiment achieved an energy threshold of 0.19 MeV, measured solar
8B neutrinos with high precision, and for the first time detected solar 7Be, pep, pp, and CNO
neutrinos [84, 85, 86]. However, the measured fluxes still permit several slightly varying solar
models and therefore need to be determined with higher accuracy.
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1.3 Simultaneous Search for Dark Matter and Neutrinos

In this chapter, various experiments employing diverse detection techniques for the search of
dark matter, 0νββ-decay and solar neutrinos have been presented. Despite large differences,
it is noticeable that these experiments push in the same direction: They all belong to the
class of rare event searches that have the main goal of reducing the background hiding
a possible signal. Although the potential signals are expected at different energies, this is
generally done by the same means. Low background experiments actively and passively shield
the detector, carefully select materials with low radioactivity, and an additionally rejection
background event-by-event in the data analysis. It can also be noticed that in the last
decades, most experiments scaled up their target mass in order to increase the exposure and
raise the chance of measuring a signal. These developments make it increasingly difficult
and expensive for experiments to improve their sensitivity and discovery potential in a short
time scale. Also, experiments start getting limited by the availability of required materials,
such as xenon or enriched germanium.
This raises the question weather a simultaneous search with different physics channels is
feasible. Regarding the possible target materials, xenon seems to be a very convenient choice.
Firstly, because the currently most sensitive dark matter experiments use liquid xenon as a
target material, secondly because xenon naturally contains 136Xe which is used by some
of the most sensitive 0νββ-experiments, and thirdly because the high density and atomic
number enhance the neutrino scattering rate. However, despite the advantage of pooling
forces and resources, such an experiment faces new challenges. For example, the level of
enrichment in 136Xe has to be carefully balanced to perform competitive measurements in
0νββ- and dark matter searches simultaneously, because the 2νββ background could hide a
possible dark matter signal. Also, the background has to be reduced in a wide energy range,
and the signal has to be read out with high efficiency and resolution in the entire region of
interest from vew keV to several MeV.
DARWIN, a next generation dark matter experiment, will try to overcome these challenges
and profit from the advantages of a simultaneous search. The project is described in detail
in the next chapter.
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2 The DARWIN Project and Its Vertical Demon-
strator

DARWIN is a proposed next-generation experiment that emerged from the experience gained
from the XENON experiments, with the idea of building the ultimate dark matter detector.
The detector will be a dual-phase xenon time projection chamber (TPC) with improved
sensitivity to WIMP searches compared to the currently running XENONnT experiment.
Thanks to its target mass of 40 t, DARWIN will also have high sensitivity to the 0νββ-
decay of 136Xe and to low energy solar neutrinos. The design and construction of such a
large detector poses huge challenges that require careful preparation. Parts of the required
technologies will be tested by an R&D project located at the University of Zurich, called
Xenoscope.
This chapter starts by explaining the working principle and benefits of TPCs filled with liquid
xenon. Then, the DARWIN experiment is described in detail. The chapter ends by explaining
the purpose and setup of the DARWIN Vertical Demonstrator.

2.1 Dual-Phase Xenon Time Projection Chambers

The use of a dual-phase TPC for WIMP detection was originally proposed by Barabash
and Bolozdynya in 1989 [87]. Xenon TPCs were then pioneered in the early 2000s with
the ZEPLIN I [88] and XENON10 [89] experiments. Today, three different collaborations
(XENON, LUX-ZEPLIN, and Panda-X) are employing and refining this detection technique
with the main goal of directly measuring WIMP dark matter. At the moment, they hold the
best exclusion limits in this discipline.
In this section, the working principle of a dual-phase xenon TPC and its components will be
explained in detail.

2.1.1 Xenon as a Detector Medium

Xenon is widely used in low background experiments. It is the heaviest non-radioactive noble
gas, with a high mass number (A = 131), enhancing the spin-independent WIMP-nucleon
cross section, proportional to A2. It has a natural abundance of 87 ppb in the Earth’s
atmosphere and can be found naturally as nine different isotopes, two of which, 124Xe and
136Xe, are radioactive. While 124Xe is very rare, 136Xe has an abundance of almost 9 % and
a half-life of 2.17×1021 years [90]. 136Xe undergoes 2νββ-decay and can be used in the
search for 0νββ-decay. The 129Xe and 131Xe isotopes can be used to probe spin-dependent
WIMP-nucleon interactions, due to their non-zero nuclear spin of 1/2 and 3/2 respectively.
Further, liquid xenon has a high density of 2.86 g/cm3 at 177 K [91] which allows for building
compact detectors with efficient self-shielding against penetrating background radiation from
outside.
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Besides these well-suited attributes, xenon is mainly used in astroparticle physics detectors
due to its excellent scintillation and ionization properties, which allow for discrimination
between nuclear- and electronic recoil events.
When a particle interacts in liquid xenon, the deposited energy is shared between ionization,
excitation of xenon atoms and heat. While the heat deposition can not be detected, ionized
(Xe+) and excited (Xe∗) states produce light in the detector through the following processes:
(Xe+) forms a bound state (diatomic molecule) with another xenon atom. This molecule
can recombine with a free electron, causing it to split up, releasing heat, and forming an
excited state. The full process can be written as

Xe+ + Xe→ Xe+
2 , (2.1)

Xe+
2 + e− → Xe∗∗ + Xe, (2.2)

Xe∗∗ → Xe∗ + heat. (2.3)

The excited Xe∗ state (exciton), which can also be produced directly, again forms a diatomic
molecule (excimer). In the de-excitation process, this molecule releases a characteristic xenon
scintillation photon of 178 nm wavelength (VUV light). This process can be written as

Xe∗ + Xe→ Xe∗2, (2.4)
Xe∗2 → 2Xe + hν. (2.5)

The number of produced scintillation photons, Nph, is therefore

Nph = a ·Nex + b · r ·Ni, (2.6)

where Nex and Ni are the number of excited and ionized xenon atoms, r is the fraction of
ionized atoms that recombine, and a and b are the photon production efficiencies, assumed
to be a ' b ' 1. It directly follows that the number of produced electrons is

Ne− = (1− r) ·Ni. (2.7)

Due to differing ionization processes, the ratio between Nph and Ne− is different for nuclear-
and electronic recoil events. More precisely,(

Ne−

Nph

)
ER

>

(
Ne−

Nph

)
NR

, (2.8)

which allows for background reduction through specific event selection [92].

16



Master Thesis The DARWIN Project

2.1.2 Working Principle

Figure 11: Illustration of the working principle of a dual-phase xenon TPC. LXe stands for liquid
xenon, while GXe stands for gaseous xenon. Figure adapted from [93].

A dual-phase TPC consists of a large volume of liquid noble gas such as argon or xenon,
with a small gas phase on top. As shown in figure 6, dual-phase TPCs can detect the en-
ergy deposited as charge and light while the heat is not accessible. This is done by viewing
the detector volume with photosensors. The scintillation process, depicted above for the
case of xenon, produces a prompt scintillation light signal, called S1, that can be directly
measured. Simultaneously, the electrons produced in the ionization process are accelerated
towards the gas phase in a uniform electric drift field. On top, the electrons get extracted
from the liquid by a second, stronger field. The accelerated electrons then produce an ampli-
fied electro-luminescence signal proportional to the charge in the gas phase, called S2. The
whole working principle of a dual-phase xenon TPC is illustrated in figure 11.
One of the main advantages of a dual-phase TPC is the three-dimensional position recon-
struction. The x- and y position can be deduced from the light hit pattern of the S2 signal
in the photosensors on top, because the electrons drift vertically upwards. The z position
can be calculated from the time delay of the S2 signal with respect to the S1 signal knowing
the electron drift velocity. This allows for selecting a fiducial volume in the middle of the
detector, making use of the xenon self-shielding, and cutting away events from regions with
enhanced background near the walls of the detector. In addition, the ratio between the mea-
sured S1 and S2 signal is proportional to the ratio between produced photons and electrons
in an event, since

Nph = S1/g1, and Ne− = S2/g2, (2.9)

where g1 and g2 are detector parameters called photon detection efficiency and charge ampli-
fication factor respectively. Therefore, similar to equation 2.8, the ratio between S2 and S1
signal allows discriminating very efficiently between nuclear- and electronic recoil events.
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2.1.3 General Setup

In order to operate a dual-phase TPC, several components are required that need to work
together. The exact design of them of course depends on the particular experiment. In the
following subsections, however, a more general overview of the most important subsystems
will be given.

Cryostat
Optimal detector conditions for a dual-phase xenon TPC are reached at a temperature
of roughly 177 K (−96 ◦C) and a pressure around 2 bar. These conditions are reached by
placing the TPC in a pressure-tight double-walled cryostat with vacuum insulation. The
cooling power can be provided by liquid nitrogen or by a pulse tube refrigerator, while the
temperature is fine-adjusted using a heater. Usually, the cryostat has a cylindrical shape and
is made out of steel.

Photosensors
Photosensors are the eyes of a detector and are crucial for the light-signal readout. Usually,
they are placed at the top and bottom of the TPC. Current experiments, like XENONnT
and LZ, use photomultiplier tube (PMT) arrays for this purpose. PMTs are widely used in
physics for light detection, also in other fields. The principle was invented already in 1936
[94] and has been optimized over many years for the use in xenon TPCs. PMTs relay on
the photoelectric effect to transform light into a charge signal. If a photon enters trough
the transparent window into the evacuated PMT, it first falls onto a photocathode where
a photoelectron (PE) is released. The PE is then accelerated through a focusing electrode
onto an electron multiplier dynode, where more electrons are produced. These secondary
electrons are then consecutively amplified in several dynode stages until a shower of electrons
falls onto the anode. Here the charge signal, proportional to the number of initial photons,
is read out. A schematic of the PMT working principle can be seen in figure 12.

Figure 12: Schematic of the working principle of a PMT.
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PMTs have the advantage of a good light detection efficiency for xenon scintillation light
(around 20 %) along with a low dark count rate at liquid xenon temperature (about 0.01 Hz/mm2)
[95]. However, they are expensive, somewhat bulky, and account for a significant fraction of
the radioactive background.
In the last years, another type of photosensor has moved into focus. Silicon photomultipliers
(SiPMs) are newer devices, used for the first time in a dual-phase xenon TPC in 2020 in
the Xurich-II experiment [96]. SiPMs are based on semiconductor technology and consist
of O(105) microcells. Every cell contains an n-doped region above a p-doped region on a
silicon substrate. If a photon hits a microcell, an avalanche of 105−106 electrons is released.
The cells operate in Geiger-mode, meaning that the produced charge is summed up in the
read-out electronics. A schematic of the SiPM working principle can be seen in figure 13. As
long as every microcell is hit by only one photon, the produced signal is proportional to the
number of initial photons. Above this threshold, SiPMs lose their linearity. SiPMs also have a
good VUV light detection efficiency similar to PMTs [97]. Their main advantage is the small
size that allows for good position reconstruction and low radioactivity. However, despite
improvements in the last years, their high dark count rate (about 1 Hz/mm2) and crosstalk
probability at the relevant temperature for a xenon TPC are still a problem [98, 96].

Figure 13: Schematic of the working principle of a SiPM.

Field Cage
In order to drift the electrons up and to extract them into the gas phase, two electric fields
have to be established in the TPC. This is done with a field cage that is immersed in the liquid
xenon inside the cryostat. It mainly consists of a sequence of concentric copper rings held
by pillars which create its cage-like appearance, as well as three electrodes: cathode, gate,
and anode. To keep the TPC transparent to light as much as possible on top and bottom,
the electrodes are three meshes on which individual voltages are applied. The cathode mesh
is located at the bottom, right above the photosensors. It operates at a negative voltage
to repulse the electrons. The gate mesh, usually operating around ground, is placed in the
liquid xenon directly below the gas phase. To keep the drift field, Edrift, between cathode
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and gate uniform throughout the whole liquid xenon volume, regularly spaced copper field
shaping rings with a constant voltage gradient surround the drift region. Finally, the anode
mesh is located in the gas phase on top, right below the photosensors. It operates at a
positive voltage to attract the electrons. The electric field on top, Eextraction, needs to
be stronger than the drift field to extract the electrons into the gas phase such that an
amplified S2 signal can be seen. To assure the homogeneity of Eextraction, the liquid xenon
level between gate and anode is continuously monitored by several level meters. The electric
fields and meshes are sketched in figure 11.

Gas System
Xenon TPCs feature an elaborate gas system for various purposes. First of all, it is needed
for filling and recuperating the TPC. In addition, during a science run, the gas system is
used to continuously purify the xenon. The xenon in a TPC needs to be extremely pure
for several reasons. On one hand, electronegative impurities, such as oxygen, can absorb
the drifting electrons resulting in a reduced charge readout (S2 signal), especially for events
located in the bottom region. On the other hand, water impurities are expected to reduce
the light production efficiency as found in liquid argon [99, 100] and radioactive impurities
contribute to the internal background. Usually, the impurities get filtered out of the xenon
by a hot metal getter placed in the gas flow. Recent experiments started to additionally use
a liquid purification system that is capable of quickly cleaning larger amounts of xenon [101].
Apart from that, the gas system can be used to introduce internal calibration sources into
the detector. More about this can be found in the section 4.4.1.

2.1.4 Coping With Backgrounds

In a TPC, different particle interactions can mask potential dark matter signals or neutrino
interactions. These background events have to be suppressed to reach the best possible
sensitivity. In order to do so, different backgrounds have to be addressed separately with
targeted measures. For that purpose, first, the main background sources have to be identified.
In general, they can be divided into two groups, radiogenic and cosmogenic backgrounds.

Radiogenic Background
One part of the background is due to radioactive α-, β-, and γ-decays in the vicinity of
the detector and is hence called radiogenic background. Its origin and characteristics are
described in detail in section 3.1. In general, this background is reduced by carefully selecting
materials with low radioactivity for the detector components. However, perfectly radiopure
materials do not exist. Therefore, different techniques are employed to further reduce this
background. Electrons and photons (β- and γ-rays) can be distinguished from the expected
WIMP signal because they produce electron recoil events in contrast to the searched nuclear
recoils. They can hence be eliminated in the data analysis using the fraction of S1- to S2-
signal. For the α particles, the situation is a bit more complicated. In liquid xenon, they
have a very short absorption length. Thus, if an α-decay takes place in the detector walls
or even outside the detector it can be avoided by fiducializing the volume, meaning that
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only events in the shielded center of the detector are considered. This also helps to further
reduce β- and γ-events originating from the walls. However, if an α-decay takes place inside
the liquid xenon itself, a fiducial volume cut does not help. Therefore, the liquid xenon
is cleaned before and during detector operation. Apart from that, α-decays can produce
neutrons in so-called (α,n) reactions. Neutrons are particularly unwanted in a TPC because
they produce nuclear recoil events very similar to the expected WIMP signal. They have,
however, a relatively short mean free path of O(10 cm) in liquid xenon [102] and hence most
often scatter multiple times in big detectors. Most neutron events can thus be rejected in the
data analysis by demanding single scattering events as expected for WIMPs. The remaining
background, caused by single scattering neutrons that escape the detector after the first
interaction, can be further reduced by an active neutron-veto surrounding the detector.

Cosmogenic Background
The other part of the background in a TPC is of cosmic origin and is therefore called
cosmogenic background. The majority of it are muons that are produced in the collision
of high-energy cosmic rays in the Earth’s atmosphere. These muons typically have a high
energy of O(1 GeV) at the surface of the Earth [103]. This is way above the expected WIMP
signals, but if the muons interact near or inside the detector, they can produce other lower
energetic particles like neutrons or kaons. To reduce the muon-induced neutron background,
rare event searches are conducted in underground facilities like LNGS [104], SNOlab [105]
and many others [106]. This drastically reduces the muon flux [107], as for example at
LNGS by a factor of 106, while shifting their energy distribution to higher energies [103].
Moreover, experiments are often placed in big water tanks featuring an active Cherenkov
veto in order to tag the muons and to stop neutrons that are produced in the rock. Apart
from muons, also neutrinos and γ-rays are part of the cosmogenic background. In contrast
to muons, neutrinos can not be avoided by placing the detector underground because of their
low interaction cross section. The neutrino background, sometimes called neutrino floor or
fog, therefore puts an unavoidable sensitivity limit for WIMP dark matter searches, shown in
figure 7 [108]. On the other hand, neutrinos themselves are an interesting physics channel.

Background Model
Even with all these measures, it is not possible to reduce the background to zero. To still
be able to find a hidden signal, a detailed background model has to be developed. For the
radiogenic part, this is done by first screening the materials of the detector components and
the lab environment. Then Monte Carlo simulations based on physics models are performed
to see how this background will propagate into the detector. Similar simulations are done to
determine the cosmogenic background. Here, the simulations have to rely on measurements
of the muon flux from other experiments as input parameters.
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2.2 DARWIN

DARWIN (DARk matter WImp search with liquid xenoN) is a proposed next-generation
experiment that will primarily be built to reach unprecedented sensitivity to WIMP dark
matter above 5 GeV/c2. In this region, it will probe the spin-independent WIMP-nucleon
interactions down to the neutrino fog and increase the current best limit of XENON1T
by two-, and the expected sensitivity from XENONnT and LZ by one order of magnitude.
The best sensitivity will be reached around 40 GeV/c2 (O(10−49 cm2)) [4]. In addition,
the DARWIN detector will have other promising physics channels. Due to the amount of
136Xe contained in the TPC (about 3.6 t), DARWIN will have excellent sensitive to the
0νββ-decay of 136Xe and probe the effective Majorana mass in the range of 〈mee〉 = 18-
46 meV [109]. Likewise, because of the contained 129Xe it will have high sensitivity to
spin-dependent WIMP-nucleon scattering and axial-vector couplings. Finally, DARWIN will
also reach excellent sensitivity to solar axions and axion-like particles, and measure super
nova- and solar neutrinos with high accuracy [4, 110].

2.2.1 Baseline Design

These goals will be accomplished by increasing the detector’s total mass to 50 t (40 t active
target) of liquid xenon and reaching an unprecedented low background level. To contain this
mass, the DARWIN TPC will have a cylindrical shape of ~2.6 m diameter and height, placed
in a double-walled cryostat. Two types of photosensors, PMTs and SiPMs, are considered
for the light readout in the top and bottom arrays. Also a combination of the two, for
example PMTs at the bottom and SiPMs on top, is possible. The external background will
automatically be reduced in such a big detector because of the xenon self-shielding. However,
the internal background is still a problem that needs to be addressed. This will be done by
continuously removing radioactive Kr and Rn isotopes from the xenon in distillation columns
[111] as already done in XENONnT and with a fast xenon purification system. To cope
with cosmogenic neutron background, the detector will be placed in an underground facility,
probably LNGS, and surrounded by a neutron-veto and a water shield featuring an active
Cherenkov veto [4].

2.2.2 Challenges

For building such a large dual-phase xenon TPC, it is not enough to just scale up the current
operating detectors. Several new challenges arise for DARWIN that need to be studied,
including:

• Generation of a uniform drift field of about 200 V/cm over 2.6 m, requiring very high
voltages and rigid meshes with good transparency.

• Efficient large-scale xenon purification system, to assure a long electron lifetime of
at least 2 ms and to reduce the internal background. XENONnT already reached an
electron lifetime of 7 ms but for a smaller amount of liquid xenon [112].
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• Photosensor arrays covering a large area with high light detection efficiency, good po-
sition reconstruction, low dark count and crosstalk rates, and low intrinsic background.

• Upscaling of the cryostat and TPC with high stability while keeping low radioactivity
levels.

These challenges are addressed in the DARWIN R&D program, for which two prototypes have
been built. One of them, a flat detector with the full diameter of DARWIN, called Pancake,
was constructed at the University of Freiburg. The other one, a Vertical Demonstrator with
DARWIN’s full 2.6 m height, called Xenoscope, has been designed and built at the University
of Zurich. This detector is the main topic of this work.

2.3 The DARWIN Vertical Demonstrator

The main purpose of the DARWIN Vertical Demonstrator, Xenoscope, is to prove that
drifting electrons in liquid xenon over a distance of 2.6 m is possible, which has to be shown
before DARWIN is built. It would be the first time to drift electrons over such a long
distance in liquid xenon. As already mentioned, this requires highly pure xenon and a uniform
vertical drift field. Therefore, also an efficient xenon purification system and a high voltage
distribution will be tested. Apart from that, a top array of SiPMs will be installed to examine
their performance at cryogenic conditions. After completing its mission, Xenoscope will be
available to test other detector components that could be used in DARWIN and to conduct
complementary experiments in liquid xenon. For example optical properties of the LXe, such
as the Rayleigh scattering length and refraction index, and electron diffusion are planned to
being measured [5].

2.3.1 Setup

The DARWIN Vertical Demonstrator was constructed in the high-bay area of the assembly
hall of the Department of Physics at the University of Zurich. In this room, a 4×4×4m3

support structure was built up from aluminum profiles. It consists of three parts, the inner
frame holding the weight of the xenon-filled cryostat and TPC, the outer frame providing
lateral support and holding the floor of the top level, and the stairs providing access to the
top level. The outer frame is closed off by acrylic windows to minimize dust accumulation
and can be entered through a door on the front side. Within the outer frame, the power
distribution cabinet of the high voltage system is placed. It can provide voltages up to 100 kV
and is therefore coupled to a multilayer safety system.
The TPC will be placed in the middle of the setup in a pressure-tight double-walled cryostat
with vacuum insulation. The inner part of the cryostat consists of five tubular sections of
24.8 cm inner diameter and a conical section on top to make more room for the instrumen-
tation, the photosensor array and cables. It can hold a maximum amount of 400 kg of liquid
xenon with a targeted amount of 390 kg during operation, and is fully enclosed by the outer
cryostat. The top flanges of the inner and outer cryostat are one connected piece. On top,
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Figure 14: Render of the complete Xenoscope assembly. The important subsystems, written in
italic in the text, are marked in the figure. Additionally, the positions of the conducted
background measurements, described in the next chapter, are marked by the pink filled
circles. Figure adapted from [5].

it is bolted to a triangular plate sitting on the leveling system that allows to accurately align
the TPC vertically. Additionally, the base of the outer cryostat is held in place from outside
by four locked centering arms. On top of the cryostat sits the cooling tower in which the
gaseous xenon, returning from the gas system, is continuously liquefied on a copper cold
head. To reduce energy consumption during operation, the returning gas is precooled in a
heat exchanger using the cold outgoing gas before entering the cooling tower.
The gas system can be used for filling the cryostat with xenon from the storage system and
recuperating it back. The storage system is designed for ten 40 l gas cylinders for longtime
storage under high pressure. Filling and recuperating can be achieved by cryopumping. For
this, the liquid xenon is heated and thus evaporates on one side, while the other volume is
cooled such that the xenon gas is recovered in it. For quicker recuperation, an additional
liquid recovery system was constructed. Its centerpiece, BoX (Ball of Xenon), is a spherical
pressure vessel into which the liquid xenon can flow directly from the cryostat by gravity.
During operation, the gas system, mounted on the gas panel, allows for efficient cleaning of
the xenon. For this, the xenon gas is pumped into the purification cycle by a compressor
after leaving the heat exchanger. There, electronegative impurities get filtered out of the
gaseous xenon by a hot metal getter. Afterwards, the xenon flows back to the heat exchanger
and reenters the cryostat [5]. A render of the full setup in which the important subsystems
are marked can be seen in figure 14. A picture of the completed Xenoscope detector can be
found in the appendix in figure 60.
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2.3.2 Purity Monitor and TPC

Xenoscope will pursue its goal of measuring electrons drift over 2.6 m in three stages. In the
first phase, a purity monitor (PM), fully immersed in liquid xenon, will measure electrons
drifting over 525 mm. This will give a first estimate of the achievable electron lifetime and
xenon purity. In the second stage, the PM will be upgraded to a fully functioning 1 m
dual-phase TPC, by adding the light readout and gas-phase on top. In the third phase, the
Demonstrator will finally reach its full height of 2.6 m. This will require an additional high
voltage feed-through at the bottom allowing for a cathode voltage of −50 kV. A render of
the TPC setup in which the important components are marked can be seen in figure 15.

Figure 15: Render of the top (left) and bottom (right) section of the TPC with the SiPM array. For
the PM, the anode mesh is replaced with a solid disk as the one of the photocathode.
The important components, written in italic in the text, are marked in the figure. Figure
adapted from [5].

The PM will measure the electron lifetime using four parallel electrodes. The photocathode,
placed at the bottom, consists of a quartz substrate coated with a thin metal film in the
middle. A xenon flash lamp is pointing at its center via an optical fiber to produce pho-
toelectrons through the photoelectric effect. On top of the setup, where usually the anode
mesh sits, a similar disk is placed, but without a flash lamp. In between, two meshes are
installed in order to apply the required voltages for the drift field. One of them (cathode
mesh of the TPC) is mounted just above to the photocathode, the other one (gate mesh of
the TPC) sits just below the anode disk. The two meshes create an intermediate 525 mm
electron drift region that is surrounded by copper field shaping rings of 15 cm inner diameter.
The copper rings are held in place by six polyamide-imide (torlon) pillars and locking blocks.
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The linear potential drop between the rings, required for the uniformity of the field, is pro-
vided by a chain of resistors. The electron lifetime, and thus the xenon purity, is measured
via electromagnetic induction: The induced current, produced by the drifting electrons, is
measured at the bottom between the photocathode and lower mesh and on top between
upper mesh and anode. The ratio of the two induced currents is proportional to the fraction
of electrons that reach the top and can therefore be used to calculate the electron lifetime
and xenon purity.
For the TPC, the drift region will be extended by adding another section of copper field
shaping rings for the second stage, and then three more sections for the final stage. In the
fully assembled TPC, 172 copper rings will cover the total height of 2.6 m. Additionally,
the disk on top will be replaced by the anode mesh. The liquid level will be lowered to a
level between the gate and anode mesh and monitored by several level meters. Above the
anode, an array of 48 Hamamatsu S13371 12×12mm2 SiPMs will be installed to measure
the produced S2 signal from the extracted electrons on top. The high dark count rate of
the SiPMs is not an issue for Xenoscope because data acquisition will be triggered externally
based on the pulsing of the flashlight [5].
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3 Background Measurements

The characterization of the expected background is crucial for the calibration of a detector
as well as later for the measurements to be conducted, especially in rare event searches.
The main background components for a dual-phase TPC have been described in section
2.1.4. Since Xenoscope is neither placed underground nor shielded against radiation, the
background level will be very high and therefore needs to be carefully studied.
This work addresses the radiogenic background in the DARWIN Vertical Demonstrator.
However, the simulation of the background originating from all the detector components,
as described in section 2.1.4, was not possible for this R&D project since not all materials
in and around the assembly hall have been screened. Therefore, a different approach was
chosen. Because the detector is not shielded, it was assumed that the main radiogenic
background comes from the concrete walls of the lab and hits Xenoscope from outside.
Using a thallium doped sodium iodide (NaI(Tl)) detector, high-energy photons in the keV to
MeV range (γ-rays) from this background were measured in the lab. Knowing the detection
efficiency curve of the NaI(Tl) detector and the branching ratios of the investigated decay
channels, the activities of the most important background components were calculated. In
a second step, described in chapter 4, a Geant4 Monte Carlo simulation was performed to
determine the fraction of radiation that makes its way through the steel walls of the detector
and deposits energy in the liquid xenon inside the TPC. It has to be noted that also the
cosmogenic background will be of great importance for the experiment, especially at high
energy from atmospheric muons. Therefore, an independent study of this background is
ongoing, but it is not subject of this thesis.
This chapter starts by introducing the basics of radioactivity and radiogenic backgrounds.
Then, the working principle of the NaI(Tl) detector is explained. In section three, the test run
is described with which the best operating voltage for the NaI(Tl) detector was determined.
Afterwards, the actual background run and the data analysis are explained. The chapter
concludes with the results of the measurements.

3.1 Basics of Radioactive Decays and Radiogenic Background

Out of more than 3000 known nuclides, only 257 are stable. All others will decay sooner or
later by emitting some kind of radiation. There are different mechanisms behind the different
kinds of decays but they all have in common that the probability of a single atom to decay
remains constant over time. Therefore, the number of radioactive atoms of a certain kind in
a given sample decreases exponentially over time:

N(t) = N0 · e−λt. (3.1)
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Here, N0 is the initial number of atoms and λ is the decay constant. It directly follows that
also the decay rate R shows the same behaviour:

R(t) = −dN(t)
dt

= λ ·N0 · e−λt = R0 · e−λt, (3.2)

where now R0 is the initial decay rate. One can easily see that the whole decay is dictated
by one parameter, λ. This decay constant is linked to the mean lifetime τ and the half-life
t1/2 by the relations

τ = 1
λ

and t1/2 = ln(2)
λ

, (3.3)

where τ is defined as the average lifetime of all the atoms in a sample and t1/2 is the time
after which half of the atoms of a sample have decayed away [59].

3.1.1 α-Decays

In an α-decay, the nucleus of the parent atom emits an α-particle which is nothing else than
the nucleus of a helium atom 4

2He. Therefore, the number of neutrons N and protons Z
both decrease by 2 while the number of nucleons A decreases by 4. A generic α-decay can
hence be written as

A
ZX −→A−4

Z−2 Y + α. (3.4)

Because of energetic reasons such decays can only happen if the mass of the radioactive
parent nucleus is greater than the sum of the masses of the decay products. Using Einstein’s
mass-energy equivalence, the total released energy Q (Q-value) can be written as

Q =
(
m(AZX)−m(A−4

Z−2Y )−m(α)
)
· c2, (3.5)

where c is the speed of light and the electron mass is neglected because it is much smaller
than the mass of the α-particle and the other nuclei. Since the mass of a generic nucleus
is

m(AZX) = Zmp + (A− Z)mn −
EB(AZX)

c2 , (3.6)

with proton mass mp, neutron mass mn, and binding energy EB, Q can also be written as

Q = EB(A−4
Z−2Y ) + EB(α)− EB(AZX). (3.7)

The binding energy can be calculated using the semi empirical liquid drop model [113]:

EB(AZX) = avA− asA2/3 − ac
Z2

A1/3 − aa
(N − Z)2

A
+ δ(Z,A),

where δ(Z,A) =


+apA−1/2 for A even Z, N even
−apA−1/2 for A even Z, N odd

0 for A odd

(3.8)
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Here, all parameters ai are experimentally determined, δ(Z,A) is called the pairing energy
term. It can be seen that the binding energy decreases for large nuclei, therefore all very
heavy nuclei (Z > 82) are theoretically unstable to α-decays. However, the α particle only
carries the whole decay energy Q for transitions directly to the ground state of the daughter
nucleus. The energy spectrum of α-particles emitted by heavy nuclei therefore show several
sharp peaks with energies smaller than Q as can be seen in figure 16. The rest of the energy
is emitted as a γ-ray during the deexcitation of the daughter nucleus.

Figure 16: α-particle energy spectrum from 227Th decay. The highest energy α-particle corresponds
to a decay directly into the ground state of 223Ra with Q = 6.04 MeV. Figure from [59].

Already in 1911 an empiric relation between the maximum released energy Q and the half-life
t1/2 for α-decays was found, called the Geiger-Nuttall rule:

ln(t1/2) = k1√
Q

+ k2. (3.9)

Here k1 and k2 are experimentally determined constants. Later, this behavior was explained
by treating the α-decay as a barrier-penetration phenomenon, where the α-particle tunnels
through the Coulomb potential of its parent. The higher its energy, the narrower the potential
barrier through which it has to tunnel and hence the sooner a decay happens [59].

3.1.2 β-Decays

In contrast to the α-decay, in β-decays the number of nucleons A remains constant while
Z and N change by ± 1. There are three decays of this kind that can be distinguished:
β−-decays, β+-decays and electron capture. From the liquid drop model, shown in equation
3.8, it can be seen that neutron-rich atoms will tend to decay by β− emission while proton-
rich atoms will tend to decay by β+ emission or electron capture. This can also be seen in
figure 17.
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Figure 17: Masses of atoms with constant number of nucleons A plotted against Z, for A odd
(left) and even (right). β−-decays are marked with green arrows, β+- and EC-decays are
marked with blue and violet arrows respectively, and double β− decays are marked with
red. It can be seen that for even A, because of the pairing energy term, there are two
parabolas for Z even and uneven respectively. Because of this, only nuclei with even A
and Z predominantly undergo double β-decay.

β−-Decays
In the β−-decay a neutron changes into a proton by emitting an electron and an anti-electron
neutrino. This process can be written as

A
ZX −→A

Z+1 Y
+ + e− + ν̄e. (3.10)

Again, it can only take place if the parent atom is heavier than the daughter and the electron
and neutrino together. Since neutrinos are almost massless the Q-value reads

Q =
(
m(AZX)−m(AZ+1Y

+)−me

)
· c2, (3.11)

where me is the electron mass and c is the speed of light. To obtain the formula in terms of
a neutral daughter atom the mass of one electron has to be added because m(AZ+1Y

+) =
m(AZ+1Y )−me. Therefore

Q =
(
m(AZX)−m(AZ+1Y )

)
· c2. (3.12)

β+-Decays
The β+-decay is pretty much the opposite of the β−-decay. A proton changes into a neutron
by emitting a positron and an electron neutrino. This process can be written as

A
ZX −→A

Z−1 Y
− + e+ + νe. (3.13)
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The decay energy Q reads

Q =
(
m(AZX)−m(AZ−1Y

−)−me

)
· c2, (3.14)

where me this time is the positron mass, which is the same as the electron mass. Note that
here the daughter atom with nuclear charge (Z - 1) has Z electrons. To obtain the formula
in terms of a neutral daughter atom the mass of another electron has to be subtracted and
one arrives at

Q =
(
m(AZX)−m(AZ−1Y )− 2me

)
· c2. (3.15)

Thus, β+-decays can only happen if the energy difference between the parent and daughter
nucleus is at least 2mec

2 = 1.022 MeV.

Electron Capture
Electron capture (EC) is very similar to the β+-decay but here the proton changes into a
neutron by capturing an electron, usually from the innermost shell. This process is typically
competing with β+-decay. It can be written as

A
ZX −→A

Z−1 Y + νe. (3.16)

and the decay energy Q simply reads

Q =
(
m(AZX)−m(AZ−1Y )

)
· c2. (3.17)

Because the captured electron leaves behind a hole in the atomic shell, EC decays are accom-
panied by a cascade of X-rays from electron rearrangement and Auger-Meitner electrons.

Double β-Decays
Double β-decay (2νββ) is a process in which two β−- or β+-decays take place at the same
time. In case of β−-emission, this process can hence be written as

A
ZX −→A

Z+2 Y
2+ + 2e− + 2ν̄e. (3.18)

Because simultaneous β-decays of two neutrons/protons is very unlikely, this process can
only be observed in isotopes for which the usual β-decay is energetically forbidden. From
the liquid drop model in equation 3.8, also shown in figure 17, it can be seen that this can
only be the case for nuclei with even A and even Z.
In contrast to α-decays, in β±-decays not all energy is given to one particle but shared
between the electron/positron and anti-neutrino/neutrino. This leads to a continuous energy
spectrum of the emitted electrons, where only very few have an energy near the total available
energy Q as can be seen in figure 18. Historically, the fact that the energy spectrum is not
discrete led to the prediction of a new particle by Wolfgang Pauli in 1930, later it was called
the neutrino [59].
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Figure 18: Schematic of the electron energy spectrum in a β-decay. If the electron does not have
the total decay energy Q, the missing energy was carried away by a neutrino.

3.1.3 γ-Decays

In a γ-decay, a nucleus in an excited state decays to its ground state or another lower energy
state by emission of a photon. Unlike in an α- or β-decay, the isotope does not change. It is
the analog of light emission in the deexcitation of excited atoms (X-ray) but in contrast to
atoms where the spacing of the energy levels is O(eV), nuclear energy levels are O(MeV). As
in atoms, the energy levels are unique for every isotope. Because the nuclear energy levels
are discrete also the γ-ray energy spectrum of a particular nucleus shows sharp peaks.
γ-decays typically follow shortly after α- or β-decays because the half-life of the excited
states is very short, usually O(ps) [114]. However, there are exceptions called metastable
states that can have half-lives of the order of hours or even years. They are the consequence
of quantum mechanical selection rules that forbid certain transitions based on conservation
laws. An example is 83mKr, that is often used in the calibration of TPCs and has a half-life
of 1.83 h [115, 59].

3.1.4 Most Important Backgrounds and Decay Chains

Natural radioactivity can originate from two kinds of radionuclides. Radionuclides of the
first type were generated during the nucleosynthesis or in supernovae billions of years ago,
but they did not decay yet because of their long half-life, of at least the order of the age of
the Earth (about 4.5×109 years). All radionuclides of the second type must continually be
produced in the decay of other isotopes or by different nuclear reactions.
Because in an α-decay the number of nucleons, A, changes by four while in β- and γ-decays
A does not change, there are in principle four possible decay chains. All isotopes of a given
chain have A = 4n, (4n+ 1), (4n+ 2), or (4n+ 3), with n ∈ N. For each chain, it is suffi-
cient if there is one long-living radionuclide of the first kind such that the whole subsequent
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chain can still be found in nature. This is clearly the case for two of the four chains, namely
the ones starting at 232Th and 238U which have half-lifes of 1.4×1010 years and 4.5×109

years respectively. Because after such a long time almost all other initially present isotopes
of the chain with a short lifetime decayed away, the activity of the whole decay chain is
dictated by the activity of the long-lived isotope. Other short lived isotopes that also lead to
these chains but are not constantly produced, can be assumed to not be present anymore.
Another chain starts with 235U, which has a half-life of about 7×108 years. This chain can
still be found on Earth but its abundance is already strongly reduced. Finally, the chain
starting at 237Np contains no such long-living isotope. A scheme of the two decay chains of
interest for this study, 232Th and 238U, is displayed in figure 19.

Figure 19: Schematic of the 232Th (left) and 238U (right) decay chains. Figure adapted from [116]
and [117], the relevant numbers were crosschecked with the decay plots based on data
from [115].

In principle, there could additionally be some other light isotopes that do not belong to a
decay chain but are long-lived enough to be still present today. Indeed there is one such
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isotope with a high abundance, namely 40K with a half-life of 1.2×109 years. As can be seen
in figure 20, 40K together with the two decay chains from above give the biggest contribution
to the radiogenic background on Earth. These isotopes can be found in all kinds of rocks
and everything that is made out of it, as for example concrete [118].

Figure 20: Erth’s radiogenic heat production from its creation about 4.5×109 years ago until today.
At this day and age, the main contribution comes from 232Th and 238U. Figure from [119].

3.2 Working Principle of an NaI(Tl) Detector

For the measurement of the radiogenic background in the assembly hall where Xenoscope
is located, an NaI(Tl) detector of the company Saint Gobain, model 3M3/3, was used. A
picture of it can be seen in figure 21.

Figure 21: Picture of the NaI(Tl) detector used for the background measurements in this work. The
whole detector is coated with aluminum to shield it against α- and β-radiation and to
protect the NaI(Tl) crystal and PMT.
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An NaI(Tl) detector consists of two main building blocks, a cylindrical NaI(Tl) crystal of
7.62 cm diameter and height mounted on a 3" PMT. The NaI(Tl) acts as a scintillator: It
produces light when a γ-ray hits it and deposits energy inside of it. The amount of light
produced is proportional to the amount of deposited energy. This light travels through the
crystal and some of it falls onto the photocathode of the PMT. The PMT then converts the
light into a voltage signal. See section 2.1.3 and figure 12 for details about PMTs. Because
of the working principle of the PMT, the voltage signal is still proportional to the amount of
energy deposited in the NaI(Tl) crystal. The signal is then digitized by a DAQ module and
stored in root files that can be processed and analyzed.

3.2.1 γ-Ray Detection With a Scintillator

The detection of γ-rays is based on their interaction with electrons in the scintillator material.
In this interaction, the photon transfers its energy to electrons, which thereon lose their
energy through ionization, excitation of atoms, or Bremsstrahlung. Ideally, in the end, the
whole energy of the γ-ray is transformed into visible light. One can distinguish three types of
interactions of γ-rays with electrons in matter: the photoelectric effect, the Compton effect,
and pair production. Each of these interactions is dominant in a different energy window as
can be seen in figure 22. This section follows the book by G. Knoll [114].

Figure 22: (a): Relative importance of the three main interaction types in a scintillator depending
on the radiation energy and the atomic number Z. Figure from [114].

Photoelectric Effect and the NaI Escape Peak
The photoelectric effect is an inelastic process in which a photon is absorbed completely by
an atom which releases a so-called photoelectron. This is an electron that was knocked out
of one of the atomic shells and carries the γ-rays energy minus its previous binding energy.
A scheme of this process can be found in figure 23 (a). If the electron originated from a
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lower shell, the hole is quickly filled by electron rearrangement. In this process, the previous
binding energy gets liberated in the form of characteristic X-rays (similar to nuclear γ-rays
but with lower energy in the eV to keV range) or Auger electrons. The photoelectric effect
is strongly enhanced for absorber materials with high atomic numbers. The probability is
proportional to Zn with n between 4 and 5 depending on the energy region.
A typical feature of spectra taken with NaI and NaI(Tl) detectors is the double peak structure
of low-energy peaks. Sometimes when a γ-ray hits the NaI(Tl) crystal its energy gets
absorbed by a K-shell electron of the iodine which leaves behind a hole. When this hole
is then occupied by an L-shell electron, a characteristic X-ray of about 30 keV is released.
Sometimes this photon escapes the crystal without getting reabsorbed. Therefore a second
(smaller) peak can be found about 30 keV below the main peak at low energies. At high
energies, the detector resolution is not good enough to resolve the escape peak. An example
of this can be found in figure 25 (a).

(a) (b) (c)

Figure 23: Illustrations of (a): The photoelectric effect, (b): Compton scattering, and (c): pair
production. Figures inspired by [114].

Compton Scattering
In this interaction process, the γ-ray scatters elastically on a shell electron. Thereby the
incoming photon gets deflected by an angle θ and transfers a fraction of its energy to the
electron. A diagram of the process can be found in figure 23 (b). For small angles θ only little
energy is transferred, while the maximum energy is transferred if the photon is scattered back
at an angle θ = π. Because all scattering angles are possible the electron energy distribution
has a flat shape, called the Compton continuum, until at θ = π the maximum energy is
reached, called the Compton edge. The probability of Compton scattering depends on the
number of electrons available and therefore scales linearly with Z.

Pair Production
The last significant γ-ray interaction is pair production. A schematic of the process can be
found in figure 23 (c). It takes place in the Coulomb field of a nucleus in the absorbing
material, where an electron-positron pair is created. For this to happen, the γ-ray needs at
least an energy of 2mec

2 (1.022 MeV), where me is the electron mass and c is the speed of
light. This process is most often followed by the annihilation of the positron with another
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electron in the absorbing medium, where they are replaced by two annihilation photons of
energy mec

2 each.

Scintillation process
The scintillation process in NaI(Tl) is fundamentally different from the one in liquid xenon
because the used NaI is a solid crystal. Its energy band structure features a valence band
in which the electrons are bound to their atoms and a conduction band, separated from the
valance band by a band gap. The energy, absorbed through one of the processes described
above, can lead to the elevation of an electron into the conduction band, leaving a hole in
the valence band. In a pure NaI crystal, the return of an electron into the valence band
by photon emission is very inefficient. For this reason the crystal is activated (doped) with
thallium, modifying the band structure and creating states in the forbidden band gap. If an
electron-hole pair encounters such a modified site, the electron can deexcite back into the
valance band producing a photon in the visible range around 415 nm.

3.2.2 Intrinsic Background

Every material suffers from a small amount of impurities. In an NaI(Tl) detector this can
lead to an intrinsic background originating from the NaI(Tl) crystal itself and the PMT. The
activity of the used detector was determined in [120] for 40K and the 238U and 232Th decay
chains. It was measured by putting the NaI(Tl) detector in a box of archaeological lead with
a minimal wall thickness of 15 cm. The box was flushed with nitrogen in order to get rid of
the airborne radon contamination. The lead was screened before in the germanium detector
Gator [121] at LNGS. Then the rate was measured with the NaI(Tl) detector and compared
to a Geant4 Monte Carlo simulation of the background originating from the lead shield itself
[122]. The observed difference was attributed to the intrinsic contamination of the NaI(Tl)
detector. The numbers thus determined are summarized in table 1.

Isotope 40K 238U 232Th
Intrinsic activity [Bq/kg] 1.6 ± 0.3 0.25 ± 0.08 0.8 ± 0.2

Table 1: Intrinsic activity of the 3" NaI(Tl) detector which has to be subtracted from the measured
values. The total weight of the detector is 2.08 kg. Values from [120].

3.3 Test Data: Processing and Operating Voltage

3.3.1 Measurement Procedure

Before measuring the radiogenic background in the lab, a series of test data-sets was taken.
This was mainly done in order to determine the best operating voltage for the NaI(Tl)
detector. For this purpose, the NaI(Tl) detector was shielded from external radiation using
lead bricks. Then a 137Cs and a 57Co source were attached on the front of the detector. The
energies and intensities of their main peaks can be found in table 2. Six datasets with positive
operating voltages from 800 V to 1300 V were taken with a statistic of 105 events each. The
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signal of the detector was digitized using a CAEN V1730 analog to digital converter board
(ADC) . For triggering an event, the threshold dependent internal trigger of the ADC was
used. Further a data acquisition framework (DAQ) developed by Julian Wulf was employed
[93] to store the data. It was set to save for every event a window of 10 µs length, with the
peak placed in the middle, in a ROOT file.

Isotope 57Co 137Cs
Energy Eγ 122.1 keV 661.7 keV

Intensity Iγ [%] 85.6 ± 0.2 85.1 ± 0.2

Table 2: Energies and intensities of the γ-lines of the sources used for the determination of the best
operating voltage. The energies are given without uncertainties because they are known up
to at least five digits. Values from [115].

3.3.2 Processing

The goal of processing is to simplify the subsequent analysis. A convenient side effect is
that the amount of storage needed for the data files is strongly reduced. This is because
instead of the whole digitized waveform, after processing for each event only the relevant
information like time, amplitude, position, width, and integrated area of the peaks is stored
in a root file. Additionally, every event is assigned an event number. The most important
information is the integral of the peak, which is proportional to the charge Q produced in
the PMT and therefore also proportional to the energy of the event. This can be seen by
recalling the definition of the current I and Ohm’s law:

I = dQ

dt
and U = R · I. (3.19)

Here U is the measured voltage and R is the resistance over which the voltage was measured,
in this case the input impedance of the ADC. Combining the two equations leads to

Q =
∫
Idt = 1

R

∫
Udt. (3.20)

For this work, WARP was used, a processor also written by Julian Wulf and available on
Github1. The code first flips the waveform according to the polarity of the signal and puts
the baseline to zero. Then it takes a sample of noise and calculates its root mean square
(RMS). The size of the noise sample and whether it is taken from the left or right end of
the waveform can be set by the user. Next it starts scanning through the wavefrom. If the
signal exceeds a certain threshold an event starts. It integrates the peak by summing up the
measured voltages in all bins until the signal falls back under the threshold. The event is
only stored if the signal in the meantime exceeded another, higher threshold. In this way,
the front and especially the long tail of the waveform are also integrated while high noise
peaks are avoided. The algorithm then continues scanning through the waveform to look for

1https://github.com/Physik-Institut-UZH/WARP, Accessed: 03.11.2021
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other peaks. The thresholds can be set by the user in units of the RMS calculated before
and is therefore dynamically adjusted. An example of waveform processed by WARP can be
seen in figure 24.

Figure 24: Example of a waveform processed with WARP. The waveform is plotted in blue while the
areas over which the algorithm integrated are shaded in red. The region from which the
RMS is calculated is marked by the pink line and the resulting high and low threshold are
shown by the orange and green dashed lines respectively.

3.3.3 Determination of Operating Voltage

The optimal operating voltage was set by looking for the best energy resolution achieved in
the different files. The resolution, R, was defined as

R = FWHM

H0
= 2.355 · σ

H0
, (3.21)

where H0 is the center of a peak an FWHM its full with at half maximum. Under the
assumption of a Gaussian shaped peak, the FWHM can easily be calculated form the
standard deviation σ. In order to find R, first, the total charge of all events in the processed
datasets was histogrammed, such that the 661 keV peak of 137Cs and the 122 keV peak of
57Co become visible. The two peaks were then fitted with a Gaussian function, as in figure 25
(a), in all datasets. Finally, the energy resolution R was calculated for each peak and plotted
as a function of the operating voltage as can be seen in figure 25 (b). For the 800 V and
900 V datasets, this was not possible because the low energy 57Co peak at 122 keV vanished
in the background. It can be seen that the detector resolution increases at higher operating
voltages but then starts getting worse above 1200 V. Therefore, 1200 V was identified as the
optimal voltage and all the following measurements were taken at this operating voltage.
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(a) (b)

Figure 25: (a): Gaussian fit to the 57Co and 137Cs peak in the 1200 V dataset. Because the energy
calibration was not performed yet, the x-axis is in arbitrary units. The 57Co peak on the
left has a double peak structure due to escaping photons. Also at twice the 57Co peak
charge, a small pileup peak can be seen. Due to the high 57Co activity, some events
follow each other to quickly for the processor to differentiate them. For the background
data where the rate is much lower this is not a problem. (b): Energy resolution R of
the 137Cs and 57Co peaks plotted against the corresponding operating voltage. The best
energy resolution was observed at 1200 V.

3.4 Background Data: Measurement and Analysis

3.4.1 Measurement Procedure

The background measurement was conducted at two different locations in the assembly hall,
where the DARWIN Demonstrator is located: One on top of the platform, and one beside
the bottom part of the detector. The locations of the measurement are marked in figure
14 and can also be seen in figure 31. The data acquisition was performed in the same way
as described in section 3.3.1 but with a CAEN V1724 ADC. For this run, the previously
determined optimal operating voltage of 1200 V for the NaI(Tl) detector was set. At both
locations, 20 data-sets containing 5× 105 events each were taken during about 12 hours.

3.4.2 Energy Calibration

First, the collected data was processed as described in section 3.3.2. Then, the datasets were
calibrated using the well-known energies of certain γ-peaks in the background spectrum. The
considered peaks along with their energies and intensities can be found in table 3. Each of
those peaks was fitted with a Gaussian function. Then, the peak energies were plotted
against their position and a linear fit was performed through the data points in order to find
the linear ADC units to energy conversion factor. The procedure is displayed in figure 26.
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Isotope 40K 214Bi 208Tl
Energy Eγ 1.46 MeV 1.76 MeV 2.61 MeV

Intensity Iγ [%] 10.66 ± 0.13 15.30 ± 0.03 99.754 ± 0.004

Table 3: Energies and intensities of the γ-lines used for the determination of the background rates.
The energies are given without uncertainties because they are known up to at least five
digits. Values from [115].

(a) (b)

Figure 26: (a): Gaussian fit to the 40K, 214Bi and 208Tl peak from left to right on the example of the
bottom data-set. The different binning of the charge, compared to the test data, is due
to the use of a different ADC model. (b): ADC bin position of the peaks plotted against
their energy with a linear fit that can be used for the bin number to energy conversion.
The error bars represent the σ of the fitted Gaussian.

3.4.3 Measurement of the Background Rate

To obtain the full background rate spectrum in a binning independent way, the following
procedure was applied: First, the data was corrected according to the NaI(Tl) detector
efficiency curve that is displayed in figure 27 (a). For each energy bin, the number of entries
was divided by the detector efficiency at the corresponding energy to get the number of
events that really hit the detector. Then the number of counts was divided by the total
measurement time to get the rate, and by the bin width of the histogram in order to make
the curve independent of the binning. The result of this procedure for the datasets taken
at the top and bottom of the detector can be found in figure 27 (b). It can be seen that
the background rate on top of the platform is about 1.4 times as high as at the bottom.
The reason for this is not entirely clear. A possible explanation is that the walls in the lower
part of the hall, which are made of bricks, are less radioactive than the concrete walls on
top. Another explanation could be another radioactive object near the measurement on top.
However, no such object could be identified with a Geiger counter.
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(a) (b)

Figure 27: (a): Efficiency curve of the NaI(Tl) detector, values taken from [122]. (b): Background
rate after calibration and efficiency corrections for the data taken on top and bottom of
the Demonstrator.

3.5 Results

The goal is now to obtain the activity of the most important radioactive background com-
ponents in the lab from the background rates calculated above. In order to achieve this,
first, the relevant peaks were fitted with a Gaussian curve including a linear background.
Integration over a peak gives the rate of the decay channel of the underlying γ-line. This
corresponds to the green shaded areas in figure 28. The area can easily be calculated from
the fit parameters since the total area under a Gaussian curve is

A = a · σ ·
√

2π, (3.22)

where a is the height of the peak and σ is the standard deviation. The total rate measured
in the NaI(Tl) detector can then be calculated for each decay by dividing the area A by the
intensity of the corresponding γ-line of the decay, listed in table 3. The resulting numbers
can be found in table 4.

position 40K rate [Hz] 214Bi rate [Hz] 208Tl rate [Hz]
top 48.7 ± 0.5 3.59 ± 0.11 0.94 ± 0.01

bottom 27.5 ± 0.4 2.73 ± 0.08 0.646 ± 0.007

Table 4: Measured decay rates of background components from which γ-rays hit the NaI(Tl) detec-
tor. The ratio of the values on top and bottom matches very well the trigger rate during
data taking, where on top a rate of 250 Hz was observed, compared to 170 Hz at the bottom.
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(a) (b) (c)

(d) (e) (f)

Figure 28: Gaussian fits to the 40K, 214Bi and 208Tl peak from left to right in the background data.
The plots (a), (b), and (c) are from the data taken on top, plots (d), (e), and (f) belong
to the data taken at the bottom. The difference between the rates on top and bottom
can clearly be seen.

From these numbers also the rates of the corresponding decay chains can be calculated. In
case of 214Bi this is trivial. All isotopes in the 238U decay chain are assumed to have the
same activity as 214Bi because the long lived 238U dictates the activity of the whole chain. In
case of 208Tl the branching ratio Br(212Bi→ 208Tl) = 35.94 % has to be taken into account
[115]. This directly gives the measured background rates shown in table 5. To finally arrive
at the actual rate RNaI with which the detector is hit from outside, the intrinsic background
of the NaI(Tl) detector, described in the section 3.2.2, has to be subtracted from these
numbers.
In some experiments an imbalance of the activities of the first part of the decay chain (from
238U to 230Th) compared to the second part (from 226Ra on) was observed [123]. Therefore,
often the two parts of the chain are simulated separately. However, with this measurement
no distinct rate for the first part of the decay chain can be calculated because only the three
high energy γ-peaks treated above are clearly visible in the spectrum. Therefore, as a best
guess, it was assumed that the whole decay chain is in equilibrium and thus has the same
activity. The same holds for the 232Th chain that is often split between 228Ac and 228Th.
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position 40K rate [Hz] 238U rate [Hz] 232Th rate [Hz]
top 48.7 ± 0.5 3.59 ± 0.11 2.61 ± 0.03

Measured bottom 27.5 ± 0.4 2.73 ± 0.08 1.80 ± 0.02
top 45.3 ± 0.8 3.1 ± 0.2 0.9 ± 0.4

RNaI bottom 24.1 ± 0.7 2.1 ± 0.2 0.1 ± 0.4

Table 5: Calculated rates of 40K as well as of the two decay chains without (first row) and with
(second row) subtraction of the intrinsic background of the NaI(Tl) detector. It can be
seen that the correction is small for 40K and 238U, while for 232Th a big fraction of the
events are coming from internal background.

Error Estimation
The uncertainty on the measured rates was calculated from the fitting parameters’ covari-
ance matrix returned by the fitting algorithm (scipy.optimize.curve_fit 2). By diagonalizing
this matrix one can get the uncertainties on the individual fitting parameters assuming no
correlation between them. Then the uncertainty on the area can easily be calculated using
Gaussian error propagation on the formula 3.22. However, the uncertainties on the final
background rates RNaI , shown in table 5, are dominated by the uncertainties on the internal
background, listed in table 1.

2https://github.com/scipy/scipy/blob/master/scipy/optimize/_minpack_py.py#L533-L839,
Accessed: 23.11.2021
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4 Simulations

In this chapter, the simulations of different calibration sources and the expected radiogenic
backgrounds in the DARWIN Vertical Demonstrator are described. The simulations were
performed with Geant4 version 10.5 [6], a toolkit for the simulation of the passage of particles
through matter.
After a short introduction to Geant4, this chapter follows the work flow of a simulation. It
starts with the implementation and visualization of the detector geometry and then describes
the simulation runs for the backgrounds and different calibration sources. For the external
sources, additionally, a calibration setup is proposed which was also implemented in the
simulation geometry.

4.1 Simulation With Geant4

Geant4 (GEometry ANd Tracking) is a C++ based object-oriented simulation toolkit for
Monte Carlo simulations of the passage of particles through matter. It has applications in
(astro-/)particle physics, nuclear physics, accelerator design, space engineering and medical
physics. Geant4 was initialized at CERN as the followup of Geant3 in 1994. It was developed
by a worldwide collaboration of scientist and engineers called RD44, and completed in 1998.
A key requirement for Geant4 was its flexibility for different applications. Therefore, it was
designed as a modular toolkit that offers class categories with coherent interfaces such that
every user can assemble his/her program at compile time. On the one hand, it provides
predefined modules for the implementation of the detector geometry, user interfaces, particle
tracking, and visualization. On the other hand it also features libraries containing physical
models and processes as well as experimentally determined data of particles and atoms. For
the simulation of radioactive decays, Geant4 provides a decay module that contains all decays
of the decay chains with their α-, β-, and γ-particle energy spectra [6].

4.1.1 General Working Principle

For a simulation, first, the geometry of the detector has to be implemented in the Geant4
framework. The geometry has to contain information about the materials from which the
components are made of. This process for the Xenoscope is described in section 4.1.2. Once
this part of the code is set up, it can be compiled and not modified again. One can then use
macros to still communicate with the code and to specify, for example, the type, direction,
and energy of the radiation Geant4 should simulate. A simulation run is stored in a ROOT
file that contains for every simulated event its event number, the deposited energy of every
step inside the active volume with its position and time, as well as information about the
type of interaction and involved particles.
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4.1.2 Implementation of Geometries

For the implementation of the geometry, first, a world volume has to be defined. This is the
largest volume and the only one that does not have a mother volume, that is, a volume in
which it is placed. The lab and detector parts first have to be designed, and then assembled
in that volume. This is done in three steps:

• First, a so called solid has to be defined which is just a geometrical object. Geant4
provides different objects to choose from to create solids, for example boxes, cylinders,
tubes, or polygons. The dimensions of all those shapes have to be adjusted manually.
More complex shapes can be built by cutting out one object from another, or by joining
them.

• Then, every solid has to be turned into a logical volume by assigning a material to it.
A material can be defined by specifying its name, density, and the atomic components
it consist of. The elements can be imported from a library or defined by hand.

• Finally, the logical volume has to be placed in a mother volume in order to become a
fully defined physical volume. The mother volume can be the world volume or every
other logical volume, but at least one logical volume needs to have the world volume
as its mother volume. The volume that needs to be placed has to completely overlap
with its mother volume, but must not overlap with any other volume that was placed
in the assembly so far. To check this, Geant4 has a built-in test that raises an error
if an overlap is detected. In the end, all volumes must be physical volumes except for
the world volume.

4.1.3 Visualization Using Geantino Simulations

Because the whole geometry is implemented in code only, without a graphic interface, it
is very hard to spot mistakes. For this purpose visualization with geantinos is very useful.
Geantinos are a virtual particle species invented by Geant4. They emerge evenly distributed
in a defined physical volume and then travel in a straight line to a random direction without
any interaction. Plotting the points of origin of all geantinos, selected volumes can be
visualized, as it was done in figure 30.

4.2 Implementation of the Xenoscope Geometry

The used Geant4 code is a customized version of the DARWIN simulation code developed by
the collaboration, adapted to the Demonstrator project needs. It has two major differences
to the DARWIN code. One of them is that the particle tracking information gets recorded
not only in the liquid xenon, but inside the whole mother volume. This makes it easier
to understand external calibration sources and allows to check the radiation load in the
surroundings of the detector. The other difference is, of course, the detector geometry,
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which was reimplemented from the ground up. This part of the code was broken down into
four parts that are stored in separate files, which makes the code easier to read and edit. A
diagram of the code structure can be found in figure 29.

• In the file Construct Lab, the mother volume, made out of vacuum, is defined. Then,
a concrete box of the size of the lab, including walls, ceiling, and floor is placed in it.
The actual lab is then inserted as a box of air inside the concrete. Finally the windows
are added as air boxes in the concrete walls.

• In the file Construct Cryostat, the outer cryostat, made of steel, is defined. Inside, a
volume of vacuum is placed that itself contains the volume of the inner cryostat, which
again is made of steel.

• In the file Construct TPC, first, the liquid xenon volume is defined, filling up the whole
cavity of the inner cryostat. Afterwards, in the top section, the liquid xenon is replaced
by gaseous xenon. Then the six polyamide-imide pillars and 172 field shaping rings
made out of copper are placed in the liquid xenon. Here, holes for the copper rings
had to be cut out of the pillars, and the uppermost part of the pillars had to be cut
out of the gaseous xenon in order to prevent overlap errors.

• In the file Detector construction everything comes together. The cryostat is positioned
in the lab, and the liquid xenon with the TPC is placed in the inner cryostat.

Figure 29: Structure of the Geant4 code for the implementation of the Xenoscope geometry.

The dimensions of all the relevant detector components were measured in the 3D model
of Xenoscope designed by Frédéric Girard, Kevin Thieme and Yanina Biondi in SolidWorks
[124]. The code of the final geometry is accessible on Github1 and can be used for additional
simulations in the future. It can be seen in the geantino visualization in figure 30. For this,
in every volume 105 geantinos were simulated and their initial positions were marked in a
scatter plot.

1https://github.com/Physik-Institut-UZH/DemonstratorXenonscope, Accessed: 02.11.2021
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(a)

(b) (c) (d)

Figure 30: (a): Visualization of Xenoscope using geantino simulations. The detector can be seen
from top, front, and side. The outer and inner cryostat are grey, the liquid and gaseous
xenon dark- and light-blue respectively, the polyamide-imide pillars black and the copper
rings red. Lower figures: Position of the Demonstrator in the assembly hall as seen from
(b): the front, (c): the side, and (d): top. The colours are the same as in figure (a).
Additionally, the concrete walls are shown in brown.

4.3 Background Simulation

The idea of the background simulation was to simulate a certain number of events that hit
the demonstrator from outside. The simulation then shows how much energy was deposited
inside the TPC in each energy bin for the entire number of events. The spectrum of the
deposited energies can afterwards be scaled according to the measured activity values of the
different background components, listed in section 3.5. This will be done in the analysis of
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the background simulation data, described in the section 5.1.1.
The simulation is more efficient in terms of computational time if the events are simulated
as close as possible to the detector, instead of inside the thick concrete walls. Therefore,
a cylinder was defined that just encloses the whole Demonstrator. It was chosen to have a
radius 1 mm larger than the outer cryostat at its widest extent on top, and to be larger than
the detector by 1 mm on the top and bottom. The virtual cylinder is shown in figure 31.
The background events were then simulated originating from the surface of the cylinder.
This led to the question of how the measured background rates can be scaled up to the
expected rates of particles hitting the cylinder. This was solved with a geantino simulation,
described in the next subsection.

(a) (b) (c)

Figure 31: Position of the defined cylinder around the Demonstrator and the NaI(Tl) detector at its
two measurement positions in the lab. Again with (a): from the front, (b): from the side,
and (c): from top. The cylinder is shown in pink while the NaI(Tl) detector is coloured
in indigo.

4.3.1 Upscaling With Geantino Simulation

The upscaling of the measured rate in the NaI(Tl) detector to the volume of the Demonstrator
is very hard to calculate. One would have to integrate over the solid angles covered by
the NaI(Tl) detector from every point in the concrete walls and ceiling, and then compare
this number to the analogously integrated solid angle covered by the cylinder around the
Demonstrator. Therefore, another simulation was used for this purpose. Because the main
background is assumed to originate from the concrete walls and because radiation travels
more or less in a straight line in air, in a first step 108 geantinos were simulated in the
concrete. Then, it was counted how many of them passed through the volume of the
NaI(Tl) detector at its two measurement positions, which was defined as a hit. For this
purpose, the NaI(Tl) crystal of the detector also had to be placed in the Geant4 geometry,
as shown in the geantino visualization of figure 31. By comparing this number to the amount
of geantinos that hit the Demonstrator cylinder, the relative geometrical acceptance of the
Demonstrator with respect to the NaI(Tl) detector, at its two measurement positions, could
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be calculated. The relative acceptance Ar was simply defined as the number of hits in the
Demonstrator cylinder divided by the number of hits in the NaI(Tl) crystal:

Atop(bottom)
r = Nhits,D/N

top(bottom)
hits,NaI (4.1)

The corresponding numbers are shown in table 6. This leads to a relative acceptances for
the two measurement positions of

Atopr = 205.3 and Abottomr = 176.2. (4.2)

This means that the rate of particles hitting the cylinder around the Demonstrator from
outside, RD, is

RD = Ar ·RNaI , (4.3)

where RNaI are the rates from section 3.5 with which the background hits the NaI(Tl) crystal
from outside.

Total Demonstrator hits NaI(Tl) hits (top) NaI(Tl) hits (bottom)
108 Nhits,D = 568096 N top

hits,NaI = 2767 N bottom
hits,NaI = 3224

Table 6: Total number of simulated events in comparison to the amount of events that hit the
Demonstrator or the NaI(Tl) detector respectively.

4.3.2 Crosscheck Concrete Activity

In principle, the radioactive decays leading to a background in Xenoscope could also directly
be simulated in the concrete surrounding the detector. The background rate from the con-
crete would even be easier to find out than the rate on the cylinder around the Demonstrator.
However, one would need to simulate an enormous amount of decays in the concrete such
that some of the decay products reach the Demonstrator. Even fewer would then make their
way into the TPC and deposit energy in the liquid xenon. Therefore, the approach described
before was chosen for the background simulations.
Nevertheless, the activity of the concrete was estimated in order to check whether the result-
ing values are reasonable and comparable with existing measurements of concrete samples.
For this, 107 decays of 40K, 214Bi, and 208Tl were simulated directly in the concrete, while
leaving the NaI(Tl) detector in the Geant4 geometry. Then, the number of hits in the NaI(Tl)
detector, NNaI , were counted in order to calculate the fraction of γ-particles that were de-
tected, compared to the total amount of decaying particles in the concrete, NConcrete. Using
this fraction, the measured rates, RNaI , were scaled up to the absolute decay rates originat-
ing from the concrete. Finally, the number was divided by the total mass of the concrete
mConcrete, in order to get a value of the concrete activity, AConcrete, in units of Bq/kg. The
full formula reads:

AConcrete = RNaI ·
NConcrete

NNaI
· 1
mConcrete

. (4.4)
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The procedure was applied to the measured rates in the NaI(Tl) detector on top and at
the bottom independently. The resulting numbers can be found in table 7, together with a
comparison of activity values found in the literature. Only for 40K the calculated values lay
within the expected range, while for 214Bi and 208Tl the numbers are too low. However, it
has to be noted that these numbers have to be taken as a very rough estimate for numerous
reasons, the first of them being that the statistics are very low. Even though 107 decays of
each type were simulated, only a handful of them hit the NaI(Tl) detector. Another reason is
that the amount of the concrete was only estimated, its thickness of 25 cm was just measured
at one wall where it was visible. Then it was assumed that all other walls, the ceiling and
the floor have the same thickness. Further, parts of the walls consist of bricks instead of
concrete. Lastly, also the concrete activity itself can vary greatly depending on where it was
produced.

Activity [Bq/kg] 40K 214Bi 208Tl
Calculated value 64-109 0.46-0.48 0.004-0.037
Literature value 50-1300 7-92 4-71

Table 7: Calculated values of the concrete activity according to the measurements at the bottom
(lower value) and on top (higher value), compared to a range of values from the literature,
taken from [118]. A German source was used because concrete activities strongly vary
geographically.

4.3.3 Simulation of Radiogenic Background Spectrum

The background was simulated uniformly distributed on the surface of the geometrical cylin-
der around the Demonstrator shown in figure 31 and described in section 4.3.1. The events
were generated isotropically, therefore one can assume that only half of them made their way
into the cylinder. This factor of two has to be taken into account, because in equation 4.3
the rate RD refers to events hitting the cylinder from outside.
For 40K, 106 events were simulated. For 214Bi, 107 events of the 238U decay chain were
simulated. Therefore, only one out of ten of those events are 214Bi decays. Similarly for
208Tl, 107 events of the 232Th decay chain were simulated which includes fourteen steps. The
formula for the number of generated events Nhit that hit the detector from outside reads

Nhit(40K/214Bi/208Tl) = NSimulated

2 ·Nd
, (4.5)

where Nd is the number of decays in the corresponding decay chain, and NSimulated is the
total number of events generated in the simulation.

4.4 Simulation of Calibration Sources
In general, particle detectors need to be calibrated in order to correctly reconstruct the energy
of an event. The calibration also reveals the energy resolution of the detector, that is, how
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well the energy of an interaction can be reconstructed. Most particle detectors, including
TPCs, can in principle be calibrated in two different ways. The first method makes use of
the permanent radiogenic background of the experiment. The detector is calibrated using
the well known energies of mono energetic γ-lines in the background spectrum. This method
is convenient because no additional radiation is introduced into the lab. The downside is
that this method is limited to the γ-lines that are visible above the unknown background.
Typically, this is only the case at the highest energies, as for example the 40K, 214Bi, and
208Tl peaks used for the NaI(Tl) detector calibration described in the section 3.4.2. However,
this energy region is not always the target region of the different experiments. In addition,
given that radiogenic background is attenuated differently depending on the materials it goes
through, a calibration in different parts of the detector is not always possible which might
be useful to test the detector response at different locations in the active volume.
The second method is more robust and versatile. It uses calibration sources whose decay
properties are well understood. The peak(s) of their decay spectra are then used for the
calibration. The sources can be chosen as strong as necessary in order to be clearly visible
above the background. To make sure that the calibration source does not introduce an
unwanted additional background there are different possibilities. The first one is to remove
the source after the calibration, which is sometimes not possible if it is introduced inside the
detector. The other possibility is to carefully choose a source that has a short half-life and
decays fast enough such that it does not interfere with the experiment.
The background model obtained from the simulation which will be shown in section 5.1.1,
reveals that in principle a calibration of the DARWIN Demonstrator using the 40K, 214Bi, and
208Tl peaks is possible in the low MeV range. However, using different calibration sources,
the calibration can cover the whole energy range from few keV to several MeV. Further, it
allows for testing the detector response at different heights in the TPC, which will be of great
interest in order to find out the electron lifetime, whether drifting electrons over 2.6 m is even
possible. Therefore, six different calibration sources are considered in this study. The goal
was to find out how strong they have to be for the calibration and if they are available at the
Physics Institute of the University of Zurich or could be bought. The calibration sources can
be divided into two subgroups that are fundamentally different regarding the calibration- and
therefore also the simulation process. They are referred to as internal or external calibration
sources and they are treated separately in the sections below.

4.4.1 Internal Sources

Internal calibration sources are introduced into the detector and decay homogeneously dis-
tributed inside the liquid xenon as illustrated in figure 32. For that, they have to be dissolved
in the gaseous xenon and flushed into the TPC. This is often done with a solid source that
is placed in the xenon gas flow. The decay product can then pass through a filter that holds
back the solid source. By controlling the gas flow, the amount of radiation in the TPC can
be precisely adjusted. To remove additional radiation after the calibration, the radioisotope
must either decay or it has to be filtered out of the liquid xenon. The latter can be done
using a hot metal getter, as for other impurities, if the isotope is not a noble gas [125], or
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by distillation otherwise [111]. The three calibration sources considered for this study are
individually presented in more detail below.
For the internal sources 2×107 decays were simulated. This is sufficient since the events
are evenly distributed inside the liquid xenon and deposit almost all their energy in the
detector.

(a) (b)

Figure 32: Energy deposition heat map of the internal calibration sources (a): 83mKr and (b): 220Rn.
One can see that for 220Rn more radiation can escape the detector because the decay
contains higher energy γ-rays. Therefore, in this case it has to be checked whether the
level of radiation is low enough in the close vicinity of the detector.

83mKr
The metastable 83mKr is produced in the decay of a rubidium source that can be placed in
the xenon gas flow. The 83Rb isotope decays through electron capture into an excited state
of 83Kr with a total Q value of 919.4 keV. Normally, the excited state quickly decays into
the ground state, but sometimes the metastable intermediate state 83mKr is reached. It has
an energy of 41.5 keV above the ground state and a half-life of t1/2 = 1.83 h. This is enough
time for the emerged krypton gas to dissipate in the xenon and flow into the detector. In
the detector, the 83mKr decays in two steps of energy 32.1 keV and 9.4 keV into its ground
state, emitting mostly internal conversion electrons accompanied by X-rays or Auger-Meitner
electrons. The intermediate state is metastable as well, but with a shorter half-life of 155 ns
[115]. The decay scheme can be found in figure 33.
Usually, TPCs have a sufficient time resolution to distinguish these two lines. In that case,
83mKr events can efficiently be selected by demanding two S1 signals followed by two S2
signals with the same time difference. The event selection has the advantage that a low
activity, even below the background level, is sufficient for the calibration. All three peaks,
at 9.4 keV, 32.1 keV, and the combined at 41.5 keV, can be used for the calibration. The
produced krypton is, like xenon, a noble gas and therefore does not disturb the detector
operation. All of this makes 83mKr a very popular calibration source for xenon TPCs, as
used for example in XENON100 [126] or LUX [127]. Also at the University of Zurich, a TPC
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was calibrated with krypton [96]. However, for the DARWIN Demonstrator it will not be
possible to resolve the short time difference between the two lines, because the S1 signals will
not be detected and the S2 signals will be spread out due to the long drift time. Therefore,
the 83mKr decay energy spectrum in the Demonstrator will show a single peak at 41.5 keV.
The simulated decay energy spectrum is shown in figure 34 (a).

Figure 33: Decay plot of 83Rb to 83Kr with the metastable intermediate states important for the
calibration. Figure plotted with [128] based on data from [115].

(a) (b)

Figure 34: (a): Histogrammed total decay energy in the entire Geant4 geometry of all simulated
83mKr events. Only the combined peak at 41.5 keV is visible. (b): Histogrammed total
decay energy in the entire Geant4 geometry of all simulated 131mXe events. Besides the
peak at 163.9 keV, single events that happened close to the edge of the TPC can be seen,
that made their way through the steel walls of the cryostat and escape the lab through the
window in the concrete walls. Because not the entire energy of these decays is deposited
in the Geant4 geometry, they show up as a flat component below approximately 100 keV.
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131mXe
The concept of a calibration with 131mXe is very similar to 83mKr. It is produced in the
β−-decay of 131I with a Q value of 970.8 keV. 131mXe has a half-life of t1/2 = 11.84 d
and decays directly into the ground state releasing 163.9 keV by emitting mostly internal
conversion electrons accompanied by X-rays or Auger-Meitner electrons. The full decay
scheme can be found in figure 35 and the energies of the simulated events in figure 34 (b).
131I is solid at room temperature and can thus be handled similarly to 83Rb. The advantage
of calibrating a liquid xenon TPC with 131mXe is that the decay product is not an impurity
in the detector and does not have to be filtered out. 131mXe is a relatively novel calibration
source that was used in LUX [129].

Figure 35: Decay plot of 131I to 131Xe with the metastable intermediate state 131mXe important for
the calibration. Figure plotted with [128] based on data from [115].

220Rn
In contrast to 83Kr and 131Xe, the noble gas 220Rn is radioactive and part of the 232Th
decay chain. As described in chapter 3.1.4, this is one of the considered backgrounds of the
experiment, although it is subdominant compared to 222Rn which is part of the more active
238U decay chain. The decay schemes of 220Rn and its follow up decays in the chain can be
found in figure 60 in the appendix. The full simulated energy spectrum of 220Rn, including
all following decays, is shown in figure 36. Event though the properties of the decay(s) are
very different, the concept of a calibration with 220Rn is similar to the 83mKr and 131mXe
sources above. The solid source that can be placed in the gas flow is in this case a stain-
less steel disc electroplated with thorium nitrate Th(NO3)4. The contained 228Th decays
through an α-decay into 224Ra which decays through another α-decay into the 220Rn wanted
for the calibration. The noble gas 220Rn dissipates in the xenon gas and gets transported
into the detector. The two described alpha decays have long half lives (t1/2 = 1.9 years and
3.6 days respectively) while the longest lived isotope following 220Rn in the chain is 212Pb
(t1/2 =10.6 hours). Therefore the calibration source signal sufficiently decays in a few days
if one can avoid contaminating the detector with 228Th or 224Ra. Also contamination of
the 228Th source with 230Th has to be avoided because this would lead to the emanation
of 222Rn (t1/2 = 3.6 days). The proof of principle of a calibration with 220Rn was shown in
[125] and applied in the XENON100 and XENON1T experiments [130, 131].
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Using a whole decay chain means more possibilities for the calibration. First of all, a cali-
bration can be performed at high energies using the alpha decays of the chain above 6 MeV.
Another useful feature of this chain is the 220Rn-216Po coincidence, which allows to select
those events efficiently, as described for 83mKr above. However, unlike for 83mKr, the 216Po
half-life (t1/2 = 144 ms) is long enough for the radioisotope to travel a short distance with
the liquid xenon flow. This allows to map convection in the detector and for example detect
regions with a low recirculation flow. On the downside, the β-spectra introduce a large addi-
tional background below 5 MeV which is, however, not relevant during the energy calibration.

Figure 36: Total energy deposition of the simulated 220Rn source, with all the follow-up decays of the
chain, in the entire Geant4 geometry. The four high peaks above 6 MeV are from the four
dominant α-decays of the chain. The spectrum below 5 MeV is due to β−-emission and
the step feature around 0.2 MeV is due to a β−-decay in coincidence with an associated
γ-ray. Around 6 MeV some events can be seen that come from α-decays of 220Rn and
212Bi with lower branching ratios.

4.4.2 External Sources
External calibration sources are placed outside the detector. The radiation then has to travel
through the outer part of the detector like the radiogenic background. Because steel and
the layer of LXe outside the TPC efficiently absorb α- and β-radiation, only the energetic
enough γ-peaks of the decays can be used for the calibration. At the same time, a much
broader range of sources can be used because external calibration sources do not need to
be soluble in liquid xenon. In order to shield the lab from the radiation of the calibration
source, the source needs to be collimated. During this work it was found that the details of
the collimator setup have a big influence on the rate of detected events, as shown in figure
37. Therefore, a setup that can realistically be built was designed for this purpose. This is
detailed in section 4.4.3.
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For the external sources 2×108 decays were simulated. The statistics needed to be higher
than for the internal calibration sources because a large fraction of the events are absorbed
by the collimator or the steel walls of the outer and inner cryostat.

(a) (b)

Figure 37: Energy deposition heat map of an external 57Co calibration source (a): without and
(b): with the designed collimator setup. The source position was rotated by 90° for the
collimator setup but the general observation remains: A collimator can efficiently shield
the lab from radiation and restrict the energy deposition inside the TPC, EDep, to a well
defined height. This is required for a calibration at different z positions and can be used
to calculate the electron lifetime. The standard deviation of the energy deposition height
was σ = 6 mm for the collimator setup compared to over 8 cm without collimator.

137Cs
137Cs decays with a half-life t1/2 = 30.08 years through β−-emission into 137Ba with a Q
value of 1175.6 keV. It has only one γ-peak at 661.7 keV with a high branching ratio that
can be used for the calibration. The full decay scheme of 137Cs is shown in figure 38, while
the histogrammed decay energy simulated with Geant4 is shown in figure 39 (a).

Figure 38: Decay plot of the β−-decay of 137Cs to 137Ba. Figure plotted with [128] based on data
from [115].
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(a) (b)

Figure 39: (a): Histogrammed total decay energy of all simulated 137Cs source events in the entire
Geant4 geometry. The β−-spectrum is clearly visible along with the dominant γ-peak
at 661.7 keV. (b): Histogrammed total decay energy of all simulated 57Co source events
in the entire Geant4 geometry. The dominant γ-peaks at 136.4 keV and 692.4 keV can
be seen clearly. The double peak structure is due to coinciding X-rays from electron
rearrangement, typical for EC-decays. The events besides the peaks again escaped the
Geant4 geometry through one of the windows.

57Co
57Co decays through electron capture with a half-life of t1/2 = 271.7 days into 57Fe with a Q
value of 836.0 keV. It has several low energy γ-peaks with high branching ratios at 122.1 keV,
14.4 keV and 136.4 keV. Additionally it has a higher energy peak at 692.4 keV which has a
lower but still sufficient branching ratio in order to be used. All other γ-lines have very low
intensities for a calibration. The full decay scheme of 57Co is shown in figure 40, while the
histogrammed decay energy simulated with Geant4 is shown in figure 39 (b).

Figure 40: Decay plot of the electron capture of 57Co to 57Fe. Figure plotted with [128] based on
data from [115].

58



Master Thesis Simulations

133Ba
133Ba decays through electron capture with a half-life of t1/2 = 10.5 years into 133Cs with
a Q value of 517.5 keV. The decay features γ-lines at 356.0 keV, 81.0 keV, 302.9 keV and
383.8 keV starting with the highest intensity. All other γ-lines have very low intensities for a
calibration. The full decay scheme of 133Ba is shown in figure 41, while the histogrammed
decay energy simulated with Geant4 is shown in figure 42.

Figure 41: Decay plot of the electron capture of 133Ba to 133Cs. Figure plotted with [128] based on
data from [115].

Figure 42: Histogrammed total decay energy of all simulated 133Ba source events in the entire Geant4
geometry. Again, the main γ-peaks are split and shifted due to coinciding X-rays from
electron rearrangement. The continuous spectrum between the peaks is once more from
events that escaped the Geant4 geometry.
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4.4.3 Collimator Setup
As stated above, the result of the simulation for the external calibration sources strongly
depends on the details of where the sources are placed and how they are collimated. It was
tried out to place the source directly on top and below the outer cryostat, as well as on its side.
The simulations on top and below showed almost no events hitting the liquid xenon inside
the TPC because the radiation gets absorbed in the large amount of steel and liquid xenon it
has to cross. Also, because the radiation travels in z-direction, the energy deposition would
be less localized in height which is not ideal for testing the detector response at different z
positions. Thus, the only remaining option was to place the collimator on the side.
In order to obtain a meaningful and useful result, a calibration setup for the DARWIN
Demonstrator was designed using SolidWorks [124]. The requirements for the structure
were, besides a good shielding from radiation, affordable parts, stability, safety and easy
feasibility. Additionally, the calibration should be possible at different heights. To safely
satisfy the first requirement a collimator from the institute was employed, shown in figure
43 (a). This collimator can shield a source with an activity of O(MBq). It is made out
of a lead cylinder of 13.1 cm diameter and 10.0 cm height. On the front it has a hole of
6.4 mm in diameter where the radiation escapes, that can be closed with a lead plug when no
radiation is needed. At the bottom it has another, larger lead plug through which the source
in the collimator can be accessed and exchanged. The whole lead cylinder is situated in an
aluminum case with a handle, which can be used as a suspension device. In the proposed
design, the collimator hangs on a steel cable and is attached to a sled that guides it along
a vertical Bosch-profile. On top, the cable runs over a pulley wheel and then is attached
to a hand winch that is mounted on a small table. By turning the crank, the height of the
collimator can be adjusted. Once the height is decided, the collimator is fixed to the profile.
The setup is displayed in figure 43 (b).

(a) (b)

Figure 43: (a): Picture of the collimator used for this project. (b): Render of the top part of the
collimation setup designed with SolidWorks. In the proposed but not yet built setup, the
Xenoscope cryostat would sit in front of the collimator and was hidden in the render for
a better view.
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After designing, the setup was implemented in the Geant4 framework in order to obtain a
realistic simulation, as shown in figure 44. With this setup, the energy deposition takes place
in a narrow z position window with a standard deviation of σ = 6 mm as can be seen in
figure 37. The simulations were made with the collimator hanging at medium height. It was
assumed that the amount of deposited energy does not depend on the z position because
the amount of material the radiation has to cross does not substantially vary over the range
of the TPC height.

Figure 44: Geantino visualization of the TPC with the collimator in green. The collimator is placed
according to the designed setup above and is fixed at medium height.
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5 Analysis and Results

The goal of the analysis was to determine the background rate in the detector and to find
out which of the potential calibration sources, described in the previous chapter, can be
used in the DARWIN Demonstrator. This means that for all calibration sources it has to be
calculated which activity would be needed to obtain a significant signal over the background
in a reasonable amount of time.
In this chapter, first, it is described how the simulated events of the background and calibra-
tion sources were analyzed. Then the results of this procedure are shown for all considered
calibration sources.

5.1 Analysis of Simulated Events

All simulated files of the background and the calibration source events were processed in the
same way. First, for every event, it was checked if an interaction in the liquid xenon took
place. If that was the case, it was further investigated if the energy deposition was located
inside the active volume of the detector. The active volume was defined as the volume
inside the field shaping rings between the lowest ring and the liquid xenon level as shown in
figure 45.

Figure 45: Geantino visualization of the detector with the selected active volume shown in yellow.
It is defined as the entire volume inside the field cage. In the data analysis most likely a
smaller fiducial volume will be selected. However, its exact shape is usually determined
by background data and is therefore not known yet.
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If the energy depositions happened within 1 µs, the energy was summed up because the
detector will not be able to resolve such short time differences. This is because in Xenoscope
only the S2 charge signals will be measured, which broaden with increasing drift time due
to the diffusion of the electron clouds. The with of the S2 signal, σ, can be estimated from
the diffusion model [132]:

σ =
√
DL2t
v2
d

+ σ0. (5.1)

Here DL is the longitudinal diffusion coefficient, t is the drift time, and vd is the drift velocity.
σ0 is the initial spread of the signal (O(100 ns) [133]) which is negligible for long drift times.
DL ' 50 cm2/s depends on the xenon temperature and pressure as well as on the drift field
[132]. Taking the nominal values for Xenoscope, t = 1.75 ms and vd = 1.5 mm/µs for a drift
field of 200 V/cm [5], equation 5.1 yields an S2 with of O(1 µs). No spatial resolution in the
x-y plane was taken into account because this parameter of the detector is still unknown.
After this clustering process, the deposited energies of the background components and
calibration sources were histogrammed. The result of this procedure can be found in figure
46. The spectra are in arbitrary units because the normalization will be done in a following
step.

(a) (b)

Figure 46: (a): Histogrammed energy deposition inside the TPC for 106 simulated events of each of
the three considered background components. (b): Histogrammed energy deposition in
the TPC for 2×108 simulated events of each of the three external calibration sources and
2×107 events of the internal calibration sources 83mKr and 131mXe. 220Rn is not shown
in this plot because the energy deposition goes up to 9 MeV. For the internal sources it
can be seen that there are events to the left of the peaks. They typically originated near
the edge of the active volume and did not deposit their whole energy inside of it. For
the external sources a similar feature can be observed. Here the events have lost part of
their energy before reaching the active volume and therefore only deposit a fraction of
the total decay energy inside of it.
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So far, the analysis assumed an infinitely good energy resolution which is of course not the
case in reality. Unfortunately, the attainable energy resolution is still unknown. Therefore,
as an estimate, the combined energy scale of the XENON1T experiment was taken [134],
shown in figure 47 (a). This energy resolution as function of recoil energy Er can also be
written as

σ(Er)/µ(Er) = a/
√
Er + b, (5.2)

where a = 31.3±0.7 and b = 0.17±0.02. Every bin of the histogram was then smeared out
to a Gaussian function according to the energy resolution at that energy, to get a realistic
spectrum. This is shown in figure 47 (b) on the example of the 232Th background.

(a) (b)

Figure 47: (a): Energy resolution of the XENON1T experiment, figure based on [134]. (b): Smearing
of the energy depositions in the TPC according to the energy resolution on the example of
the 232Th chain events. The smeared-out curve is plotted in blue while the initial energy
deposition histogram is shown in orange. It can be seen that even though the relative
energy resolution improves at higher energies, the absolute width of the peaks increases.

5.1.1 Background Events

In the case of the simulated background events, the energy spectra of the three background
components had to be scaled according to the corresponding measured rates. This was done
by first dividing the counts at each energy NCounts(E) of the spectrum by the total amount
of simulated decays Nhit of the respective isotope, defined in section 4.3.3, such that the
energy deposition was normalized per event. Now the spectrum could be scaled up to the rate
of particles, RD, hitting the cylinder around the Demonstrator. RD was calculated in section
4.3.1 from the measured rates using a geantino simulation, and accounts for the geometrical
acceptance of the cylinder. Finally, the background rate was divided by the mass of the active
liquid xenon, mXe = 145.8 kg (total 371.4 kg in the Geant4 simulation), and the width of
the used bins, dbin = 1 keV, in the histogram. This was done in order to turn it independent
of the amount of xenon and the used binning, and thus make it comparable to background
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rates of other experiments. The whole formula for the background rate RBackground(E) in
each energy bin reads

RBackground(E) = NCounts(E) · RD
Nhit

· 1
mXe · dbin

. (5.3)

The result of the whole procedure together with the contributions from the individual back-
ground components for the top measurement is shown in figure 48 (a). The full resulting
background spectra scaled according to the two measurements on the top and at the bot-
tom can be compared in figure 48 (b). The average integrated background rate of the two
measurements in the entire energy range is (90± 30) Hz.

(a) (b)

Figure 48: (a): The full background rate scaled according to the measurement on top of the Demon-
strator is shown in black, with the underlying histogram before the smearing in grey. The
contributions of the individual background components are shown by the colored lines.
(b): Comparison of the background rates resulting from scaling according to the top and
bottom measurement. The discrepancy originates from the different measured rates of
the background components on top and bottom.

5.1.2 Calibration Source Events

In the case of the simulated calibration source events, the smeared out histogrammed energy
deposition in the active liquid xenon, NCounts(E), had to be scaled according to the source
activity A. However, the needed activity for the calibration was not yet known. Therefore,
the scaling was performed according to 200 different source activities, evenly distributed over
a wide range such that later, the minimal required activity could be identified. Apart from
that, the scaling was performed analogous to the background simulation data, according to
the formula

RSource(E) = NCounts(E) · A

Nhit
· 1
dbin

. (5.4)
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Here Nhit is the number of simulated events of the respective isotope. Note that the rate
was not normalized to the liquid xenon mass because there is no point in comparing these
values to other experiments. Finally, the peaks that can be used for the calibration were
selected and fitted with a Gaussian function to know their position and width. The result of
this procedure is shown on the example of the 137Cs source in figure 49 (a).

(a) (b)

Figure 49: (a): Smeared out energy deposition curves for different 137Cs source activities. For
clarity, only four of the 200 activities are shown. Additionally, the histogrammed energy
deposition of the 1 kBq source is displayed in grey. The 661.7 keV peak was fitted with
a Gaussian for the following analysis. (b): 137Cs source signal for 10 source activities
from 100 Bq to 1000 kBq, combined with the simulated background scaled according to
the measurements on top and bottom of the Demonstrator as well as their average. The
selected 2σ region where the events are counted is shaded in orange.

5.1.3 Combined Analysis

Next, the calibration source signal had to be compared to the background spectrum. To this
end, the background spectrum was integrated over the total mass of the active liquid xenon
in order to match the units. Then, a region of two σ around the mean of the calibration γ-line
was selected based on the Gaussian fit. Afterwards, the number of background events per
second in this region, NB0 , was counted for the background scaled according to the top and
bottom measurements as well as for their average. Also, the number of calibration source
events per second in the same region, NS0 , was counted for all considered source activities.
The procedure is illustrated in figure 49 (b) again using as an example the 137Cs source.
Then, NB0 and NS0 were multiplied by the exposure time, texp, to arrive at the absolute
number of background events, NB, and calibration source events, NS . This was done for
300 different exposure times evenly distributed between zero and the maximum reasonable
exposure for data taking. For internal sources this was taken to be 48 h while for external
sources a limit of 6 h was chosen such that several calibration runs at different heights can
be performed. Finally, the significance, S, of the peak above the background was calculated
for all source activities, exposure times, and the background scaled according to the top and
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bottom measurement, as well as their average. This was done using the formula

S = NS√
NB

= NS0
√
texp√

NB0

since NS(B) = NS0(B0) · texp. (5.5)

The results of this procedure are displayed by plotting the 1σ, 3σ and 5σ contour lines in the
two dimensional significance space spanned by the source activities and exposures. Addition-
ally, each contour line is enveloped in a region that represents the systematic error, which is
taken as the contour line according to the top and bottom measurements respectively. Such
a plot, again on the example of the 661.7 keV peak of 137Cs, can be seen in figure 50.

Figure 50: Resulting significance, S, of the 661.7 keV γ-line of 137Cs. The 1σ, 3σ and 5σ contour
lines are plotted for the average background. The shaded region indicates the difference
between scaling the background according to the measurements on top and bottom.

5.2 Results

In this section, the results of the procedure explained above are presented and discussed
individually for all calibration sources. An overview of the energies of the analyzed γ-lines
along with the expected background can be found in figure 51. The significance plots are
not shown for all sources but they are included in the appendix in section 7.1.
83mKr
For 83mKr, only the line at 41.5 keV was analyzed. A 83mKr activity of about 6×10−5 Bq/kg
is sufficient such that this peak can be seen with 5 σ significance above the background
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Figure 51: Energies of all analyzed γ-lines with the expected average background in black. The
range between the background scaled according to the top and bottom measurements is
shaded in blue.

within 48 h. The activity here is given per kg of liquid xenon. Summed up over the entire
371.4 kg of xenon in the cryostat, this corresponds to a total activity of 2.2×10−2 Bq. With
the 83Rb source available at the Physics Department of the University of Zurich, which has an
activity of 7.45 kBq 1, this activity is clearly within reach. However, a calibration with 83mKr
only is not enough, because solely the combined line at 41.5 keV will be visible, while the
32.1 keV and 9.4 keV lines will not be resolved separately due to insufficient time resolution
as pointed out in section 4.4.
131mXe
For 131mXe, the only γ-peak at 163.9 keV was analyzed. A 131mXe activity of about 1.2×10−4

Bq/kg is sufficient such that this peak can be seen with 5 σ significance above the background
within 48 h. The difference to the 83mKr comes from the enhanced background at the
concerning energy. Summed up, this corresponds to an overall activity of 4.4×10−2 Bq.
At the moment the Physics Department of the University of Zurich does not possess a 131I
source. However, a new source with the required activity can in principle be purchased since
131I is commonly used in medical and industrial applications and is, therefore, commercially
available. It has to be noted again that additional sources are needed to cover the entire
energy range with the calibration.

1As of 03.11.2021.
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220Rn
In contrast to the two internal calibration sources above, 220Rn is part of a decay chain.
Therefore, the energy spectrum features several different α-, and γ-peaks, that need to be
analyzed separately, as well as multiple overlapping β−-spectra. One has to note that 220Rn
is part of the 232Th chain that also contributes to the radiogenic background. However, be-
cause the background radiation hits the detector from outside, all α-particles and electrons
are absorbed in the steel walls of the outer and inner cryostat as well as the layer of liquid
xenon around the TPC, leaving only the γ-peaks to contribute. For a calibration using α-
peaks from an internal source this is very convenient because the background in their energy
region above 5 MeV is very low, as clearly visible in figure 52. In fact, the background is so
low that not a single event of the simulated background has an energy in the relevant region
between 6 MeV and 7 MeV. However, internal background from 222Rn, emanated form the
steel walls, is expected in this energy region. For this reason, no significance and minimal
activity can be calculated in the same way as for the other sources. In order to obtain the
displayed signal in figure 52 after 48 h, a 220Rn activity of roughly 1.8×10−5 Bq is theoreti-
cally sufficient.

Figure 52: Energy spectrum of an internal 220Rn source of 3 Bq with all following decays from the
decay chain, compared to the averaged background. It can be seen that the high energy
α-peaks are in a region with very low background. The underlying broad peak around
6 MeV comes from α-decays with low branching ratios.
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For the γ-lines on the other hand, the peaks coincide with peaks in the background which
makes the differentiation more difficult. Also, the peaks are less clearly visible because of
the accompanying β-spectrum, which act as an additional background that scales with the
source activity. Therefore, a low energy calibration using the γ-peaks of 220Rn and the
following decays is not feasible for the level of radiogenic background in Xenoscope.
At the moment the Physics Department of the University of Zurich does not possess a 220Rn
source. However, a calibration with the high energy α-lines of 220Rn is possible and a new
source with the required activity can in principle be purchased.
137Cs
For 137Cs, the γ-peak at 661.7 keV was analysed. A 137Cs activity of about 2.5×102 Bq
is sufficient such that this peak can clearly be seen above the background. The maximum
time here was chosen to be 6 h because it should be possible to calibrate several times at
different heights within a reasonable amount of time. The 137Cs source available at the
Physics Department of the University of Zurich has an activity of 236.37 kBq 2. This is
about three orders of magnitude higher than necessary. Therefore, using the 661.7 keV for
the calibration is clearly possible, although again at least one other peak is needed for a
calibration in the entire energy range.
57Co
For 57Co, only the γ-peak at 692.4 keV could be analyzed. Even though it has a low branching
ratio of 0.15 %, it is the only peak that was visible in the energy spectrum inside the TPC of
the simulated 2×108 events. The low energy γ-peaks at 136.4 keV, 122.1 keV, and 14.4 keV
that all have higher branching ratios could not be found. These γ-rays get absorbed in the
steel walls of the outer and inner cryostat, and the liquid xenon outside the TPC because
of their low energy. A 57Co activity of about 1.2×105 Bq would be needed such that the
692.4 keV peak reaches 5σ above background. The 57Co source available at the Physics
Department of the University of Zurich has an activity of 2.41 kBq 2 which is not enough
for a calibration. In principle, new 57Co sources with an activity in the order of MBq could
be bought. However, since only the 692.4 keV γ-line can be used that has nearly the same
energy as the main 137Cs line but a 570 times smaller branching ratio, this would not be a
requirement for the calibration.
133Ba
For 133Ba, three γ-peaks were analysed, namely the ones at 356.0 keV, 302.9 keV and
383.8 keV. Similarly to the low energy 57Co peaks, the 133Ba γ-peak at 81.0 keV was not
found in the energy deposition spectrum. The peak at 356.0 keV has the highest branching
ratio of about 62 %. A 133Ba activity of about 1.5 kBq is sufficient such that this peak can
clearly be seen above the background. The 133Ba source available at the Physics Department
of the University of Zurich has an activity of 1.84 kBq 2 which is enough for a calibration
with this peak

2As of 03.11.2021.
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The two other considered peaks have lower branching ratios, therefore a higher activity of
about 7 kBq is needed for an additional calibration with those two peaks. This would in
principle be possible with a new source. On the downside, the three peaks are located very
close to each other which makes the result dependent on the energy resolution. For example,
the two higher energetic γ-lines both have a width of σ = 7 keV by a separation of 27.8 keV.
This makes the corresponding 2σ regions almost touch each other. Moreover, since the
branching ratio of the 383.8 keV line is only about 9 %, events from the high energy tail of
the 356.0 keV peak already significantly contribute at the low energy edge of its 2σ region.
For this reason, an area of only 1.5σ around the peak was considered in the corresponding
analysis. In case the energy resolution is not as good as expected, the two peaks would
further merge and could hence not be separated anymore.

Radiation Load in the Detector Environment
With the calculated required activities above, for all considered calibration sources the ra-
diation load in the vicinity of the detector does not come close to a critical magnitude, for
various reasons: The calculated required activities of the external sources are well below
the maximum activity the collimator is able to shield (O(MeV)). Of the internal sources,
83mKr and 133mXe deposit almost all of their energy within the detector and only very few
γ-rays with low branching ratios escape. This is not the case for 220Rn and its follow-up
decays which feature also higher energetic γ-lines, as for example the 2.6 MeV line of 208Tl.
However, because the background in the relevant energy region for a calibration with the
220Rn α-lines is close to zero, the needed activity is well below a harmful level. Consequently,
the work of calibrating Xenoscope will be safe. Nevertheless, a dosimeter should be worn at
all times for this task.
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6 Conclusion

Summary
Despite tremendous efforts of scientist all around the globe performing a variety of experi-
ments, the nature of dark matter and some properties of neutrinos remain mysteries up to
this date. To address these open questions, DARWIN, envisaged as the ultimate dark matter
detector, containing 50 t of liquid xenon in an about 3 m high and wide cryostat, will be built.
However, since it will be the first dual-phase xenon TPC of this magnitude, extensive R&D
work is still necessary before DARWIN can be realised. A crucial step in this process is the
design, construction, and commissioning of Xenoscope, the first dual-phase xenon TPC with
the full 2.6 m high drift region of DARWIN.
This work was dedicated to background studies and calibration source simulations for Xeno-
scope. The radiogenic background environing the experiment was measured with an NaI(Tl)
detector and the activities of the three main background components were determined (40K,
232Th, and 238U). Based on these findings, a background model for the detector was de-
veloped by means of Monte Carlo simulations. The resulting background energy spectrum
showed that a calibration using γ-peaks from the background is possible at energies between
roughly 1.5 MeV and 2.5 MeV.
Furthermore, the signals of different calibration sources were simulated and it was checked
whether they can be used for calibration. Of the tested internal sources, 83mKr and 131mXe
were shown to be applicable for a calibration at low energies using their lines at 41.5 keV
and 163.9 keV respectively. At high energies, 220Rn and its follow-up decays can be used
for a calibration using the α-lines above 6 MeV. However, as a drawback it was found that
this source introduces an additional background at low energies. For the external sources,
in addition to the simulations, a setup was designed that allows for a safe and convenient
calibration at different heights along the full extent of Xenoscope. The geometry of this
setup was implemented in the Geant4 framework for the simulations. Of the three consid-
ered external calibration sources, 137Cs and 133Ba were shown to be viable for a calibration
at 661.7 keV and around 356.0 keV respectively. The energy calibration data can in their case
also be used for a measurement of the electron live-time and xenon purity in the detector,
complementary to the one of the purity monitor.

Discussion of Results
The measurement of the radiogenic background at the location of Xenoscope yielded an
integrated rate inside the detector of (90 ± 30) Hz, that is about one order of magnitude
lower than previously estimated by simply scaling up the measured background of the Xurich-
II detector. The discrepancy could arise for example from varying concrete activities since the
Xurich-II experiment is located in a different lab in the building. In the end, crosschecking
all steps produced consistent results and the main uncertainty in the measurements comes
from the intrinsic background of the NaI(Tl) detector.
In the case of the simulations, the main uncertainties were the unknown energy and time
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resolution of the detector. For the time resolution, 1 µs was assumed, which is in the order of
the width of the S2 signals after drifting for 1.75 ms through the 2.6 m high TPC. With a total
background rate of about 90 Hz and the calculated necessary calibration source activities no
pile up problems are expected to arise. For the energy resolution, the same values as in
XENON1T were assumed, which is about 5% at the 83mKr energy and about 1% in the MeV
range. Considering that in Xenoscope only S2 signals will be measured but no S1 signals,
this is a quite optimistic assumption. A study from XENON100 showed that the S2 only
resolution is significantly worse than the resolution of the combined energy scale, as shown
in figure 53.

Figure 53: Energy resolution of the XENON100 experiment using only the S1 (blue) or S2 (red)
signal and their combination (black). In more recent experiments the S1 only resolution
strongly improved due to a better light collection efficiency and is now better than the
S2 only resolution. Figure from [135].

For the background rate at a given energy, a worse energy resolution would not drastically
change the result but only lead to a slight smearing-out of the peaks. However, the energy
resolution is of importance for the study of the calibration sources: When the energy res-
olution is worse than expected, the number of signal events within the enlarged 2σ region
remains the same while the number of background events scales up approximately linearly
with the width of the selected window. Looking at formula 5.5 for the significance S, one
can see that if the resolution changes by a factor of f , the significance drops according to
1/
√
f . To reach the same significance as with the assumed resolution in this work, the

measurement time has to be prolonged by the same factor f as can easily be calculated:

S′ =
NS0

√
t′exp√

N ′B0

= NS0
√
texp · x√

NB0 · f
!= S = NS0

√
texp√

NB0

→ x = f. (6.1)
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In this formula, the primed variables belong to a measurement with an energy resolution
differing by a factor f from the assumptions, which has to be prolonged by an initially
unknown factor x to reach the same required significance, S. NS0 and NB0 are the number of
signal and background events in the selected 2σ region per second respectively and texp is the
measurement time. It can be seen that alternatively, instead of prolonging the measurement,
a source with an activity enhanced by a factor of

√
f can be used.

Outlook
The Xenoscope facility was successfully commissioned at the beginning of 2021. The subsys-
tems including the gas system, cryogenics, and storage system were tested and the cryostat
was filled with 80 kg of liquid xenon. The first stage of the DARWIN Vertical Demonstrator
with the purity monitor is ongoing with the datataking about to start. Until Xenoscope runs
with the full height TPC roughly another year will pass. It is at this stage, when a calibration
of the TPC will be done and the results of this work will be of great value. At this point, an
ongoing study of the cosmogenic background will also be finished and the muons crossing
Xenoscope will be measured using scintillator panels.
Now that the background from the concrete walls is not as high as expected, it could be
interesting to look into the background from the materials used to build the detector. This
background is anticipated to be small for two reasons. On one hand, the cryostat was
already mounted at the time when the measurement was performed. The NaI(Tl) measure-
ment, close to the cryostat, did not yield a very high activity. On the other hand, the usually
most problematic components, PTFE and PMTs, are not present in the detector. Either
way, an exact simulation of this background was out of the scope of this thesis and it is not
possible at this point because the radioactivity of the steel, and also other components, is
not known.
Once Xenoscope has completed its mission of drifting electrons over 2.6 m, the facility will
be available for other R&D projects for DARWIN. The construction of DARWIN detector
itself tentatively will start in 2024. It is planned to be commissioned and filled with liquid
xenon for the first time in 2026 and will start its operation in 2027. It will then run for several
years to hopefully reach its goals of directly detecting dark matter and shining light on the
nature of neutrinos themselves, as well as their sources. The full timeline of the DARWIN
project can be found in figure 54.

Figure 54: Timeline of the Darwin experiment and its R&D project Xenoscope.
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7 Appendix

7.1 Significance Plots
83mKr

Figure 55: Resulting significance contour lines of the 41.5 keV γ-line of 83mKr.

131mXe

Figure 56: Resulting significance contour lines of the 163.9 keV γ-line of 131mXe.
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57Co

Figure 57: Resulting significance contour lines of the 692.4 keV γ-line of 57Co. The activity of the
available source at the Physics Department of the University of Zurich is shown by the
black horizontal line.

133Ba

Figure 58: Resulting significance contour lines of the 356.0 keV γ-line of 133Ba. The activity of the
available source at the Physics Department of the University of Zurich is shown by the
black horizontal line.
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(a)

(b)

Figure 59: Resulting significance contour lines of the (a): 302.9 keV and (b): 383.8 keV γ-lines of
133Ba. The activity of the available source at the Physics Department of the University
of Zurich is shown by the black horizontal line.
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7.2 Picture of the DARWIN Vertical Demonstrator

Figure 60: Picture of the DARWIN Demonstrator with its support structure in the assembly hall.
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7.3 220Rn and Follow-up Decay Schemes

(a)

(b)

(c)
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(d)

(e)

(f)
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(g)

Figure 60: Decay plots of the 220Rn source with the following decays from the 232Th decay chain.
Figures plotted with [128] based on data from [115].
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