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Abstract

Over the past century, scientists have collected numerous pieces of evidence pointing
towards the existence of dark matter and have proposed several models to account
for them. These findings have driven an unprecedented experimental effort to uncover
the nature of dark matter. These experiments can be broadly divided into three main
categories: direct detection, indirect detection and collider experiments.

Direct detection experiments seek to observe interactions between dark matter parti-
cles and standard model particles within the controlled environment of an experiment.
The CRESST experiment aims at directly detecting dark matter particles through
their scattering off a target nuclei in cryogenic calorimeters operated at around 15 mK.
These calorimeters consist of a scintillating absorber crystal equipped with a tungsten
Transition Edge Sensor (W-TES) coupled to an auxiliary crystal, also equipped with
a W-TES, used to detect the scintillation light. Cryogenic calorimeters are particu-
larly effective in probing dark matter particles with sub-GeV masses, and currently,
CRESST provides the best sensitivity to this mass range under standard assumptions.
This thesis explores various ways to enhance the sensitivity of the CRESST experi-
ment.

Chapter [T] provides an introduction to dark matter, and chapter 2| delves into the prin-
ciples and techniques of direct detection. Chapter |3|describes the CRESST experiment
in detail, while chapter 4| explains the working principles of the W-TES.

In chapter |5 the focus is on optimising the design of W-TES, particularly the phonon
collectors. The study suggests that the TES sensitivity can be improved by modifying
the present design.

Chapter [0] investigates sputtering as a method for mass-producing W-TES in antici-
pation of the upcoming CRESST upgrade. In this upgrade, the number of readout
channels will be increased to 288, leading to an increase in the number of detectors
from O(10) to O(100). This work establishes a reliable procedure for producing super-
conducting tungsten thin films on various substrate materials.

Chapter [7|addresses the Low Energy Excess (LEE), the major limitation to the sensitiv-
ity of many low-mass dark matter direct detection experiments. It provides an overview
of the insight gained by the CRESST collaboration and introduces the doubleTES, a
novel detector module designed to investigate the LEE. Results from above-ground
measurement campaigns demonstrate the doubleTES detectors’ ability to distinguish
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events originating in the bulk of the target crystal and events originating in close
proximity to the sensors.



Zusammenfassung

Im Laufe des letzten Jahrhunderts haben Wissenschaftler zahlreiche Beweise fiir die
Existenz dunkler Materie gesammelt und mehrere Modelle vorgeschlagen, um sie zu
erklaren. Diese Erkenntnisse haben zu einer beispiellosen experimentellen Anstrengung
gefiihrt, um die Natur der dunklen Materie zu ergriinden. Diese Experimente lassen
sich grob in drei Hauptkategorien einteilen: direkter Nachweis, indirekter Nachweis und
Beschleuniger-Experimente.

Bei Experimenten zum direkten Nachweis wird versucht, die Wechselwirkungen zwis-
chen Teilchen der dunklen Materie und Teilchen des Standardmodells in der kontrol-
lierten Umgebung eines Experiments zu beobachten. Das CRESST-Experiment zielt
auf den direkten Nachweis von Teilchen der dunklen Materie durch deren Streuung
an einem Atomkern in kryogenen Kalorimetern, die bei etwa 15 mK betrieben werden.
Diese Kalorimeter bestehen aus einem szintillierenden Absorberkristall, der mit einem
Wolfram-Ubergangskantensensor (W-TES) ausgestattet wird. Ein zweiter Kristall,
ebenfalls mit einem W-TES ausgestattet, dient zum Nachweis des Szintillationslichts.
Kryogene Kalorimeter sind besonders effektiv bei der Suche nach dunklen Materie mit
Massen unterhalb des GeV-Bereichs, und derzeit bietet CRESST unter Standardan-
nahmen die beste Empfindlichkeit fiir diesen Massenbereich.

In dieser Arbeit werden verschiedene Moglichkeiten zur Verbesserung der Empfind-
lichkeit des CRESST-Experiments untersucht.

Kapitel [1| bietet eine Einfiihrung in die dunkle Materie, und Kapitel 2| befasst sich
mit den Prinzipien und Techniken des direkten Nachweises. Kapitel [3| beschreibt das
CRESST-Experiment im Detail, wihrend Kapitel [4 die Funktionsprinzipien des W-
TES erklart.

In Kapitel p|liegt der Schwerpunkt auf der Optimierung des Designs von W-TES, ins-
besondere der Phononenkollektoren. Die Studie legt nahe, dass die TES-Empfindlichkeit
durch eine Anderung des derzeitigen Designs verbessert werden kann.

Kapitel [6] untersucht das Sputtern als Methode fiir die Massenproduktion von W-TES
im Hinblick auf das bevorstehende CRESST-Upgrade. Bei diesem Upgrade wird die
Anzahl der Auslesekanile auf 288 erhoht, was zu einer Erh6hung der Anzahl der Detek-
toren von O(10) auf O(100) fiithrt. Diese Arbeit etabliert ein zuverlédssiges Verfahren
zur Herstellung supraleitender Wolfram-Diinnschichten auf verschiedenen Substratma-
terialien.
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Kapitel [7| befasst sich mit dem Low Energy Excess (LEE), der grofiten Einschrankung
der Empfindlichkeit vieler Experimente zum direkten Nachweis massearmer dunkler
Materie. Es gibt einen Uberblick iiber die von der CRESST-Kollaboration gewonnenen
Erkenntnisse und stellt den doubleTES vor, ein neuartiges Detektormodul, das zur Er-
forschung des LEE entwickelt wurde. Die Ergebnisse von oberirdischen Messkampagnen
zeigen, dass die doubleTES-Detektoren in der Lage sind, zwischen Ereignissen, die in
der Hauptteil des Zielkristalls entstehen, und Ereignissen, die in unmittelbarer Nahe
der Sensoren entstehen, zu unterscheiden.



“C’¢ un’ape che se posa
su un bottone de rosa:
lo succhia e se ne va. ..
Tutto sommato, la felicita
é una piccola cosa."

— Trilussa
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Chapter 1

Introduction to Dark Matter

The term "dark matter" denotes a type of matter that does not absorb, reflect or emit
light, yet it is influenced by gravity.

This component of our Universe is currently the subject of an unprecedented exper-
imental effort to unveil its nature. Since the 1930s, scientists have collected various
pieces of evidence in favour of its existence and proposed several models to account for
them.

Based on these observations, scientists estimate that dark matter constitutes 26% of
the total energy density of the Universe and that it should have existed for much of the
lifetime of the Universe. Many more characteristics of dark matter have been inferred
from these observations based on the Standard Cosmological Model. This chapter will
present evidence supporting dark matter’s existence, furthering our comprehension of
the Universe based on the Standard Cosmological Model. An overview of potential
mechanisms of dark matter production in the early Universe, along with a short dis-
cussion on possible candidates, will conclude this chapter.

1.1 Evidences for Dark Matter

This section will present some of the evidence collected for the existence of dark matter.
We will first jump back to 1933 to explore the earliest hints of something unknown in
the Universe. Following that, we will move to the second milestone - the studies of
galaxies’ rotation curves in the 1970s. We will then bring our attention to the critical
observation of the Bullet Cluster’s behaviour from 2006. Lastly, we will briefly outline
the constraints from the cosmic microwave background.

1.1.1 Coma Cluster

During the 1920s-1930s, a number of scientists began to contemplate the existence of
dark matter, making it challenging to pinpoint the first appearance of such a concept.
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In 1933, Swiss astrophysicist Fritz Zwicky published a paper containing the first piece
of evidence for dark matter [1]. His work aimed to measure the mass of the Coma
galaxy cluster. Zwicky employed two distinct methods to confirm his findings, seeking
to strengthen his results through cross-validation. The first method involved observing
the cluster and measuring its luminosity to deduce its mass. Examining nearby stellar
systems, he determined the calibration of mass per unit of light. Using this approach,
Zwicky estimated the total mass of the Coma galaxy cluster to be Mcym, = 800 -
10° Mgy, ~ 1.6 - 10% g.

The second approach began with the premise that gravity depends on the cluster’s
mass. Assuming the cluster to be at equilibrium, it is possible to apply the viral
theorem, which relates kinetic energy (Ej;,) and potential energy (E,.;) through Ej;,, =
—1/2 E,pt. The kinetic energy of the cluster was determined by analysing the velocities
of particles within it. Then, the total mass could be inferred through the equation:
o BWAR
3 G
The estimation of (v) was derived from the Doppler shift radiation of eight galaxies
in the cluster, yielding a velocity dispersion. Zwicky obtained an average velocity
of 1019km/s, which is relatively accurate, given that current measurements provide
(v)=1082km/s |2]. Employing this second method, Zwicky obtained a total mass of
Mcome = 3 - 10%7 g for the Coma cluster.

Combining his observations [1,3|, Zwicky noted a discrepancy of two orders of magni-
tude between the masses obtained from the two methods. Remarkably, the discrepancy
holds today, even though reduced to a factor 50 only (to compare with the factor 200
obtained by Zwicky), because of some errors in Zwicky’s first method of computing the
Coma cluster mass.

One way to resolve this discrepancy is by postulating that an important portion of the
gravitational mass was not accounted for when considering luminous matter.

(1.1)

1.1.2 Rotation velocity of Spiral Galaxies

During the 1970s, some scientists directed their focus towards the investigation of the
rotational velocity dispersions of spiral galaxies.
As most of a galaxy’s luminous mass is located at its centre, at large distances from
the galactic centre, we anticipate its gravitational potential to scale inversely with the
distance. Thus, according to Kepler’s third law of motion, stars at large distances from
the galactic centre should orbit around it with a velocity that scales inversely with
the square root of their distance from the centre (v o< 1/4/r). Figure depicts the
expected rotational velocity curve.

Extensive studies of the rotational velocity curves of several spiral galaxies from the
group of Vera Rubin, Kent Ford and Norbert Thonnard [5-7] revealed a strikingly
different behaviour. Contrary to expectations, the rotational velocity of galaxies does
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Figure 1.1: Representation of the problem of galaxy rotational curves. Here, the
observed rotational velocity curve of the NGC 6503 galaxy is plotted (dots) together
with the curves predicted for the gas and stars components and the gas component
only. Image taken from [4].

not drop off beyond the galaxy bulge. Instead, it maintains a relatively constant
velocity up to distances well beyond the galactic centre. Figure illustrates the
observed rotation curves of multiple galaxies.

These flat rotation curves might imply that M (r) o r even outside the radius of the

galactic bulge, where the luminous matter predominantly resides, thus suggesting the
existence of a "dark halo" extending beyond the stellar distribution [8]. The hypothesis
of the existence of a dark halo still holds, with galaxies believed to be embedded in
an extended halo of dark matter stretching far beyond visible matter. The density
profiles of these extended halos are derived from simulations of collisionless dark matter
(NFW [9] or Einasto [10] are widely used models).
Another way of explaining the observed rotational velocity dispersions of spiral galaxies
is assuming that Newtonian gravity does not describe such vast systems (moving with
an acceleration smaller than 1.2:107'°m/s?) and must be modified accordingly. A
description of this possibility is beyond the scope of this thesis and can be found
in |11].

1.1.3 Bullet Cluster

All systems studied so far represent equilibrium systems, where both baryonic and dark
matter have reached thermal equilibrium. An excellent example of a non-equilibrium
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Figure 1.2: Observed rotational velocity curves for seven galaxies. Image taken
from [6].

system is a collision of clusters, such as the Bullet cluster.
The 1E 0657-56 galaxy cluster (also known as Bullet cluster) is a new cluster formed
by the collision of two large clusters. As two galaxy clusters collide, their gas clouds
interact, leading to mutual heating and deceleration of their motion. On the other hand,
the stars in the two clusters are compact objects, which minimises the probability of
interaction and allows them to continue their motion. As a result, the gas is slowed
down with respect to the stars, which instead continue their motion.
In the observation of the Bullet cluster, the gas distribution was identified through its
emission of X-rays. Subsequently, gravitational lensing techniques were utilised to map
out the gravitational field and thus infer the mass distribution. These investigations
revealed a mass distribution aligned with the stellar distribution. A picture of the
Bullet cluster highlighting the different populations observed is provided in Figure 1.3
As for the rotational curves of spiral galaxies, we can assume a scenario where a large
dark matter halo surrounds each cluster to explain this observation. Since the observed
mass distribution is coherent with the stellar distribution, we hypothesise that dark
matter is collisionless. Under this hypothesis, these two halos would pass through each
other, influenced solely by the gravitational pull of the other cluster. Thus, dark matter
would continue its motion, along with the stars, while the gas remains behind.
In light of this, when physicists observed the Bullet cluster in 2006 [13|, they referred
to it as the "first direct empirical proof of the existence of dark matter". Furthermore,
the Bullet cluster observation provides insights into the potential self-interaction of
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Figure 1.3: The Bullet cluster. This figure contains three superimposed pictures.
The first layer is the optical image representing the distribution of stars. The second
layer is the hot gas distribution, inferred through X-rays and represented in pink. The
third layer represents the gravitational potential, obtained with gravitational lensing
techniques and represented in blue. Image taken from [12].

dark matter. Self-interactions would have led to a deceleration of the motion of the
halos, allowing to place constraints on such interactions. Recent studies have permitted
self-interaction rates up to a/m ~ 2cm?/g [14].

1.1.4 Cosmic Microwave Background

Another striking evidence supporting the presence of dark matter in the Universe stems
from observations of the very early Universe, mainly through the cosmic microwave
background (CMB). Experiments studying the CMB started providing results pointing
towards the existence of dark matter in the early 2000s and allowed the constraining
of the fraction of the Universe made of dark matter in 2018.

To comprehend the CMB observations, a brief review of the thermal history of the
Universe is essential.

Short Thermal History of the Universe

By examining the early Universe, we can infer constraints on the amount of matter
and radiation present in the Universe. Particularly, we can relate the present abun-
dance of baryons to information from the Big Bang Nucleosynthesis (BBN), and we
can constrain the amount of radiation in the early Universe through the epoch of
Recombination [15].
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BBN: BBN initiates when the temperature of the Universe (Ty,;) drops to
Tyn: = 1 MeV. Before this temperature is reached, the proton and neutrons are in
thermal equilibrium. When this temperature is reached, instead, protons cannot
decay into neutrons anymore. [16] When the temperature of the Universe drops
well below the deuterium binding energy, approximately when Ty,,; ~ 100keV,
light elements such as deuterium and helium are synthesised. By examining
the present abundance of these light elements, constraints on the ratio between
the number of protons and neutrons (n,/n,), as well as between the number
of baryons and photons (n,/n.), can be established [17]. Notably, the latter is
related to the baryonic density in the Universe (€2,) via:

mo__pe

n,  (m)n

Oy (1.2)

where p. denotes the critical density of the Universe, (m) represents the mean
mass per baryon (i.e. approximately the proton mass) and nj is the present day
photon number density |17].

Recombination: Recombination denotes the epoch when hydrogen atoms be-
gin to form through the combination of electrons and protons. This era begins
when Typ,; ~0.4€V |18]. During this phase, the Universe transitions from being
an ionised plasma to being neutral. Consequently, photons, which scatter very
efficiently off charged particles but not nearly as efficiently off neutral particles,
can freely stream in the Universe, leading to what is known as the "surface of
last scattering", when Ty,,; ~0.1eV. At this temperature, the high energy tail of
photons falls below 13.6 eV (the hydrogen atoms binding energy) and almost all
of the electrons have recombined. The CMB provides a snapshot of the Universe
at this surface [19].

The CMB temperature landscape is a picture of the density landscape of the Uni-

verse at the surface of last scattering (see Figure . It exhibits small perturbations
seeded by inflationary processes. These density fluctuations oscillate over time, influ-
enced by the competing effects of gravity and radiation pressure [20]. Gravity tends to
increase the density of overdense regions in the plasma, attracting more matter towards
them. Conversely, radiation pressure pushes particles, tightly coupled to a photon field,
away from each other, leading to a decrease in density.
The CMB offers a glimpse into these fluctuations when the Universe was just a few
hundred thousand years old (at a redshift of 1000). These fluctuations can only be ex-
plained with a matter component that experiences gravity but not radiation pressure.
This matter component should be approximately five times larger than the baryonic
matter component. Hence, the CMB anisotropy stands as compelling evidence for the
existence of dark matter, indicating that it has existed since the early Universe.
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Figure 1.4: Image of the anisotropies of the CMB seen by the European Space
Agency’s (ESA) Planck mission, (QESA. The picture shows temperature fluctuations
on the surface of last scattering, corresponding to regions of slightly different densities.
These regions represent the seeds of all future structures: the stars and galaxies of
today. The image is obtained from the 2018 Planck data .

The 2018 analysis of the Planck experiment allowed for the constraint of the
fraction of the Universe in its radiation (€2,.,4), matter (£2,,) and dark energy (£24)
components:

Qyag =9-107*
Q,, = 0.3153 + 0.0073 (1.3)
Qp = 0.6847 +£0.0073

The radiation fraction of the Universe is precisely known, as the temperature of the
blackbody radiation is accurately measured. The density of matter consists of baryonic
matter, for which €, ~ 0.049 and dark matter, for which Qp,; ~ 0.266. The determi-
nation of the matter fraction in the Universe was achieved by combining the Planck
data with gravitational lensing information.

1.2 Structure Formation

Understanding the formation of structures in the Universe, such as galaxies and clus-
ters, is crucial for unveiling the nature of dark matter. Dark matter, being the dom-
inant matter component, accrete first, with baryonic matter subsequently falling into
the formed gravitational potential wells. The structure formation mechanism holds
valuable information regarding the velocity of dark matter particles when they decou-

ple [22].
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N-body simulations are conducted to study this phenomenon. These simulations ex-
plore two limiting scenarios: relativistic and non-relativistic dark matter cases.

Hot Dark Matter Dark matter is relativistic and can freely stream throughout the
Universe when it decouples from the Standard Model at the surface of last scattering.
At this stage, the particles possess too much kinetic energy to accrete into small struc-
tures. Instead, they form large structures first, subsequently fragmenting to create
smaller ones. This process is known as "top-down" structure formation [23].

Cold Darm Matter Dark matter remains non-relativistic throughout all relevant
epochs for structure formation. Its slow movement allows it to easily form small clumps,
as its kinetic energy is smaller than the potential energy of even small bound structures.
Consequently, small clumps form first and subsequently accrete into larger structures.
This process is known as the "bottom-up" scenario [22]|. In this scenario, small relic
overdense regions within larger dark matter halos should persist today.

Currently, comparisons between N-body simulations and observational data on the
abundance of small-scale structures in the Universe favour the cold dark matter sce-
nario, characterised by bottom-up structure formation [24,25|.

1.3 Dark Matter Candidates

The evidence presented so far suggests the existence of a new type of matter, the
nature of which remains unknown. Despite this, these observations have provided
some insights into the properties of these particles. Firstly, they must be massive,
as evidenced by their gravitational interaction. Additionally, they are likely stable or
at least have very long lifetimes (longer than the age of the Universe), given their
presence in both present-day rotational velocity curves and the early Universe (as
observed in the CMB). Dark matter is also non-luminous, as evidenced by the absence
of direct observations. Lastly, it is non-relativistic, as proved by considerations of
galaxy dynamics, that allowed for an estimation of the average speed of dark matter
particles.

Combining all of this information, scientists proposed various dark matter candidates,
accounting for the nature and behaviour of these particles. Their possible mass spans
a wide range, from 102! eV [26] to the Planck mass (~10'8 GeV) [27]. One way to
categorise the plethora of dark matter candidates is to consider the mechanisms that
led to the presence of the measured relic density of dark matter in the Universe today.
These "production mechanisms" can be thermal or non-thermal. The distinction lies
in whether dark matter has ever been in thermal equilibrium with the Standard Model.
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Figure 1.5: Several possible dark matter candidates in the allowed mass range. Image
reproduced from [28].

1.3.1 Thermal Production

In a thermal scenario, during the early Universe, dark matter was thermally coupled
to the Standard Model plasma through interactions of the form:

DM + DM (+DM...) <— SM particles (1.4)

These processes occurred rapidly enough to maintain thermal equilibrium in the early
Universe, meaning that dark matter’s annihilation and production rate were equal.
This equilibrium was broken once the temperature of the Universe dropped below the
dark matter mass; thus, its production could no longer persist. Consequently, the dark
matter density started falling exponentially. As the Universe expanded, there came a
point when the expansion rate (H) exceeded the annihilation rate (I'). At this point,
the dark matter bath decoupled from the Standard Model, and its density settled at
the current abundance. This transition is known as freeze-out [29).

Freeze-out can occur whether dark matter particles are relativistic or non-relativistic.
However, assuming dark matter to be a hot relic, the current abundance cannot be
obtained [30]. Alternatively, assuming dark matter as a cold relic leads to the Weakly
Interacting Massive Particles (WIMPs) hypothesis.

WIMPs

The search for WIMPs has been a focal point in dark matter research for several years.
Their popularity stems from the so-called "WIMP miracle", which offers a potential
solution to the dark matter enigma through new physics at the electroweak scale.

Assuming dark matter at the electroweak scale (i.e. mpy; ~100GeV/c?) interacting
weakly with the Standard Model results in the exact relic density presently observed.
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The constraints on the coupling can be relaxed, allowing the WIMPs to interact with
the SM sector through any mediator, including unknown ones. This leads to a much
broader possible mass range (refer to Figure [1.5)), spanning from O(eV) (constrained
by freeze-out abundance [31]) to O(100s TeV) (limited by Unitarity arguments [32]).
In this context, the lighter the dark matter candidates, the weaker the coupling to the
SM they possess.

While numerous other dark matter candidates have been proposed over the years
[28,33|, providing a comprehensive description of these possibilities is beyond the scope
of this work.

1.3.2 Non-thermal production

Scientists proposed a variety of production mechanisms in the non-thermal scenario.
One such possibility is the freeze-in mechanism. In this description, initially, there
is either no dark matter or only a small amount of it, which is decoupled from the
Standard Model plasma. In this scenario, dark matter production occurs despite the
weak interaction strength between dark matter and SM particles, but no annihilation.
As the temperature of the Universe drops below the mass of the dark matter particle,
its abundance freezes in and remains roughly constant at its current value [34].

Another possible non-thermal production mechanism is via the spontaneous break-
ing of the Peccei-Quinn symmetry [35]. Proposed to solve the strong CP problem [36],
this mechanism introduces the axion field that could be a dark matter candidate. This
field naturally evolves towards a local minimum, solving the CP problem and allowing
for an estimation of the axion mass through its coupling with the Standard Model

quarks:
fﬂ'mﬂ‘ myMmq 1/4 1010 GeV
Me ~ 7 (7 + ma)? ~ 0.6meV 7 (1.5)

where m, is the pion mass (m, ~135MeV), f, its effective coupling (f, ~93MeV),
m,, is the mass of the up quark (m, =~2.2MeV), my is the mass of the down quark
(my, =4.7MeV) [37] and 1/ f, is the axion field coupling.

The axion coupling is proportional to its mass. To allow axions to constitute 100%
of the dark matter in the Universe, masses below 1072eV are required. Such small
masses (which can go down to the peV scale) naturally result in very small couplings,
explaining why accelerator searches could not search for axions [38§].




Chapter 2

Dark Matter Searches

In the previous chapter, we delved into the evidence of the existence of dark matter.
Together with the absence of observation, these findings made dark matter one of the
most investigated mysteries of our times. Consequently, numerous experiments have
been devised, approaching the search for dark matter from different perspectives.
These search efforts can broadly be categorised into three main types: direct detection,
indirect detection and collider searches. Figure offers a schematic overview of the
different approaches.

In the initial sections of this chapter, a brief overview of these searching techniques
will be provided. Subsequently, we will delve into direct detection, offering a concise
explanation of the detection principles and interactions involved. Following this, we
will present various experimental techniques utilised in direct detection studies. This
chapter will conclude by presenting the current status of direct searches for dark matter.

2.1 Detection Techniques

Dark matter detection is extremely challenging, particularly considering that gravi-
tational interaction is the only confirmed interaction of dark matter particles with
baryonic matter. Consequently, the potential interactions of dark matter particles are
highly uncertain, resulting in a vast parameter space awaiting exploration.

Various approaches exist to this search, differentiated according to the process they
target for detection, as depicted in Figure 2.1} Collider searches seek to detect dark
matter particles produced during the interaction of SM particles. Indirect searches in-
tend to detect the SM products resulting from an interaction of dark matter particles.
Finally, direct searches aim to observe the scattering of dark matter particles off SM
particles.



12 2. Dark Matter Searches
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Figure 2.1: Schematic representation of the different dark matter detection tech-
niques.

2.1.1 Collider Searches

Collider searches intend to detect dark matter by observing their production at collid-
ers, primarily at the Large Hadron Collider (LHC) [39]. Since dark matter particles
will not leave a direct signature in detectors, the focus is on studying the missing en-
ergy. Detecting this signal poses several challenges, among which two are the most
prominent.

- Discovering a new particle at the LHC would represent a significant advancement
in particle physics. However, such a discovery does not inherently imply that the
detected particle is a dark matter candidate, and it would necessitate confirmation
from different detection techniques.

- Given the limited timescales involved in these searches (up to the timescale needed
to traverse the entire detector), the dark matter particles’ lifetime cannot be
probed.

Despite these challenges, numerous searches are ongoing at the LHC (see, e.g. [40,41]).

2.1.2 Indirect Searches

In most WIMP models, these particles’ annihilation rate is comparable to the annihi-
lation rate in the early Universe [42|. Consequently, they should generate observable
SM signals if a sufficiently high dark matter density is present. Indirect searches seek
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to detect the resulting SM particles or their secondary effects [43].

Gravitationally bound objects, such as galaxies or clusters, contain overdense regions
where dark matter annihilation or decay can produce energetic SM particles. These
regions are preferred targets for observation, as the higher density enhances the obser-
vation probability.

Indirect searches complement direct searches by offering a better reach at high masses
and the ability to set constraints on the lifetime of dark matter. Additionally, searches
looking for an annihilation signal can directly measure the mass of dark matter by
observing the monochromatic signal resulting from their annihilation into a purely SM
final state. However, interpreting an indirect signal can be challenging, as other astro-
physical processes can mimic dark matter signals.

Numerous indirect searches are ongoing, mainly focusing either on detecting v rays,
cosmic rays, neutrinos, or antimatter particles [44,/45]. These searches primarily utilise
telescopes, and they can be grouped according to the mass range they aim to observe:

e 100 MeV-1TeV: space-based telescopes, such the Fermi Gamma-ray space tele-
scope |46]

e 100 GeV-10s TeV: ground-based Cherenkov telescopes, such as MAGIC [47]

o few TeV-100s TeV: water-based Cherenkov telescopes, such as HAWC [4§]

2.1.3 Direct Searches

Direct detection of dark matter involves detecting the effect of a dark matter particle
coming from the galactic halo, interacting with a SM particle within the controlled en-
vironment of an experiment. In the following sections, we will delve into the principles,
challenges, and potential detection techniques employed in direct searches of WIMPs.
It is worth noting that the detection of axions and axion-like particles (ALPs) follows
entirely different principles [49], which are beyond the scope of this thesis.

2.2 Direct Dark Matter Detection

As mentioned earlier, direct detection of dark matter poses significant challenges. To
progress in this search, it is crucial to consider the fundamental principles underlying
direct detection. Specifically, focus should be placed on:

- Assessing the expected rate of dark matter interactions with the detector mate-
rial;

- Identifying potential sources of background signals that could be mistaken for
dark matter;
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- Recognise the distinctive experimental signatures indicative of dark matter in-
teractions within the specific experimental set-up.

2.2.1 Dark Matter Distribution in the Milky Way

First, it is essential to understand the distribution of dark matter particles and their
potential interaction rate to comprehend how dark matter and baryonic matter interact
in a detector.

The assumption is that these particles are distributed within isothermal spherical ha-
los, characterised by a Maxwell-Boltzmann velocity distribution [50|, mathematically

represented as:

Fv) = /) (2.1)

/7323
Where v denotes the dark matter velocity dispersion, v, represents the velocity of the
observational point in the Solar System (vs = 220 km/s), and N is a renormalisation
factor. The local density of dark matter near the Earth can be computed as the average
of a small volume within a few hundred parsecs of the Sun. While the commonly used
value for calculations in dark matter searches corresponds to py = 0.3 GeV /c?, present
studies suggest a higher local dark matter density [51].

2.2.2 Detection Principles and Interactions

The primary hypothesis of direct searches is that dark matter particles interact with SM
particles not only gravitationally but also via some other interaction, often imagined as
similar to the weak one. The exact nature of this interaction is not crucial for finding a
signal in direct detection experiments. It should only be stronger than the gravitational
one, which is too weak in an Earth-based experiment to be within detection reach.

In the following, our focus will be on nuclear scatterings of dark matter particles.
Detailing all possible interaction scenarios for dark matter is beyond the scope of this
thesis [5255].

Nuclear Scattering in the Laboratory Frame

The Solar System moves in the Universe with an average velocity of approximately
220km/s. When examining the interaction in the laboratory frame, we can consider an
elastic scattering between a WIMP moving with a velocity of approximately 220 km /s
and a target nucleus at rest, as depicted in Figure [2.2] This viewpoint leads the dark
matter particle to be non-relativistic (with 8 =v/ca7.34-107%).

Thus, interactions with SM particles mostly remain elastic for masses up to ~1TeV, as
the dark matter particles do not possess enough energy to break the nuclei. Despite the
elastic nature of the considered interactions, the potential influence of spin interactions
[56] has to be accounted for. By adhering to energy and momentum conservation
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Figure 2.2: Schematic representation of a WIMP scattering off a target nuclei in the
laboratory frame. Here, the target nucleus can be considered at rest while the WIMP
moves towards it with the average velocity of dark matter in the Milky Way.

principles, the maximum energy transfer to the recoiling nucleus can be determined as

follows:
2.9

[,
Eper =2. 2.2
i o (2:2)

where 1 denotes the reduced mass of the system (1 = (mw e mr)/(mwivp +mr)),
v represents the initial WIMP velocity and ms stands for the mass of the target nuclei.
Two limiting scenarios can be explored:

1. mwryp > mp: in this scenario p — my, yielding ER ~ 2mgrv®. The
maximum energy transfer for a nuclear recoil remains constant, dependent solely
on the mass of the target.

2. myrup < mp: in this case g — myyrarp, resulting in B9 &2 2-(m2y,;,,p0%) /mr.
The maximum recoil energy scales quadratically with the WIMP mass, leading
to lower energy spectra for WIMP masses that are significantly lighter than the
target nuclei. Considering the finite threshold of real detectors, this usually re-
sults in a decreased sensitivity. Hence, light nuclei are preferred for light WIMP
searches [57].

The minimum WIMP velocity required for a NR event of energy Eg can be derived
and expressed as:

E
Vi = mrir (2.3)
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Thus, lighter dark matter particles necessitate a larger initial velocity to generate a
NR.

Scattering rates in a detector

Taking into account the complexity of the scattering process, an accurate estimation
of the expected scattering rates in a detector can be obtained. Several considerations
come into play:

- WIMPs exhibit a velocity distribution f(¥) rather than a fixed velocity value.

- The detector, situated on Earth, undergoes motion around the Sun and the Galac-
tic centre.

- The scattering occurs coherently on nuclei, which are composite particles. Form
factors that account for their structures have to be considered.

- The underlying spin dependence of the interaction can influence the cross-section
and the form factors.

- Due to energy resolution and threshold considerations in detectors, as well as
potential energy loss in the physical process, the observed energy may not corre-
spond to the entire recoil energy.

Taking all of this into account, calculations [50] allow us to formulate the differential

event rate as: iR " p
Po ~AOWIMP -
= v f (V) —————dvU 2.4

dER mwimpmMmr /Umin f( ) dEr ( )

po denotes the local dark matter density in our Milky Way region, and oy rpp repre-
sents the WIMP-nucleus interaction cross-section and v.,. indicates the escape velocity
of our galaxy. This equation comprises various contributions from various fields of
physics. Astrophysics knowledge is needed to estimate the local dark matter density.
The WIMP-nucleon cross-section can be converted into the WIMP-nucleus one through
nuclear physics calculations. Lastly, particle physics defines the scattering framework.

Cross Sections

Considering the non-relativistic nature of the scattering process and the considerations
outlined for the interaction, the interaction cross-section can be expressed as:

do o o my o b
N =5 2310 I F 2.5
dEr KdER) ST " (dER> SD:| 2u20? (00" Fsr + 03 Fp] (2.5)

Where the subscripts SI and SD refer to spin-independent and spin-dependent in-
teractions, respectively, while the Fgr/gp denote the respective nuclear form factors,
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accounting for the approximation of the scattering off a nucleus as a whole.
For spin-independent interactions, the cross-section is:

o5t = (2h 4 (A= D)1 26)

Where 7 is the atomic number of the target atom, A is its mass number, and f,/,
are the form factors of protons/neutrons. It is commonly assumed that the distinction
between protons and neutrons cannot be resolved, hence the preference for heavy target
nuclei (o oc A?).

For spin-dependent interactions, we can write a simplified cross-section that does not
account for interactions between the neutrons and protons of the atoms:

op_ 32GH (T +1)

0 - 7 ap(Sp) + an<5n>]2 (2.7)

where J stands for the angular momentum, a,/, denote the individual couplings to
protons/neutrons and (S,,,) are the spin expectations of the two [50].

Annual Modulation

Previously, we noted that determining the velocity of WIMPs involves analysing the
motion of the Sun around the centre of the Milky Way, considering also the Earth’s
orbit around the Sun. This motion has a much lower velocity, such that the ratio of
the orbital velocity to the solar velocity is Vorpit/Vsun == 0.07.

However, this motion inherently results in annual modulation [58]. During half of
the year, the combination of the Earth’s and Sun’s motion results in the summation
of their velocity. Conversely, for the other half of the year, the combination of their
motions leads to a subtraction. Figure [2.3] provides a schematic representation of this
behaviour.

Although this effect can be utilised in the search for WIMPs, its magnitude is only a
few per cent. Therefore, observing several interactions (((100)) is necessary to study
annual modulation effectively.

Directionality

In its orbit around the Galactic centre, the Sun-Earth system moves towards the Cygnus
constellation. The ability to discern the direction of recoils could offer improved in-
sight into the signal and unprecedented background rejection [59]. Due to this motion,
assuming an anisotropic dark matter halo, the recoil spectrum peaks in the direction
opposite to our motion towards Cygnus.

Highly sensitive detectors could investigate the daily modulation of this signal at-
tributed to Earth’s rotation about its own axis. The event rate in the forward direction
is expected to be one order of magnitude larger than in the backward direction.
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Figure 2.3: Schematic representation of the motion of the Earth around the Sun
combined with their common motion around the Galactic centre, through a dark matter
halo at rest. When the Earth’s velocity sums with the Sun’s velocity, the rate will be
enhanced (maximum in June), while when it subtracts, it will be damped (minimum
in December). Image reproduced from [58].

Detectors capable of measuring the direction of nuclear recoils with high angular reso-
lution would require only a few tens of events to distinguish a dark matter interaction
from background events [61], which exhibit no preferred direction. In light of this, a
large experimental effort towards directional detectors is underway [62].

2.2.3 Detection Challenges

The main challenge for direct dark matter searches is represented by the various back-
grounds that need to be mitigated via dedicated measures |28|. The anticipated event
rate overall is exceedingly low, prompting direct detection experiments to be designed
to minimise the background in the region of interest (ROI) and obtain a cleaner signal.
The major background contributions will be outlined, followed by the most common
mitigation strategies.

Backgrounds

Electronic recoil (ER) backgrounds are generated by 5 and «y particles interacting elec-
tromagnetically with the electrons of the target. This background originates from the
decay of various radioactive isotopes. A different source of ER background stems from
the elastic scattering of low-energy solar neutrinos with atomic electrons. However, the
cross-section for these interactions is extremely small, rendering this background far
from the present experiments’ reach.
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Figure 2.4: Schematic representation of the directionality of the WIMP signature
on Earth. Due to the Earth’s motion, this directionality presents a daily modulation.
Image reproduced from [60].

Another significant source of background is represented by the « particles. While these
particles typically deposit too much energy to fall into the ROI, if they lose enough
energy into insensitive parts of the detectors, their signal can become significant.

A critical background for WIMP searches is represented by nuclear recoils, which can
mimic the WIMP signal. These recoils can be induced by neutrons originating from
different sources, including (a,n) reaction, spontaneous fissions, or cosmic ray muons
interactions. A source of NR background arises from the coherent scattering of neu-
trinos (from various sources) off target nuclei, producing recoils, which cannot be dis-
tinguished from the WIMPs ones on an event-by-event basis. This background is
nowadays known as the neutrino fog.

Mitigation Strategies

Mitigation strategies for these experiments are often summarised with the definition
of "low-background techniques" [63] and are common to most direct detection experi-
ments.

Placing direct detection experiments in underground laboratories, where the exper-
imental set-up is shielded by an overburden of rock, effectively reduces the flux of
cosmogenic muons (see Figure , also reducing the muon-induced neutron back-
ground, with further mitigation achieved by incorporating a muon veto system.
Additionally, employing either massive and compact shields (e.g. made of Pb, Cu, PE
or larger shields) or larger shields constructed from lighter isotopes (such as water or
argon) aids in reducing the flux of as, s, ys and n from the environment, thus the
electronic and nuclear recoil backgrounds.

The design of detectors is crucial for minimising backgrounds. Thus, detectors and
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Figure 2.5: Muon flux in underground laboratories. The solid line represents the
muon flux as a function of depth for a flat overburden. For laboratories located under
a mountain, the real flux has an angular dependence. Image taken from [64].

target materials are selected and treated to minimise the radioactive contamination
and further activations. Whenever possible, target materials are purified from contam-
inations.

Fiducialisation of the detector volume often assists in reducing backgrounds at the
detector surface.

2.3 Experimental Approaches

Since a particle interaction in a detector can create different types of signals, various
approaches to the direct detection of dark matter exist. An overview of possible detec-
tion techniques based on the type of signal chosen for detection is provided below.
Three main signals can be read out in a particle detector, and they can be utilised
and combined to directly detect dark matter: charge, light and heat signals. Figure
presents a list of the current direct detection experiments, categorised based on the
detection channels used.

2.3.1 Ionisation Signal

An ionisation signal is created when an electron is either excited or ejected from an
atom, forming an electron-hole (e~-h) pair. By applying electric fields to the target
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Figure 2.6: List of direct dark matter detection experiments, based on their energy
readout channels. The experiments are listed near the readout channel they use or
between two channels if they use a combination.

material, the free electron can traverse the material and, in some cases, undergo am-
plification. Typically, the drifting motion leads the ionisation signal towards a charge
detector.

There are two main types of detectors using ionisation signals: liquid noble detectors
and semiconductor-based ones.

Semiconductor Detectors Semiconductors are widely used in the hunt for dark
matter. An energy deposition in a material of this type leads to the creation of a
charge signal, which is proportional to the deposited energy. There exist two main
kinds of detectors employing superconductors: cryogenic detectors and charge-coupled
devices.

Cryogenic Detectors Semiconductors need a very tiny amount of energy to create an
e~ -h pair, corresponding to an average energy of 2.9V in Ge and 3.6 eV in Si, resulting
in an excellent energy resolution [65].

However, detectors of this type have a rather slow time constant (7 ~ 1 us). Moreover,
constructing large-scale detectors (beyond a few kg scale) is currently not feasible.
The state-of-the-art for these searches is p-type point contact HPGe detectors, which
enable the construction of kg-scale detectors and can achieve thresholds down to ap-
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proximately ~ 160eV e [66].

Charge-coupled Devices (CCDs) CCDs essentially consist of arrays of capacitors
(pixels), electrically coupled to each other and typically made of Si. The charge signal
is drifted through an applied electric field towards the pixel gate until readout. This
readout scheme enables the 3D spatial reconstruction of an event.

Experiments utilising this technique are typically searching for dark matter-electron in-
teractions [67]. The state of the art for these detectors is represented by Skipper CCDs,
enabling multiple non-destructive charge measurements, leading to single-charge reso-
lution and sub-electron noise thresholds [6§].

Noble Liquids Detectors Argon (Ar) and Xenon (Xe) are very good scintillators
and can be ionised easily. They are used in the liquid state to build massive, dense
and compact dark matter targets, which already reached the ton-scale [69].

One of the main applications of this technology is dual-phase time projection chambers
(TPC). These TPCs can read out different signals: the primary and the secondary
scintillation light and the ionisation signal. Combining these signals, the position of the
interaction can be precisely reconstructed while reaching a very high energy resolution
and a very good ER/NR discrimination |70]. This ER/NR discrimination is perdormed
through the ratio of the ionisation to the scintillation signal and in liquid Ar detectors
also through pulse shape discrimination.

2.3.2 Light Signal

Scintillating materials emit light when they absorb radiation, which various types of
light detectors can employ to study dark matter interactions.

Typically, only a small percentage of the deposited energy is emitted as scintillation
light. The light signal is often combined with other detection techniques for particle
discrimination.

Noble Liquids Detectors Single-phase liquid noble gas detectors only read out the
scintillation signal from Ar, and they have a very simple design: a spherical target is
surrounded by photomultipliers [71]. Pulse shape discrimination can be used for signal
discrimination and, thus, background reduction. With these detectors, the position of
the interaction can be reconstructed.

Scintillating Crystals Employing scintillating crystals, such as Nal(T1) and CsI(T1),
large mass detectors can be constructed. Thanks to the large atomic mass of the atoms
of these crystals, they exhibit high sensitivity to spin-independent interactions. How-
ever, these materials often have high levels of intrinsic background.

Large-mass scintillating crystals are often used to search for the annual modulation of
the dark matter signal [72].
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2.3.3 Heat signal

Two types of heat signals can be distinguished: phonon signal and superheating.

Phonon Detectors Collecting the heat (thermal or non-thermal phonons) signal
involves measuring the slight temperature increase induced by particle interactions.
To detect such a tiny increase, operating phonon detectors at cryogenic temperatures
is imperative to mitigate thermal noise, and lowering their heat capacity is fundamental
to achieve optimal sensitivity.

Various types of thermometers can measure this signal [73]. In chapter [ we will
discuss one of them, the transition edge sensor, in detail.

The measured energy represents the total deposited energy in these detectors, allowing
for an excellent energy resolution. The energy needed to create phonons can be as low
as few meV.

Bubble Chambers Bubble chambers utilise superheated liquids maintained at tem-
peratures just above their boiling points as dark matter detectors. A local phase tran-
sition occurs in such liquids, creating a bubble if the energy deposited into a certain
micro-scale volume surpasses a specific threshold. Tuning the bubble chambers’ param-
eters, these thresholds can be controlled to enhance background discrimination [74],
rendering bubble chambers almost insensitive to ER.

The signal is captured with stereoscopic cameras, enabling precise recording of the
amount of bubbles and their positions. This type of detector has significant draw-
backs: the impossibility of measuring the recoil energy and a large dead time resulting
from the time required to achieve a superheated state. Typically, liquids containing
fluorine (F) are used for spin-independent searches, while liquids containing iodine (I)
are used for spin-dependent searches |75].

2.4 Current Status

The current status of the spin-independent and spin-dependent dark matter searches
are shown in Figure and Figure [2.8] respectively. A portion of the parameter space
has been explored by combining the exclusion limits provided by various experiments.
Looking at the plots, it becomes evident how different searching techniques exhibit
varying degrees of sensitivity to different regions of the parameter space. Therefore, a
collaborative effort is required to comprehensively explore the entire parameter space.
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Figure 2.7: Current status of the direct detection experiments for spin-independent

dark matter-nucleus scattering.
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Chapter 3

The CRESST experiment

The Cryogenic Rare Event Search with Superconducting Thermometers (CRESST)
experiment is situated at the underground Laboratori Nazionali del Gran Sasso (LNGS)
in Italy. CRESST uses cryogenic calorimeters operated at a few mK to directly detect
dark matter particles through their elastic scattering off target nuclei, as described in
section[2.2] When a particle interacts with one of the target nuclei, it deposits energy in
the crystal, leading to a measurable increase in the sensors’ temperature. The working
principles of these detectors will be detailed in chapter

The first part of this chapter will focus on delineating the facilities of the CRESST
experiment, the principal backgrounds, and the shielding utilised to mitigate them.
Subsequently, our attention will be directed toward the CRESST-III detector modules
and their design. The chapter will conclude with the most recent results obtained by
the CRESST experiment, along with future plans.

3.1 Experimental setup

The CRESST facility is located in the Hall A of the LNGS (see Figure 3.1)), where a
1400 m of overburden of rock, corresponding to 3800 m.w.e. (meters of water equiv-
alent), provides an effective shielding against cosmic rays radiation (see Figure .
To further mitigate the effects of remaining backgrounds, CRESST utilises multiple
passive shielding layers.

3.1.1 Shieldings

In the LNGS environment, the most significant sources of background are electrons,
gammas (), as from natural radioactivity, and neutrons resulting from environmental
radioactivity or muon-induced reactions.

To mitigate these backgrounds, CRESST employs multiple passive shielding layers
(shown in Figure [3.2). In the following, the various shieldings will be introduced
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Figure 3.1: Location of the CRESST experiment in the Hall A of the LNGS.

from the outermost to the innermost, emphasising their contribution to the overall
background reduction.

Polyethylene

Polyethylene (PE, CyHy), is a plastic material created from the polymerisation of
ethylene (CoHy).

The outermost shield of the CRESST cryostat is constructed from this material, as
it is highly effective in moderating the neutrons, which are primarily originating from
cosmic muons interacting in the rocks and from radioactivity (see section . Light
elements are preferred for this purpose due to kinematic reasons.

However, neutrons can also arise from interactions of cosmic muons with the inner lead
or copper shields. This background can pose a significant risk if the muon veto system
does not detect the primary muons. An inner layer of PE is positioned close to the
detectors to address this concern.

The outer PE layer is 40 cm thick and weighs approximately 10 t, while the inner layer
is 3.5 cm thick.
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Figure 3.2: Schematic drawing of the CRESST setup, highlighting the shielding layers
and the positioning of the detector modules and SQUIDs electronics. Picture taken

from
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Muon Veto

The muon veto system serves as the only active shielding layer of the CRESST exper-
imental setup. It comprises 20 plastic scintillator panels read out by photomultiplier
tubes (PMTs), providing a geometrical coverage of 98.7%.

While muons are not a dangerous background for CRESST, they can interact in the
materials surrounding the experimental volume, generating secondaries (e.g. neutrons)
that could mimic a dark matter signal. Tagging the muons entering the cryostat allows
the discrimination of muon-induced events during the analysis.

Radon Box

The radon box is airtight and continuously flushed with nitrogen, and it encloses the
CRESST experimental volume within the muon veto. The primary objective of this
system is to protect the experiment against any surface contamination of 2!°Po origi-
nating from radon (Rn) decay.

Rn represents a significant background for underground rare event searches, although
it was not discussed in section 2.2.3]

222Rn arises from the decay of 23U and is a noble gas that does not interact with sur-
rounding materials. It possesses an average lifetime of 3.82 days, allowing it sufficient
time to escape from rocks into the experimental halls and contaminate the materi-
als surrounding the experimental volume. Following the decay of #22Rn, the decay
chain progresses rapidly until it reaches the long-lived isotope 2!°Pb, with a lifetime
of approximately 22.3 years. This daughter nucleus can adhere to surfaces exposed to
222Rn, leading to contamination. The decay chain further proceeds with the short-lived
isotopes 21°Bi (with a lifetime of approximately 5days) and ?!°Po (with a lifetime of
about 138 days) before reaching the stable isotope *Pb. This decay potentially rep-
resents a dangerous background, as 2!°Po decays to a 2°°Pb nucleus possessing 103 keV
of energy, via the emission of an « particle, with an energy of 5.3 MeV. Two possible
signatures can contaminate the ROI, both coming from the recoil of the 2°Pb nucleus
in the absorber crystal, depending on the location of the 2'Po contamination. If the
contamination is on the surface of the crystal itself, during the ?'°Po decay, the total
206ph energy is deposited in the absorber, together with part of the energy of the a
particle, thus depositing an energy larger than 103 keV. Conversely, if the surface of
the detector’s housing is contaminated, the recoil energy detected in the absorber is
lower than 103 eV, as the nucleus loses part of its energy reaching the target crystal.
This latter scenario can contaminate the ROI down to threshold.

The level of ?2Rn at LNGS is measured to be about 50 Bq-m™ |78].
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Lead

A 20 cm thick layer of radiopure lead, for a total weight of 24 t, is placed inside the
radon box to shield against natural radioactivity.

Thanks to its high atomic number and density, lead is particularly effective for shielding
against v rays. In contrast, even a thin layer of lead easily stops a and 3 particles, as
they lose energy primarily through ionisation.

The primary sources of these types of backgrounds are the decay chains of 4°K, 23°U,
238U and ?*?Th.

Copper

Avoiding 2!°Pb contamination of the lead is nearly impossible, as some level of radioac-
tive contamination is also present in low-radioactivity lead. Consequently, an inner
shield of Cu 14 cm thick, weighing 10t is employed to shield against the vs and fs
originating from the lead. Indeed, Cu can be purified at a level of 99.99%, thus it is a
particularly convenient choice for low-background experiments.

3.1.2 Cryostat

As previously mentioned, CRESST operates cryogenic calorimeters at mK temper-
atures. These extremely low temperatures are reached using a commercial dilution
refrigerator, specifically an Oxford Instruments 1000S.

The mixing of two helium isotopes, 3He and “He, provides the cooling power for such
a refrigerator. More details on the working principle of dilution refrigerators can be
found in [79).

In the CRESST facility, the cryostat is positioned on top of the various shieldings pre-
viously described, while the detector modules are housed in the so-called carousel (see
Figure , thermally coupled to the cryostat through a 1.3m long Cu cold finger.
This design ensures that the experimental volume has direct lines of sight only with
low-radioactivity materials, minimising potential sources of background radiation.

3.2 CRESST Phases

In 1984, scientists L. Stodolsky and A.K. Drukier of the Max Planck Institute for
Physics (MPP) conceived the idea of utilising cryogenic detectors for neutrino detec-
tion. Although their first idea did not yield the desired results, this innovative concept
laid the foundation for developing cryogenic particle detectors.

Fast forward to 1993, when a collaborative effort between MPP and the Technical Uni-
versity of Munich (TUM) focused on advancing cryogenic detector technology. This
collaboration led to the proposal of an experiment at the LNGS aimed at detecting
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dark matter, employing transition edge sensors (TESs). Originally named the "Mu-
nich Dark Matter Search", in 1996, the project expanded to include participation from
groups at Oxford and LNGS, and its name was changed to CRESST.

CRESST was placed in Hall B at the LNGS (see Figure . In its initial phase,
CRESST-I, the experiment utilised four sapphire crystals, each weighing 262 ¢g. Pub-
lished in 2003 [80], the results from this phase established leading exclusion limits for
WIMPs with a mass around 1 GeV /c?.

At that time, despite extensive efforts to shield the experiment and select radiopure
materials, the remaining backgrounds remained too high to make further progress with
the existing detectors. Consequently, CRESST incorporated the readout of a secondary
signal for background discrimination. This involved changing the target material to
CaWO,, which emits scintillation light that can be used for distinguishing electron re-
coils from nuclear recoils (more details in the following). Additionally, CaWO, offered
the advantage of its heavy W nucleus.

Before the beginning of this second phase, CRESST-II, the experiment was moved
from Hall B to Hall A (where it is still located). In 2004, first results from two CaWOQO,
crystals, with a mass of 300 g were published [81].

Subsequently, the electronics system underwent upgrades, enabling the simultaneous
operation of 33 detectors. New post-upgrade results were published in 2015 [82].

The technology of the TES employed by CRESST allowed for low energy thresholds,
enabling the exploration of low-mass dark matter candidates, a rapidly growing area
of interest during those years.

The natural progression for the collaboration was to further reduce the energy
thresholds, extending the accessible dark matter mass range to masses below a few
GeV/c?. With this goal, the detector design for the next phase of the CRESST ex-
periment, known as CRESST-III, was modified. The detector modules employed in
CRESST-III will be described in detail in the following.

3.2.1 CRESST-III Detector Modules

The standard CRESST-III detector module is made of a 20x20x 10 mm? CaWO, crys-
tal as the main absorber, weighing approximately 24 g and equipped with a W-TES.
This crystal size was chosen to lower the energy thresholds and explore lower WIMP
masses [83,84]. Additionally, each module includes an auxiliary thin crystal, measur-
ing 20x20x0.4 mm?, made of silicon-on-sapphire and also equipped with a W-TES for
light detection. The housing of the detector module is fully covered in reflective, scin-
tillating foil, optimising light collection for the light detector and enhancing its signal.
Figure 3.3 shows a schematic drawing and a photo of a standard CRESST-III detector,
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highlighting all components.

Copper Holder

Absorber crystal /

— W-TES

Reflective and Light Detector

Scintillating housing |

«+——CaWO, sticks

Figure 3.3: Standard CRESST-III detector module. Right: Schematic drawing show-
ing the different components of the module. Left: Photo of an open module.

As previously mentioned, detecting scintillation light enables background discrimi-
nation on an event-by-event base. Electron recoils, mainly caused by s and s, produce
more scintillation light than nuclear recoils. The light yield is defined as the ratio of
the energy measured in the light channel to that in the phonon channel,

Eiight
E

'phonon

LY = (3.1)

and it quantifies the difference between ER and NR. Figure|3.4]illustrates a schematic

representation of a light yield plot, where the light yield is plotted on the y-axis and
the phonon energy (representing the total deposited energy) on the x-axis. The light
measured for electron recoils is normalised to 1 at the energy of the calibration source,
while nuclear recoils exhibit significantly quenched light emission. This distinction
allows for the discrimination between nuclear and electron recoils, thereby reducing
background levels.

With the CRESST technology, several materials can be employed as main absorbers.
Non-scintillating materials can also be considered for specific applications. This is a
great advantage of this type of technology, as multiple materials enable the explo-
ration of different portions of the parameter space and the study of different types of
interactions.
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Figure 3.4: Schematic drawing of the light yield plot, taken from .

3.2.2 CRESST-III Results

The design goal for these detectors was to achieve thresholds below 100 eV, an objective
that was successfully achieved, with the so-called Detector A reaching a threshold as
low as 30.1eV.

This achievement led to exclusion limits, published in 2019, which remain the best
limits in a significant portion of the parameter space for masses below 1GeV /c?, un-
der standard assumptions . However, during the first measurement campaign of
CRESST-III, the collaboration reported the first observation of an increase in event
rate with energies below 200 eV. Numerous other experiments have then reported sim-
ilar observations, and this background is currently well known as the "Low Energy
Excess" (LEE) [87]. A detailed discussion of this background and CRESST’s strate-
gies for exploring it can be found in section [7.I} Subsequent measurement campaigns
from CRESST focused on understanding this background while still delivering compet-
itive results in dark matter searches. Spin-dependent interactions were studied using
lithium aluminate crystals, yielding highly competitive outcomes [76]. Furthermore,
the lowest reachable dark matter mass was lowered thanks to the use of a thin silicon
wafer [88], with a threshold of 10€V.
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3.2.3 Future plans

In February 2024, new detector modules were mounted in the CRESST cryostat for
the current measurement campaign, the so-called Run37. This run focuses on under-
standing the origin of the LEE, employing two newly designed detector modules: the
doubleTES (see chapter [7)) and the miniBeaker (see [89] for details).

Looking ahead, the long-term plan for CRESST involves upgrading the electronics

system to enable the operation of 288 channels simultaneously, corresponding to ap-
proximately 100 detector modules. The goal of this upgrade is to increase the collected
exposure while lowering the energy threshold of the detectors. More details on the
upgrade can be found in section [6.1]
Once the mystery of the LEE is resolved, the bottleneck in enhancing the dark matter
reach of the CRESST experiment will be the collected exposure and thresholds of the
sensors. Increasing the collected exposure will enable CRESST to probe lower cross
sections for WIMP-nucleon interactions. Lowering the thresholds will enable CRESST
to probe a new, unexplored portion of the parameter space.
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Chapter 4

Transition edge sensors for dark
matter searches

Cryogenic detectors play a pivotal role in the search for dark matter, particularly in
probing low-mass regions of the parameter space. The first use of such detectors in
elementary particle physics experiments traces its origins to the 1930s. In the 1990s,
these detectors underwent significant development, inspired by the proposals by Fiorini
and Niinikoski [90], as well as by Moseley, Mather and McCammon [91] in 1984.
Presently, cryogenic detectors find extensive applications across various disciplines,
from probing the mysteries of dark matter and neutrinos to studying the cosmic mi-
crowave background.

This chapter will begin with an overview of cryogenic calorimeters and their funda-
mental working principles. Subsequently, attention will shift towards a specific type of
sensor for cryogenic calorimeters, namely Transition Edge Sensors (TES). Section
will delve into the detailed thermal model governing these detectors. Section will
provide a brief overview of the SQUIDs readout system, and section will concisely
present the primary noise sources in cryogenic calorimeters.

4.1 Cryogenic calorimeters

Calorimeters are detectors designed to collect and measure the total energy deposited
when a particle interacts in the detector. In cryogenic calorimeters, the energy is mea-
sured subsequently to its conversion into heat.

The heat signal corresponds to elementary excitations of the crystalline lattice of a
solid, with energies of O(meV). Therefore, these calorimeters must be operated at ex-
tremely low temperatures to prevent thermal excitations of the signal mediators.

The signal measured by a cryogenic calorimeter is proportional to the ratio of the de-
posited energy and the heat capacity AT = AE/C. Operating these detectors at low
temperatures also lowers their heat capacity, thus enhancing the signal.



36 4. Transition edge sensors for dark matter searches

Cryogenic calorimeters also benefit from the absence of quenching, as all of the de-
posited energy is converted into heat without any loss.

4.1.1 Transition edge sensors

The elementary excitations of the crystalline lattice of a solid are lattice vibrations,
commonly referred to as phonons. The phonons excited by an energy deposition in
a cryogenic calorimeter can be read out through several types of sensors. A detailed
description of the numerous possibilities is beyond the scope of this thesis and can be
found in [92].

In this work, we will focus on the sensors utilised in the CRESST experiment, the
transition edge sensors (TES). TES are superconducting films stabilised in the phase
transition between their normal conducting and superconducting state in the so-called
"operating point". Figure [£.1] illustrates the TES working principle: the resistance of
a superconducting thin film experiences a steep dependency on its temperature during
this phase transition.

When energy is deposited in the absorber O(keV), it leads to a temperature rise O(uK)
in the TES, resulting in a change in the film’s resistance O(mf2), measured with the
SQUID readout system.
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Figure 4.1: Schematic representation of the TES working principle. The operating
point in the normal to superconducting phase transition is highlighted. When the
temperature of the sensor increases, its resistance also increases accordingly, and it can
be measured through a SQUID readout system.
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4.2 Detector Thermal Model

In this section, we will present the thermal model that describes the evolution of the
observed pulses. This model was first developed in 1995 by Franz Probst et al. [93], and
it is schematically shown in Figure[£.2] The detectors under consideration comprise an
absorber crystal (the most common ones are CaWO,, Al,O3 and Si), where incoming
particles interact, a tungsten superconducting thin film, acting as a thermometer (W-
TES), and a gold thin structure, thermally connecting the sensor and the heat bath.

4.2.1 Heat Capacities

Understanding the formation of the signal in the TES requires a description of the heat
capacities of the various components of the detector.

In general, the heat capacity (C) of a body determines the extent to which its temper-
ature can rise given a certain energy deposition:

_ @
AT

where Q is the heat transferred to the material. The heat capacity is closely linked
to the thermodynamic properties of the system under analysis, thus requiring different
descriptions for different materials. The specific heat denotes the ratio between the
heat capacity of the body and the mass of a material (c = C/M).

C (4.1)

Non-Metals

The lattice specific heat (c,,) is the dominant contribution to the heat capacity of
crystalline dielectric materials. The Debye model describes the behaviour of these
materials, indicating that at temperatures below the Debye temperature (©p), phonons
begin to "freeze out". The value of ©p varies significantly depending on the material,
with higher values observed for lattices composed of light and strongly bound atoms
and lower values for those composed of heavy and weakly bound atoms [79].
Applying the Debye models, the specific heat of crystalline dielectric materials (c,)
for temperatures below ©p/10 can be expressed as [79):

3 3
eon(T) = %n“NakB (@%) = 1944 <@£D) = AT? (4.2)
Where N, denotes the number of lattice atoms per mole. The Debye temperatures of
materials commonly used in CRESST as absorbers are listed in Table [4.1]

Due to the cubic dependence on temperature, the specific heat of these materials is
strongly suppressed at low temperatures. This feature also characterises pure semi-
conductors. Consequently, crystalline dielectric and pure semiconductors are highly
suitable absorber materials for cryogenic calorimeters.
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Op K] 228 [ 1041 | 648

Table 4.1: Debye temperatures (©p) and Debye frequencies (vp = kg©Op/h) of the
materials most commonly used as absorbers in CRESST.

Metals

Metals feature nearly freely moving conduction electrons, which can be thermally ex-
cited along with lattice vibrations. Thus, the total specific heat of a metal comprises
two components: the lattice component (c,,) and an electronic component (c.). These
components can be treated separately within the Born-Oppenheimer approximation,
owing to the substantial mass difference between nuclei and electrons [94]. For tem-
peratures below the Fermi temperature (T ), the specific heat of the electronic system
is described as [79):
2

co(T) = %NekBTZF = 4T (4.3)
where 7 represents the material-dependent Sommerfeld constant and N, denotes the
number of conducting electrons per mole.
Consequently, the total specific heat capacity of a metal can be written as:

c=cpp+ o= AT? + 4T (4.4)

For temperatures below 1K, the phonon contribution to the specific heat capacity can
be neglected, as the linear dependence on T renders the electronic component dominant.
Table provides the values of the relevant parameters for the metals utilised in the
CRESST TESs.

Superconducting Metals

The heat capacity of superconducting metals also consists of two components: the
lattice and the electronic components. In the absence of a magnetic field, the transition
to superconductivity is a second-order phase transition, characterised by a jump in the
specific heat but no latent heat [95].

This jump in the specific heat is solely attributed to a jump in the electronic component.
Indeed, the material possesses a new "degree of freedom" in this state, corresponding to
the possibility of entering the superconducting state |79|. For simple superconductors,
like Al, the BSC theory of superconductivity [95] predicts the jump to be:

Ace = 1.43vT¢ (4.5)
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’ H Tungsten (W) ‘ Aluminium (Al) ‘ Gold (Au) ‘

Tc [mK]| 15 1180 -

Tr K] 2700 134900 63900
op [K] 383 428 162
v [mJ-mol~!- K2 1.01 1.356 0.729

Table 4.2: Transition temperatures (T¢), Fermi temperatures (Tr), Debye temper-
atures (Op) and Sommerfeld constants () for the metals used in the CRESST ther-
mometers.

Thus, below the transition temperature, the electronic component of the specific heat
decreases exponentially. The remaining phonon contribution dominates the total heat
capacity when the temperature falls below T /2.

4.2.2 Phonon Populations

When a particle interacts within the absorber, it generates high-frequency (O(THz))
non-thermal phonons with energies in the meV scale. The initial spectrum of these
phonons depends on the interaction type. Nuclear interactions deposit energy through
local deformations of the crystal lattice, exciting non-thermal acoustic phonons across
a broad frequency range. On the other hand, electronic interactions predominantly
create optical phonons, which rapidly (O(100ps)) decay into acoustic phonons with
half of the material’s Debye frequency (refer to Table .1). Thus, electron recoils
initially lead to an almost monoenergetic frequency distribution.

In both cases, these acoustic phonon populations decay to a thermal distribution due
to lattice anharmonicity, with a decay rate that strongly depends on frequency [93]:

L decay X Vo (4.6)

As a result of this pronounced frequency dependence, decay begins rapidly, leading
to a phonon population with a mean frequency of O(100 GHz). Any difference in the
phonon frequency distributions originating from the different types of interactions is
hereby washed out. Following this first rapid decrease of the average phonon frequency,
the decay continues at a much slower rate, with the mean phonon frequency remaining
nearly constant over the timescale of the sensor response.

During this time, the non-thermal phonons undergo a few surface reflections and uni-
formly fill the crystal in a timescale of the order of a few us for the detectors under
consideration.

These non-thermal phonons can either directly be absorbed by the free electrons of
the thermometer or thermalise within the absorber, mainly through surface inelastic
reflections, before being transmitted to the phonon system of the thermometer. In the
former scenario, there is a time-dependent power input on the electron system of the
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metal film (P.(t)). Conversely, in the latter scenario, the thermalisation of non-thermal
phonons generates a power input into the phonon system of the absorber (P,(t)) that
can be transmitted to the electron system of the thermometer through the weak cou-
pling between its electron and phonon systems.

To comprehend the signal originating from these processes, we need to analyse the
thermal couplings between the various components of the detector, which determine
the energy transport into the thermometer.

4.2.3 Thermal Couplings

A particle interaction in the absorber creates a non-equilibrium situation where the
various sub-systems of the calorimeter assume different temperatures. The temperature
of the electron system of the thermometer dictates its resistance, affecting the measured
signal. Due to these temperature discrepancies among the sub-systems, heat flow
occurs between them until equilibrium is restored. The temporal evolution of the signal
depends on the couplings between the different thermal sub-systems of the detector.

Kapitza Coupling

When the non-thermal phonons, which fill the entire absorber volume shortly after
a particle interaction, reach the absorber-thermometer interface, they can either be
transmitted to the thermometer or reflected back into the absorber. The transmission
probability can be computed within the theory of anisotropic elastic continua [96|.
The energy flux per unit area and time across the boundary of two materials denoted
as Q1_,2, can be computed by summing over all modes and wave vectors of incident
phonons [93]:

Q12 = <§>%<ma> (4.7)

Here, (E//V) denotes the average energy density of the phonons in the first material
(the absorber), v, is the component of the phonon group velocity perpendicular to
the interface, a represents the transmission probability, and thus (v, «) defines the
transmission of the incident phonons over the interface averaged over modes and wave
vectors of the incident phonons. This equation can be utilised to compute the energy
transmission of both thermal and non-thermal phonons, as the transmission through
an ideal boundary is independent of the phonons frequency.

The heat boundary conductance of thermal phonons, referred to as Kapitza conduc-
tance (Gg), can be computed following [93]:

Q1—>2(T + AT) — Q2—>1(T) C 3
AT 2V (vra) o (48)
where C/V denotes the heat capacity per unit volume of the absorber. The cubic
temperature dependence arises from the heat capacity of a dielectric absorber.

Gk
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Electron-Phonon Coupling

The electron-phonon coupling (G,,) characterises the thermal interaction between the
absorber and the electrons of the thermometer. Since the metal film is stabilised in the
transition between its normal and superconducting state, where only a few electrons
are bound in Cooper pairs, the phonons of the absorber interact with the remaining
free electrons. G, depends on the mean free path of phonons (¢,). Therefore, this
interaction depends on the frequency of the phonons (w) and consequently differs for
thermal and non-thermal phonons.

The mean free path of the phonons can be described by the product ¢, = ¢ - (..
Here, g represents the phonon wave vector, and /. is the electron mean free path,
predominantly influenced by scatterings on the crystal’s impurities. Thus, ¢, remains
temperature independent, and the phonons’ mean free path’s temperature dependence
is solely attributable to their wave vectors’ temperature dependence.

Thermal Phonons At low temperatures, when ¢ - /., <1 for thermal phonons, the
mean free path of both longitudinal and transverse phonons is proportional to w=2. The
temperature dependence of the electron-phonon coupling can be expressed as [97},98|:

Gep x T° (4.9)

Consequently, the electron system in the thermometer and the phonon system in the
thermometer, as well as the absorber’s phonon system, are thermally decoupled. This
results in a significant slowdown of the thermal signal.

Non-thermal Phonons For non-thermal phonons, where ¢ - £, > 1, the mean free
path of longitudinal and transverse phonons is given by the Pippard model [99]. Lon-
gitudinal phonons induce density variations, resulting in strong interactions with the
electrons of the thermometer due to associated space charge effects. The mean free
path for inelastic scattering for longitudinal phonons is proportional to w=!. Con-
versely, transverse phonons do not involve density variations, hence no space charge
effects, and they exhibit minimal interaction with the electrons of the thermometer.
Non-thermal photons absorbed by the thermometer quickly thermalise due to their
strong interaction with the electron system. As a consequence, the temperature of the
electron system increases rapidly. The thermal decoupling of the electron and phonon
systems results in an overheating of the electrons in the thermometer compared to
the absorber. Therefore, the thermometer’s sensitivity is primarily determined by the
heat capacity of the thermometer itself for non-thermal phonon signals, while it is not
directly affected by the heat capacity of the absorber. The absorber only influences
the sensitivity of the thermometer through its phonon transport properties.
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Coupling to the Heat Bath

The thermal coupling of the detectors to the heat bath (Gg) is realised through struc-
tures made of a normal conducting metal. In the CRESST-III detectors, this coupling
consists of a thin gold film deposited on the absorber and connected to the heat bath
via a gold bond wire. The strength of this coupling defines the thermal relaxation time
of the thermometer through:

Ce

Geb
where C, denotes the heat capacity of the electron system of the thermometer. Ac-

cording to the Wiedemann-Franz law [100], the heat conductance of a gold coupling
structure is given by:

(4.10)

T =

LT
R

where R represents the residual resistance of the gold structure at temperature T, and
L is the Lorenz number, L = 2.45-1078 W-Q-K~2 [79]. By altering the geometry of the
gold structure, this coupling can be adjusted to meet experimental requirements.

The absorber is also directly thermally coupled to the heat bath via the coupling Gg.
The main contribution to G, accounts for the direct thermal coupling of the absorber
to the bath through the mechanical mounting of the crystal, resulting in a heat outflow.
The expected temperature dependence of this coupling is G ocT? [93].

Gy = (4.11)

4.2.4 Signal Formation

A model for signal formation in cryogenic calorimeters, which encompasses the de-
scribed processes, has been developed and is elaborated in [93|. Figure presents a
schematic representation of this thermal model, wherein the detector comprises three
weakly coupled sub-systems, each characterised by a heat capacity C and temperature
T.
The primary assumption of this model is the categorisation of phonons into two classes,
thermal and non-thermal phonons, without considering a continuous frequency distri-
bution. As previously mentioned, due to their strong interaction, the non-thermal
phonons entering the thermometer deliver a direct power input P.(t) on its electron
system. Conversely, the thermalisation of the high-frequency phonons in the crystal
results in a direct power input into the absorber’s thermal phonons P, (t).
Considering that the heat capacity of the thermometer’s phonon system is negligible
compared to its electron system, we can introduce an effective coupling between the
electrons of the thermometer and the phonons of the absorber (Ge,), defined as:

1 1\ !
_ . 4.12
Gea (Gep * GK) ( )
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Figure 4.2: Schematic representation of the thermal model of the detector. T is the
temperature of the heat bath, and T, and T, are the temperatures of the thermometer’s
electron system and the absorber’s phonon system, respectively. In contrast, their heat
capacities are C, and C,. P.(t) and P,(t) are the power inputs from the non-thermal
phonons into these systems. Geq, Gep, Gap, Gep and Gg are the thermal conductances.
Image reproduced from [93].

To model the pulse formation, we assume that a particle interaction in the absorber
deposits energy AE, generating high-frequency phonons filling the entire absorber vol-
ume V,, with a uniform energy density AE/V,. We consider the thermalisation rate
independent of their frequency and let € represent the fraction of phonons thermalised
in the thermometer (thus (1-€) is the fraction thermalised in the absorber). We can
express the time-dependent power inputs in the electron system of the thermometer
and the phonon system of the absorber as:

_1—6

P.(t) = Poe™"/™,  Pu(t) P.(t) (4.13)

€

where Pg represents the initial power input to the thermometer and 7,, denotes the
effective time constant for the thermalisation of the non-thermal phonon population.
The initial power input to the thermometer can be written as

eAFE

Tn

Py =

(4.14)
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while the effective thermalisation accounts for two competing effects: the thermalisa-
tion in the thermometer and in the crystal, thus:

Tn:( L )_1 (4.15)

Tfilm Terystal

Where 741, and 7o,y stq1 denote time constants for the thermalisation in the thermometer
and crystal, respectively. We can write 74, as:

2V,
Alv, )

Tfitm = — T = (4.16)

=3

where 77 is the effective absorption probability of the high-frequency phonons transmit-
ted into the thermometer and 7y the ideal thermalisation time for e=1 and n=1. We
can then define the fraction of phonons thermalised in the thermometer €

Terystal
e — — crystal (4.17)
Tfilm + Terystal

The initial power into the thermometer Py exclusively depends on the area of the
thermometer and the phonons transmission and absorption probabilities (o and 7,
respectively)

eAE  AFE

Tn Tfilm

P[):

(4.18)

The simple exponential structure of P.(t) is a consequence of the assumption of the
frequency independence of the thermalisation rate.

After the power inputs P.(t) and P,(t), the temperatures of the thermometer’s electron
systems (T.) and absorber’s phonon system (T,) increase, and the different thermal
couplings then drive their relaxation to the initial condition. The signal formation
in the detectors described so far is summarised by two differential equations for the
time-dependent temperatures of the sub-systems involved:

a7,

Ced—; + (Te = To)Geo + (T — Ty)Gep = Po(t) (4.19)
dT,
Ca% + (Ty — T.)Geo + (T, — Ty)Gap = Pyu(t) (4.20)

where T}, represents the temperature of the heat bath, and C, and C, are the heat ca-
pacities of the electrons in the thermometer and phonons in the absorber, respectively.
Assuming that at t=0 T,=T.=T}, these equations can be solved for the thermometer
signal AT (t)=T.(t)-T} [93]

AT,(t) = O(t) [4, (e’t/T" — e’t/””) + A, (e’t/” - e’t/T”)} (4.21)
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where the step function ©(t) accounts for the assumption that the homogeneous distri-
bution of non-thermal phonons is formed instantaneously after the energy deposition.
This solution has two components: a non-thermal component originating from the
direct absorption of non-thermal phonons in the thermometer, with amplitude A,,:

1 _ Gw
PO (Tin Ca,)

1 _ Gu
((2-1)(&-2) (G:_ ébab - Oi> (4.22)

A, =
Tin Tin

and a thermal component, generated by the temperature rise of the absorber as mea-
sured by the thermometer, with amplitude A;:

i _ Gab
B (5 - %)

1 Gap c

T C,

in__Co__ _ 4.23
e(i_ })(L_L) (Geb_g_ZGab Ce) (42)

Ay =
Tin
There are three time constants involved in the thermometer signal:
- 7,: the lifetime of non-thermal phonons, describing their thermalisation, as de-
scribed in equation (.15}

- Tin: the thermal relaxation time of the thermometer;

- 7;: the thermal relaxation time of the absorber.
We can define two constants, a and b:

o Gea + Geb + Gea + Gab o Gea + Geb + Gea + Gab + Geb + Gab

b 4.24
Ce Co, C.C, (4.24)
and express the thermal relaxation times of the thermometer and the absorber as:
2 2
Tin = (4.25)

—_—, T =
a4+ Va2 —4b ! a—+vVa?—4b

For the detectors used in CRESST, the heat capacity of the thermometer is much
smaller than that of the absorber (C. <« C,) and the thermal coupling between phonons
and electrons is strongly suppressed (G., — 0) because of the low operating tempera-
ture (~ 15mK). Therefore, we can write the time constants as:
C, e

C;’eb7 e Gab

In light of this, the thermometer’s relaxation time can be controlled by the thermal
conductance of the thermometer to the heat bath, defined by the gold thermal link
between the metal film and the bath. The coupling between the absorber and the heat
bath instead defines the absorber’s relaxation time.

The thermometers described by this model can be operated in two modes, depending
on the ratio of 7, to 7,, which controls the character of the non-thermal component:
bolometric and calorimetric mode.

(4.26)

. ~
Tzn ~
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Bolometric Mode

A thermometer for which 7;, < 7, is a bolometer. In such a detector, A,, is positive,
indicating that the phonons flow out of the thermometer faster than they flow into
it. Here, 7, represents the rise time and 7, the fast decay time of the signal. The
amplitude of the non-thermal component is:

PO eAE
A, =0 = 4.27
Geb TnGeb ( )

Thus, the amplitude of the non-thermal component is directly proportional to the
initial power input in the thermometer. Bolometers are designed to measure the flux
of non-thermal phonons in the thermometer. In this mode, the thermal component
rises with the time constant 7,, and decays with the time constant 7;.

Calorimetric Mode

A thermometer for which 7;, > 7, is a calorimeter. In such a detector, A,, is negative,
indicating that the phonons flow faster into the thermometer than they flow out of it.
The thermal relaxation time 7, is sufficiently long for the thermometer to integrate
over the non-thermal phonons power input P.(t), with a lifetime of 7,,. The amplitude
of the non-thermal component is given by:

B eAFE

A, ~
Ce

(4.28)

Moreover, in this mode, the thermometer measures the total energy of the high-
frequency phonons absorbed in the thermometer, hence the name "calorimetric mode".
The heat capacity of the thermometer plays a crucial role in determining the non-
thermal signal amplitude.

In calorimetric mode, the lifetime of the non-thermal phonons defines the rise time of
both the thermal and the non-thermal components. The decay time of the latter is
defined by 7;,, while 7; represents the decay time of the thermal component.

4.2.5 Phonon Collectors

In calorimetric mode, when the thermometer’s dimensions are minimised to the point
where the effective lifetime of the non-thermal component of the signal is governed by
Terystal (1-€. When Tpiy, < Terystat, Such that from eq. we obtain 7, — Terystal)
the amplitude of the non-thermal signal component becomes independent of the ther-
mometer’s size. However, decreasing the thermometer’s dimensions results in a lowered
film’s heat capacity and, thus, an enhanced signal. The thickness of the W thin film
is typically chosen around 180-200 nm to ensure an efficient absorption of non-thermal
phonons. Therefore, the only remaining possibility is to reduce its area. This, however,
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comes at the cost of a reduction of the phonon collecting surface, which counteracts
the potential gain due to the decreased heat capacity. In this limit, the signal can be
enhanced by reducing the W area, and with it the heat capacity of the sensor, and
by incorporating at the same time phonon collectors. These collectors consist of su-
perconducting metal films (in CRESST-III, typically made by a bilayer of 180-200 nm
of W and 1 pm of Al) with a transition temperature much higher than the operating
temperature, which therefore possesses a negligible heat capacity. They can absorb
non-thermal phonons and transmit their energy to the thermometer, thereby enhanc-
ing the signal without increasing the sensor’s heat capacity [101].

Non-thermal phonons reaching the phonon collectors contribute to the signal through
their interaction with the Cooper pairs of the superconducting materials. Phonons
with energies higher than twice the band gap (A) of the chosen superconducting ma-
terial can break the Cooper pairs into quasiparticles (similar to free electrons). The
quasiparticles created in this process propagate in the material, losing energy through
the spontaneous emission of phonons. As long as these emitted phonons have energies
above 2 - A, they can break additional Cooper pairs and enhance the quasiparticle
signal. When the created quasiparticles have energies below 2 - A, they emit sub-gap
phonons that cannot break Cooper pairs and that dominantly diffuse back to the main
absorber, resulting in a partial loss of the energy initially transmitted by non-thermal
phonons. Accounting for these processes, the theoretical phonon collection efficiency
for the conversion of an energy E to a quasiparticle population has been computed to
be F/1.68 [102].

However, there are other processes that can contribute to the signal loss. The quasi-
particles generated in the collectors have to diffuse to (or stay in) regions where they
can interact with the electron system of the TES to contribute to the measured tem-
perature signal in the TES. Among the signal loss mechanisms, the recombination of
quasiparticles to Cooper pairs before their interaction with the electron system of the
phonon collectors is the dominant one [103]|. Impurities in the collector material tend
to collect and trap quasiparticles, lowering their diffusion length and leading to recom-
binations to Cooper pairs, which results in a signal loss.

Thus, the phonon collectors efficiency is strongly related to the diffusion properties of
the quasiparticles in the chosen collectors material and to their lifetime therein. The
thickness and the quality of the material used as phonon collectors are crucial in defin-
ing the efficiency of the system in collecting phonons.

Once the quasiparticles reach the thermometer (having a zero energy gap), they relax
by releasing their energy in the thermometer’s electron system, increasing its temper-
ature.
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Figure 4.3: Schematic representation of the readout circuit used to measure the
thermometer resistance Rrgg. A constant bias current (Ip) is sent through two parallel
branches, one with the thermometer and the other one with two shunt resistors for a
total resistance of Rg and the input coil of the SQUID. The current flowing through the
thermometer branch is I, while Tg denotes the current flowing through the SQUID.
The output voltage of the SQUID is proportional to the current flowing through its
input coil.

4.3 SQUID readout

The readout of the thermometer’s signal is accomplished using a Superconducting
QUantum Interference Device (SQUID), which measures the variations in the resistance
of the metal film resulting from changes in its temperature.

A constant bias current (Ip) is supplied by a current source and divided between two
parallel branches. One branch includes the detector, characterised by a temperature-
dependent resistance (Rrrg(T')), while the other contains the shunt resistors (with a
total constant resistance of Rg) connected in series with the input coil of the SQUID. A
SQUID consists of two Josephson junctions connected in parallel on a superconducting
loop. Figure depicts the readout scheme employed in CRESST and in this work.

The current flowing into the SQUID branch can be expressed as:

Rrps(T)

o = I
5 " Ryps(T) + Ry

(4.29)
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As a result, any change in the resistance of the thermometer leads to a correspond-
ing variation in the branching of the bias current, which the SQUID then measures.
Following an energy deposition in the absorber, the resistance of the thermometer in-
creases; thus, Ig increases as well. Consequently, this change induces a variation in the
magnetic flux coupled to the SQUID via the input coil. The SQUID essentially is a
flux-to-voltage transducer, converting this magnetic flux variation into an output volt-
age. This output voltage exhibits periodicity with respect to the applied magnetic flux
®, with the period of one quantum flux ¢y = h/2e ~10-107° Wb [104]. In CRESST,
these devices are operated in flux-locked mode, where a separate feedback coil main-
tains the flux through the SQUID loop constant, effectively eliminating the periodicity
of the response. In this mode, the output voltage of the SQUID is linearly related to
the applied magnetic flux (defined by Ig):

Vit = € (® + ) (4.30)

where ¢ denotes the flux to voltage transfer coefficient of the SQUID system. By
employing this technique, changes in flux ranging from much less than a single flux
quantum to many flux quanta can be accurately measured. However, the main limi-
tation of this mode stems from the existence of a sequence of stable points resulting
from the periodicity of the SQUIDs. Consequently, the maximum rate of flux change
that the feedback electronics can compensate for (slew rate) is limited. If a signal sur-
passes the slew rate of the feedback electronics, it can induce an offset in the readout
voltage of a factor Engg (i.e. a flux quantum loss), leading to a different baseline of
the SQUID after the event. Nonetheless, these devices offer exceptional sensitivity and
thus represent a particularly advantageous choice for reading out the signals produced
by superconducting thermometers.

In CRESST, commercially available DC-SQUIDs are used, mounted in the liquid he-
lium dewar of the cryostat, and connected to the detectors via twisted pairs of super-
conducting wires.

4.4 Noise

The presence of noise originating from diverse sources has the potential to limit the
performance of cryogenic detectors. A theoretical model addressing the noise observed

in CRESST was developed in [105]. A brief overview of the various contributions to
noise in CRESST will be given below.

Thermal Noise Thermal or phonon noise arises from random energy fluctuations
among the detector’s sub-systems. The main contribution to this noise component
comes from random energy exchanges in the thermal link connecting the thermometer
to the heat bath, leading to fluctuations in the thermometer’s temperature.
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Johnson-Nyquist Noise This type of noise originates from the thermometer, the
shunt resistance, and the SQUIDs.

The thermometer and the shunt resistors essentially are resistors, where electrons un-
dergo random motion due to thermal agitation. These agitations manifest as Johnson-
Nyquist noise, independent of the applied bias current. The shunt resistances are
installed in the cryostat and thermally coupled to the heat bath to minimise these
thermal agitations and, consequently, the noise.

The Josephson junctions of DC-SQUIDs incorporate thin-film shunt resistors in paral-
lel, which generate Johnson-Nyquist noise in the SQUID loop. This noise component
is solely dependent on the characteristics of the SQUIDs.

1/f Noise A 1/f noise is observed in these types of detectors, and it seems to
be related to local resistance fluctuations in the thermometer film on a microscopic
scale [106]. For instance, these fluctuations may stem from defects or stress in the lattice
structure. This noise dominates at low frequencies and tends to increase for operating
points in the lower part of the superconducting transition. For further insights, refer
to 834105}/ 106].

Other Noise Sources Various external factors can introduce additional noise into
the detectors. External disturbances, like magnetic field variations, electrical inter-
ferences, vibrations, or temperature fluctuations of the heat bath, are among the po-
tential noise sources. The experimental setup in CRESST is meticulously designed
to minimise these contributions. Measures such as shielding against magnetic fields,
employing stable electrical connections, dampening vibrations, and actively controlling
the temperature of the heat bath help minimise external disturbances.



Chapter 5

Optimisation of CRESST sensor
design

In order to further extend the physics reach of the CRESST experiment, various stud-
ies were performed aiming to fine tune the sensor design. Specifically, these studies
targeted the collection efficiency of the phonon collectors. Thus, different aspects, like
the geometry, composition and thickness of the material were studied. The first part
of this chapter summarises the results of these tests. Later on, an innovative design
of the sensor design aiming to shield external magnetic field is presented. The chapter
concludes by presenting future prospects in achieving more sensitive sensors for the
CRESST experiment.

5.1 Motivation

The CRESST III detectors reached extremely low energy threshold of 30 eV for nuclear
recoils, which led to an unprecedented sensitivity to dark matter particles down to a
mass of 160 MeV. Continuous efforts are underway in CRESST aiming at achieving a
better signal to noise ratio, and an even better sensitivity. In this regard, CRESST is
continuously working on reducing the background, fine tuning analysis techniques and
developing detector with lower and lower thresholds.
Figure presents an overview of the dependencies of the pulse model parameters on
the detector properties, based on the model developed in section 4.2 As it can be
seen from the Figure, the model accounts for numerous variables, depending on many
characteristics of both, the absorber crystal and the thermometer. These parameters
are interconnected with non-linear equations, making the optimisation and design of
improved detectors a very challenging task.

Starting from the in-depth study that conducted to the thermal model [93|, numer-
ous investigation have been performed within CRESST with the aim of enhancing the
detectors’ sensitivity. In [107], the properties of quasiparticles diffusion in aluminium
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Figure 5.1: Overview of the parameters describing the thermal model of our cryogenic
calorimeters based on superconducting thermometers, described in section [£.2 The
dependencies of each parameter on TES and absorber characteristics are highlighted.
Image reproduced from [107].

are studied to assess the efficiency of the phonon collectors. In [108] the dimensions of
the TES are investigated, along with the properties of the thermal link.

Given the complexity of the system, in this work, we decided to perform multiple test,
each targeting a specific aspect of the design, to break the complex scheme in Figure
into small pieces, easy to address.

We developed an experimental procedure to be followed in each of the tests, optimised
for comparing results of differently designed sensors.

5.2 Standard CRESST sensor

It is crucial to assess the current state of the art in sensor design and production, before
diving into the various modifications attempted to further optimise the sensors. The
various stages of the production of a standard CRESST III TES are shown in Figure
b2

This design was the result of extensive studies, presented in [83]. These studies were
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Figure 5.2: Schematic representation of the production steps to structure a TES in
its standard design for CRESST.

performed during the transition from the CRESST II to the CRESST III Phase. For
the latter, the crystals dimensions were drastically reduced by a factor 10, to allow for
reaching a lower energy threshold [83|. The dimensions of the thermometer were also
reduced, to match the new crystal size. In CRESST III, the detectors are operated in
calorimetric mode, which benefits from very small thermometer dimensions and from
the presence of phonon collectors. These phonon collectors, made of aluminium in
CRESST, allow for enhanching the signal collection, without adding to the heat ca-
pacity of the sensors, as detailed in section [£.2.5]

The TES production process (see Figure begins with the deposition of a H-
shaped tungsten (W) film, with a thickness of ~180-200 nm. This superconducting
film is itself the thermometer. More details about the possible W deposition processes
are given in chapter [} The second step of the sensor’s production consists in the
deposition of gold (Au) for the thermal link and its bondpad and for the heater. The
thermal link is the thermal connection between the TES and the heat bath and its
properties are fundamental, because they define the thermal coupling between the two,
as discussed in section [£.2] A gold wire connects the thermal link to the heat bath,
allowing for the thermal relaxation of the sensor to its operating temperature after a
particle interaction. The heater element is essentially a transistor, where a current can
be injected. Injecting a constant current flow in the heater, we can stabilise the TES in
the middle of its transition. The last element to be deposited is aluminium (Al). This
material is deposited though an electron beam evaporation, with a thickness of 1 ym
and it is used for the bondpads of the heater element, and for the phonon collectors. As
aforementioned, the phonon collectors are essential to our sensors, as they enhance the
signal collecting the athermal phonons generated in particle interactions in the crystal,
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without adding to the heat capacity of our sensors. Indeed, Al is superconducting
below 1.2 K, and therefore at our operating temperature ~15mK its heat capacity is
negligible. The phonon collectors also serve as bondpads to allow for the electrical
connections of our sensor.

5.3 Experimental Procedure

Since this is a comparative study, aiming at comparing different sensors designs to find
the optimal one in terms of sensitivity, it is very important to follow a strict experi-
mental methodology, to ensure the independence of the results from other experimental
variations which are not under investigation. Because of this, we devised an experi-
mental procedure and followed the same procedure for all our tests. We identified two
main sources where we could introduce systematic errors: fabrication and data taking.

Fabrication Comparing results of different sensors types is challenging, due to the
fact that experimental conditions (such as production parameters, or measurement
noise conditions) may change. To avoid the introduction of such uncertainties, testing
all the detectors to be compared in a study in one single measurement is fundamental.
Furthermore, producing sensors on different crystals might also lead to uncertainties
that are not quantifiable, due to both, the possible differences in the crystals structures
and surfaces and the differences in the deposition processes.

Keeping all of this in mind, we decided to deposit different sensors to be compared on
the same absorber crystal. This choice aims at minimising the variations originating
from the deposition process and from the measurements.

Data Taking The ultimate figure of merit for our comparative studies is the energy
threshold of the final detector that we aim at after carrying out all the optimisations.
The energy threshold of any particular detector is driven by the signal-to-noise ratio of
the detector. The signal in our case is a change in voltage per unit energy deposition,
i.e. mV/keV. But this can not directly be used to compare performance of differ-
ent detectors, simply because different conditions during measurement (e.g. noise, or
SQUIDs characteristics) have a strong influence on the result.

On the other hand, if one can extract the true temperature rise per unit energy depo-
sition, that would be a fundamental characteristics of the detector and hence it could
be used to compare performance of different detectors. The temperature rise per unit
energy deposition can be extracted from mV /keV by using the transition curve of the
detector, as will be detailed in the following.

For such a comparison, having a known energy deposition (to be used as our unit en-
ergy) is fundamental. To this scope, we utilise **Fe as a calibration source, emitting
two X-rays at 5.89 and 6.49keV in its decay (see section for more details). It
should be pointed out that, since we have multiple sensors on the same substrate, it
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is unavoidable that they interfere with each others’ measurements. To minimise this
effect, we only inject a bias current through one sensor at a time, keeping the other
sensors unbiased. Indeed, a bias current injected in the sensor directly injects power
to the absorber thereby altering its temperature.

The measurement protocol comprises two phases: in a first phase we record the transi-
tion curve of a single detector, and in a second phase we collect data to obtain an energy
spectrum, where the peaks of the °Fe calibration source are well distinguishable. To
record the transition curve of a sensor, we perform a slow temperature sweep of the
mixing chamber temperature. The mixing chamber is very slowly warmed up and sub-
sequentely very slowly cooled back down to its base temperature, using a dedicated
heater. The resistance of the tungsten thin film is recored throughout this procedure.
For the second phase, we collect data with each sensor individually. To minimise the
measurements differences, we apply the same bias current to each of the studied TES.
From the data, we can extract the saturation value and therefore infere the operating
point of the detector in the transition curve previously recorded, via:

Vor = Vror — Vsar (5.1)

where Vpp represents the operating point, Vyor is the total amplitude of the transition
curve measured with the same bias used to collect data, and Vg7 denotes the ampli-
tude of saturated pulses in volts.

To evaluate the temperature rise due to the energy deposition of the 5.89 keV X-rays
from the calibration source, we firstly evaluate the amplitude of this peak in the spec-

trum. Then, we exploit the transition curve to infer the corresponding temperature
variation in the TES, as shown in Figure [5.3

5.4 R&D on optimisation of new sensor designs

Different aspects of the current sensor design could be further optimised, to get more
sensitive detectors. Among those, the heat capacity of our sensors could be reduced,
employing thinner tungsten films, or the thermal link could be optimised, ensuring
a long enough integration time of the power input, the phonon collectors themselves
could be optimised in terms of their geometry, thickness, material composition, etc.,
and finally the sensors could be shielded from external magnetic fields. In this study,
we focused on studying different phonon collectors, by studying the effect of their
thickness, geometry and material composition (single layer of aluminium or bilayer of
tungsten and aluminium as in the present design) on the thermometers’ sensitivity.
Optimising the design of the phonon collectors is a non-trivial task.

The distance a quasiparticle travels by diffusion within a time t can be computed as:

L(t) = % — VDt (5.2)
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Figure 5.3: Schematic representation of the procedure to evaluate the rise of the
sensors’ temperature due to the energy deposition of the 5.89 keV X-ray emitted by the
%Fe source.

where ¢, denotes the mean free path of quasiparticles, (v,) represents their group ve-
locity at the detector’s operating temperature and D is the diffusion constants. The
mean free path of quasiparticles is determined by the elastic scattering on impurities
and lattice defects, and, if the thickness of the collectors is comparable to ¢,, by surface
scatterings. Thus, high quality aluminium films are necessary to maximise the diffu-
sion length of quasiparticles. This diffusion length determines the maximum size of
phonon collectors, and it is also influenced by the film thickness. If the diffusion length
of the quasi-particles is smaller than the distance they have to travel before reaching
the thermometer, the signal will be degraded. On the other hand, too small phonon
collectors might be ineffective.

Recent studies (see [107,/108|) showed that there is room for improvement, and that
the design of the sensors need to vary when employing different absorber crystals.
Many aspects of the sensors design can still be studied, taking into account the char-
acteristics of the system under investigation, e.g. the quasi-particles diffusion lengths
in different materials, or the phonon relaxation time in the crystal.

5.4.1 Phonon Collectors Thickness

The thickness of the phonon collectors is one of the factors determining the phonon col-
lection efficiency of our sensors. They should be thick enough, to maximise the phonon
collection efficiency, but they should not be too thick, as it would imply increased
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technical difficulties (especially concerning the evaporation process), while the num-
ber of surface scattering the quasi-particles undergo before reaching the thermometer
would not be strongly influenced. This matter was already discussed in [107|, in the
context of studying the quasiparticle diffusion in superconducting phonon collectors.
This work advises for an increase in the phonon collectors thickness, supported by the
experimental studies presented, and by the findings of Yen et al. .

Following the results presented in |107], a first study on the thickness of phonon collec-
tors was presented in [110], resulting in an improvement in the detector’s performance
when increasing the thickness of the aluminium in the phonon collectors from 1 ym to
3 pm. The choice of 3 um for the thick phonon collectors was motivated by the studies
in showing that at this thickness the plateau in collection efficiency is reached.
In the setup described in , the %°Fe calibration source was placed closer to the
sensors with thicker phonon collectors. This could mimic an artificially higher tem-
perature rise on the sensors with thicker phonon collectors if there is some position
dependence. Therefore, we decided to begin our systematic study starting from the
phonon collector thickness, repeating the test presented in [110].

For this test we used the same sample used in [110]| (see Figure , presenting the
four TES deposited on a 20x20x0.4mm? silicon-on-sapphire (SOS) crystal. The two
TES with thin phonon collectors are named TES-thinl and TES-thin2, while the two
sensors with thick phonon collectors are named TES-thick3 and TES-thick4. The *>Fe
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Figure 5.4: Left: Photo of the sample used for this test. The two TES on the left
(TES-thick3 and thick4) are the two TES with 3 ym phonon collectors and the two TES
on the right (TES-thinl and thin2) are the sensors with 1 ym thick phonon collectors.
Right: Photo of the fully assembled module for testing. The ®>Fe source is shining
though a hole in the lid, in between the two types of sensors.

source is placed in between the thick and thin sensors, at the same distance from both
and closer to TES-thinl and TES-thick3 than TES-thin2 and TES-thick4. This allows
us to study the impact of the distance from the source on the signal and on the result.
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Figure 5.5: Left: Transition curve of TES-thinl. Right: Transition curve of TES-
thick3.

If the two sensors closer to the 5°Fe source appear to have an improved performance
with respect to the other two TES, this would give a clear indication of a dependence
of the performance on the distance from the source.

Results The analysis follows the procedure detailed in section [5.3] The test was
conducted in the above ground facility of the Max Planck Institute for Physics in
Munich, in a Leiden dilution refrigerator named "Cryo2". The bias chosen for these
measurements is 200 nA.

The transition curves of TES-thinl and TES-thick3 can be found in Figure [5.5] while
the template pulses obtained by averaging pulses caused by energy deposits in the
abosrber crystal by a 5.89keV emitted by the **Fe source can be found in Figure

Following our experimental procedure we obtain the following results:

- TES-thinl: AT = (22.84 +0.14) uK
- TES-thin2: AT = (13.62 4 0.04) uK
- TES-thick3: AT = (43.32 + 0.10) uK
- TES-thickd: AT = (43.81 4 0.04) uK

While the effect of the thickness of the film on the result is evident, we cannot clearly
see an effect of the distance of the sensor from the source. Indeed, a particle coming
from the iron decay causes roughly the same temperature variation in the two thick
samples and a similar variation for the two thin ones. Despite being slightly differ-
ent among each other, the variations in the temperature rises of two thin samples are
clearly smaller than those between the two types of samples.
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Figure 5.6: Template pulses obtained by averaging the 5.89keV pulses of the °Fe
source. Left: Template pulse of TES-thinl. Right: Template pulse of TES-thick3.

Using these measurements we were able to draw some conclusions concerning the ideal
thickness of phonon collectors. We realised that increasing the thickness of Al phonon
collectors from 1 pm to 3 um is beneficial, as it results in an increase in sensitivity of
roughly a factor 2.39+0.02. This result is in strong agreement with the result obtained
in [110], which observed an factor 2.3 higher temperature rise using thicker phonon
collectors. This agreement also hints towards an independence of the results from the
location of the radioactive source.

5.4.2 Phonon Collectors Architecture

As aforementioned, there are multiple aspects concerning the phonon collector design,
which could be optimised for enhancing our detectors’ sensitivity. Among those, the
material composition and geometry of the phonon collectors surely play an important
role and they are discussed in the following.

Single Layer or Bilayer Phonon Collectors

As explained in section (see also Figure , in the standard CRESST III sen-
sors an aluminium layer is deposited on top of the tungsten and acts as a phonon
collector. Given the reduced thickness of the tungsten (~200nm) compared to that
of aluminium (1 gm), the transition temperature of this bilayer is shifted towards the
aluminium transition temperature (1.2 K), due to proximity effects [111] (more details
in section [5.4.3). As a consequence, the contribution of the phonon collectors to the
total sensor’s heat capacity becomes vanishingly small at the operating temperatures
(W-Tc).
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Figure 5.7: Schematic representation of the production steps to structure a TES with
single layer phonon collectors.

In this test, we aim at comparing the performance of the standard CRESST TES de-
sign, with those of single layer TES. In the latter type of sensors, there is no tungsten
below the aluminium of the collectors, which are made of pure aluminium. The pro-
duction steps for the single layer TES and its design are schematically represented in
Figure [5.7

We have experimentally observed that the pulse shapes of the single layer and bilayer
sensors significantly differ. For instance, the pulses rise time is systematically smaller
in single layer detectors.

This motivated our study, aimed at understanding the differences in the behaviour of
the two different sensors compositions and their impact on the overall performance of
our TES.

For this test we deposited four sensors on one single 10x20x5 mm? Al,O3 crystal,
two with the standard bilayer design and two with the single layer design. Both types
of sensors have 1 ym thick phonon collectors.

The measurement was performed in Cryo2 and the sensors were individually biased
with a current of 500 nA. During the cooldown, the electrical connection to the heater
on the crystal was broken. To stabilise the sensors during operation, a high current
was sent through one of the TES, such that it worked as a heater.

The TES with single layers phonon collectors are named TES-SL1 and TES-SL2, while
the two standards sensors (bilayer) are called TES-BL3 and TES-BLA4.
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Figure 5.8: Left: Transition curve of TES-SL2. Right: Transition curve of TES-BL4.

Results The transition curves of TES-SL2 and TES-BL4 are shown in Figure [5.§]
while the averaged pulse shapes of TES-SL1 and TES-BL3 are shown in Figure [5.9

Employing the information obtained for the four sensors we obtain the following:
- TES-SL1: AT = (199.80 + 0.73) uK

- TES-SL2: AT = (157.37 £4.21) uK

- TES-BL3: AT = (54.74 +0.66) u K

- TES-BL4: AT = (101.74 £ 1.07) u KK

These results hint towards an improvement in the sensors’ performance when produced
in the single layer design.

During this measurement, TES2 faced some issue, mostly due to a very high noise
level. The relative error on its AT (~2.6%) is slightly higher than that of the other
sensors (~1%).

Based on the results of this test, we can recommend the employment of a single layer
of aluminium as phonon collectors for future CRESST sensors on Al,O3 substrates.

Single Layer Phonon Collectors Thickness

In summary, the previous tests suggest an enhancement in sensitivity for 3 um thick
phonon collector sensors and an enhancement for the sensors featuring single layer
aluminium phonon collectors, as compared to the standard CRESST design.

As a natural next step, to rule out a common source behind the enhancement in
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Figure 5.9: Template pulses obtained by averaging the 5.89keV pulses of the °Fe
source. Left: Template pulse of TES-SL1. Right: Template pulse of TES-BL3.

sensitivity in the previous test and to assess the total improvement we could obtain
optimising the design, we decided to combine the two tests and compare sensors with a
single layer of 1 um thick aluminum phonon collectors with sensors witg a single layer
of 3 um thick aluminum phonon collectors.

With this motivation, four sensors were fabricated on a 20x10x0.4mm? silicon-on-
sapphire substrate, two per type. The sensors were deposited on the sapphire side,
to be consistent with the previous tests. A picture of the final setup mounted on the
mixing chamber of the Cryo2 before testing is shown in Figure [5.10

The two sensors with the thin phonon collectors are named TES-SLthinl and TES-
SLthin2, while the ones with the thick collectors are called TES-SLthick3 and TES-
SLthick4. An iron source is placed on the bottom plate, at an equal distance from the
two types of sensors, but closer to TES-SLthinl ans TES-SLthick3. A bias current of
800nA was chosen for this measurement.

Unfortunately, in this test the channels with TES-SLthick3 and TES-SLthick4, i.e.
both the sensors with thicker phonon collectors, had unforeseen issues. The channel
with TES-SLthick4 had a much smaller voltage output than normal and the channel
with TES-SLthick3 was very noisy (see Figure[5.12)left). Irrespective of this, identifying
the iron peak on the energy spectra of TES-SLthinl and TES-SLthick3 was possible,
thus we could extract the corresponding AT. Nonetheless, some degree of uncertainty
is present in this measurement.

Results The analysis follows the standard procedure described in section [5.3] The
transition curves of TES-SLthinl and TES-SLthick3 are shown in Figure [5.11] while
their template pulses are shown in Figure [5.12]

From these data, we obtain that with the sample with thin phonon collectors we have
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Figure 5.10: Picture of the sample for the test on the thickness of the single layer
phonon collectors mounted on the cryostat plate.

an temperature rise of roughly 900 K, while with the thick one we compute an increase
of roughly 750 uK.

Although a very similar performance was observed on TES-SLthinl and TES-SLthick3,
it is not sufficient to draw a final conclusion, given the very different noise conditions
of the only two sensors we could compare. So far, we have indications that single layers
phonon collectors could be a game changer for our TES on Al,O3, improving signifi-
cantly their performance. Employing this single layer design, we might not need to have
3 pm thick phonon collectors, as this test hints towards a similarity in performance.
Further testing is recommended to explore this potential similarity in performance.

Phonon Collectors Size

While the standard CRESST TES design is the outcome of intensive studies, many
aspect of the sensors design have changed through the years, therefore, there is a need
to address all of the aspects of the phonon collectors design for a better understanding
of how to improve the detectors’ sensitivity.
One very crucial aspect of the sensor design is the geometry of the phonon collectors.
Suboptimal sizing of phonon collectors invariably leads to signal losses. Smaller collec-
tors may fail to capture all phonons, leaving some signal uncollected. Conversely, larger
collectors risk losing quasi-particles generated within them due to their finite diffusion
lengths. Hence, an optimisation of the phonon collector geometry is of paramount
importance.

A litography mask with the possibility of depositing TES with four different phonon
collectors dimensions has been produced and it is shown in Figure[5.13| (left). The TES
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Figure 5.11: Left: Transition curve of TES-SLthinl. Right: Transition curve of TES-
SLthick3.
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Figure 5.12: Template pulses obtained by averaging the 5.89 keV pulses of the °Fe
source. Left: Template pulse of TES-SLthinl. Right: Template pulse of TES-SLthick3.

with the smallest phonon collectors is named TESA, the one with standard phonon
collectors is named TESB, the one with the largest phonon collectors TESD and the
last one TESC (refer to Figure (left)).

Four sensors using this mask have been fabricated onto a 10x20x5mm?® Al,O3 crystal
and they were tested in Cryo2. A final setup with the wire bonded electrical connections
made on a copper holder is shown in Figure (right).

During the cooldown, the connection to TESC was lost, therefore it was not possible
to measure this sensor. Furthermore the mixing chamber heater was open. Thus, it was
not possible to sweep up and down the mixing chamber temperature and to measure
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Figure 5.13: Left: Schematic drawing of the design of the four TES design compared
in this test. Right: Picture of the tested sample.

the trasitions reliably.

Therefore, this analysis does not follow the standard procedure, but utilises different
aspects of the TES performance to compare the sensors, which had previously proven to
be good figures of merit of the overall sensors’ performance. In particular, we compare
two aspect of the TES performance: the energy resolution and the ratio of athermal
to thermal component in the signal.

Results To evaluate the ratio between the athermal and the thermal component of
the pulse, we perform parametric fits of the template pulses, using the model developed
in and described by the central equation in Figure The results of the fits are
shown in Figure[5.14] From the fit we obtain that the ratio of amplitude of the athermal
and the thermal signal ay/ar is (96.7+ 0.6)% in TESA, (96.840.5)% in TESC, and
(97.54+0.4)% in TESD. Looking at the energy spectra in Figure we can observe
that the energy resolutions of TESB and TESD are clearly better than the resolution
of TESA. For quantifying this observation, we perform Gaussian fits of the peaks.
The energy resolutions at 5.89 keV obtained are:

- TESA: OTESA — ~213eV
- TESB: OTESB — ~99eV
- TESD: OTESD — ~95eV

These results hint towards an improvement in the energy resolution going from a ge-
ometry with very small phonon collectors to the standard geometry. Further increasing
the dimensions of the phonon collectors does not appear to have a significant impact
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on the resolution. Indeed, the performance of TESB and TESD are compatible.

In light of the results obtained, we conclude that the current dimensions of phonon
collectors appear to be ideal.

5.4.3 Magnetic Shield on Phonon Collectors

When superconductivitity was first discovered in 1911 [112]|, superconductors below
their transition temperatures were thought to be simple ideal conductors, i.e. a metal-
lic material with zero resistance. In 1933, Meifner and Ochsenfeld performed an ex-
periment showing that, in addition to having zero resistance, superconductors exhibit
another very interesting phenomenon: the magnetic flux density inside the material
drops to zero |113]. This phenomenon was later named Meifner effect. Further studies
of the magnetic properties of such materials [114] revealed that superconductors expell
magnetic fields from their interior, creating surface currents to compensate for exter-
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Figure 5.16: Schematic representation of the proposed new sensor design, with an
Al layer below the W-TES, acting as a phonon collector and shielding the sensor from
magnetic field variations simoultaneously.

nally applied fields.

Since the TES is a tungsten thin film, operated in its transition between its normal
and superconducting phase, it is sensitive to external magnetic field variations during
operation. The extent of this influence in the CRESST setup was studied in [108§],
and an active compensation system for the magnetic field variation on-site has been
developed for the CRESST experiment. The active compensation is made using a
system of coils in coordination with magnetic flux gates placed around the experimental
setup that measures magnetic field in all three directions. The current flowing in the
coils in tuned to compensate for external variations of magnetic field.

This approach is currently in use in the CRESST facility, nevertheless it is not the
optimal solution, as different sensors react differently to variations of the magnetic
field. In light of this, a shielding directly at the TES location was proposed.

A new sensor design

The basic idea is to add a superconducting Al layer to the present sensor design, to act
as a shield, compensating for magnetic field variations directly at the location of the
TES. Aluminium is the ideal choice for this purpose, as it becomes superconductive
below 1.2 K, and therefore at our operating temperature it is well below its transition.
In addition, this material has been subject to extensive studies in the CRESST collab-
oration, thus its properties and deposition techniques are very well known.

The proximity effect is a well-known phenomenon observed in superconductors when
they come into contact with normal metals or other superconductors . It involves
the infiltration of superconducting properties into the neighboring material, typically
over a short distance comparable to the coherence length of the superconductor. This
effects creates a bilayer material, having intermediate superconducting properties com-
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pared to the two materials involved. Depending on the thickness of the two layers
involved, the properties can differ. As a consequence, in this novel design it is nec-
essary to insulate the aluminum layer from the tungsten layer. If the two materials
come into contact, proximity effects could arise, potentially increasing the tungsten
transition temperature. In CRESST sensors, the tungsten layer is thinner than the alu-
minum layer, suggesting that the bilayer aluminum-tungsten structure might exhibit
a transition temperature closer to that of aluminum (1.2 K) than tungsten (~15mK).
However, the most critical concern regarding insufficient insulation between the layers
is the risk of short-circuiting the TES. Any current would preferentially flow through
the superconductor due to its lack of resistance. Short-circuiting the TES would render
it inoperable, since the bias current would preferentially pass through the aluminum
layer rather than the tungsten layer. Hence, stringent insulation measures are essential
to avoid such issues.

In light of this, a dielectric layer is deposited in between the Al and the W in this
design (see Figure. To allow the Al layer to act as a phonon collector, transmitting
the collected signal to the thermometer, this design includes a mechanical connection
between the Al and the W-TES.

To the best of our knowledge, such an approach has never been tried. Therefore, it is
essential to confirm its feasibility and evaluate the influence of this innovative design
on the signal-to-noise ratio of our TES.

Tests and Results

The first challenge to face for the production of such a new sensor design constists of
the choice of the dielectric layer. In this work, we decided to use a sputtered layer of
silicon dioxide (SiO;) for insulation.

In the first experimental test, we produced two different samples with the design

schematised in Figure [5.16} one with a 50 nm thick SiO, layer and one with a 100 nm
thick SiOg layer. The Al for this samples was produced in the same evaporation pro-
cess, while the W was deposited in distinct runs.
Both of these samples showed a transition around 1 K, hinting towards a proximisation
of the W due to the Al layer, which resulted in a transition temperature compatible
with the Al one. Considering the significant coherence length of aluminum, which ex-
tends to 1600 nm, it is reasonable to anticipate the occurrence of the proximity effect
on tungsten.

In the second test, we increased the SiO, thickness, producing four samples with
800 nm thick SiOy. Two of these four samples presented a 1 um thick Al layer, while the
other two had a 1.5 um layer (see Figure . Even with the thicker SiO, layer, these
samples exhibited a superconducting transition at approximately 1 K. Considering the
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Figure 5.17: Left: Picture of the sample produced in this second production, taken
with a microscope. The different materials are shown. Right: Profile of this sample
measured with an alpha stepper. The different materials are shown with their respective
thicknesses.

substantial thickness of the dielectric layer, the proximity effect alone does not appear
to be a plausible explanation for such a high transition temperature and motivated us
to carry out some studies of the chosen dielectric material.

To test the effectiveness of the SiO, insulation layer, we produced two new samples,
with no mechanical connection between the W-TES and the Al underneath. Therefore
they were samples with an Al layer, covered by a 800 nm thick SiO, layer, on top of
which a W-TES was structured. A picture of these samples is shown in Figure [5.18§]
(left).

These samples showed a transition to their superconducting phase around 350 mK, as
reported in Figure (right).

This measurement indicates that the priximity effect persists, even if with a dimin-
ished magnitude, therefore pointing towards an ineffectiveness of the chosen dielectric
material as an insulation layer for this type of design. Thus, we decided to investi-
gate the possibility of using a different dielectric material, in particular we chose the
KMSF®) 1000 low-stress dielectric photoresist.

A detailed description of this study can be found in [115|, where the possibility
of shielding the W-TES from magnetic field variations is investigated. In [115] it is
shown that an Al layer can be employed as an effective shield against variations in the
magnetic field at the location of the TES. The next step for producing sensors with
the novel design illustrated in Figure [5.16] will consist of trying to have the Al layer
underneath the W-TES, working as a phonon collector. The first step in this study
will be trying to understand if it is possible to produce good quality W thin films on
top of the KMSF®) dielectric photoresist.
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Figure 5.18: Left: Picture of the two samples produced to test the effectiveness of
the SiO, insulation layer. Right: Transition curve of one of the two samples tested to
verify the effectiveness of the insulation layer.

5.5 Conclusions

In this chapter, numerous studies performed with the objective of improving the sensi-
tivity of the CRESST transition edge sensors are presented, targeting specific aspects
of the TES design.

The thickness, composition and dimensions of the phonon collectors were addressed in
different tests. Thanks to the results obtained, it was possible to improve the sensitiv-
ity of our TES on Al;O3 substrates.

A new sensor design was proposed to replace the use of an external magnetic shielding
with coils and flux gates which is suboptimal at present. In [115|, a prototype sensor
was made that demonstrated the magnetic shielding aspects of it. Several tests were
attempted using sputtered SiO as insulation layer, which were found to be very non-
trivial. A new material, the KMSF@®) 1000 low-stress dielectric photoresist, could be
promising in this regard and needs to be tested as the next steps.

Overall, it is shown that it is possible to achieve an improvement on the sensitivity
on the present sensor design. Furthermore, an in-situ passive magnetic shielding would
further improve the data quality of the present sensor.



Chapter 6
Sputtering the W-TES

Within the CRESST experiment, the W-TES are currently produced via an electron-
beam evaporation system. This technique is extremely reliable, but every production
run requires a considerable amount of time.

With the upcoming upgrade of the CRESST experiment, which will entail a significant
increase in the number of readout channels up to 288, there is a pressing need for a
novel and rapid production method.

Magnetron sputtering has been identified as a viable option for W-TES production
[116]. This chapter delves into the challenges and advantages associated with this
approach, utilising previously obtained results as a starting point for further investiga-
tion.

A new sputter machine dedicated to the tungsten deposition has been established at
the Max Planck Institute for Physics. This chapter outlines the commissioning process
of this machine and presents the results obtained from various tests. The concluding
section discusses the future plans for this project.

6.1 Motivation

The need for a rapid and reliable production of W-TES comes from the need for the
CRESST experiment to expand its physics reach, collecting a significant amount of
exposure, while lowering the detectors’ threshold.

A comprehensive understanding of two key elements is essential: firstly, the importance
and planned execution of the CRESST upgrade, and secondly, the current process of
detector production. Both of these aspects will be detailed in the following.

6.1.1 The CRESST Upgrade

The physics program of the CRESST experiment entails an upgrade enabling the ex-
periment to explore the low-mass dark matter region down to the neutrino floor (see



72 6. Sputtering the W-TES

1074 —— 0.00274 tyrs, 10 eV thr
0.1tyrs,1eVthr

—— 1.0tyrs, 1eVthr
1.0tyrs, 0.1 eV thr

—— 10.0tyrs, 1 eVthr

10-5 'Be

10-6 150 - 100.0 tyrs, 1 eV thr
solar neutrino fog
ERNENS
& 10 o5
— |
108
107°
10—10

1071 10° 10!
M, (GeV/c?)
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Figure [6.1)).

For this objective to be achievable, several conditions must be met, including an in-
crease of the exposure and the reduction of the threshold to O(10eV) for each detector
module [117]. Detectors production represents the main challenge to face for realising
the upgrade. Consistently achieving such low thresholds is a challenging task, and the
increased exposure necessitates the production of an unprecedented number of detector
modules with reproducible response. Specifically, as mentioned earlier, the number of
readout channels is set to increase to 288. From the detectors perspective, this expan-
sion translates to a rise from O(10) detector modules to O(100) detector modules, to
be produced.

With this increase, CRESST aims to collect an exposure of around 1000 kg/days within
two years of data taking. The sensitivity projections for this upgrade are depicted in
Figure in the very optimistic assumption of zero background. These projections
do not take into account the low-energy excess background (see section . If this
background is not comprehended and mitigated, it could profoundly alter the outcome.

6.1.2 TES Evaporation

Depositing tungsten thin films presents a significant challenge, and achieving transi-
tion temperatures within the range of interest for the CRESST experiment (~15 mK)
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is non-trivial.

The deposition of such a film was firstly reported by the Max Planck Institute CRESST
group [119] in the early 1990s. The group reported the deposition of W thin film with
a critical temperature (T¢) of ~15mK, closely matching that of bulk tungsten [120]
(more details about W superconductivity can be found in section .

At that time, the W deposition process was extremely long and complex. High purity
epitaxial tungsten films were produced in an electron-beam evaporation system, in an
ultra high vacuum chamber, at a base pressure of 6x 1072 mbar. Achieving such low
pressure levels demanded considerable effort. The reduction of background impurities
involved pumping the system for approximately two days, while the hydrogen partial
pressure was suppressed using a titanium sublimation pump. Additionally, the system
underwent a bake-out process at 220° C to accelerate the outgassing of molecules ab-
sorbed in the chamber walls. Finally, the chamber was enveloped by nitrogen-cooled
shields to prevent overheating via radiation, particularly through the electron-beam
heating of the tungsten source. Furthermore, the deposition process necessitated heat-
ing the substrate to approximately ~600° C to regulate the microstructure of the film.
In summary, during the 1990s, each tungsten deposition process demanded approxi-
mately a week of work.

Over time, this process has been streamlined and adjusted to the experimental needs.
For instance, the required pumping time has been condensed to overnight, and baking
out the system is no longer practiced. These procedures aimed at reaching the lowest
chamber contamination possible, with the objective of depositing a mono-crystalline
W film. Over time, we observed that we do not need to produce mono-crystalline
thin films to have the desired superconducting properties. These adjustments have en-
abled the tungsten deposition process to be completed within a time span of two days.
However, the machine itself has remained unchanged (and it is shown in Figure [6.2)),
and imposes constraints on the number of detectors that can be produced in a single
process. Only a disk area of approximately ~30mm in diameter can be effectively
deposited.

Moreover, the evaporation process exhibits a success rate of approximately 75%, imply-
ing that only about three tungsten films out of four display a measurable superconduct-
ing transition. Consequently, all produced sensors need to be classified at millikelvin
temperatures to measure their T and transition shape. This additional step further
contributes to the time consumption of the production process.

In light of the complexity and duration of the tungsten electron-beam evaporation
process, coupled with the requirement to manufacture a substantial number of reliable
and sensitive detectors for the forthcoming CRESST upgrade, the necessity for a novel
and expedited fabrication method for tungsten films becomes imperative.
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Figure 6.2: A picture of the tungsten evaporation system at the Max Planck Institute
for Physics in Munich. The ultra high vacuum chamber is shown, covered with the
heating blankets, which were used for the system bake out in the past.

6.2 Tungsten Superconductivitity

Tungsten, identified as an element in 1781 for the first time, is a rare metal primarily
found on Earth in compounds with other elements.

Tungsten exists in two crystalline forms: the o and the § phases. Although the
phase is metastable, it can coexist with the o phase under ambient conditions, thanks
to stabilisation by impurities or non-equilibrium synthesis. In contrast, the o phase is
the stable form.

Superconductivity in tungsten was firstly observed by Gibson and Hein |121] in 1964.
They measured a superconducting transition at around 11 mK. Several measurements
followed, determining a transition temperature between 11 and 16 mK and a criti-
cal field at 0K in the range 115.0-123.7 uT [121-124]. Nowadays, bulk tungsten in
its a phase is recognised to exhibit a superconducting transition at approximately
15.4mK , whereas the transition temperature of tungsten in its § phase is ob-
served to vary within the range of 1.0-4.0 K [125/[126].

For the production of W-TES, our objective is to produce thin films of tungsten in
its a phase, as this ensures transition temperatures within our range of interest. Nev-
ertheless, thin film superconductivity differs from bulk superconductivity, as thin films
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demonstrate distinct superconducting properties, influenced by production parameters
and films characteristics.

The crystalline phase of the deposited film plays a pivotal role in determining the
film’s transition temperature. Moreover, within the crystal lattice, the arrangement of
atoms profoundly impacts the electronic band structure, which subsequently influences
the superconducting behavior.

The thickness of a thin film also significantly influences its superconducting behav-
ior. Variations in film thickness have the potential to impact the films’ microstructure,
stress state, and resistivity. Typically, a superconductor is classified as a bulk material
when its thickness approaches or surpasses several times its coherence length. The
coherence length (¢y) of a pure superconductor with critical temperature T serves
as a measure of its Cooper pair size and it can be calculated at T=0K using the
formula [127]:

hU f
ksTc

co = 0.18 - (6.1)

Here, vy represents the Fermi velocity, h is the reduced Planck constant and kp is
the Boltzmann constant. By applying this formula, we compute a coherence length of
32 pm for tungsten, given its superconducting transition occurring at 15.4mK [123].
Given this information, it is evident that the CRESST W-TES, with a thickness of
180-200 nm, fall within the category of thin films.

Scatterings on grain boundaries or on surfaces (especially rough surfaces) can drasti-
cally reduce the electrons mean free path, strongly affecting the films’ superconducting
properties [121]. Reactions with residual materials during the deposition process can
create superconducting compounds with critical temperatures up to a few K [128,/129],
while the presence of ferromagnetic impurities may lower the T¢ of these films or
entirely suppress their superconductivity [130]. Consequently, surface polishing and
cleanliness should be carefully controlled.

As detailed in section [5.4.3] external magnetic fields can significantly affect the
superconductivity of thin films, particularly of W-TES. This is primarily due to tung-
sten’s notably low critical magnetic field [123].

A crucial aspect of thin film superconductivity involves film stress, which has been
extensively studied for various materials |[131-133]. Stress is measured as force per unit
area 0 = F'/A, analogous to pressure.

Typically, when a film undergoes linear deformation, it experiences strain, defined as
e = AL/Lgy, where Ly denotes the initial length of the film and AL represents its
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Substrate Substrate

Tensile stress on the film Compressive stress on the film

Figure 6.3: Schematic representation of tensile and compressive stress exerted on a
thin film. The arrows provide a schematic representation of the direction of the force
experienced by the films.

variation. Strain (€) is related to stress (o) via the modulus of elasticity (E):
o=Fxe (6.2)

Tungsten has one of the highest modulus of elasticity, Ey = 411 GPa, thus large stress
values can lead to only slight deformations. For instance, 1 GPa of stress will lead to
an elongation of ~0.002% only, which may seem minimal and barely measurable. How-
ever, even such slight deformations can entirely suppress tungsten superconductivity.

Two main types of stress can be present in thin films: tensile stress and compressive
stress. The former tends to increase the films’ transition temperature, while the latter
typically shifts it to lower values. Residual stress of these types can easily be stored
in sputtered thin films due to energetic gas ions and atoms impinging on the surface
during the deposition process. The type of residual stress in the films depends on the
kinetic energy of the atoms impinging on the surface. Atoms reaching the surface with
excessive energy (e.g. when the sputtering pressure is low, and the sputtered atoms
have much higher energies than the plasma gas) have a high surface mobility in the
substrate, thus they can create tensile stress [134]. Conversely, atoms reaching the sub-
strate with insufficient energy (e.g. when the sputtering pressure is high, the sputtered
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atoms undergo a large number of collisions, and thus are thermalised by the plasma gas)
have limited surface mobility and can result in films exhibiting compressive stress |134].

It is also crucial to consider the thermal expansion coefficients of both the substrate

and the films, particularly when exposing them to temperatures significantly different
from the deposition temperature.
In the context of CRESST, where W-TES are operated at millikelvin temperatures,
stress is expected to develop during measurements. Specifically, if the substrate mate-
rial has a thermal expansion coefficient smaller than that of tungsten, the film’s thermal
expansion will be restrained by the substrate, and tensile stress will arise. Conversely,
compressive stress will occur when the thermal expansion coefficient of the substrate is
larger than that of tungsten. Indeed, the film will be forced to expand by the substrate
material and it will be subject to its own inertial force.

6.3 W-TES Production via Magnetron Sputtering

Magnetron sputtering is a commonly utilised deposition technique, which typically
provides a high production rate, together with a good film quality. A magnetron sput-
tering facility consists of a vacuum chamber, equipped with a number of magnetron
sputtering cathodes. During operation, the chamber is filled with a noble gas, typically
argon (Ar) or xenon (Xe).

The possibility of utilising such a technique for W-TES production in CRESST is not a
novelty [116},135,/136]. The production of sputtered thin films with the desired quality
proved to be a non-trivial task, as many parameters need to be carefully optimised, to
tune the thin films characteristic. At first, RF-sputtering was investigated in former
works, such as [135},[136]. Despite the efforts, only a few non-reproducible supercon-
ducting thin films were obtained, and obtaining reliable superconducting characteristics
proved to be a non-trivial task.

Later studies focused on DC-sputtering [116]. Employing this technique, stable re-
sults could be obtained and tuning the thin films superconducting properties started
to seem feasable. This lead to the acquisition, by the Max Planck Institute for Physics
in Munich, of a new sputtering machine, dedicated to tungsten sputtering and designed
according to the knowledge aquired in [116].

In the following, the details of the magnetron sputtering deposition process are pre-
sented. Afterwards, results obtained in [116]| are briefly summarised, to provide a
starting point for new investigations. Finally, the new sputtering facility is introduced.
The commissioning of the machine is presented, followed by studies concerning the
possibility of tuning the W-TES characteristics via sputtering parameters.
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6.3.1 The DC Magnetron Sputtering Process

Sputtering utilises a glow discharge plasma that is confined by a magnetic field and
directed towards a target material through an electric field. Typically, the plasma
consists of a noble gas such as argon or xenon to prevent unwanted reactions with the
target material. The gas is introduced into the vacuum chamber with controlled flow,
enabling precise regulation of the chamber pressure during deposition.

In the magnetrons, the magnetic field is generated by permanent magnets located on
the backside of the target material. These magnets produce a localised magnetic field,
which focuses the plasma into a narrow ring on the target surface, while enhancing
the sputtering rate. Additionally, a dedicated chiller is employed to prevent target
overheating.

The electric field is established by a power supply, which generates a DC current
flow between the anode (typically the substrate, grounded) and the target material
(cathode). This electric field sustains the plasma glow discharge.

As a result, energetic ions from the noble gas are accelerated towards the target, causing
material atoms to be ejected from the target surface. These atoms then drift towards
the substrate, where they condense and accumulate, forming the thin film.

A schematic representation of the sputtering process is presented in Figure [6.4]

Target Material

°
* e ‘@ o ®  Target Atom
oo e o000 o oo ¢

Substrate

Figure 6.4: Schematic representation of the DC magnetron sputtering process.
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6.3.2 Previous Results

The work done in [116] provides a first successful realisation of novel W-TES production
process. W-TES were successfully produced in two different sputtering systems. The
results from the first system provided the proof-of-principle concerning the possibility
to deposit superconducting W thin films. The sputtering gas was changed from Ar to
Xe, as the introduction of this second gas allowed for fine-tuning the T, allowing to
control the residual stress in the film. The second sputtering system (Sputter Machine
533) was commissioned during the time of that work at the Max Planck Institute for
Physics in Munich and it was optimised to produce superconducting W films. The
introduction of a thin O(1nm) copper (Cu) layer below the tungsten allowed for the
production of superconducting films on multiple substrates, namely SiO,/Si, pure Si,
CaWOQy, ALOs.

Furthermore, in [116], the effect of various sputtering parameters on the superconduct-
ing characteristics of thin films has been studied in detail, resulting in the tunability
of the transition temperature of thin films through many of those. In addition, an
innovative method for predicting the T of thin films, without cooling them down to
millikelvin temperatures has been established. This method consists in measuring the
residual resistance ratio (RRR) of the films. The RRR is measured as the ratio between
the resistance of the film at room temperature and its resistance at 4 K. The cooldowns
to 4 K were performed quickly, using a dip stick inserted in a liquid helium can.
Figure shows the main dependencies found in [116]. A linear relation between
RRR and T¢ was found, together with a strong dependency of the RRR value on the
sputtering pressure.

6.4 Sputter Machine 581

A new sputtering machine, named Sputter Machine 581, manufactured by Prevac and
specifically designed for tungsten deposition, has been delivered to the Max Planck
Institute for Physics in March 2022. A picture of this machine can be found in Figure
6.6

The primary component of a sputter machine is the main vacuum chamber, where
the sputtering processes happens in vacuum. The main vacuum chamber of Sputter
Machine 581 contains four different stations, each dedicated to a specific process. Three
of these stations are equipped with 3-inches magnetrons, while the fourth station is
dedicated to sample cleaning. Both, an RF and an ion source cleaning are available.
For the purpose of this project, RF cleaning is used, due to its less aggressive nature
compared to ion source cleaning, which may affect less the substrates’ surfaces and has
a low probability of damaging them. RF cleaning removes impurities and contaminants
from surfaces via a plasma of low energetic Ar ions.

The system features a 3-axis manipulator, enabling the substrate to be positioned
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Figure 6.5: Summary of the reuslts obtained in [116] concerning the tunability of the
transition temperature of W thin films through sputtering parameters. Images and
captions taken from [116)].
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beneath the selected target within the chamber. Additionally, it allows for substrate
rotation and wiggling during deposition, facilitating a more uniform deposition process.
To further enhance uniformity without decreasing the deposition rate, each magnetron
is equipped with a rotator, enabling magnetron tilting and thus allowing for confocal
deposition (i.e. deposition with the cathode positioned at an angle relative to the
vertical axis). Additionally, the machine is equipped with a load-lock, facilitating
rapid sample transfers into the process chamber without the need for venting the entire
system. The load-lock features a sample holder capable of accommodating up to four
substrates simultaneously. The ability to vent only the load-lock for substrate insertion,

-

Figure 6.6: Picture of the new sputtering machine dedicated to W production at the
Max Planck Institute for Physics.

without requiring venting of the main chamber, significantly expedites the process. A
gate valve separates the load-lock from the main chamber, allowing for sample transfer
when opened.

A gate valve positioned in front of the turbo pump of the main hamber allows for
a reduction of the pumping speed during deposition. Indeed, the ability to precisely
control the chamber pressure during deposition has proven to be essential .
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6.4.1 Commissioning

After the initial setup and testing of the machine, our first objective was to ensure the
stability of the sputtering process and its outcomes. Tungsten sputtering is notably
affected by the conditions within the main chamber during deposition, as well as by
the geometry and conditions of the target. Furthermore, the measured pressure within
the chamber during the process is greatly influenced by the positioning of the pressure
reader, the pumps, and the gas inlet. Since the position parameters may be significantly
different from those of the machine previously in use, new studies for all parameters
are necessary.

The first focus of this work was to identify sputtering parameters that would enable
the production of samples with reproducible superconducting properties.

To enable such studies, it is important to define a precise experimental procedure,
comprising sample preparation, RF cleaning, Cu deposition and the final testing, to
ensure comparability among different samples.

6.4.2 Experimental Procedure

In the initial phase of this project, we exclusively utilise silicon samples to establish
an initial working production flow. This approach allows us to lay the fundations for
establishing well defined procedures for producing superconducting W thin films on
other crystals as well.

The sample production comprises various steps, detailed in the following.

Substrate Preparation The Si substrates employed in this work were prepared by
the HLL semiconductor laboratory (Halbleiterlabor der Max Planck Gesellschaft), in
Garching, from high resistivity p-type silicon wafers ~ 0.35 mm thick. The wafers were
then cut into 20x 10 mm? substrate with a laser cutting machine.

Before being inserted into the sputter machine, the substrates underwent cleaning
procedures in the MPP cleanroom.

RF cleaning The samples were then mounted onto the sample holder of the load-
lock of the sputter machine. The chamber was then pumped down to a pressure
< 10~%mbar, to allow for a safe opening of the gate valve and avoid the insertion of
impurities into the main chamber. The required base pressure of the main chamber
before initiating the sputtering process is set to O(107® mbar).

Once the sample is transferred into the main chamber, it undergoes RF cleaning.
During this procedure, the gas flow in the chamber has to be adjusted such that the
pressure in the chamber is O(1072mbar). We clean the samples for 10 minutes, with
50 W of RF power.
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Cu Sputtering Afterwards, following the results in [116], we produce a very thin
(O(nm)) copper under-layer, to facilitate the growth of W thin films independently of
the employed substrate. During this deposition, the pressure is kept at 3.15-10~2 mbar,
through a flow of Ar of 15scem. Before initiating the process, the Cu target is sputtered
clean for 5 minutes at 100 W DC, avoiding any contamination of the substrate. Then,
Cu is sputtered for 60s at 100 W DC. During Cu deposition, the substrate rotates
around the vertical axis, to enhance uniformity. The Cu target used has a purity of
99.999%.

W Sputtering Finally, the tungsten layer has to be produced. Many diverse sput-
tering parameters have been tested, with the purpose of obtaining a reliable production
method resulting in W thin films with reproducible superconducting properties. Never-
theless, the general procedure was standardised, to ensure the maximal reproducibility.
Firstly, we pump the main chamber down. Ensuring a good enough base pressure at
this stage is very important, as it ensures that no residuals of Ar or Cu atoms will con-
taminate the W deposition process. Indeed, the gas utilised for this process is xenon.
Xe is chosen because its atoms are much less probable to be trapped inside the thin
films than Ar atoms [137]. To make the pressure of Xe in the main chamber stable,
following previous experience [116], a one litre gas bottle is placed between the Xe
bottle and the mass flow controller.

Before proceeding with the DC W sputtering, the target has always been sputtered
clean for 10 minutes, avoiding substrate contaminations. After cleaning the target, the
deposition process was performed.

Testing Afterwards, the RRR values of the prepared samples were measured. Firstly,
we tried to reproduce previous results, targeting RRR values in the range 1.4-1.45
(which proved to show T¢ in the range of 15-25 mK [116]).

Measuring the T of the samples to control the validity of the relation between T
and RRR was the natural following step. To do so, we mounted the substrates on a
copper holder (see Figure , and strongly coupled them to the heat bath. The tests
were performed in one of the dilution refrigerators at the above-ground facility of the
MPP. The transition temperature and shapes were measured seewping up and down
the mixing chamber temperature with a dedicated heater, using the same procedure
described in section 5.3l

6.4.3 Characterisation and Results

During this project, we sputtered more than 70 substrate and we cooled down more
than 25 of them to mK temperatures.

In the initial phase of the project, we adjusted the parameters to achieve RRR values
within the previously accepted range. Utilising a DC power of 450 W and maintaining
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Figure 6.7: Picture of the samples holder used for the T¢ tests of sputtered W films.
The holder is designed to contain four 10x20 mm? substrates, each resting on four Cu
corners and held in position by a bronze clamp.

a pressure of approximately 10”2 mbar, we consistently obtained RRR values falling
between 1.25 and 1.35. The majority of these samples exhibited superconducting tran-
sitions, with temperatures ranging from 15 mK to 35 mK. With the aim of replicating
previous findings, we analysed the dependencies of the transition temperatures ob-
tained as a function of various parameters. This study’s objective is to investigate the
potential to adjust the T¢ of the tungsten thin films through sputtering parameters
using the new machine.

In the first part of this work, we focus on silicon as a substrate material. The plots
in Figure [6.§ illustrate the trends of the T¢ of the samples as a function of the pressure
during the deposition and of the voltage applied. However, these plots do not exhibit a
clear trend, prompting further investigation into the relationship between T and RRR
values for these samples. Figure indicates that the trend observed in [116] is not
validated by our tests. The plots in Figure [6.8 do not show an obvious dependency
of the T from these parameters, the RRR and the T of our samples appear to be
uncorrelated. However, we could utilise the RRR as an indicator of whether a sput-
tered thin film might have an acceptable transition temperature or not, since we tested
several samples with RRR values far from the 1.2-1.4 range, and none of them exhib-
ited a superconducting transition. Despite this correlation between the RRR value and
the superconducting transition of tungsten thin films, using it to tune the transition
temperature of W-TES does not appear to be feasible.

The following step in this project concerned the study of these dependencies in
sapphire samples.



6.4 Sputter Machine 581 85

40

Te [mK]
Te [mk]

Figure 6.8: Left: Plot of the T of W thin films sputtered on Si samples as a function
of the pressure in the chamber. Right: Plot of the T for the same samples as a function
of the voltage used for the deposition.
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Figure 6.9: Plot of the T of W thin films sputtered on Si samples as a function of
their RRR value.

Figures and present the outcomes of these investigations. These findings align
with those obtained for the silicon samples.

The inability to replicate previous results could derive from multiple factors. Firstly,
the samples in [116] are sputtered without opening the main chamber, nor the load-
lock, utilising a specially designed holder that allowed sputtering of multiple samples
in a single deposition run. Introducing samples into the main chamber at different
times could potentially introduce variations in the sputtering conditions. The differ-
ent pumping times of the load-locks before the insertion of the samples in the main
chamber (varying approximately between 1 hour and 1day) might also affect the sput-
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Figure 6.10: Left: Plot of the T¢ of W thin films sputtered on Al,O3 samples as a
function of the pressure in the chamber. Right: Plot of the T for the same samples
as a function of the voltage used for the deposition.
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Figure 6.11: Plot of the T of W thin films sputtered on Al,O3 samples as a function
of their RRR value.

tering conditions. However, considering the objective of establishing a procedure for
sputtering a large number of detectors for the upcoming CRESST experiment upgrade,
conducting a single production run seems impractical.

Additionally, a notable difference between the two studies is the size of the magnetron
used. In [116], a 4-inch magnetron was utilised. A new 4-inch magnetron has been
acquired by MPP for installation in the new machine, and further investigations will
be carried out using this, which should enhance homogenity of the sputtered films.

Although we could not reproduce the previously observed trends in T as a function
of sputtering parameters, our project successfully achieved stable production of super-
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Figure 6.12: Transition curves of W thin films sputtered on different materials. On
the top left, Si; on the top right AlyOgz; on the bottom, CaWO,.

conducting W thin films on various materials. In addition to Si and Al,O3, W thin
films were successfully deposited on three CaWQ, crystals, all exhibiting a supercon-
ducting transition around 25 mK. Selected transition curves are depicted in Figure[6.12]

6.4.4 Stress on W thin films

Within the project of producing the new sensor design described in section[5.4.3] W thin
films have been sputtered on the KSFM dielectric photoresist, without the interposition
of a Cu layer. Thanks to the softness of the dielectric photoresist compared to the
Si substrates, these depositions allowed us to optically observe residual stress in the
thin film and investigate its variation with sputtering pressure in the chamber during
deposition. Figure [6.13] shows three samples produced at different pressure. As the
pressure changes, the stress conditions of the films also change.
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With these tests, we realised that sputtering W thin films onto substrates coated with
KMFS dielectric photoresist provides a means to address the stress conditions of the
films. Observing the different stress conditions is fairly easy, as it can be done with
the sole use of a microscope. By adjusting the pressure in the chamber using different
values of Xe flow, we can produce and test samples with varying stress levels and study
how stress is affected by different sputtering parameters. In the hypothesis that stress
influences the superconducting properties of W films, controlling it may enable us to
regulate the T of our sputtered W films and the characteristics of the produced W-
TES.

Furthermore, studying the correlations between sputter parameters, film stress and W-
TES properties might allow us to have a means of characterising sputtered TES without
needing to test them at mK temperatures, thus drastically reducing the production time
demand.

Figure 6.13: Pictures of W thin films produced on substrate coated with KMFS
dielectric photoresist at different sputtering pressures seen at the microscope. Left:
P=2.76-10"2 mbar. Centre: P=1.66-10"2 mbar. Left: P=3.5-1073 mbar.

6.5 Conclusions and Outlook

With this work, we have established a reliable procedure for obtaining sputtered su-
perconducting thin films on various materials.

Stress might be the parameter driving the superconducting behaviour of thin films,
and by managing it, we may gain control over the transition temperatures of sputtered
W thin films. Further research should be directed towards understanding the type and
magnitude of residual stress stored in the films. Our findings suggest that sputtering
onto substrates coated with KMFS dielectric photoresist offers a convenient and effi-
cient means of studying the stress conditions of the films.

Moreover, the capability to fabricate W-TES directly on top of this dielectric layer
would be an asset in producing the new sensor design with an underlying Al phonon
collector described in section
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Additional investigations could help fine tuning the procedure to precisely control the
T¢ of the sputtered W thin films using sputtering parameters.
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Chapter 7
The doubleTES

In recent times, a significant challenge hindering the sensitivity of low-mass dark mat-
ter direct detection experiments has been the unexpected increase in events occurring
close to the energy threshold of the detectors. This background, widely known in the
field as the Low Energy Excess (LEE), has prompted considerable efforts within the
community to comprehend its origin.

The CRESST collaboration has performed extensive investigations of this background,
leading to the development of new detector modules specifically designed to address
the remaining possible sources of the LEE. The doubleTES is among these modules,
and it has been the focal point of the extensive studies presented in the following.
This chapter begins by detailing the motivation for this novel detector design, outlining
the experimental investigations of the LEE conducted by the CRESST collaboration
and the subsequent findings. Afterwards, the concept behind the doubleTES design
is introduced, along with the details regarding the fabrication of the prototypes. Fol-
lowing this, the chapter delves into the data analysis procedure employed in this work,
followed by the outcomes of various tests of the prototypes conducted in the above-
ground facility of the Max Planck Institute for Physics. Some of these results are also
detailed in [13§|. Finally, the chapter presents the ongoing underground measurement
of various doubleTES detector modules named Run37.

7.1 Motivation

The LEE has garnered the attention of numerous scientists worldwide. Despite the
considerable efforts of various experiments to understand this signal, its origin remains
elusive. Within the framework of CRESST, extensive investigations have been under-
taken to comprehend this signal. In particular, we addressed numerous hypotheses
by implementing minimal changes to our detector design. These studies have yielded
insights into several characteristics of the LEE, as outlined below. A new generation
of CRESST detectors has been developed to probe the remaining open hypotheses.
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In the following, we present the experimental studies of the LEE conducted by the
CRESST collaboration.

7.1.1 The Hunt for Low Energy Excess

During the first measurement campaign of the CRESST-IIT Phase, named Run34, the
detector modules achieved unprecedentedly low thresholds below 100 €V, allowing the
exploration of a new portion of the parameter space.

In 2019, CRESST was the first experiment to report the observation of a rise of events
above a flat background at energies below 200eV (see Figure . This rise of
events could be observed across all detectors reaching a threshold below 100 eV. While
this signal exhibited a featureless spectrum, which could easily be mistaken for dark
matter, differences in the spectral shapes among different detectors precluded a sin-
gle common origin for these events. Consequently, the interpretation of this signal as
solely attributable to dark matter was immediately dismissed, leaving behind the need
to understand its origin.
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Figure 7.1: First observation of the low energy excess in CRESST in the first mea-
surement campaign of CRESST-III. Picture taken from

Subsequently, during the following measurement campaigns, Run35 and Run36, we
explored several hypotheses regarding the origin of this signal, implementing minimal
modifications to the standard CRESST-III detector design. In the following, we re-
view the tested hypotheses, detailing the modifications made to the detector design to
address them. Notably, during Run35 two detectors remained unchanged and served
as control detectors.
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Mounting Direction

Since all detectors were mounted in the same direction in Run34, we hypothesised that
altering the mounting direction could influence the observed LEE. In light of this, one
detector was measured with a different mounting orientation (i.e. horizontally instead
of vertically) than the previous measurement campaign.

Surface Polishing

CaWQy, is very brittle, rendering it susceptible to surface damage during the TES
production process. We investigated the straightforward hypothesis that such damages
might contribute to the excess events. For Run3b, two CaWQ, crystals previously
utilised in Run34 underwent repolishing on all sides post TES production, while an
additional newly polished CaWO, crystal was also included in the measurement. The
remaining CaWQ, crystals were not subject to the same procedure.

Material Dependence

During Run34, all detector modules featured a CaWQ, crystal as the main absorber,
prompting speculations that the LEE’s origin could be related to the material. Con-
sequently, in Run35, two modules employed Al,O3 crystals as the main absorber. In
Run36, the main absorber crystal was Al,O3 in three modules and LiAlO5 in two mod-

ules, while one module presented both the main absorber and wafer detectors made of
Si.

Scintillation light

In the first run of the CRESST-III Phase, all detectors were mounted in a fully scintil-
lating housing. The possibility of photons originating in the scintillators and directly
hitting the TES sensors was considered a potential source of the LEE. Consequently,
all non-active scintillating components of the detector modules were removed.
Furthermore, in Run36, a fully non-scintillating module was measured. This mod-
ule featured a main absorber made of silicon, a non-scintillating material coupled to
a silicon wafer detector of the same geometry as the standard light detector. This
setup enabled the investigation of coincidences between the two detectors instead of
the scintillation light as in the standard configuration.

Internal relaxation of the lattice stress

To study the impact of the lattice stress of the crystals on the LEE rate, in Run36,
we employed commercial CaWOQO, crystals in two detector modules. Furthermore, we
compared the internal stress of the crystals grown in two different manufactures.



94 7. The doubleTES

Stress induced by holding structure

To investigate the influence of the holding structure on the LEE rate, we implemented
changes to the holding scheme of several detector modules in Run36. The following
outlines the various holding schemes utilised:

e Instrumented CaWO, sticks: these sticks were specifically designed and employed
to examine how events occurring within the holder and transmitted to the main
absorber crystal manifest in the main target.

e Copper sticks: these metal sticks (i.e. with a very low heat capacity) were intro-
duced to suppress possible events occuring in the holder.

e Bronze clamps: the holding by sticks was replaced by a different holding system
with bronze clamps. By adopting this alternative holding scheme, we aimed to
verify whether the pointy sticks might induce cracks at the interface with the
crystal, potentially resulting in low-energy events.

Detector geometry

We analysed light detector crystals as main absorbers to assess the impact of volume
and surface area, on the LEE rate. These crystals possess a significantly thinner ge-
ometry compared to the absorber crystals, measuring 20x20x0.4 mm? instead of the
standard 20x20x 10 mm? absorber crystals. Therefore, any effects stemming from the
volume or surfaces of the crystals should be discernible when comparing results from
a light detector with those from a standard main absorber.

A summary of the different detector modules tested during Run35 and 36 is de-
picted in Figure[7.2] This schematic representation illustrates the various modifications
implemented to investigate hypotheses regarding the origin of the LEE.

Comparing results across the various modules, we could not observe significant
differences in the LEE rates attributable to any modifications. These comprehensive
studies allowed us to exclude several hypotheses, enhancing our understanding of the
LEE.

LEE Decay

The rate of the LEE was observed to decay over time, characterised by two time con-
stants: a fast one (of the order of a few days) and a long one (of the order of 200 days).
This decay pattern was consistently observed across all detector modules. Notably, the
diversity in the observed time constants contradicts the interpretation of this signal as
arising from a radioactive background.
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Figure 7.2: Schematic representation of the different modules tested during Run3b
and 36, comprehending all the modifications to the standard detector design.

Thermal cycles

Following up on an observation by the EDELWEISS collaboration, which reported
an increase in the rate of heat-only events after a warm-up of the cryostat to 30 K
during measurement, the CRESST collaboration started systematic thermal cycles to
investigate this phenomenon. Figure [7.3] presents the results of the warm-up tests of
the light detector of one of the Si modules as an example. These results demonstrate
that the fast-decaying component can be reactivated following thermal cycles from the
working temperature of a few mK to a few tens of K. Additionally, the plot indicates
that the neutron calibration does not influence the LEE counting rate [87].
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Figure 7.3: Plot of the decay of the LEE rate in time, comprehending the performed
warm-up tests, showing a recharge of the LEE fast component.
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The extensive studies conducted to understand the LEE have yielded valuable in-
sights. Nonetheless, the origin of the LEE has yet to be understood. Consequently,
the CRESST collaboration has developed three new detector modules to comprehend
or veto LEE events while enhancing sensitivity at low energy. These modules are pre-
sented in [89).

The following section will provide a detailed presentation of the doubleTES detector
module, together with the results of the above-ground tests of the prototypes.

7.2 DoubleTES Detector Module

The basic idea behind the doubleTES detector module is to equip the main target
with two identical W-TES, each with independent readout. This design allows to
investigate whether the origin of the LEE events is sensor-related. By combining the
data from the two sensors, we can identify events originating in close vicinity to the
sensors. This is achieved by analysing the 2D energy spectrum of the detector. If an
event originates within the bulk of the crystal, the two sensors are expected to respond
similarly and measure nearly identical energies. Conversely, if an event originates in
close proximity to one of the two sensors, we expect the responses of the two sensors
to differ significantly, resulting in diverse energy measurements. Figure [7.4] provides a
schematic representation of the working principle of the doubleTES.

7.2.1 Description

In its standard realisation, the doubleTES utilises the same crystals as the standard
CRESST-III module: a 20x20x10 mm?* CaWOQy, crystal as the main absorber, coupled
to a 20x20x0.4mm? SOS crystal as light detector, for particle identification.

This detector features a gravity-assisted holding scheme, developed by the CRESST
collaboration within the framework of the new generation of CRESST detectors and
detailed in [89]. The crystal is resting on a minimal amount of copper, held solely by
its own weight rather than clamps or sticks. This holding scheme minimises the forces
exerted on the crystal and allows to investigate their impact on the LEE. A technical
drawing of this module is provided in Figure

7.2.2 Production details

The two W-TES are simultaneously deposited onto the crystal surface in an evapora-
tion process (see chapter |§] for details about the process). The key to the functionality
of this detector module is the similarity between the two W-TES, which enables si-
multancous stabilisation, as detailed in section [7.4.3] Achieving very similar transition
temperatures for both sensors is crucial, to minimise the thermal interference between
the two sensors and enable independent stabilisation of each sensor in its operating
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Figure 7.4: Schematic representation of the signal originating from different sources
in the doubleTES detector module. In a plot with the energies of the two TES as axes,
we expect a clear separation of the events originating in the bulk of the crystal from
those originating in the two sensors.

Figure 7.5: Technical drawing of the doubleTES in its standard realisation. The
main absorber is equipped with two identical TES and coupled to a standard light
detector. Both crystals rest on a minimal amount of copper, exploiting the gravity-
assisted holding scheme. The holes on the side of the copper structure are used to
place calibration sources when needed.

point.
Our sensors are stabilised in their operating point by a current sent through the heater
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element, typically placed on the crystal’s surface near the TES. Each sensor of the
doubleTES detector module requires independent stabilisation. Placing the heater
near the sensor risks substantial thermal cross-talk between the TES, as the heater
element would heat the entire crystal. To mitigate thermal interference, we deposited
the heater directly on top of the tungsten film and electrically isolated the two films
using a sputtered 350 nm thick layer of SiOs,.

The TES used in the absorber crystal are two "phonon-S" TES (see |108]), which
consist of a 0.6 mm long and 1.7mm wide tungsten film as thermometer, a 1 mm long
and 0.04 mm wide gold thermal link and two 0.95 mm long and 4.0 mm wide aluminium
phonon collectors. Based on the studies of the TES design (see section , the phonon
collectors are made of aluminium only (single-layer phonon collectors) to enhance the
detector’s sensitivity. A drawing of one of the complete sensors of the doubleTES can
be found in Figure [7.6]

The TES deposited on the light detector is a standard CRESST light detector TES in
its single-layer version.

The heaters are small gold films with two aluminium bond pads. All the bond pads
are designed to have all the bond wires of the same length and parallel.

1 mm

Figure 7.6: Drawing of one of the two sensors of the standard doubleTES module.
The parts are represented in scale.

7.3 Data Analysis

All measurements presented in this chapter follow the same analysis procedure, which
consists of several steps. Initially, the raw data are processed. Next, the analysis of
the processed data generates the energy spectrum. Finally, the results are interpreted
in terms of physics results.
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For a better understanding of the following, some basic concepts are introduced below,
followed by an outline of the analysis flow.

Run: A measurement campaign starting with the cool-down and ending with
the warm-up of the cryostat.

Record window: The number of samples considered when a trigger is fired. It
must be long enough to contain the entire pulse but not be too long as to cause
pile-up, especially in above-ground measurements. The chosen length is 8192
samples, corresponding to 327.68 ms, with the triggering sample placed at one-
quarter of the record window, defining "pre-trigger" and "post-trigger" ranges.

Event: When one readout channel triggers, all channels are simultaneously
recorded. An event is defined as the combination of information from all of
the channels.

Heater Pulse: Artificial pulses sent to the sensors via the heater element. The
largest heater pulse saturates the sensor, providing precise operating point in-
formation, and thus monitoring the detectors’ stability. The other heater pulses
span the sensors’ linearity range to extend the energy calibration.

Particle Event: An event caused by a particle interaction in the absorber crys-
tal.

Empty Baseline: Randomly extracted record windows where no channels trig-
gered. These are used to create the Noise Power Spectrum (NPS) and determine
the energy threshold.

Simulated Event: Simulated events created by superimposing desired pulse
shapes onto the data stream.

Template Pulse: An event pulse shape created by averaging particle pulses
from the 5.9keV 5°Fe peak. It is also called a standard event.

Noise Power Spectrum: Created from cleaned empty baselines (without resid-
ual pulses or artefacts) to inform about noise frequencies. Constructed by Fourier
transforming empty baselines n(w), multiplying by their complex conjugate n*(w)
and averaging:

N(w) =< n(w)n*(w) > (7.1)

Optimum Filter: A filter to maximise the signal-to-noise ratio by re-weighing
frequencies via the optimum filter (OF) transfer function H(w) [139):

H(w) = K#e—mm (7.2)
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where §*(w) denotes the complex conjugate of the signal pulse shape’s Fourier
transform (obtained from the template pulse), K is a renormalisation constant,
and 7, represents a phase.

7.3.1 Trigger

The data acquisition for these measurements employs a software-triggered methodol-
ogy, where the entire data stream is recorded and triggered offline. This approach is
chosen because it allows to trigger the same data in different ways, thus to obtain as
much information as possible from the data.

The triggering process starts by constructing an optimum filter for each detector, utilis-
ing their specific NPS and template pulse. Once the filters are constructed, the filtered
stream is subject to a trigger algorithm to detect pulses above a defined threshold
value.

7.3.2 Pulse Parameter Calculation

Once the pulses have been identified through the trigger, they are processed by an
Event Builder algorithm. In this step, the trigger timestamps from the different chan-
nels are grouped to form the events of the detector module. These events and basic
parameters, such as the timestamp and readout channel, are saved. This algorithm
also categorises the events. Since the acquisition software provides information about
the timing of the test pulses, these can be tagged and identified by comparing these
saved timestamps with the trigger timestamps.

During this step, the number of empty baselines (random triggers) to be extracted
from the continuous stream must be specified. When processing the data for threshold
estimation, we opt for extracting a large number of empty baseline, as having clean
empty baselines, with no residual pulses can be challenging in above-ground measure-
ments, depending on the size of the crystal. For the final physics analysis, we opt for
no empty baselines. Afterwards, the pulses undergo a Calculation of Main Parameters
(CMP) algorithm. Baseline parameters are extracted from the pre-trigger range, with
key parameters being the baseline RMS, slope and offset. The baseline offset is crucial
for this analysis, serving as the basis for the working point cut (described in the fol-
lowing).

The CMP algorithm also provides other important pulse parameters, such as baseline
difference, pulse height, peak position, decay time, rise time, and maximum and mini-
mum derivatives. The pre-processing of the data stream concludes with the calculation
of pulse parameters.
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7.3.3 Threshold Estimation

After processing the data with the correct OF, the trigger threshold needs to be de-
termined. Following this step, the continuous stream will undergo the trigger, event
builder and CMP algorithms for the last time.

For above-ground measurements, the trigger threshold in CRESST is typically set to
five times the baseline resolution (opyr), as described in [140]. The first step in this
process consists of creating a clean list of EBLs, which are baselines free of residual
pulses and artefacts. An algorithm then superimposes a pulse of a well-defined am-
plitude (0.01V in this work) onto each baseline and evaluates its amplitude with the
filter. Since the pulses superimposed on the empty baselines are free from noise and
have a well-defined amplitude, the width of their amplitude distribution serves as an
indicator of the noise present in the empty baselines. This distribution is fitted with
a Gaussian distribution function, and the resulting o defines the baseline resolution of
the detector. Figure [7.7] shows an example of such a fit.
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Figure 7.7: Plot of the fit to the Gaussian distribution used to compute the baseline
resolution. This distribution is obtained by superimposing pulses of 0.01 V to a clean
list of EBLs and then filtering them. Plot taken from the analysis of the silicon-on-
sapphire doubleTES module.

This is one of many possible threshold definitions. Another common way to define
the threshold is by setting it to allow a certain number of noise triggers to be accepted
as pulses. This method is described in [141}|142]. For above-ground measurements,
accepting that 1% of the total triggers are noise triggers has proven to be a good
estimate [57].

In this work, the threshold is given as five og; and always cross-checked with the
second method to ensure the validity of this choice, such that the accepted number of
noise triggers is compatible with 1% of all triggers.
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7.3.4 Working Point Cut

Once the final processing of the data stream with the chosen OF and threshold is com-
plete, the first step in the analysis chain consists of performing a working point cut to
ensure the detectors are stable in their operating point.

During normal operation, we select the working point of our sensors in the middle of
their superconducting transitions and stabilise them at a specific temperature. This
temperature corresponds to a particular resistance value of the film, defining the oper-
ating point.

We only consider pulses originating from specific resistance values around the chosen
working point to ensure the detector’s stability during operation. This selection in-
volves both sensors in a doubleTES: we only consider pulses where both sensors are at
their correct working point.

Performing this cut is non-trivial. The resistance value at the working point is read
out by the SQUIDs as a voltage, represented by the baseline offset. As described in
section [4.3] the SQUID response is periodic with a period of one flux quanta, leading
to a sequence of possible quantised baseline offset values, as shown in Figure (left).
To select values around the chosen working point, we need to eliminate the periodicity
effect and obtain a continuous distribution of the baseline offset centred around one
single value, describing the operating point. Therefore, we shift every distribution by
an entire number of flux quanta. The accepted stability region is then selected on this
distribution (see Figure [7.8] right).
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Figure 7.8: Left:Plot of the baseline offset of the TES1 of the down CaWQO, dou-
bleTES detector. This parameter in this measurement takes eight different values,
shifted by a quantised amount. Right: Distribution of the baseline offset obtained
by shifting all baseline offset distributions by an entire number of periods. The part
highlighted in red represents the accepted region of this distribution. Plots taken from

the analysis of the up CaWO, module described in section [@]
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7.3.5 Quality Cuts

Having defined a set of stable pulses for both detectors, quality cuts are applied to
the pulse parameters to discard those with issues such as tilted baselines, electronics
artefacts, resetting pulses or pile-up. These cuts follow a consistent scheme across all
detectors and measurements, and they are described in the following.

Baseline Difference

The baseline difference is the difference between the average of the first 50 samples and
the average of the last 50 samples of the record window. This parameter helps identify
and tag events, such as flux quantum losses and decaying baselines.

- Decaying Baselines: These events usually occur after a large energy deposition
in the crystal. If the detector has not returned to its original baseline value due to
the large energy deposition, it may trigger again in the following record window.

- Flux Quantum Losses: These typically have a very fast time, surpassing the
electronics slew rate, causing the SQUID feedback loop to fail to follow the rapid
rise, leading to a flux quantum loss in the SQUID (see section [£.3)). As a result,
the SQUID locks into a different baseline offset value after the pulse.

Baseline RMS

The baseline RMS describes the RMS of the linear fit performed by the CMP algorithm
to the pre-trigger range of the pulses. This parameter provides information about
irregularities in the pre-trigger range, such as the presence of small pulses before the
triggered pulse. When two pulses appear in the same record window, the event builder
centres the largest pulse at the correct position (1/4 of the record window). Thus, if
a small pulse precedes the triggered one, it will appear in the pre-trigger range. A cut
on this parameter helps to eliminate such pile-up events.

Baseline Slope
The baseline slope parameter describes the slope of the baseline of a pulse. This allows
the identification and exclusion of pulses superimposed on slightly decaying baselines.

Delta Voltage

The delta voltage is the ratio of the minimum derivative and the baseline RMS. This
parameter helps to tag electronic artefacts, such as electronic spikes, by identifying
pulses where there is a sudden change between two consecutive samples beyond the
normal noise level.
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After applying cuts on these basic pulse parameters, the remaining pulses are filtered
for a more precise amplitude estimation. The filter estimates the amplitude of the
pulses as the difference between the highest point of the record window and the baseline
value. The highest point can either be searched for by the filter itself, or it can be
computed as the value in a specific position. Typically, for the amplitude estimation
of particle events, the maximal value is computed at the trigger timestamp. For the
analysis of the doubleTES module, we decided to have the maximal value searched
for by the filter, within a small range around the trigger timestamp. This timestamp
is defined by the first channel triggering, thus it can be shifted by a few samples for
the second channel. Knowing the exact position of the pulses is crucial for an optimal
energy estimation.

OF RMS

The OF RMS parameter measures the difference between the filtered puses and tem-
plate pulses used to construct the filter. It represents a valuable pulse shape parameter,
enabling the distinction between valid particle pulses and pulses with a different pulse
shape.

Peak RMS

Peak RMS is the difference between the filtered pulses and template pulses, calculated
in a small region around the peak. This parameter is typically not used in this analysis
due to its strong energy dependence. Indeed, performing pulse shape discrimination
on the peak at very low energies is extremely challenging, given the proximity to the
threshold.

7.3.6 Energy Calibration

The calibration source used in these above-ground measurements is a *°Fe source. *Fe
decays via electron capture to ®®Mn, leaving a vacancy in the K shell of *Mn. This
vacancy is filled by an electron from a higher shell, resulting in the emission of K, and
Kj lines of ®Mn are at 5.89keV and 6.49 keV respectively [143].

These known energy peaks are used to calibrate the test pulses from the heater. The
calibrated test pulses are then used to extend the calibration across the entire dynamic
range of the detector.

To ensure the validity of this calibration, the detector response has to be linear
up to the energy of the °Fe peaks. Moreover, it is essential to have well-distributed
test pulses across the detector’s dynamic range and to ensure that at least one pulse is
approximately as energetic as the iron X-rays. The linearity of the detector is evaluated
by plotting the detector output signal in response to the test pulses as a function of
the injected amplitude in volts. If a detector is linear from its threshold to the iron
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energy, the calibration can be easily interpolated across the entire dynamic range. More
attention is required when performing the calibration if the calibration energy exceeds
the linear range of the detector. A description of the possible calibration methods
for these situations is beyond the scope of this work, as linearity is confirmed for all
measurements hereby presented.

Once the linearity has been confirmed, the calibration proceeds by comparing one of
the test pulses to the *Fe 5.89 keV peak using a simple proportion:

VFe :5.89keV = VTP . ETP (73)

where Vg, /rp denote the output signals in volt corresponding to the %Fe peak at
5.89keV and the chosen test pulse, respectively, while Erp represents the unknown
injected energy corresponding to the chosen test pulse.

In the second step of this two-step calibration, our goal is to calibrate each pulse based
on the detector’s response at the time of the event. Thus, we perform an event-by-
event calibration, taking into account the specific working point of the detector for
each event. This approach maximises the exposure by rejecting only those events that
originate from a different operating point than the selected one.

For this scope, the test pulse amplitude is plotted against the baseline offset distribution
obtained for the working point cut, as shown in Figure [7.9) This plot is fitted linearly,
and the fit results are used to extend the calibration across the entire dynamic range.
This extension accounts for the specific working point of the detector for each event.
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Figure 7.9: Plot of one of the test pulses amplitude as a function of the baseline offset
value. The red line represents the linear fit to this distribution, which is used for the
event-by-event-based calibration.
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The calibration equation is:

AmpOF
(a+ BLopfset +b)

E = - Erp (7.4)

where a and b are the parameters of the linear fit, Ampor denotes the amplitude com-
puted by the OF, BL,tsse: represents the baseline offset value for the specific event
and Epp is the known energy of the test pulse used for the fit.

In this work, the energy resolution of the sensors is computed as the o of the double
Gaussian fit of the K, and Kz lines from the %Fe calibration source.

7.3.7 Absorber Events Cut

This cut has been specifically designed for this module to locate the origin of the events.
As described in section [7.2], the doubleTES was designed to distinguish the origins of
different events by analysing the difference in the signal responses of the two sensors.
This difference varies depending on whether an event originates in the bulk of the
crystal or in the proximity of one of the two sensors. For events occurring in the bulk
of the crystal, the signal detected by both TES is expected to correspond to the same
deposited energy. However, for events occurring near one of the sensors, the signal will
be significantly different between the two sensors. Thus, by plotting the ratio of the
energy detected by the two sensors against the energy detected by one of them, we
expect to see distinct bands:

e A band centred around 1, representing bulk events.

e Two additional bands: one above 1, representing events near the sensor whose
energy is in the numerator, and one below 1, representing events near the sensor
whose energy is in the denominator.

Since dark matter interactions are expected to occur in the bulk of the crystal, this
newly designed "absorber events cut" aims to accept only those events. The cut is
designed on the plot of the ratio of the energy detected by the two sensors according
to the specific condition of each measurement.

7.3.8 Survival Probability

The final step in the doubleTES analysis is the survival probability calculation, which
determines the probability that a particle event is included in the final spectrum.

This survival probability is computed through a simulation process. Artificial events
of a known pulse shape are superimposed onto the data stream and processed as the
real data using the previously defined analysis chain. For the doubleTES, performing
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a correlated simulation of the two channels that considers the amplitude ratio between
events in the two sensors and their relative positionis is crucial.
Artificial pulses are created by scaling the template pulse used for the OF and super-
imposing them at random positions in the stream. This process mimics real conditions,
providing a realistic representation of the true situation. However, it is challenging in
above-ground measurements due to the limited number of empty baselines. Therefore,
it is essential to balance the number of simulated pulses to ensure sufficient statistics
without excessive pile-up hindering successful analysis.
Before computing the survival probability, it is important to obtain information about
the trigger efficiency, i.e. the probability that a simulated event causes a trigger, as the
survival probability cannot exceed this value. This information is particularly relevant
for above-ground measurements, where pile-up is expected to reduce this efficiency,
limiting the signal survival probability.
The list of simulated events that caused a trigger is then subjected to the full analysis
chain. The percentage of simulated pulses surviving to all cuts represents the survival
probability of events. This is typically used to correct the energy spectra by dividing
each bin of an energy spectrum by the corresponding bin of the survival probability
histogram. This correction allows for the comparison of energy spectra from different
measurements.

For this work, the main objective of the survival probability calculation is to under-
stand the effectiveness and energy independence of the absorber events cut, ensuring
that events originating from the bulk of the crystal are accurately identified.

7.4 CaWQO, doubleTES

The prototype of the doubleTES consisted of a 20x20x 10 mm? CaWO, crystal, pro-
duced exactly like the main absorber of the complete module described in section [7.2.1]
but not coupled to a light detector. Figure[7.10|shows a picture of this module. During
this prototyping phase, we prepared two identical CaWO, detectors.

7.4.1 Experimental set-up

This prototype was measured at the above-ground facility of the Max Planck Insti-
tute for Physics (MPP) in Munich. We employed a dilution refrigerator from Leiden
Cryogenics. This cryostat features a round detector plate with a 10 cm diameter and
it houses four APS-581 SQUIDs for readout. The temperature of the detectors is read
and monitored using a thermometer placed at the detector plate.

To mitigate the issue of event pile-up, which is a common challenge in large crystal
measurements at sea level, we installed a shield composed of 10 cm thick lead bricks
around the cryostat, as shown in Figure The shielding was borrowed from the
COSINUS ( |144]) group at MPP.
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Figure 7.10: Photo of the assembled doubleTES detector in its prototype. The
picture shows the two identical TES from the top and the crystal mounted in the
gravity-assisted holding scheme.

The data acquisition system records a continuos data stream and the triggering is then
performed offline, as described in section The continuous data stream from the
module is recorded on disk using a National Instruments board (NI USB-6218 BNC)

at a sampling rate of 200 kHz.

7.4.2 Measurements

Two different measurements were performed with the first prototype of the double TES.
In both measurements, we mounted the two doubleTES crystals on top of each other
and inside a mechanical decoupling system (see Figure [7.12]).

First Measurement

During the first measurement, the crystals were equipped with two iron (°*Fe) sources
for calibration (see section [7.3.6). The sources were placed in the holes on the side
of the Cu holder (as shown in Figures and , ensuring that each source was
positioned close to one of the two sensors. This arrangement was designed to ensure
independent calibration of the two TES and investigate the sensors’ energy share. The
two crystals were named "up doubleTES" and "down doubleTES" according to their
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position within the holder.

Figure 7.11: Photo of Cryo 2 closed and surrounded by a 10cm thick lead shield
in the above-ground facility of the Max Planck Institute for Physics in Munich. The
lead shield was borrowed from the COSINUS group at the Max Planck Institute for
Physics. The picture was taken during the data taking of the first measurement of the
first doubleTES prototype.

Second Measurement

In the subsequent measurement, one **Fe source per crystal was removed. This mod-
ification aimed to verify the first measurement’s findings regarding the energy shared
between the two sensors.

7.4.3 Thermal Analysis

In the initial phase of our experiment, we focused on understanding the thermal inter-
actions between the two sensors to assess their impact on performance. In the following,
we aim to empirically understand the thermal interactions between the two sensors in
such a detector.
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Figure 7.12: Photos of the mounting of the doubleTES crystals for the first above-
ground test. The two identical crystals are mounted on top of each other and inside a
mechanical decoupling system for vibration damping.

Simplified Thermal Interaction Model

We can describe the behaviour of the two sensors with the following simplified model
equations:

Teg — Toan = g1 Pr + g1 Po (7.5)

Tea — Thatn = g2 Po + 91211 (7.6)

where T 1/2 denote the transition temperatures of the two TES on the crystal, which
will be named TES1 and TES2, Ty, represents the temperature of the bath during
operation, P/, are the heating power through the heater elements 1 and 2 respectively,
and g1 1, 81,2, 82,2, 82,1 define the thermal coupling of the two TES to their own and each
other’s heaters. The heating power through the heater elements is directly proportional
to the voltage value (DAC) given as an input to the heater source used to drive the
current through the heater. Taking this into account, we can rewrite [7.5] and [7.6] as:

TC’,l — Thath = g11 - aDACT + go1 * bDAC?2 (77)

and
TC,Q — Thath = g22 bDAC2 + 912 * aDAC1 (78)

where a and b are proportionality constants.
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Empirical Measurements

To empirically solve these equations, we study two limit cases: DAC1 = 0 and DAC2
= 0.

e DAC1 = 0: Setting DAC1 = 0, the equations simplify to:

Te1 — Tratn

and T T
_ 1c2 7 Lbath
b- g2 = —DhACa (7.10)

We measure the value of DAC2, which brings TES?2 into its operating point, and
then the value of DAC2, which brings TES] into its operating point.

e DAC2 = 0: Setting DAC2 = 0, the equations simplify to:

To1— Ty
a g = —"p (7.11)
and
Too — Ty
a- g2 = —CEAC; i (7.12)

We measure the value of DAC1 that brings TES1 into its operating point and
the value of DAC1 that brings TES2 into its operating point.

To check the operability of the module, we perform the same type of measurements for
other values of DAC1 and DAC2 for both TES to ensure that the two sensors can be
simultaneously optimised using both heaters. The results of these tests are shown in
Figure for both of the doubleTES modules.

To empirically address the limit cases, obtaining the transition temperatures of the
two TES is essential. For precise estimates, we gradually heat the mixing chamber,
recording both sensors’ transitions and then cool it down slowly while recording the
temperatures once again. Figure presents the transition curves of both TES for
both doubleTES modules, indicating that the sensors in each module exhibit closely
aligned transition temperatures. This observation suggests the potential for smooth
and straightforward simultaneous stabilisation.

We can solve the equations for the up doubleTES module. The temperature of
the bath during operation was 10.5mK and we estimate T¢; = 20.7mK and T¢o —
20.9mK. Substituting the values into the equations for DAC1 = 0

Tor — Thatn,  20.7—10.5
: = =1. 1
DAC?2 6.8 ° (7.13)

b-go =
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Figure 7.13: Plots of the DAC values needed to optimise TES1 (blue) or TES2 (red)
for both of the CaWO, doubleTES modules. This test ensures the operability of the
modules as the lines of the two TES cross each other.
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Figure 7.14: Transition curves of TES1 (blue) or TES2 (red) for both of the CaWOQO,
doubleTES modules. The transitions are recorded during a slow sweep up and down
of the mixing chamber temperature. For both modules, the curves of the two TES

overlap, showing a very similar transition temperature.
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and Teo — Than  20.9—10.5
c,2 = Lbatn 2 —10.

. = 2 = — 14
bom = a0 5.2 (7.14)

Taking the ratio of these two equations, we obtain one of the two limiting cases:

_ b go1 .
Tor — Toan = b gm (Teo — Toarn) = 0.75 - (T2 — Thatn) (7.15)
* G922

Setting DAC2 = 0, the second limiting case can be found. Following the same steps:

b-gin =223 (7.16)
and
b- g2 =1.59 (7.17)
such that
Ter — Toarn = 1.40 - (Too — Tharn) (7.18)

Combining all of this information, the two sensors can be simultaneously operated if
their transition temperatures satisfy the following relation:

—0.25- (TQQ — Tbath) < TC}l — TQQ < 0.40 - (TQQ — Tbath) (719)

Repeating the entire procedure for the down doubleTES module, we obtain its oper-
ability condition:

—0.26 - (TQQ — Tbath) < TCJ — ch,g < 0.35- (TQQ — Tbath) (720)
The two CaWO, modules fulfil these criteria for operability.

To further assess the thermal interference between the two sensors of a doubleTES,
we performed a second test: stabilising both TES at their operating points and then
sending test pulses through one heater element only. This test helps us understand
which part of the thermal component of a pulse in one TES is transmitted to the
other sensor. The results of these tests are shown in Figure [7.15 From this figure,
we observe some thermal interference among the two sensors. This results in the TES
not receiving heater pulses from its own heater, to detect a purely thermal pulse, with
an amplitude of approximately half of the amplitude detected by the TES directly
receiving the heater pulse from its own heater. We have to keep in mind that such an
effect persists for every type of pulses and can result in slightly distorted pulse shapes.
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Figure 7.15: Top: Picture of the response of the two TES of the up doubleTES to
pulses injected through heater 1 and heater 2 only. Bottom: Picture of the response
of the two TES of the down doubleTES to pulses injected through heater 1 and heater
2 only. In both cases, the part transmitted to the further TES is roughly half of the
pulse detected by the TES whose heater is firing the pulses.
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7.4.4 Performance Studies and Results

The second part of the experiment focused on studying the performance of the two
sensors in the doubleTES setup. This section presents the results from two measure-
ments, providing insights into the behaviour and capabilities of the detectors. Both
measurements follow the analysis procedure described in section [7.3]

First Measurement

Both sensors were measured during the first run. The results from both modules
were consistent, but the down doubleTES module demonstrated better performance.
Therefore, only the results from this module will be detailed in this section.

Down DoubleTES Module A total of 62 hours of measurements were collected.
However, due to the challenges of maintaining a stable operating point in the above-
ground environment and the large crystal size, only about 20 hours of usable data
remained after applying the working point cut.

The two TES of this module will be referred to as "down-TES1" and "down-TES2".
The NPS, template pulses and OF of these sensors are shown in Figure [7.16] The ab-
sence of an anti-aliasing filter introduced noise issues. The anti-aliasing filter functions
essentially as a low-pass filter, attenuating noise components with frequencies above
half of the sampling frequency. Without it, high-frequency noises appear at lower fre-
quencies, due to a phenomenon known as aliasing.

Despite this, the sensors achieved baseline resolutions of 27.1eV and 29.6 eV, respec-
tively, resulting in computed energy thresholds of 137eV for down-TES1 and 148V
for down-TES2.

Calibration was performed as described in section [7.3.6] with a check of the sensors’
response linearity (see Figure . The energy thresholds obtained in this measure-
ment are too high to study the full low energy excess spectrum. Nevertheless, this
measurement serves as a proof-of-principle of the detector’s working principle.

The energy resolutions at 5.89keV are 117eV for down-TES1 and 128 ¢V for down-
TES2. Figure shows the double Gaussian fit of the K, and Kj for down-TESI.

Following the performance studies of the individual TES, we conducted a combined
analysis of the two sensors to investigate the possibility of locating the origin of the
events. Using data from the measurement, we reproduce the plot schematised in Figure
[7.4 The resulting plot, shown in Figure[7.19] reveals distinct populations, colour-coded
for easier visualisation. FEvents triggering both channels are represented in blue, those
triggering in down-TES1 only are in red, and those triggering in down-TES2 are in
green.
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Figure 7.16: Plot of the noise power spectra, template pulses and optimum filter
kernels of down-TES1 (left) and down-TES2 (right)

Interestingly, more events trigger down-TES2 than down-TES1, with energies reaching
almost 2 keV, significantly higher than the known LEE energies. This difference led us
to investigate the cause of these events.

Upon inspecting the events (see Figure, we observed differences in pulse shape
compared to the template pulse. To explore the possibility of electronic bursts causing
these events, we examined their time distribution. Figure shows that these events
have the same time distribution as valid particle events, thus excluding the hypothesis
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Figure 7.17: Plot of the output signal of down-TES1 (left) and down-TES2 (right)
to test pulses as a function of the injected amplitude. Both of the sensors appear to
be linear up to almost 1V. The 5.89 keV peak from the iron sources outputs a signal of
roughly 0.45V in both sensors, thus being in the linear region of the energy dynamic
range.
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Figure 7.18: Fit of a double Gaussian to the two peaks of the x-rays coming from
the iron calibration source for down-TES1. The o of this fit corresponds to the energy
resolution of the sensor at 5.89 keV.

of bursts.

Notably, despite the difference in shape, we cannot distinguish these events from
real particle interactions in the absorber crystal using information from the filter RMS.
Conversely, analysing the PeakRMS distribution (shown in Figure enabled us to
isolate these events. Nonetheless, as explained in section [7.3] this cut carries a strong
risk of energy dependency.
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Figure 7.20: Events with energies around 1keV in down-TES2 only compared to the
template pulse of down-TES2. The difference in pulse shape is visible.

Given the proof-of-principle nature of this measurement, aimed at studying the com-
bined analysis of the two TES at energies close to threshold, the presence of artificial
pulses could potentially alter the results. Therefore, we applied the PeakRMS cut in
this measurement. Figure presents the resulting 2D histogram with the energies
of the two TES as axes after applying this cut.
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Figure 7.21: Time distribution of the high energetic events in down-TES2 only com-
pared with the time distribution of clean pulses. The two distributions have the same
behaviour, highlighting that these events do not come in bursts. The non uniformity
of the distribution derives from the different run being recorded at different times, and
by the presence of instabilities.
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Figure 7.22: Left: OF Peak RMS distribution for down-TES1. Right: OF Peak RMS
distribution for down-TES2. Both plots show a clear separation between the band of
coincident events and a separated population of events, formed by pulses with energies
around 1keV in down-TES2 only.

Looking at the diagonal band, we can distinguish two separate iron populations,

cach exhibiting two peaks. These populations correspond to the two %> Fe sources. The
TES closer to the *Fe source measures at most 5% more energy than the further away
TES, suggesting only a slight position dependence in the detector’s response.
The presence of this separation (despite its small magnitude) implies that a more
precise energy estimate can be achieved by averaging the signal from both sensors.
The resulting energy spectrum is shown in Figure [7.24] The energy resolution at
5.89keV is 81eV.
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Figure 7.23: 2D histogram with the energies of the two TES as axes after the
PeakRMS cut. The inset shows a zoom into lower energies, from threshold up to
300eV.
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Figure 7.24: Energy spectrum of the average signal from the two TES. The two peaks
of the X-rays emitted by the iron calibration source are well separated, and the energy
resolution at 5.89keV is 81eV.

The last step of this analysis consists of implementing the absorber events cut. To
design this cut, we examine Figure [7.25] To accept an event as an absorber event, we
conservatively require that the energies measured by the two sensors should not differ
by more than 35%. This cut can be visualised in the 2D energy spectrum, as shown in

Figure [7.26]
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Figure 7.26: Absorber events cut visualised in the 2D energy spectrum. The red
events are those accepted by the cut. None of the events in the diagonal band is

rejected. Right: Zoom into the lower energy region of the spectrum, from threshold up
to 700eV.

To ensure that the single TES events are actual particle-like events and not noise
triggers, we generated standard events using the pulses in this region, as shown in
Figure [7.27] Despite the tilted baseline caused by unfavourable noise conditions and
the small amplitude of the single TES events, the comparison indicates similarities
between the pulse shapes.

To further confirm the particle-like nature of the observed singleTES events, we studied
the noise distributions of the two TES in the voltage-inverted data stream, following
the procedure detailed in [88]. The results of this study for down-TES1 are shown in
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Figure 7.27: Standard event computed from the low energy events in down-TES2
only.

Figure [7.28 The plot on the left shows the noise distribution of down-TES1, obtained
by applying the OF to the inverted data stream, while the plot on the right shows
the spectrum of down-TES1 close to its trigger threshold. The events appearing below
the threshold of the detectors are pulses which triggered in down-TES2 only. Looking
at these plots, the events triggering in down-TES2 but not in down-TES1 appear to
provide a good estimation of the noise distribution in down-TES1, and we ultimately
rule out misidentified noise as a possible origin for the events observed close to the

sensors’ thresholds.
90
70
60
5{)7 |
40
,«J:— —:
ZU: e
10 =
0.01

e
oor o015 0.02 0.025 0.03 % 0.005 0015 0.02 0.025 0.03

Entries

OF Ampres; (V] OF Ampygg, [V]

Figure 7.28: Left: Non-calibrated noise distribution of down-TES1, calculated by
applying the OF to the inverted data stream. Right: Non-calibrated spectrum of
down-TES1 close to threshold. The population of events below threshold is composed
of particle events triggering in down-TES2 only. The rise of events at threshold is not
attributable to noise.

To assess the impact of the absorber events cut at energies close to threshold, we
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examined the 1D spectra of the two sensors at low energies before and after the absorber
events cut (see Figure[7.29). The cut effectively reduces the number of events observed
near the threshold during the above-ground test of this module.
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Figure 7.29: FEnergy spectra of the two TES close to threshold. In black are the
spectra of the two TES after quality cuts, and in red are the spectra after the quality
cuts + absorber events cut.

As discussed in section [7.3.8] it is crucial to evaluate the efficiency of the cut to en-
sure that it is conservative and it does not exclude events originating in the bulk of the
crystal. Thus, we performed a simulation to study its impact. Figure shows the
calculated survival trigger efficiency of 45% and survival probability of approximately
12%.

Since we can observe that the absorber events cut slightly reduces the survival proba-
bility at low energies in this measurement, we correct the 1D spectra for the computed
survival probability. The resulting spectra are shown in Figure [7.31]

To enhance the trigger efficiency for absorber events, particularly at low energies,
we explored the possibility of summing the data stream from the two TES and trigger-
ing on the combined stream. In this way, the single TES events should be disfavoured
with respect to the absorber events during the triggering, and this should improve our
sensitivity to dark matter. Indeed, all of the energy deposits causing a signal in both
TES would result in double the size in the summed stream. Despite this modification,
the results remained qualitatively unchanged.

Although the energy thresholds of these sensors are high, thus precluding the possi-
bility of drawing conclusions about the observed LEE; we can confirm the observation
of events where energy is deposited in one of the two sensors only. These events might
be intrinsic to the sensors and thus pose calibration challenges due to their response
being notably different from the response to energy deposition in the absorber.
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Figure 7.30: Plot of the efficiencies of the first measurement. The trigger efficiency is
computed considering events that trigger in at least one channel. The quality cuts are
applied to both channels simultaneously: a pulse must be accepted in both channels
to be considered a good pulse. We obtain a trigger efficiency of 45% (shown in red)
and a signal survival probability of 12% (shown in green for quality cuts and in blue
for quality cuts{absorber events cut).
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Figure 7.31: Energy spectra of the two TES close to threshold. In black are the
spectra of the two TES after quality cuts, and in red are the spectra after the quality
cuts + absorber events cut. Each spectrum is corrected for the corresponding signal
survival probability shown in Figure [7.30]

Second Measurement Results

This second measurement was conducted to understand the origin of the events ob-
served solely in down-TES2 during the first measurement.
To try to locate their origin, we interchanged the readout channels as follows:
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First Meas. Second Meas.
down-TES1  — up-TES2
down-TES2  — up-TES1
up-TES1 — down-TES2
up-TES2 — down-TES1

This exchange aimed not only to trace the source of the discrepancy but also to inves-
tigate if the difference in performance between the two modules was linked to specific
noise conditions in the readout channels.

Additionally, one of the two iron sources from each of the crystals was removed for
this run. This adjustment sought to enhance the understanding of the position depen-
dence and to cross-check that the observed iron populations in the first measurements
stemmed from the two different sources rather than from other effects (e.g. position
dependence-related effects).

Both sensors were again measured in this run, yielding compatible results. For
performance evaluation, only the results of the up doubleTES module will be presented
in this section.

Up DoubleTES Module A total of 64 hours of measurement were collected for
this module. However, due to instabilities, only approximately 30 hours of usable data
remained after the working point cut.

The NPS and template pulses of these sensors are shown in Figure [7.32]

Notably, the template of up-TES1 exhibits severe noise conditions, probably worsened
by the absence of an antialiasing filter, as for the previous measurement. A parametric
fit of this template was performed using the pulse thermal model (see section ,
to obtain a noise free template, preserving the signal shape. Anyways, this noise
significantly affects the performance and, in particular, the baseline resolution of this
TES.

The two TES achieved baseline resolutions of 61.2eV and 32.2¢eV, respectively. The
thresholds are computed with the assumption of 1% of the triggers being noise triggers,
as described in section and they are 221 eV for up-TES1 and 131V for up-TES2
(see Figure . These values are lower than those computed as 5op; due to the
unfavourable noise affecting the baseline resolution.

The linearity in the response of the sensors up to the energy of the iron peaks was

verified, and it is shown in Figure [7.34]
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Figure 7.32: Plot of the noise power spectra, template pulses and optimum filter
kernels of up-TES1 (left) and up-TES2 (right)
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Figure 7.33: Plot of threshold computation for up-TES1 (left) and up-TES2 (right)

The energy resolutions at 5.89 keV of the two sensors are computed to be 129 eV
for up-TES1 and 80.5¢eV for up-TES2 (see Figure [7.35]). Since this measurement only
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Figure 7.34: Plot of the output signal of up-TES1 (left) and up-TES2 (right) to test
pulses as a function of the injected amplitude. Both of the sensors appear to be linear
up to almost 0.6V. The 5.89keV peak from the iron sources outputs a signal below
0.3V in both sensors, thus being in the linear region of the energy dynamic range.
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Figure 7.35: Fit of a double Gaussian to the two peaks of the x-rays coming from
the iron calibration source for the average of up-TES1 and up-TES2. The o of this fit
is computed to be 105¢eV.

features a single iron source, the energy resolution of the TES located further from
the source was adversely affected, due to the slight position dependence also observed
in the previous measurement. As discussed for the results of the first measurement,
averaging the output of the two sensors should provide a more accurate estimate of the
energy resolution of the module as a whole. Consequently, the overall energy resolution

at 5.89keV peak for this module is 105V (refer to Figure [7.35)).

This measurement aimed at understanding the origin of the high energetic events
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detected by down-TES2 only during the previous measurement. Initially, data were
collected to test the hypothesis that these events originated from electronics.
Analysing Figure [7.36], the hypothesis that these events stem from the electronics
appears plausible, as the affected channel uses the same readout channel as the channel
affected by this problem in the first measurement. Further disentangling of the various
components allowed us to identify the specific cause of these electronic events in the
test pulse electronics board. Subsequently, by replacing this board with a properly
working one, we successfully removed these events.
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Figure 7.36: 2D spectrum with the amplitudes of the two TES in volts in the x and
y-axis. Detector up-TES1 clearly shows the same abundance of events with energies
around 1keV shown by down-TES2 in the previous measurement.

We conducted a combined analysis of the two sensors with the electronics issue re-
solved. Examining the 2D energy spectrum in Figure[7.37] we observed a result similar
to the previous measurement: three different populations of events were discernible.
Additionally, we confirmed that the double structure of the iron peak observed in the
first measurement was attributable to the presence of two **Fe sources. In the current
plot, only one structure is observed, with the two peaks at 5.89 keV and 6.49 keV well
separated.

Given the noise levels during this measurement, it is crucial to verify whether the
events observed by the single sensors at the threshold are genuine particle-like events
or noise triggers. Studies of the standard events from different regions of the spectrum
showed that single TES events are not merely noise triggers, but valid events. Figure
[7.38] shows the standard event from up-TESI only, confirming the presence of a valid
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Figure 7.37: 2D energy spectrum of the up doubleTES detector during the second
measurement.

pulse, despite the adverse noise conditions.
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Figure 7.38: Standard event computed from the low energy events in up-TES1 only.

Next, we designed the absorber events cut based on the energy ratio between the

two sensors (see Figure[7.39). Events where the energy detected by the two TES differs
by more than 35% are rejected.

This cut effectively reduced the number of events at threshold, as evidenced by the

1D energy spectrum of up-TES2 before and after the cut (see Figure [7.40)). Further-
more, the overall survival probability remained low (approximately 16%), but it did
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Figure 7.39: Plot of the ratio between the energy detected by up-TES2 and the
energy detected by up-TES1 as a function of the energy detected by up-TES2. The
absorber event cut is designed on this distribution, accepting only events in which the
two TES observe a signal which does not differ by more than 35%.
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Figure 7.40: Energy spectrum of up-TES2 before and after the absorber events cut.
The events in red are the events surviving the absorber events cut.
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not appear to be affected by the absorber events cut.

Interestingly, events observed by only one of the sensors are again detected, occurring
near the detectors’ threshold. This observation reinforces the findings from the previ-
ous measurement.

Finally, the analysis of this dataset for the up doubleTES detector was repeated
using the different triggering algorithm previously described and yielded consistent
results, validating the robustness of the findings.

7.4.5 Conclusions

In summary, the two measurements with two doubleTES CaWO, crystals demonstrated
very promising performance, and we anticipate significant improvements when these
crystals are tested in the CRESST underground facility.

Across both measurements, we consistently observed events present in only one of the
two TES, appearing at the energy threshold of the sensors. This intriguing observation
supports further investigation and highlights the importance of continued research in
this area.

7.5 Silicon-on-sapphire doubleTES

The silicon-on-sapphire (SOS) doubleTES detector represents the second prototype for
this detector layout.

7.5.1 Design and Motivation

This detector, consisting of a 20x20x 0.4 mm? silicon-on-sapphire crystal, was produced
to address the challenge of high rates encountered with the CaWOQ, crystals. The
reduced dimensions of the SOS crystal offer several advantages, including access to
lower energies [84] and pile-up reduction. A picture of this detector mounted for its
above-ground test can be found in Figure [7.41]

Two SOS doubleTES crystals were initially produced and stacked on each other.
However, operational issues arose due to significant differences in the thermal prop-
erties of the two sensors in one of the detector, preventing simultaneous operation.
Consequently, only one detector was operated, and its results will be presented in the
following.

The W-TES used in this detector has the standard light detector TES dimensions,
featuring a single-layer realisation. The heaters are directly deposited on top of the
tungsten, as for the CaWQ, detector, and insulated through a 350 nm layer of SiOs.
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Figure 7.41: Photo of the silicon-on-sapphire doubleTES detector, mounted for its
first above-ground test. The two %°Fe sources are highlighted.

7.5.2 Experimental set-up

The above-ground testing of the SOS doubleTES prototype was conducted in the above-
ground facility of the MPP, utilising Cryo 1, an Oxford Instruments Kelvinox100 di-
lution refrigerator. This cryostat is housed within a Faraday cage and is equipped
with two StarCryo SQUIDs quads and 2 APS-581 SQUIDs for a total of 10 readout
channels. Temperature measurements are performed through a thermometer mounted
directly on the detector plate.

The same data acquisition system employed for the previous measurements was used.
The detector was measured in its gravity-assisted holder, directly screwed onto the
detector plate, without the use of any additional decoupling system.

7.5.3 Test Results

A total of 125 hours of measurements were collected during this run. After the working
point cut, roughly 75 hours of usable data remained. This is a much higher fraction of
events compared to the larger CaWOQ, crystal previously presented, achievable thanks
to the lower rate of events facilitating stable operations.

The two sensors of this detector are referred to as TES1-L and TES2-L, and the anal-
ysis follows the procedure described in section [7.3]

The NPS, template pulses and OF of these two sensors are shown in Figure The
two sensors achieved the outstanding baseline resolution of 5.4eV and 4.1eV respec-
tively. We set the energy threshold to 5opy for this measurement, corresponding to
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Figure 7.42: Plot of the noise power spectra, template pulses and optimum filter
kernels of TES1-L (left) and TES2-L (right)
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Figure 7.43: Energy spectra of TESI-L (left) and TES2-L (right). Both spectra
show three peaks around the energy of the X-rays emitted by the iron source. From
the left, the first peak corresponds to the 5.89 keV peak from the furthest source; the
second peak is a superimposition of the 5.89 keV peak from the nearby source with the
6.49 keV peak from the one furthest away, the third peak is the 6.49 keV peak from the
source nearby.

a threshold of 27eV for TES1-L and 20.5eV for TES2-L. The energy resolutions at
5.89keV were computed as 149eV for TESI-L and 121.6eV for TES2-L. The peaks
from the two different sources are well-separated in the energy spectra, as shown in
Figure [7.43] However, the 6.49keV peak of the furthest source is superimposed to the
5.89keV peak of the closest source worsening the energy resolution.

As discussed in section [7.4] averaging the response of two signals we obtain the spec-
trum in Figure and an energy resolution at 5.89 keV of 90eV. The linearity of the
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Figure 7.44: Energy spectrum of the average of TES1-L and TES2-L. The two peaks
of the iron are well separated. The double Gaussian fit to the iron peaks is shown with
a red line and its o is 90€V.
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sensor response up to the iron peaks was confirmed and further validated the calibra-
tion process, ensuring the accuracy of energy measurements.

The combined analysis of the two sensors revealed interesting findings. Figure
shows the 2D energy spectrum of this module before implementing the absorber events
cut, showing different populations corresponding to events where both TES triggered,
events where only TES1-L triggered, and events where only TES2-L triggered. The
position dependence is visible from this plot, particularly when looking at the iron
peaks. For both peaks, the TES closer to the °Fe source measures up to 15% more
energy than the further one. This stronger position dependence is expected for such
a thin crystal and should be carefully accounted for, especially when designing the
absorber events cut.

Figure [7.40] shows the absorber cut implemented in this measurement, designed to
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Figure 7.45: 2D histogram with the energies of the two TES of the SOS doubleTES
detector as axes. The inset provides a zoom into lower energies of the spectrum, from
threshold up to 300eV.

accept events where the energy detected by the two sensors does not differ more than
50% are accepted.

We can also visualise this cut in the 2D energy spectrum, zooming into the energy
region below 500¢V, as shown in Figure [7.47] To help in visualising this cut, Figure
[7.48| presents a zoom into energies below 100 €V of the 2D histogram presented in Figure
(.49
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Figure 7.47: Zoom of the 2D energy spectrum of the SOS doubleTES module into
energies below 500 eV. The events in red are the events accepted by the absorber events
cut.

We observe an excess of events below 150€eV in the absorber events band. This
measurement appears to indicate that the LEE comprises different components and
that one includes events originating close to the sensors.

We studied the spectra extracted from the inverted data stream, as explained in
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Figure 7.49: Standard events computed from different portions of the energy spec-
trum. On the left the template pulses from the 5.89keV peak; in the centre, the
standard events are computed from the events at the threshold with an equal share of
the energy between the two sensors; on the right, standard events are computed with
single TES events.

section [7.4] and we could observe that the events constituting the LEE only occur
with a positive trigger, thus confirming that they are not misidentified noise triggers.
Template pulses were created from different regions of the energy spectrum to further
verify that the single TES events detected during this measurement are not noise
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triggers. Figure [7.49] shows that while the single TES events exhibit a slower decay
compared to standard absorber events, all populations consist of genuine pulses.

Performing parametric fits of the standard events from the absorber and the single
TES components of the LEE allowed us quantify the difference in pulse shape among
the different event populations. The function employed for this fit is eq. [£.2I] The
parametric fit has seven free parameters: the amplitudes of the non-thermal (A,,) and
the thermal (A;) components, the signal rise time (7,), the decay times of the non-
thermal (7;,) and thermal (7;) components, the baseline offset (ppr) and the onset of
the pulse (onset). Figure reports pictures of these fits, while Table reports the

obtained parameters.

| | A | A | 7 | 7w | 7© | per | onset]
Absorber LEE event -1.10 | 0.21 | 0.09 | 1.39 6.22 -0.02 | 81.80
Single TES event -0.58 [ 0.32 | 0.61 | 16.29 | 257.88 | -0.002 | 80.93

Table 7.1: Parametric fit parameters for the standard event of absorber events with
energies around 40-50 eV of TES1-L and for the standard event obtained with its single
TES events.
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Figure 7.50: Left: Parametric fit of the standard event computed from absorber
events with energies around 40-50 eV of TES1-L zoomed in time for a better visualisa-
tion. Right: Parametric fit of the standard single TES1-L event.

Radiation Impact Studies

The investigation into the impact of external radiation on the observed above-ground
LEE was motivated by the consistently higher rates of excess events observed in above-
ground measurements.

By conducting a second measurement after removing the iron sources from the experi-
mental setup, we were able to study the influence of calibration sources on the results.
The setup underwent minimal modifications: we carefully removed the sources while
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Figure 7.51: 2D energy spectrum of the SOS doubleTES module, during the measure-
ment without the *Fe source and with the lead shield mounted. This plot highlights
the energy ranges defined for the time dependence studies in different colours.

the rest (e.g. cables, sources, positions) remained unaltered.

As the changes to the setup were minimal, we assumed the calibration of the energy
injected via the heater to be unchanged, and used it to calibrate the dataset.

As a result of the source removal, we could observe a roughly halved event rate at
energies above 250¢eV. However, on the LEE portion of the spectrum, we could not
observe a significant reduction in the ebent rate, indicating that the calibration source
did not significantly impact it.

To further assess the influence of external radiation on the LEE, we constructed a
10 cm thick lead shield around the cryostat (the same shield used during the CaWOy,
measurement in section roughly 200 hours after the start of the second run. De-
spite reducing the overall event rate by approximately a factor of three, the lead shield
did not affect the LEE. This observation led us to conclude that external radiation is
not a significant source of excess events.

Time Dependence Studies

To verify the compatibility of our observations with the LEE measured in the CRESST
setup, we studied the time dependence of the rate of the excess events. To do so, we
sliced the 2D spectra of both measurements in different energy ranges, as highlighted
in Figure [7.5I]] The ranges are defined using the average energy of the two chan-
nels: the first range is 28¢V < (Ergsi—r + Fresa—1)/2 < 50eV the second one
50eV < (Ergsi—r + Erpsa—1)/2 < 75€eV and so on, with incrementations of 25eV up
to 225eV. The most interesting energy intervals for LEE studies are the first two. The
time behaviour of the event rate in these energy intervals are shown in Figure[7.52] For
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Figure 7.52: Time evolution for the absorber part of the above-ground LEE in the
two experimental setups tested combined. In red are the rates from the measurement
with the °Fe sources and in blue are the rates from the measurement without it. Every
point of this plot corresponds to a single data file, and the errors are computed for each
file singularly. The rates are corrected for the signal survival probability computed file
by file. Left: Time evolution of the events with average energies between 28 and 50 eV.
Right: Time evolution of events with average energies between 50 and 75¢€V.

the the energy interval between 28 and 50 eV, we compute a decay time of (7.4+1.1) days
for the measurement with the calibration sources, while the decay time computed for
the measurement without the calibration sources is (12.441.5) days. Using the data
points from both data sets, we calculate a decay time of (10.2£1.1) days. For the
second energy interval (from 50 to 75eV), we compute a decay time of (7.9£1.1) days
in the measurement with the calibration sources, and a decay time of (11.3£1.7) days
in absence of the sources. Considering data points from both sets, we calculate a decay
time of (9.0+1.1) days.

These results are compatible with a decay time of approximately ten days, compatible
with the decay time of the fast component of the LEE in the CRESST data set ((18+7)
days [87]). The similarity in the decays of the above-ground and the underground LEE
hints towards a similar origin of the two population. If these two population had a sim-
ilar origin, the difference in rates typically observed (roughly 1-3 orders of magnitudes
more in above-ground measurements) could be attributed to the faster beginning of
data acquisition after cooldown and the generally shorter runs above-ground. Above-
ground measurements usually begin a few hours after cooldown and end within a few
days, while underground measurements typically commence some days after cooldown
and go on for some months. Consequently, the major differences observed in the in-
tegrated spectra could be partially attributed to the decaying of LEE components in
time. This hypothesis needs further testing, both above-ground and underground.
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Figure 7.53: Time evolution of the TES1-L only (left) and TES2-L only (right) event
rate of the above-ground LEE in the two experimental setups combined. In red are
the rates from the measurement with the ®*Fe sources, and in blue are the rates from
the measurement without them. Every point of this plot corresponds to a single data
file, and the errors are computed for each file singularly. The rates are corrected for
the signal survival probability computed file by file.

We also examined the rates of the events appearing in the individual W-TESs,
focusing on events above 40eV to avoid any leakage of absorber events into the single
TES events bands.

The event rates in Figure do not show a clear time behaviour within the limited
timeframe of our measurements.
If these components do not decay in time (or decay much slower than the absorber
component), they could become a dominant contribution to the LEE over a long run,
and the doubleTES would provide a unique tool for discriminating them.

7.5.4 Conclusions

The test of the second doubleTES detector confirmed the presence of multiple com-
ponents contributing to the LEE. One of these components generates a signal in only
one of the two TESs, consistently appearing at the energy threshold of various detec-
tors across all measurements. Our current calibration method relies on known energy
deposits within the crystal bulk to calibrate the entire energy spectrum of the sensors.
However, these single TES events seem to originate near a single sensor, indicating
they may require a distinct energy calibration or modelling.

Another key observation from this measurement concerns of the observed time
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dependence of the absorber events component of the LEE. The decay observed is com-
patible with the decay of the fast component of the LEE observed in the underground
environment of the CRESST experiment. This observation might suggest a potential
common origin of the two populations, with the higher event rate typically observed
in above-ground measurements potentially attributed to differences in experimental
durations rather than inherent differences in the origin of the events. Further tests
above-ground and underground are needed and planned for a comprehensive investi-
gation of this possibility.

7.6 Underground Measurement and Outlook

Based on the promising results detailed in this chapter, five complete standard dou-
bleTES modules (20x20x 10 mm? CaWO, coupled to SOS wafer with a single TES as
LD) have been mounted in the CRESST underground facility for the so-called Run37.
To enhance our understanding of the LEE, we have also installed a stack of four SOS
doubleTES detectors stacked on top of each other for surface events vetoing. This
module aims to lower the energy threshold as much as possible and gather deeper in-
sight into the LEE. Pictures of these modules are shown in Figure [7.54]

Figure 7.54: Pictures of the two types of module mounted for Run37. Left: One of
the Standard doubleTES module. Right: SOS doubleTES stack.

The doubleTES standard modules do not contain a calibration source, as we intend
to employ the energy calibration method proposed by the CRAB collaboration in [145].
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This method, previously successful with CaWOy, crystals [146|, utilises the nuclear re-

coils caused by the radiative capture of thermal neutron on W isotopes, which provides

a peak at recoil energy of ~112eV that can be used for calibration.

Conversely, the stack of SOS doubleTES has been equipped with °Fe sources for en-

ergy calibration. Each pair of SOS doubleTES detectors in the stack is equipped with

a 0.7mBq %Fe source, mounted on a copper wire and fixed between the two crystals.
With the upcoming measurement, we will shed more light on the LEE mystery,

thanks to the employment of this newly designed detector module, which has demon-

strated an unprecedented capability to discriminate different LEE components.

The described modules were installed inside the CRESST cryostat at LNGS in Febru-

ary 2024, and the cryostat was cooled down at the beginning of March.

Preliminary results are foreseen by the end of 2024.
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Chapter 8

Conclusions and Outlook

Dark matter is one of the most investigated mysteries of modern physics and unveil-
ing its nature has motivated numerous experiments in the past few decades. The
CRESST experiment is a direct detection dark matter experiment aimed at observing
dark matter particles scattering off target nuclei in cryogenic calorimeters operated
around 15 mK. The CRESST-III detector modules feature a main (typically scintillat-
ing) absorber crystal, equipped with a W-TES, and an associated light detector, also
equipped with a W-TES, for particle identification.

This thesis explores the possibility of extending the physics reach of the CRESST ex-
periment in multiple ways.

The W-TES design plays a crucial role in determining the sensitivity to dark matter
interactions. The dedicated study conducted demonstrates that the sensitivity of the
current sensors design can be improved, particularly targeting the phonon collectors
design. Consequently, the TES design for the currently starting CRESST measurement
campaign, Run37, has been adjusted based on these findings.

In the near future, the CRESST facility will undergo a major upgrade, which will entail
an increase in the number of detectors from O(10) to O(100). In light of this, we in-
vestigate sputtering as a novel and more efficient TES production method, facilitating
mass production of sensors with reproducible performance. A procedure to reliably
obtain sputtered superconducting W thin films on various substrates is established.
Further studies, specifically focusing on understanding the type and magnitude of the
stress stored in the films, may give more insight on the characteristics driving the su-
perconducting properties of these films. Extensive additional investigations could help
fine-tune the transition temperature of the sputtered W thin films by adjusting sput-
tering parameter.

Currently, the main limitation to the sensitivity of numerous dark matter direct de-
tection experiments, including CRESST, is a backgroung of unknown origin, known
as the Low Energy Excess. In CRESST it manifests as an increate in events rate at
energies below 200eV. An extensive campaign to study the LEE has been undertaken
by CRESST in the past years, yielding valuble insight into this signal. The doubleTES
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module has been developed to explore remaining open hypotheses about the LEE’s
origin. Above-ground tests of doubleTES detectors prototypes presented in this thesis
demonstrate the capability of the doubleTES to distinguish events originating in the
bulk of the crystal from events originating in the close proximity of one of TES. Various
components of the LEE are detected in all measurement campaigns, and one of these
components only generates a signal in one of the two TES.

Using a low threshold doubleTES, the energy spectrum below 150V is explored, and
an absorber events component of the LEE is identified. This component is observed to
decay over time with a time of approximately 10 days, compatible with the fast decay
observed in the CRESST underground setup. Analyses of the average pulses from dif-
ferent populations confirmed that these events are not compatible with misidentified
noise. By removing the calibration source and shielding the cryostat, a major contri-
bution from external radiation to the LEE is ruled out.

Various doubleTES detectors were installed at the LNGS CRESST underground facility
in February 2024. This measurement will provide further insight into the LEE.
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