TECHNISCHE UNIVERSITAT MUNCHEN

MAX-PLANCK-INSTITUT FUR PHYSIK

Low-Threshold Detectors for
Low-Mass Direct Dark Matter
Search with CRESST-III

DISSERTATION
VON

ANJA TANZKE






TECHNISCHE UNIVERSITAT MUNCHEN

MAX-PLANCK-INSTITUT FUR PHYSIK
Werner-Heisenberg-Institut

Low-Threshold Detectors for Low-Mass Direct Dark Matter
Search with CRESST-III

Anja Tanzke

Vollstandiger Abdruck der von der Fakultat fir Physik der Technischen Universitat
Miinchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. Alejandro Ibarra

Priifer der Dissertation: 1. Hon.-Prof. Allen Caldwell, Ph.D.
2. Univ.-Prof. Dr. Stefan Schonert

Die Dissertation wurde am 24.11.2016 bei der Technischen Universitat Miinchen ein-
gereicht und durch die Fakultat fiir Physik am 25.01.2017 angenommen.






Abstract

There is compelling evidence for the existence of dark matter which exceeds the
amount of baryonic matter in our universe by a factor of ~ 5 (see chapter . Despite
large experimental efforts in the last decades, the nature of dark matter has not yet
been revealed.

The CRESST experiment is one of several experiments that aim for directly detecting
dark matter particles via elastic scattering off nuclei in a target material. CRESST
uses scintillating CaWOy, single crystals with a mass of 24-300g as target material.
The dedicated experimental setup that is necessary to operate the sensitive detectors
in a low-background environment, is described in chapter For the detection of the
temperature rise caused by an energy deposition, every crystal is equipped with a
sensitive thermometer made of a transition edge sensor (TES). Each of these phonon
detectors is paired with a light detector based on the same technique, which allows
to measure the scintillation light in addition to the phonon signal. Both detectors
are surrounded by a reflective and scintillating housing. Together this unit forms a
detector module. Different types of particle interactions produce a different amount of
scintillation light. Therefore, the simultaneous operation of phonon and light detectors
allows for an active background discrimination on an event-by-event basis.

The previous data taking phase of the experiment, denoted as CRESST-II phase 2
(2013-2015), successfully operated detectors with a crystal mass of 250-300g. Low
energy thresholds down to 307eV allowed to explore new parameter space for elastic
spin-independent dark matter particle-nucleon interaction down to ~ 0.5GeV/c?. For
dark matter particle masses smaller than ~ 1.7 GeV/c? a world leading exclusion limit
has been set.

In chapter 3| the dominant parameters for the sensitivity of the CRESST experiment
in particular in the low-mass region are investigated. It is found that the background
level and the exposure play a minor role only, while a reduction of the energy threshold
of the phonon detector can drastically increase the sensitivity for low-mass dark matter.
For this reason, the CRESST collaboration aims at operating phonon detectors with a
threshold for recoiling nuclei of < 100eV. This new stage of the experiment, named
CRESST-III, is dedicated to explore the low-mass dark matter region.

The goal of the present work is the optimization of the CRESST-II detectors for
CRESST-III. Therefore, a detailed understanding of the detector physics is necessary.
The model describing the evolution of the signal in the detector as well as the noise
sources relevant for the detectors are reviewed in chapter [4f The noise level observed
with a phonon detector in different setups is investigated and compared. While the noise
is strongly influenced by the rate observed in the respective setup, the signal is in good
assumption independent of the setup. This allows to infer the expected performance in
the main CRESST setup from a measurement in a test setup above ground.

To achieve the goal of a phonon detector threshold of < 100eV it is aimed for an
increase of the signal height in order to enhance the signal-to-noise ratio. A reduction
of the crystal mass to 24 g accompanied by an optimization of the crystal geometry
increases the signal of the phonon detector (see chapter. Moreover, the TES structure



needs to be adapted to the new crystal geometry to achieve the desired increase of the
signal level. In the present work different TES structures are developed and compared.
With an adaption of the light detector to the size of the crystal it is expected to improve
the light detector performance further.

A change of the crystal geometry requires an adjustment of the housing (see chap-
ter@. In the new design, the crystal as well as the light detector are held by scintillating
CaWOQy4 sticks which are pressed against the detectors by bronze clamps located outside
of the module housing. In this way, the design features a fully-scintillating inner detec-
tor housing. However, due to the low threshold of the phonon detector, a-induced recoil
events on the surface of the sticks extending outside the housing can cause an additional
background in the region of interest. To prevent this, each of the three phonon detector
holding sticks is equipped with a TES. With the resulting signal energy depositions in
the sticks can be vetoed efficiently. These instrumented sticks are referred to as iSticks
and they are operated in parallel in one readout circuit.

Measurements with prototype modules in a test setup in Munich allowed to deter-
mine the detector performance of all three channels (phonon detector, light detector
and iSticks, see chapter [7). Two different phonon detectors have been tested above
ground and threshold values of Fy,,, = 136eV and Eu,. = 195eV have been reached.
Considering the lower noise conditions in the main CRESST setup compared to the test
setup it is expected that thresholds of 16-60eV are in reach. Also the light detector and
the iSticks were operated successfully in the test measurements and their performance
is evaluated. The threshold of the iStick channel has been verified being low enough to
veto all events occurring in the sticks.

Suggestions for additional future investigations and improvements are discussed in
chapter 8] Due to the promising results obtained in the present work, ten such modules
have been installed in the main CRESST setup. CRESST-III has started recently with
the potential to increase the sensitivity in the low-mass dark matter region by more
than four orders of magnitude and to explore masses down to ~ 0.1 GeV/c2.

ii



Zusammenfassung

Es gibt iiberzeugende Beweise fiir die Existenz von dunkler Materie, welche die Menge
baryonischer Materie in unserem Universum etwa um einen Faktor fiinf iiberschreitet
(siehe Kapitel . Trotz groBer experimenteller Anstrengungen in den letzten Jahrzehn-
ten, konnte die Frage nach der Natur dunkler Materie noch nicht geklért werden.

Das CRESST Experiment ist eines von mehreren Experimenten, die anstreben dunkle
Materie mittels elastischer Kernriickst683e in einem Targetmaterial direkt nachzuweisen.
CRESST verwendet als Targetmaterial szintillierende CaWOQOy4-Einkristalle mit einer
Masse von 24-300g. Der experimentelle Aufbau, der notwendig ist, um die empfind-
lichen Detektoren in einer Umgebung mit niedriger Untergrundrate zu betreiben, ist in
Kapitel |2 beschrieben. Um die Temperaturerh6hung, die durch eine Energiedeposition
verursacht wird, nachzuweisen, ist jeder Kristall mit einem empfindlichen Thermometer,
bestehend aus einem Phaseniibergangsthermometer (TES), ausgestattet. Jeder dieser
Phonondetektoren ist mit einem Lichtdetektor, der auf dem gleichen Prinzip beruht,
paarweise zusammengefiigt. Dieser erlaubt neben dem Phononsignal das Szintillations-
licht zu messen. Beide Detektoren sind von einem reflektierenden und szintillierenden
Geh&duse umgeben. Diese Einheit bildet zusammen ein Detektormodul. Wechselwirkun-
gen verschiedener Teilchen produzieren eine unterschiedliche Menge Szintillationslicht.
Daher erlaubt das gleichzeitige Betreiben des Phonon- und des Lichtdetektors eine ak-
tive Untergrundunterscheidung fiir jedes einzelne Ereignis.

In der vorherigen Phase des Experiments (Datennahme von 2013-2015), welche als
CRESST-II Phase 2 bezeichnet wird, wurden Detektoren mit einer Masse von 250-
300 g betrieben. Niedrige Energieschwellen von bis zu 307eV ermdoglichten es neuen
Parameterraum fiir elastische spinunabhéngige Kernriickst683e von dunkler Materie bis
hinab zu Massen von ~ 0.5 GeV /c? zu untersuchen. Zudem wurde ein weltweit fiihrendes
Ausschlusslimit fiir dunkle Materie mit einer Masse von unter ~ 1.7 GeV/c? gesetzt.

In Kapitel [3| werden die Parameter, welche die Sensitivitit des CRESST Experi-
ments insbesondere im Bereich niedriger Massen dominieren, untersucht. Dabei wird
beobachtet, dass das Untergrundniveau und die Exposition eine untergeordnete Rolle
spielen, wihrend die Reduktion der Energieschwelle des Phonondetektors die Sensiti-
vitdt fiir dunkle Materie mit niedriger Masse drastisch erhoht. Aus diesem Grund be-
absichtigt die CRESST Kollaboration Phononendetektoren mit einer Energieschwelle
fiir KernriickstéBe von < 100eV in einer neuen Stufe des Experiments (CRESST-III)
zu betreiben, um den Parameterbereich fiir dunkle Materie mit niedrigen Massen zu
untersuchen.

Ziel dieser Arbeit ist die Optimierung der CRESST-II Detektoren fiir CRESST-III.
Dafiir ist ein eingehendes Versténdnis der Detektorphysik notwendig. Uber das Modell,
das die Entwicklung des Signals im Detektor beschreibt, sowie die relevanten Rausch-
quellen wird in Kapitel {4f ein Uberblick gegeben. Das Rauschen, das mit Phononde-
tektoren in verschiedenen experimentellen Aufbauten beobachtet wird, wird untersucht
und verglichen. Wahrend das Rauschen stark von der Rate im jeweiligen Aufbau beein-
flusst wird, ist die Signalhthe ndherungsweise unabhéngig davon. Daher ist es moglich,



von einer Messung im Testaufbau, der sich iiber Tage befindet, auf die erwartete Per-
formance im CRESST Hauptaufbau zu schlief3en.

Um das Ziel einer Phonondetektorschwelle von < 100eV zu erreichen, wird eine
Vergroflerung der Signalhohe angestrebt, um dadurch das Signal-Rausch-Verhéltnis zu
erhohen. Mit einer Reduzierung der Kristallmasse auf 24 g einhergehend mit einer Op-
timierung der Geometrie kann die Signalh6he des Phonondetektors vergrofiert werden
(siehe Kapitel . Dariiber hinaus muss die TES-Struktur an die neue Kristallgeometrie
angepasst werden, um die gewiinschte Erhchung des Signals zu erreichen. Verschiedene
TES-Strukturen werden im Rahmen dieser Arbeit entwickelt und verglichen. Durch
eine Anpassung des Lichtdetektors an die Kristallgrofle wird auch eine Verbesserung
der Lichtdetektor-Performance erwartet.

Das Gehéuse muss ebenfalls an die neue Kristallgeometrie angepasst werden (siehe
Kapitel @ In dem neuen Design werden sowohl der Kristall als auch der Lichtdetektor
von szintillierenden CaWQO4-Stdbchen gehalten. Diese Stdbchen werden von Bronzeklam-
mern auflerhalb des Gehéuses gegen die Detektoren gedriickt. Damit ist dieses Mo-
dul mit einem vollsténdig szintillierendem inneren Gehéuse ausgestattet. Aufgrund der
niedrigen Schwelle des Phonondetektors kénnen allerdings a-induzierte Ereignisse auf
der Oberfliche der Stdbchen, die aus dem Geh#use herausragen, zusétzlichen Unter-
grund erzeugen. Um dies zu verhindern ist jedes der drei Haltestdbchen des Phonon-
detektors mit einem TES ausgestattet. Mit dem resultierenden Signal kénnen Ener-
giedepositionen in den Stédbchen effektiv unterschieden werden. Diese instrumentierten
Stabchen werden als iSticks bezeichnet und in einem Auslesestromkreis parallel be-
trieben.

Mit Messungen von Prototypen des Modules in einem Testaufbau in Miinchen war es
moglich die Detektorperformance aller drei Kanile (Phonondetektor, Lichtdetektor und
iSticks) zu bestimmen (sieche Kapitel . Zwei verschiedenen Phonondetektoren wurden
in einem Testaufbau, welcher sich iiber Tage befindet, gemessen und Energieschwellen
von Ey, = 136eV und Eyp, = 195eV wurden erreicht. Aufgrund der im Vergleich zum
Testaufbau besseren Rauschbedingungen wird erwartet im Hauptaufbau von CRESST
Schwellen von 16-60 eV zu erreichen. Der Lichtdetektor und die iSticks wurden in diesen
Testmessungen ebenfalls erfolgreich betrieben und ihre Performance wurde analysiert.
Die Schwelle des iStick-Kanals war niedrig genug, um alle Ereignisse, die sich in den
Stdbchen erreigneten, zu unterscheiden.

Vorschlédge fiir zukiinftige Untersuchungen und Verbesserungen werden in Kapitel
diskutiert. Aufgrund der vielversprechenden Resultate dieser Arbeit wurden zehn dieser
Module im Hauptaufbau von CRESST eingebaut. CRESST-III startete kiirzlich und be-
sitzt das Potential die Sensitivitdt im Bereich leichter dunkler Materie um mehr als vier
Grofenordnungen zu erhdhen und Massen bis hinab zu ~ 0.1 GeV/c? zu untersuchen.
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Chapter 1
Dark Matter

From astronomical observations there is evidence that most of the matter density in the
Universe is made up of non-luminous matter that at least interacts gravitationally, the
so-called dark matter. These observations exclude that dark matter consists of baryons
or other known particles. It was shown that dark matter accounts for about five times
more energy than the known baryonic matter in the Universe [1].

Dark matter influenced the Universe on all time scales, from the big bang nucleosyn-
thesis up to the present time. Therefore, it can be found on all astronomical length
scales from galaxies and clusters up to cosmic scales. The properties of dark matter
determine how the Universe evolved and what its structure looks like today. Different
observations give a consistent picture of the influence of dark matter on the Universe
and allow to infer on its properties and give constraints on them.

Some examples for observations of dark matter and the conclusions that have been
drawn from them are discussed in section However, from these observations not
enough information can be gathered to identify the nature of the particles that make
up dark matter. At the same time there are theories for new particles that can solve
problems arising in the standard model of particle physics and that need new physics
beyond the standard model. Some of these proposed particles have properties that
also fulfill the constraints on dark matter and, therefore, are considered as dark matter
candidates (see section . Numerous experiments try to detect dark matter with
different techniques (see section . One approach is the direct detection of dark
matter, which is discussed in section

1.1 Evidence for Dark Matter

In 1933 Fritz Zwicky observed that the velocity distribution of galaxies in the Coma
cluster cannot be explained solely by the luminous matter [2]. This was one of the first
indications for the existence of dark matter. Since then, numerous observations were
made that provide overwhelming evidence for dark matter.

1.1.1 Rotation Curves of Galaxies

The smallest length scales where direct evidence for dark matter can be observed are
individual galaxies. The measurement of rotation curves which describe the orbital
velocity of stars around the galactic center as a function of their distance r from the
galactic center, gives hints about the presence of a mass component in addition to the
luminous matter. The measured rotation curves show discrepancies with respect to the
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r [kpc]

Figure 1.1: Rotation curve of the spiral galaxy M33. The observed velocity distribution of
the stars is shown by black data points [3]. The expected contribution from the observed
Iuminous matter is shown in purple for the inner stellar component, red for the the outer stellar
component, and dark blue for the gas contribution. The best fit to the data points is shown in
light blue and results in contribution of dark matter (green) that is needed to explain to the
measured rotation curve. Image taken from [4].

expectations based on the observations of luminous matter. In spiral galaxies most of
the luminous mass is clustered in the central bulge of the galaxy. Outside of it the
velocities of stars are expected to fall off with v ~ 1/4/r, which is in contrast to the
observations.

As an example, the rotation curve of the spiral galaxy M33 is shown in figure
The measurement of the rotation curves (e.g. performed by measuring the Doppler shift
of the 21 cm line of hydrogen) is shown by black data points [3]. It can be seen that the
rotation curve remains flat also for large radii. Consequently, the rotation curve can
only be explained by an additional contribution from dark matter in form of a large
halo around the galaxy. From a fit of the data the distributions of the different mass
components can be extracted. This shows that dark matter has the largest contribution
to the velocities for large radii, which allows to deduce the mass distribution of dark
matter. The measured rotation curve can only be explained with dark matter forming
a large halo around the luminous matter.

1.1.2 Galaxy Clusters

Observations of galaxy clusters also hint to the existence of an additional dark matter
component. A direct observational evidence for dark matter was found in the Bullet
Cluster, which actually consists of two galaxy clusters that collided ~100 Myr ago [5].
In a collision of galaxy clusters the stars in the galaxies pass through each other col-
lisionless, while the intracluster plasma is slowed down due to friction. Thereby, the
plasma was heated up which allows to measure its distribution via X-ray emission. A
typical galaxy cluster contains much more mass in the form of gas than stars. Thus,
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Figure 1.2: An optical image of the Bullet Cluster is shown in the left picture, with the white
bar indicating a length of 200kpc at the distance of the cluster. The right image shows the
X-rays emitted by the intracluster plasma. The gravitational potential is shown as overlaid
green contours in both images. It can can be seen that the gravitational potential is spatially
coincident with the galaxies, but not with the plasma. Image taken from [5].

it is expected that the location of the center of mass is coincident with the location of
the gas.

In figure an optical picture of the Bullet Cluster (left image) and an image of
the X-rays emitted by the plasma (right image) are shown. As expected, the plasma
spatially decoupled from the galaxies and was left behind during the collision. Addition-
ally, the gravitational potential was measured with weak gravitational lensing, which
measures the distortions of images of background galaxies caused by the gravitational
deflection of light due to the cluster’s mass. The gravitational potential is visualized by
green contours overlaid in both images. It can be seen that it is overlapping with the
distribution of visible galaxies but not with the plasma.

Since the gravitational potential is spatially coincident with the galaxies but not
with the plasma, an even more massive component must be present in the cluster, that
cannot be seen and is hardly interacting. This is another evidence for dark matter and
was observed in several other merging galaxy clusters [6].

1.1.3 Cosmic Microwave Background

About 380,000 years after the Big Bang electrons and protons combined to form neutral
hydrogen and the Universe became transparent for photons. The photons from this
time are still observable today as the cosmic microwave background (CMB) and form a
perfect black body spectrum with today’s temperature of 7' = (2.72548+0.00057) K [8].
The spectrum of the CMB is uniform over the whole sky with only tiny fluctuations
of the level of 1077 (see figure . Due to gravitational redshifting of the photons
occurring at the surface of the last scattering, the observed structure in the CMB
appears. This makes the CMB a probe of the matter distribution at that time.

From the angular variations of the temperature, among other parameters, the dis-
tribution of the gravitating matter in the Universe can be determined. The latest and
most precise measurement of the CMB was done by the Planck satellite. In figure [1.3
a sky map of the CMB temperature fluctuations observed between 2009 and 2013 is
shown [1].
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Figure 1.3: Sky map of the CMB temperature fluctuations observed by the Planck satellite with
foregrounds subtracted. Color-coded are the variations of the mean temperature of T =~ 2.7TK
on the level of £300 K. Image taken from [7].

The measurement can be well fitted by the ACDM model which describes the Universe
to be dominated by dark energy (A) and non-relativistic cold dark matter (CDM) [9].
Within the standard model of cosmology the total energy content of the Universe can
be described by Qi0r = Qps + QA with the energy density of dark energy €2p and the
matter density (2js being the sum of contributions from all matter species, in particular
baryonic matter, neutrinos, and dark matter. The data of Planck is consistent with
Qiot = 1 which shows that the Universe is spatially flat [9].

Among many other results, from the data of the Planck satellite the contents of the
Universe were determined [10]:

e The major component of the Universe is the completely unknown dark energy
with Q) = 0.692.

e The largest part of the matter content is non-baryonic cold dark matter with
QCDM = 0.259.

e Only a small fraction of the Universe is baryonic matter: Qg = 0.049.

The CMB, being a snapshot of the early Universe, shows evidence for dark matter on
a cosmic scale. Only about one fifth of the matter in the Universe is baryonic matter.

1.1.4 Structure Formation

While the CMB shows a picture of the early near-uniform Universe, todays cosmic
structure and the distribution of galaxies can be observed in great detail with powerful
telescopes like the Sloan Digital Sky Survey (SDSS) [II]. The large scale structure,
that is observed today, evolved from the tiny density fluctuations in the early Universe
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visible in the CMB. This evolution can be modeled with large computer simulations
(like e.g. the Millennium Simulation [12]).

From these simulations, it is not possible to reproduce today’s large scale matter
distribution when only baryonic matter is included. Instead, there needs to be a signifi-
cant amount of non-baryonic matter, that clumps together earlier than baryonic matter,
which is driven apart by electromagnetic radiation and, thus, cannot form large struc-
tures. Dark matter fulfills this requirement as it is able to clump together early. Then,
Baryonic matter will follow the gravitational potential of dark matter and can create
the observed structure.

With an amount of dark matter that is similar to the fraction of dark matter deter-
mined by the CMB; the simulated large-scale structure of the Universe matches the one
observed today [I3]. This implies that the density of dark matter observed at different
time scales of the Universe is consistent.

1.2 Candidates for Dark Matter

All this compelling evidence for the existence of dark matter, raises the question about
its nature. The different observations impose constraints on the possible dark matter
candidates. Therefore, before discussing possible particles that could make up dark
matter, the properties of dark matter are summarized:

e Different observations, like the CMB or the structure formation of the Universe,
show that dark matter must be non-baryonic. These observations also indicate
that dark matter particles must have been non-relativistic at the time of the
decoupling of matter and radiation, a property that is referred to as cold dark
matter (CDM).

e Since dark matter could not yet be detected directly, it must interact very rarely
with ordinary matter. It cannot couple to photons, which means dark matter must
be electromagnetically neutral. Otherwise it would have been seen either through
absorption or emission of radiation. Dark matter must also be color neutral since
no participation in the strong interaction has been observed. A participation in
the weak interaction is possible but not necessary. However, this would give the
possibility to detect dark matter in a direct detection experiment.

e Observations show that it interacts gravitationally, which also means that it must
have a mass.

e There is evidence for dark matter on all time scales of the Universe, which implies
that it is stable on cosmological times.

The only particle from the standard model of particle physics that fulfills most of these
requirements is the neutrino. However, due to its small mass it is relativistic at the time
of the decoupling and cannot form the observed structure of our Universe. Moreover, it
can be shown that the neutrino contribution to the energy density is to small to make
up a substantial amount of dark matter. The upper bounds on the neutrino masses
from particle physics limit the neutrino relic density to Q, = > m, /47eV < 0.042 [14].
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Therefore the evidence for dark matter is also a clear hint for physics beyond the
standard model. Numerous candidate particles from theory that could explain dark
matter are existing. In the following only the candidates most relevant for a direct
detection experiment are explained.

1.2.1 Weakly Interacting Massive Particles

One class of candidates for dark matter are Weakly Interacting Massive Particles
(WIMPs) [9, 15]. They interact with a cross section typical for the electroweak in-
teraction and can have masses in the range of a few GeV up to TeV. Hence, they are
heavy enough to move with non-relativistic velocities at the time of the freeze-out and,
therefore, represent CDM.

WIMPs are thermal relic particles, which means they were produced in the Big Bang
and were in thermal equilibrium until the temperature of the Universe dropped below
the particles mass. Afterwards, their number decreased due to annihilation reactions
with their antiparticle. However, as the Universe is not only cooling but also expanding,
at some point the WIMP gas became so diluted that the particles could not find each
other anymore to annihilate. At this time the particles froze out and, if these particles
are stable, their number density stays constant.

A special feature of the WIMPs is, that their density at the time of the freeze out is
consistent with the density that is required for dark matter from cosmological observa-
tions. This fact is also called the WIMP miracle.

Particles with the properties of WIMPs arise from different extensions to the standard
model. A popular one is the introduction of supersymmetry (SUSY) in order to solve
the gauge hierarchy problem [9]. In SUSY every SM particle has a new partner particle,
which has the same quantum numbers and interacts in the same way, but differs in spin
by 1/2, introducing a fermionic super partner to a boson and vice versa. In many SUSY
models a newly introduced quantum number (R-parity) is conserved which leads to the
lightest supersymmetric particle (LSP) not being able to decay into a SM particle. The
LSP is a promising WIMP dark matter candidate.

There are also other theories that introduce particles with WIMP properties like
models with spatial extra dimensions. For details on WIMP candidates and more
examples see e. g. [9] [15].

Due to the Lee-Weinberg limit the mass has to be greater than a lower bound of
~2 GeV/c? since lighter particles would lead to an overclosure of the Universe [16]. In
conclusion, WIMPs are well motivated candidates for dark matter particles with large
masses.

1.2.2 Asymmetric Dark Matter

The motivation for models of asymmetric dark matter (ADM) [17, 18] follows from
the observation that the mass density of dark matter is only about a factor of five
higher than the density of baryonic matter: Qpns ~ 5Qpgryonic- This similarity may
not be coincidence but suggests that there is a strong relation between the origin and
cosmological history of dark matter and baryonic matter.
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The ADM hypothesis states that the dark matter density has a similar origin as the
density of baryonic matter, which has been established due to the baryon asymmetry of
the Universe. Analogous there might be a dark matter particle-antiparticle asymmetry
and these two asymmetries were related in the early Universe but decoupled later.

There exist a number of theories for ADM that involve dark matter particles with a
mass typically in the range of 1 to 15GeV/c? [19]. ADM theories present a variety of
possibilities, ranging from simple solutions with dark matter constituting of one particle
and its antiparticle with an asymmetry in their number density that developed in the
early Universe up to more complicate solutions where dark matter consists of more than
one stable particle with different states and interactions. Dark matter and the baryonic
matter may even have been interacting in the early Universe in some models and many
scenarios relate the origin of the dark matter mass to the standard model scales.

Baryonic matter and ADM can interact gravitationally and also weakly, which is
a requirement for direct detection. If the mass of the mediator of the dark matter-
nucleus scattering is large, the same analysis and bounds as for WIMPs apply for direct
detection of these particles [17].

An overview of the theories that include ADM as well as information on the phe-
nomenology and bounds of ADM can e.g. be found in [I7, 18].

Other Candidates

There are many other candidates for dark matter predicted from extensions of the
standard model, which are not explained in detail here. An extensive review of many
other candidates can be found in e.g. [9 [I5], while only two more well motivated
candidates should be mentioned in the following. Like WIMPs they arise from theories
not related to solve the dark matter problem, but nonetheless were found to be a
candidate for dark matter and gained more and more interest in the past.

The first example is the azion, that is suggested to solve the strong CP problem [20)].
Dedicated experiments are trying to detect them, using the fact that they are expected
to convert to photons in the presence of a magnetic field through the Primakoff effect
[15].

Another candidate arises from an extension of the standard model that suggests,
that next to the left-handed neutrinos present in the standard model, also right-handed
neutrinos are existing. These right-handed neutrinos do not interact with the standard
model particles but can mix with the left-handed neutrinos, due to neutrino oscilla-
tions. These particles are called sterile neutrinos and are more heavy than left-handed
neutrinos. They may have astrophysical effects, that allow to detect them [15].

1.3 Methods for the Detection of Dark Matter

There are three main strategies to gain information about the nature of dark matter,
which are:

e The production of new particles in a collision of standard model particles at
particle colliders,

e the search for annihilation or decay products of dark matter (indirect detection),
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e and the search for interactions of dark matter with standard model particles
(direct detection).

Whether it is possible to detect dark matter by one ore more of these methods depends
on the type and strength of interaction between dark matter and the standard model
particles. A short overview on the possibilities of these methods is given in the following.

Particle Colliders

Particle colliders like the Large Hadron Collider (LHC) can in principle produce dark
matter particles but due to their weak Standard-Model interactions, they escape collid-
ers undetected. However, it is possible to probe their existence through missing-energy
signals in higher order processes (mainly due to indirect production) [I5 2I]. Which
type of events (characterized by the number and types of jets, leptons, geometry or
timing) can give constraints on dark matter particles strongly depends on the exact
model.

Additionally, even if evidence for a new particle, that fits the constraints imposed on
dark matter, is found in colliders, this only implies that this particle is stable enough
to exit the detector but not that it is necessarily the real component of dark matter.
However, with detailed studies it would be possible to determine the relic density of a
new particle [I5]. The consistency with the observed relic density of dark matter would
provide evidence, that the particle produced in the collider is dark matter.

Indirect Detection

In dark-matter dense regions of the Universe, matter also clusters. Therefore, in re-
gions with a large mass density, dark-matter particles might self-annihilate or decay to
standard model particles which can then be detected. Thereby, dark matter may be
detected indirectly. Several particles are used for indirect detection of dark matter, in
particular gamma rays, neutrinos, and antiparticles such as antiprotons and positrons
[21].

Charged particles undergo diffusion in the galactic magnetic field, whereas photons
and neutrinos can travel through space undisturbed and, therefore, might even reveal
the spatial distribution of dark matter.

Space-based satellite experiments (e.g. Fermi-LAT [22]) as well as ground-based at-
mospheric Cherenkov telescopes (e.g. H.E.S.S. [23]) are searching for an excess of gamma
rays and antiparticles. There have been several observations of possible dark-matter
annihilation signals. However, with more data these signatures seem to find expla-
nations due to ordinary astrophysical processes. From gamma ray searches there are
constraints on the annihilation cross-section for WIMP masses up to 10 TeV. In partic-
ular for antiparticle observations the propagation of cosmic rays and their production
of secondary particles needs an accurate modeling in order to distinguish dark-matter
contributions from background signals [21].

Additionally WIMP dark matter can be gravitationally trapped in the Sun or in
the Earth and annihilate there due to the high density. Large neutrino telescopes
like IceCube [24] looking for an excess of neutrinos from the Sun, are especially sensi-
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tive to spin-dependent WIMP-nucleus cross section [25]. Current constraints on spin-
dependent dark matter are competitive with direct detection experiments.

Indirect detection experiments typical search for WIMPs since they are expected to
exist as particle and antiparticle. However, also other dark matter candidate particles
could produce signals in cosmological observations [21], 26].

Direct Detection

Direct detection experiments aim to detect scatterings of dark-matter particles from
the Milky Way halo off baryonic matter in a detector on Earth. Due to the weak
interactions of dark matter these experiments need highly sensitive detectors and an
ultra-low background. The requirements for these experiments are discussed in detail
in the following. Afterwards, an overview of the experiments, aiming to detect dark
matter directly, is given.

1.4 Direct Detection of Dark Matter

Observations of dark matter as described in section [L.1l show that dark matter forms a
spherical halo around the luminous matter in galaxies that exceeds the visible compo-
nents by many times. If dark matter particles do not only interact gravitationally with
luminous matter but also interact with weak-scale cross sections, they may scatter off
ordinary matter and transfer energy. This energy might be detectable in a sensitive
earth-bound detector.

Direct detection experiments aim to measure the elastic scattering of dark matter
particles off nuclei in dedicated detectors. As dark matter particles are bound gravita-
tionally to the Milky Way, their velocities must be below the galactic escape velocity
and, thus, their interactions with the nuclei are expected coherently. In order to esti-
mate the requirements for such a detector the expected interaction rates and energies
are evaluated in this section.

Most of the direct detection experiments are aiming to detect dark matter in the form
of WIMPs. In the following a mathematical description of the rate for WIMP-nucleus
scattering is derived. For more details see e.g. [27, [28].

1.4.1 Detection Rates and Energy Spectrum

A first requirement for a dark matter detector is its ability to detect low energies, as
the recoil energy F'r induced by a dark matter particle of mass m, on a nucleus of mass
my is given by:
2 2
v
Er="""(1_ cosh), (1.1)
mpy
with the relative velocity v, the scattering angle 6 and the reduced mass of the WIMP-
nucleus system g, which is defined as:

meN

= — 1.2
N = e (1.2)
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The maximal energy is transferred in the case of back scattering (6 = m) and both
particles having the same mass (m, = my). For typical velocities of gravitationally
bound particles (v ~ 1073¢) the maximum recoil energy is

ERmas = %mXUQ ~ %mx 1070¢2 = % (&) keV. (1.3)
Most dark matter models relevant for direct detection experiments have candidates with
masses of m,, ~ O(10 GeV/c?) [9]. Thus, the maximum transferred energies are in the
order of a few 10keV. Consequently, direct detection experiments need to be able to
detect such low energies, which means that very sensitive detectors and a low threshold
are required.

Interaction Rate

The interaction rate R for WIMP-nucleus scattering in a detector with mass M;qyget
made of target nuclei with mass my depends on the dark-matter flux through the
detector ® and the WIMP-nucleus cross section ¢ by

o Mtarget
mn

R do. (1.4)

The flux ® of dark matter particles through the detector is

Px
b= 1.5
mxv (1.5)

with the local dark matter mass density p,, which is derived by applying observational

constraints (including the the Milky Way rotation curve) to models of the Milky Way.
GeV/c?
cm3

The value that is assumed to compare direct detection experiments is p, = 0.3
as found e.g. in [29].

With an elastic cross section on the electroweak scale (o0 ~ 10738 cm?), a relative
velocity v ~ 10~ 3¢, and typical values for the mass of nucleons and dark matter particles
of about 100 GeV/c? the rate for elastic scattering is R < 10 events kg=! a~!. This
very low rate is another challenge for direct detection experiments, which requires a
substantial background reduction.

Differential Recoil Spectrum

The low recoil energies and the total event rates are both a challenge for direct detection
experiments. The quantity that is aimed to be measured is the differential event rate
dR/dFEpR, which can be calculated by differentiating equation with respect to the
recoil energy Er. It has also to be taken into account that not all dark matter particles
have the same velocity, but instead have a velocity distribution f(¥). In addition, the
WIMP-nucleus cross section depends on the velocity and the recoil energy. Thus, the
differential event rate can be calculated as

dR Px > 3 — do—(ﬁvER)
— = d - 1.
1B = | aorp g, (16)

'min

10
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with v, being the lowest velocity of a dark matter particle that can transfer the

energy Fg to a nucleus:
| Ermy
N

In order to evaluate equation [1.6[ some input from particle as well as nuclear physics is
needed, which is considered in the following.

Scattering Cross Section

The WIMP-nucleus cross section can have a spin-independent and a spin-dependent
contribution. The spin-independent part describes the scalar interactions, while the
spin-dependent part describes the coupling of dark matter particles to the net spin
of the target nuclei. In the case of CaWOQ, as target material (as in the CRESST
experiment) the target nuclei have only a very small net spin and, thus, the spin-
dependent part is neglected here. The spin-independent WIMP-nucleus cross section is

given by [27]
do myNog o
— = F(E 1.8
(i5: )., = saar(en) (15)

where o9 is the cross section at zero momentum transfer and F'(ERg) is the nuclear form
factor for coherent interactions. In most models the WIMP coupling to neutrons and
protons is similar and, therefore, the cross section scales as the square of the number
of nucleons A: o9 ~ A2

Due to the dependence of oy on the target nucleus, this quantity is not a good
parameter to compare different experiments with different target materials. Instead,
the normalized WIMP-nucleon cross section oy, which is independent of the target
material, is used by direct detection experiments to constrain the interaction strength
of WIMPs. 1t is defined as [30]:

1+ my/my 2 5o
_ -2 1.
7 <1+mx/mp> A2’ (1.9)

where m,, is the proton mass.
With the input of the cross section (equation |1.8]) the differential rate (equation |1.6)

can be rewritten as

dR Px 2 / > 3 / (?7>
= F“(F d?v ——=. 1.10
dER 2mxﬂ?\7 ] ( R) ; v v ( )

min
Form Factor

At low recoil energies the nucleus can, to a good approximation, be described as a
point-like object. However, for higher momentum transfers the substructure of the
nucleus has to be taken into account since it leads to a loss of coherence in the WIMP-
nucleus interaction. This is done by the form factor F'(Er) which is formally the Fourier
transformation of the nucleus’ density.

In dark matter searches a simple parametrization for the form factor is used, which
was initially developed by Helm [31] and investigated by Engel [32]. In this model the
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nucleus is described with two density functions, that describe the nucleus as a sphere of
constant density with a decrease of density at the edge of the sphere. The form factor
is described by:

F(q) = 3j1(§qR]§0) exp (—;q232) (1.11)
with the first spherical Bessel function j;(qRy) depending on the momentum transferred
in the scattering process ¢ = v/2myEgr and the nuclear radius Ry and the thickness
parameter for the surface of the nucleus s ~ 1fm.

Velocity Distribution

The simplest model for the velocity distribution of WIMPs is the assumption of an
isothermal sphere. In this approximation the velocity distribution can be described by
a Maxwell-Boltzman distribution in the rest frame of the galaxy. With a truncation
of the WIMP velocities at the escape velocity vs. of the Milky Way (particles with a
higher velocity cannot be bound in the galaxy and, therefore, their density is negligibly
small) the velocity distribution f(v) is given by [30]

3/2 2
f@)=N (27:;2> exp (—j;) . (1.12)

The normalization factor N is

N = (erf(z) — \;z exp (—22)> - (1.13)

31}355
=22 (1.14)
The root mean square velocity of dark matter particles w is in the model of an isothermal
halo connected to the asymptotic value of the rotational velocity v., by the relation
w = /3/2vs% [30]. In the Milky Way the rotational velocity is over large ranges
Voo = 220km/s [33] and, therefore, w = 270km/s. The value of the galactic escape

velocity i vese = 544 km/s [34].

with

Spectrum

With all this information together, it is possible to calculate the expected differential
event rate. In figure the expected spectra for CaWQy for four different WIMP
masses between 3 GeV/c? and 100 GeV/c? are shown. For a compound material (like
CaWOQy) the total interaction rate is the sum of the rate of the individual constituents.

The spectra show almost no features besides the exponential decay and the rate is
relevant only for energies below ~50keV. With a currently expected cross section of
< 10" pb the overall rates are very low in the order of 10 counts per kg and year.

1.4.2 Detector Effects

Up to now all considerations were performed for an ideal detector. However, in a
real experiment some additional aspect have to be taken into account and are briefly
discussed in the following.

12
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Figure 1.4: Differential event rate for WIMP masses of 3 GeV/c%, 10 GeV/c?, 30 GeV/c?, and
100 GeV /c? scattering off CaWOy.

Energy Resolution

A real detector has a finite energy resolution. The energy resolution AE(FERr) of the
detector is assumed to be Gaussian distributed and in general depends on the recoil

energy Er. Therefore, the measured differential rate % , is a convolution of %
with a Gaussian function: "
dR * _dR Er — E)?
= ¢ / dE — exp _(Er—E)" , (1.15)
dERr |y, AE(ER) Jo dF 2AE?(ER)

with a normalization constant c.

Trigger Threshold

Real detectors have a finite energy threshold, below which deposited energies cannot
be registered. In CRESST the energy threshold is set by a hardware trigger.

Due to the exponential rise of the differential dark matter rate towards lower recoil
energies a lower trigger threshold increases the number of expected events significantly
for all dark matter masses. However, this is especially important for light dark matter
particles. A particle with a mass of 3 Gev/c? is expected to induce only recoils with
energies below ~3keV with a relevant rate (see figure . Thus, to detect such a
particle a lower threshold than ~3 keV is required. In conclusion, the lower the threshold
of the detector the lighter the particles that are possible to be detected.

Additionally, a low threshold is also beneficial for heavy particles. Due to the expo-
nential rate, also for a heavy particle, the number of expected recoil events is higher for
a lower threshold (see figure [1.4).
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1.4.3 Experimental Requirements and Signatures

In conclusion, there are the following challenges for an earth-bound direct dark matter
detection experiment:

e Dark matter particles are expected to transfer low recoil energies and to have
a featureless exponential spectrum. Thus the experiments need very sensitive
detectors with a low threshold. The lighter the dark matter particles are, the
lower the trigger threshold must be to be able to detect them.

¢ In order to detect such small event rates, dark matter detectors need a very low
background even for very low energies.

e Dark matter particles are expected to scatter elastically off nuclei. However, the
dominant background from internal and external radioactivity are «-induced elec-
tron recoils. Therefore, many experiments have an active background suppression
that allows them to distinguish between electron and nuclear recoils.

How these challenges are faced in the case of the CRESST experiment is shown in
chapter

In order to discover a dark matter particle it is necessary to distinguish it from
background sources, that can also produce an exponential spectrum at low energies.
There are several signatures that can identify a dark matter particle:

e Dark matter particles are expected to interact with different target materials in
a known way, since the interaction rate has an A% dependence. Therefore, the
expectations can be cross-checked with different target materials either from dif-
ferent experiments or with a multi-element target, as it is realized in the CRESST
experiment.

e Additional to the movement of our solar system through the galaxy the earth is
rotating around the sun and, therefore, an annual modulation of a dark matter
signal is expected. However, the difference in the rate is only a few percent and,
thus, this investigation needs high statistics [35].

¢ Due to the Earth’s motion through the galaxy and its rotation there is a preferred
direction of the dark matter flur expected. If the detector is able to detect the
direction of the recoils this would be a possibility to discriminate dark matter
from any terrestrial background.

1.4.4 Experimental Techniques for Direct Dark Matter Search

In the following a short overview of selected detection techniques and experiments for
the direct dark matter search is given. For a more complete review see e.g. [36] and the
references therein. An illustration of leading limits of several experiments is shown in
figure [2.15]

In general nuclear recoils can be detected by exploiting three different detection
channels, that are phonons, ionization and scintillation light. Which of them can be
used depends on the target material.

14



1.4 Direct Detection of Dark Matter

Liquid Noble Gas Detectors

Liquid noble gases, such as xenon, argon and neon, are used as target material by sev-
eral direct detection experiments. Single-phase detectors detect the scintillation light
produced by scattering events with photomultiplier tubes (PMTs), whereas dual-phase
experiments use so-called time projection chambers (TPCs). In TPCs, the simultane-
ously produced charge is drifted to the interface between liquid and gaseous phase by
an applied electric field. Thereby, two signals are detected: The first is, as in the single-
phase detectors, the scintillation light produced in the liquid phase and, additionally, a
second delayed scintillation signal, which is proportional to the charge, is produced in
the gaseous phase. The measurement of both signals enables a discrimination between
electron and nuclear recoils.

The advantage of liquid noble gases is that the spatial position of the events can be
determined which allows a surface-event rejection and thereby a self-shielding of the
central volume. Furthermore, the design of the experiments allows to easily realize
experiments on the ton-scale, which increases the exposure and the sensitivity to high-
mass WIMPs. However, the threshold of liquid noble gas experiments is typically higher
than of small-sized cryogenic detectors.

Presently, LUX, operating a dual-phase TPC with liquid xenon as target material,
gives the most stringent limit for WIMP masses above 4 GeV /c? with a minimum upper
limit on the cross section of 0.6-107%% cm? at a WIMP mass of 33 GeV/c? [37]. Another
experiment using a LXe TPC is the XENON experiment, which set a limit with the
XENON100 setup [38]. In the future XENONIT aims to study cross sections down to
10~47 ecm? [39].

Cryogenic Solid State Detectors

Solid state detectors that are cooled to cryogenic temperatures are another category of
direct search experiments. The targets can be semiconductors like germanium (Ge) and
silicon (Si) in which ionization and/or heat can be detected or inorganic scintillators
such as calcium tungstate (CaWO,) and zinc tungstate (ZnWOy). Cryogenic detectors
can be operated with a low energy threshold and a good resolution and, therefore, are
well suited for dark matter search.

Similar to liquid noble gas experiments, most of the experiments operate a two-
channel detection that provides a background discrimination on event by event basis and
thereby increasing the sensitivity significantly compared to a single-channel detection.
However, one single-channel technique should be mentioned here first.

There are several single-channel experiments, that are using p-type point-contact, low
threshold, high purity Ge detectors. The CoGeNT experiment, which has the ability to
reject surface backgrounds, observe an excess of low energy events above the expected
background, which can be interpreted as dark matter particle with a mass of 7-9 GeV /c?
[40]. However, recent analyses of this data by a subgroup of the collaboration question
this interpretation [41]. Furthermore, another experiments using the same technology,
called CDEX [42], published data in 2014 that exclude the parameter space preferred
by CoGeNT.

The CDMS experiment is based on a phonon-ionization detection using Ge and Si
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detectors operated at mK temperatures. They can measure the phonon (heat) signal
of recoil events precisely and simultaneously use the ionization signal to discriminate
electron and nuclear recoils. While they published a result with an excess of events in
the Si detectors in 2013 [43], the SuperCDMS upgrade, which operates Ge detectors
with a new iZIP design with improve background rejection capability, could set a limit
that excludes the previous result [44]. Within the SuperCDMS setup the iZIP detectors
can be operated in the CDMSlite mode, which degrades the nuclear recoil discrimination
but provides a lower threshold. The CDMSlite experiment published a limit exploring
dark matter particle masses down to 2 GeV/c? in 2015 [45].

The CRESST-II experiment operates scintillating CaWOQO, crystals at mK tempera-
tures, measuring the phonon signal for a precise energy measurement and additionally
the scintillation light signal for electron recoil discrimination. The setup, the detection
technique and the results are discussed in chapter In phase 1 of CRESST-II an
excess over expected background was observed, which is partly excluded by results of
upgraded detectors in phase 2. Moreover, in phase 2 the low-mass parameter space was
explored down to dark matter particle masses of 0.5 GeV /c?.

Single-Channel Annual Modulation Searches

The DAMA /Libra experiment uses ~250 kg of Tl-doped Nal as target crystals to search
for the annual modulation of WIMP-nucleus interactions. The scintillation signal is
measured with low-background PMTs. In the total exposure with 13 annual cycles a
modulation (with a phase of 147+7 days which is consistent with the expected phase
for dark matter of 153 days) with a statistical significance of 8.9 ¢ is observed [46].

As a background origin of this signal is not completely ruled out, other experiments
are trying to probe this WIMP claim, such as the DM-Ice project [47] that is as well
using Nal crystals in the infrastructure of the IceCube experiment at the South Pole.
Due to its location on the southern hemisphere (in contrast to the DAMA/LIBRA
experiment located in Italy) DM-Ice can directly test if the observed modulation is due
to seasonally related backgrounds, which would be out of phase in different hemispheres.

Bubble Chambers

Direct dark matter searches with bubble chambers use a superheated fluid as target
material. They are weakly superheated so that an energy deposition from a nuclear
recoil induces a bubble nucleation, while energy depositions on electrons, which loose
their energy over a longer range, do not induce bubbles. Alpha particles, which deposit
enough energy to produce bubbles, can be discriminated with acoustic signals.

One experiment operating a bubble chamber is the experiment PICO using 2liter
CsFg as target and it demonstrated a good discrimination power against background
events [48].

Several other techniques exist to detect dark matter directly, like the usage of CCD
chips or time projection chambers to detect the directionality of nuclear recoils. An
overview of the currently available and proposed experiments can be found in [36].
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Prospects

The field of direct dark matter detection is an active field with many different techniques
and experiments. During the last years some experiments observed signals with an
excess over the expected background while other excluded the parameter space these
signals hinted for. Some of these signals were clarified as background not considered
before.

By now, several experiments try to reduce the sensitivity to lower dark matter par-
ticle mass regions, where CRESST and CDMSlite are the leading experiments with a
sensitivity down to 0.5 GeV/c? and 1.3 GeV/c?, respectively. Many experiments make
efforts to explore the dark matter parameter space down to the finally limiting back-
ground of coherent neutrino nucleus scattering of solar and atmospheric neutrinos [49]
within the next decade.
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Chapter 2
The CRESST Experiment

CRESST (Cryogenic Rare Event Search with Superconducting Thermometers) aims
to directly detect dark matter particles in the form of WIMPs. This chapter describes
how the CRESST experiment is designed in order to deal with the challenges of direct
dark matter detection as described in chapter

The setup of the experiment and the measures taken to reduce the background are de-
scribed in section The basic working principle and the components of the detectors
are explained in section A two channel detection allows for an active background
discrimination of the remaining backgrounds (section . Section concentrates on
the methods to operate the detectors and the components used for data taking. The
basic principles of the CRESST data analysis are discussed in section This chapter
concludes with an overview of the results of the CRESST-I]E] data-taking phases and
the future strategy of the CRESST experiment, which is the basis for this work.

2.1 Experimental Setup

Dark matter particles are expected to interact at most a few times per year in the
CRESST experiment (see section [1.4). In order to be able to detect the tiny recoil
energies induced by them it is crucial to reduce the background and shield the tar-
get against cosmic radiation and natural radioactivity. In the setup of the CRESST
experiment (shown in figure various layers of shieldings surround the experimen-
tal volume in the center, where the detectors are located and operated at millikelvin
temperatures. All essential components of the setup are described in the following.

2.1.1 Background Reduction

All events that can deposit energy in the detectors in the same energy range as WIMP
interactions are background sources for dark matter search. The relevant background
sources and the measures to reduce them as much as possible are described in the
following.

LCRESST-I used sapphire crystals and a single-channel readout to search for dark matter. Its upgrade
CRESST-II used mainly scintillating CaWO4 crystals and is described in this chapter. The current
stage CRESST-III is introduced at the end of this chapter. For simplicity, the general term CRESST
refers to the second and third stage of CRESST, as the setup of both, except the detectors, is
identical.
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Figure 2.1: The setup of the CRESST experiment. The experimental volume where the
detectors are located is in the center and cooled by the cryostat on top. To shield external
backgrounds it is surrounded by several layers of shielding. For details see text.
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Muons

The Earth is constantly hit by cosmic radiation, which consists mainly of protons.
In the atmosphere secondary particles are produced, of which muons are the most
penetrating component. In order to shield muons CRESST is located deep underground
in the LNGS (Laboratori Nazionali del Gran Sasso) in central Italy. With a minimum
overburden of 1400 m dolomite rock (equivalent to more than 3000 m water) the muon
flux from the Earth’s surface is reduced by six orders of magnitude to O(1 m=2h~!)
[50]. All other components of the cosmic radiation are completely suppressed.

However, the remaining muons can still induce background events by either passing
through the detectors directly or by producing secondary particles (electrons, gammas,
neutrons, or nuclei) in the surrounding material. These secondaries can then reach a
detector and induce background events. In order to identify muon induced events, the
CRESST setup is surrounded by a muon veto, which consists of 20 plastic scintillator
panels, each one read out by a single photomultiplier (dark blue in figure . The
muon veto covers about 98.7 % of the solid angle around the detectors. Whenever an
event is detected in the veto, it is stored on disk and allows to reject coincident events
in an offline analysis.

Gammas and Electrons

Another prominent source of background are gammas and electrons originating mainly
from the natural radioactive decay chains of 23U and 232Th, as well as the natural
isotope 4°K. These are present in contaminations in the rock of the underground lab-
oratory or in the materials around the detectors. The total gamma flux in the LNGS
has been measured to be about 1cm~2s~! with energies up to 2.7 MeV [51].

In order to shield this background the experimental volume is surrounded by a 20 cm
thick lead shield with a total mass of 24t (gray in figure . Due to its large atomic
number and high density, lead provides a good stopping power for gamma radiation.
However, lead also has a high intrinsic radioactivity. In particular its unstable isotope
210Ph, naturally present in the 238U decay chain. 2!°Pb decays over several steps to the
stable isotope 2°6Pb under the emission of a-, 3-, and v-radiation, which can contribute
to the background of the experiment.

In order to shield the background from 2'°Pb an additional layer of shielding is placed
inside the lead shield. This shield is made of 10t and 14 cm thick highly pure copper
(orange in figure . Copper can be produced with a very low intrinsic radioactivity
and therefore, is also a suitable material to be used for structures in the vicinity of the
detectors. In positions where the lead cannot be shielded with a copper layer, Roman
lead with a very low activity is used [52].

Radon

The noble gas radon is another source of radioactivity being present in ambient air.
The isotope 2??Rn is part of the 233U decay chain and decays via a-decay in ?'®Po. It
can be washed out or diffuse out from the rock which has a high content of 238U. The
radon activity at the LNGS was measured to be 50 Bq per cubic meter of air [51].
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The experimental volume and also the lead and copper shielding are surrounded by
a gas-tight box (green box in figure , the so-called radon boz, in order to keep the
inner part of the experiment in a radon-free environment. It is constantly flushed and
kept under slight overpressure with pure nitrogen gas.

As radon can be adsorbed on any surface, special care has to be taken during the
preparation of the detector modules. All copper pieces of the detector holder and other
structures close to the detectors are etched in nitric acid to remove surface contamina-
tions. After etching they are stored in flow boxes flushed with clean nitrogen gas and
kept as little as possible in radon-containing air.

Neutrons

As expected for WIMPs also neutrons scatter elastically off nuclei and, therefore, are
a very dangerous source of background. The neutron flux in the LNGS comes from
(a,n) reactions on light elements, from fission of heavy nuclei in the rock, and from
muons interacting in the surrounding of the experiment. It was measured to be about
30m~2h~! for neutron energies of 1 to 25MeV [53].

To prevent neutrons from reaching the detectors, an additional layer of shielding,
which consists of 50 cm thick and 10t heavy polyethylene (PE), is installed as outermost
layer of the shielding (yellow in figure [2.1)). At places difficult to access the shielding is
improved with containers filled with PE granulate or water. Due to the high content
of light hydrogen atoms, PE and water moderate neutrons to thermal energies (in the
range of meV), so that they can no longer deposit measurable energies in the detectors.

In order to shield neutrons that are produced in the lead or copper shielding, another
3.5 cm of PE is installed in the outer vacuum chamber (OVC). The material was selected
to be of high radiopurity (especially with a low content of 233U and 232Th) in order to
avoid (a,n) reactions within the PE.

2.1.2 Cryostat and Experimental Volume

CRESST detectors are operated at temperatures of about 10 mK. Such low tempera-
tures are provided by a commercial *He/“He dilution refrigerator. The cryostat as well
as its storage tanks for liquid nitrogen and liquid helium are shown in the upper half
of figure As the materials of the cryostat are not selected for low-background ap-
plications, the setup is designed so that the detectors are shielded from the radioactive
contamination of the cryostat.

The detectors are mounted on a support structure made of NOSV copper, which is
ultra-pure and suited for low-temperature operation [54]. This so-called carousel was
constructed to hold up to 33 detector modules with a total target mass of ~10kg.
Figure shows a picture of the carousel with detectors mounted. Enclosed by five
thermal shields, the carousel has no line of sight to any parts of the cryostat. In order
to locally separate the detectors from the cryostat, the carousel is mechanically and
thermally connected to the cryostat by a 1.5m long copper rod. This so-called cold
finger transfers the cooling power of the cryostat to the experimental volume. Both,
the cold finger and the thermal shields are made of radiopure copper. Between the
experimental volume and the cryostat a shielding of high-purity lead is installed to
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Figure 2.2: The carousel was designed to hold up to 33 detector modules (equivalent to a total
target mass of 10kg). In the upper part of the picture the flanges for connecting the thermal
shields and the vacuum chamber are visible.

prevent the detectors of seeing background from the cryostat (see figure .

Cryogenic detectors are very sensitive to mechanical vibrations. Therefore, the whole
cryostat rests on air dampers and does not touch the shielding. In order to suppress
mechanical vibrations introduced by the cryostat, the carousel is decoupled from the
cold finger by springs.

The complete setup including the electronics for readout of the detectors is contained
in a Faraday cage to avoid electromagnetic interference. The lower part of the setup is
installed in a class 100 clean room to allow for detector installation in clean conditions.

2.2 Cryogenic CRESST Detectors

Dark matter particles are expected to induce low energetic nuclear recoils (see section
1.4). Therefore, for a detection of dark matter very sensitive detectors are necessary.
The working principle and the components of CRESST detectors are explained in this
section.

2.2.1 Cryogenic Calorimeter

CRESST uses cryogenic calorimeters as particle detectors. Calorimeters measure the
deposited energy due to a particle interaction in an absorber by detecting the resulting
temperature rise with a sensitive thermometer. The output of the thermometer is a
measurable electrical signal.

Cryogenic calorimeters are well suited for dark matter experiments, since they are
able to detect very low energies with an excellent energy resolution [55]. Another
advantage is the possibility to use a large variety of absorber materials.

A cryogenic calorimeter consists of an absorber with heat capacity C, a thermometer
and a thermal link to the heat bath. An energy deposition AE in the absorber induces
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Figure 2.3: Transition curve of a typical tungsten TES used in CRESST. The TES is stabilized
in its operating point in the transition from normal to superconductivity. This allows to detect
small temperature rises AT (e.g. induced by a particle interaction) by measuring the resistance
rise AR.
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After an energy deposition the temperature relaxes back to equilibrium via the thermal
link.

To be able to measure very small energy depositions of some keV, as e.g. expected for
dark matter interactions, the heat capacity needs to be sufficiently small. This can be
achieved by cooling the absorber to ultra-low temperatures as for dielectric materials
at low temperatures C' ~ T3 [56]. At 10mK, the operating temperature of CRESST
detectors, the heat capacity of a dielectric absorber is 13 orders of magnitude smaller
than at room temperature. However, the temperature rise still is only in the order of
pK. To detect such small temperature changes very sensitive thermometers are needed.

AT (2.1)

2.2.2 Transition Edge Sensors

A transition edge sensor (TES) is such a very sensitive thermometer. It consists of a
thin superconducting film which is operated in its transition from normal- to supercon-
ductivity. A typical transition curve of a TES is shown in figure [2.3

An energy deposition in the absorber crystal leads to a temperature rise in the TES,
which is O(uK). Due to the steep superconducting transition of the TES, a small change
in temperature leads to a measurable resistance change (O(m2)).

During operation the TES is stabilized in a certain point in its superconducting
transition - the operating point. In order to keep the TES in its operating point each
TES is equipped with a heater, with which the temperature of the TES is controlled.
After an energy deposition the heat has to be removed from from the TES, which is
achieved by a weak thermal connection to the heat bath with a temperature below the
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Figure 2.4: Schematic drawing of a conventional detector module. The light detector is
mounted on top of the phonon detector. Both detectors are equipped with a TES thermally
coupled to the heat bath. The detectors are surrounded by a reflective and scintillating housing.

transition temperature. Details about the detector operation can be found in section
24

In CRESST the TES are made of a tungsten film being 200 nm thick, with a transition
temperature typically between 10 and 30 mK. These films are evaporated, either directly
on the absorber or on a carrier crystal which is glued on the absorber crystal with an
epoxy resin. For the electrical connection, necessary for readout, an aluminum film is
evaporated partly on top of the tungsten film and connected with an aluminum bond
wire. The thermal connection to the heat bath is realized with a sputtered gold film
and a gold bond wire.

2.2.3 Detector Module

CRESST detectors are operated as detector modules. A phonon detector and a light
detector are mounted inside a reflective and scintillating housing and together they form
a module. The setup of a conventional detector module as mounted in CRESST-II is
depicted in a schematic drawing in figure In the following all the components are
explained in detail. A photograph of an opened detector module is depicted in figure
2.0l

The design introduced here describes the so-called conventional detector module. In
CRESST-II phase 2 also different geometries were mounted and are described in section
2.0l

Phonon Detector

On the right side of figure the phonon detector is visible. The target material for
particle interactions used in CRESST-II is CaWOQy, (calcium tungstate). The absorber
crystal is cylindrical with height and diameter of 40 mm and a mass of about 300g. On
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Figure 2.5: An opened conventional CRESST-II detector module. On the left side the light
detector, consisting of an SOS absorber and a TES, can be seen. On the right side a phonon
detector, consisting of a CaWQ, absorber crystal and a TES can be seen. Both are mounted
with non-scintillating clamps inside a reflective housing. The holder is made of radiopure copper.
For operation the light detector is mounted on top of the phonon detector.

top of it the TES with a size of 6 x 8mm? can be seen. For readout it is electrically
connected to the copper structure with thin bond wires. The crystal is held in place by
six pairs of bronze clamps (partly visible in ﬁgure, which are coated with aluminum
in order to make them reflective.

A recoil in the CaWOQy crystal produces mainly phonons that are detected with the
TES on the crystal. Additionally, a small fraction of the deposited energy is transformed
into scintillation light, which is detected with the light detector. For e~ /~-interactions
about 1-3% of the deposited energy is detected in the form of scintillation light [57].
The maximum scintillation emission wavelength at room temperature is in the range
of 420nm to 425nm [58]. The crystal side facing the light detector is roughened to
increase the light output [59]. In figure two scintillating CaWQy irradiated with
UV light crystals are shown.

The setup of the CRESST detector module allows to use any inorganic scintillator as
target material. Several materials such as ZnWQOy,, CaMoO,4, CdWOQy, titanium doped
AlyO3 and Csl were investigated in [60-63]. However, so far CaWOy4 was found to be
the most suitable material for CRESST in terms of light output at low temperatures,
intrinsic radiopurity as well as the performance as cryogenic detector.

Light Detector

On the left side of figure [2.5] the light detector in its copper holder is depicted. The
light absorber is made of silicon-on-sapphire (SOS), which is a sapphire wafer with a
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Figure 2.6: Two scintillating CaWO, crystal irradiated with UV light. The scintillation light
is in the blue range of the visible spectrum. The front face of the right crystal is roughened
which visibly homogenizes and enhances the light output.

1um epitaxially grown silicon layer on one side. The round absorber has a thickness of
0.46 mm and a diameter of 40 mm. The light detector is held by three bronze clamps,
which can also be seen in figure [2.5)

Like the phonon detector, also the light detector is operated as cryogenic calorimeter.
The light absorbed by the silicon layer is transformed into phonons, which can be
absorbed by the thermometer film. The thermometer is another TES, much smaller
than the one of the phonon detector. Similar to the phonon detector TES, it is also
connected with bond wires to copper pads on the copper structure.

Besides the SOS-light detectors, also pure silicon is a suitable material which can be
used as light absorber.

For operation the phonon detector is paired with the light detector inside a reflective
and scintillating housing, which is mainly made of a polymeric foil. A high reflectivity
of the surrounding materials increases the fraction of scintillation light, that can be
absorbed by the light detector. The scintillation property is needed for background
discrimination (see section[2.3)). The surrounding supporting structure is made of highly
radiopure copper.

2.3 Active Background Discrimination

Despite the massive shielding around the experimental setup, the background rate is
still much higher than the expected dark matter interaction rate due to an intrinsic
contamination of the crystals and the detector housing. However, the scintillation
property of the target crystal and the pairing of phonon and light detector in a module
allows to actively discriminate background.
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2.3.1 Light-Phonon Technique

Phonon and light detector are paired in a detector module and are read out simultane-
ously. When a particle interaction in the target crystal happens, two coincident signals
are measured - one from the phonon and one from the light detector. The fraction of
these two signals depends on the type of interaction and, therefore, this effect allows
an active background discrimination.

The fraction of energy deposited in the absorber and transformed into phonons is mea-
sured by the thermometer of the phonon detector. As the relative amount of deposited
energy transformed into phonons is nearly independent of the interacting particle, the
phonon signal can be used to determine the total amount of the energy deposited very
preciselyP]

On the contrary, the amount of produced scintillation light strongly depends on the
type of interacting particle. Therefore, the light signal is used to discriminate between
different types of interacting particles.

The principle can be seen in figure where a target crystal was irradiated with a
57Co vy-source and a *°Sr B-source (left plot). The energy measured in the light channel
is plotted against the energy measured in the phonon channel. Events from the electron-
and ~y-source, as well as the background events are located in an approximately linear
band. This shows that the produced light is proportional to the energy deposited in
the phonon detector. Typically, the light channel is calibrated so that this band has a
slope of one. By this calibration the energy measured in the light channel is assigned
with the unit keVee, where the subscript “ee” stands for electron-equivalent. Details on
the calibration can be found in section 2.5

In the measurement shown on the right side of figure a neutron source was added
and events in a second band, with a slope reduced by a factor of about ten, appear.
This band is formed by neutron interactions, which produce less light than a gamma
with the same energy in the phonon channel.

The reason for this difference is that the particles interact differently in the crystal.
Particles that interact electromagnetically, like electrons and gammas, transfer energy
on the electrons of the crystal atoms. A small fraction of this energy is transformed
into scintillation light. Neutrons instead, mainly deposit energy on the oxygen nuclei,
which themselves recoil in the crystal afterwards and, thereby, produce a lower amount
of light. The produced scintillation light differs even for different nuclei in the way
that the heavier the nucleus, the less light is produced [66]. This effect is called light
quenching and is exploited in CRESST to distinguish different interaction types.

Light Yield - Energy Plane

The discrimination parameter used in CRESST is the light yield LY. The light yield of
an event is defined as the energy measured in the light channel L divided by the energy
measured in the phonon channel E,:

L

LY (= —. 2.2
5 (22)

2The fraction of energy escaping the crystal as scintillation light can even be taken into account in
order to make the measured energy independent of the particle type [64].
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Figure 2.7: Both plots show the energy measured in the light detector against the energy
measured in the phonon detector. In the measurements shown on the left the detector was
irradiated with a ®” Co y-source and a *°Sr (-source. The electron- and y-events, as well as the
background events, appear in one band. The light channel is calibrated so that this band has a
slope of one. In the measurement on the right side a neutron source was added. The neutron
events appear in another band with a smaller slope. Image taken from [65].

The common way to illustrate CRESST data is in the light yield - energy plane where
the different event populations appear in roughly horizontal bands. Figure [2.8] shows a
light yield - energy plot with data of the module named TUM40 operated in the latest
data taking phase of CRESST-II phase 2. Due to the calibration scheme, the main
background, consisting of electron and v-events, appears around a light yield of 1.

The other bands have reduced light-yield according to their quenching factor QF. A
precise measurement of the quenching factors was performed in a dedicated experiment
by irradiating a cryogenic detector with a fast neutron beam produced by an accelerator
[68]. Although an energy dependence of the quenching factors is observed over the
total measured energy range, for energies of 10-40keV they can be approximated as
constant values. These values are summarized in table A description of the energy
dependence for electron-recoils is given in appendix [B] More details on the quenching
factors can be found in e.g. [68] [69].

The upper and lower 90 % boundaries of the oxygen and tungsten nuclear recoil bands
are drawn in black and red in figure 2.8 respectively. Thus, they enclose the region
where the central 80 % of the respective events are expected. The calcium recoil band,
which is located between the oxygen and tungsten band, is not drawn for reasons of
clarity.

The two-channel detection enables an active discrimination on an event-by-event
basis. However, the capability of this discrimination depends on several aspects. Back-
ground and signal can only reliably be discriminated where the bands are clearly sep-
arated. At low energies the different bands overlap and events inside one band can no
more be attributed to a single event type. As the width of the bands is mainly given
by the resolution of the light detector, the light detector determines the discrimination
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Figure 2.8: Data of the detector module TUMA40 operated during CRESST-II phase 2 illus-
trated in the light yield - energy plane. The measured events are drawn as blue dots. The
electron and y-background appears in a roughly horizontal band around a light yield of 1. The
lines correspond to the 80 % boundaries of the oxygen (black) and tungsten (red) recoil bands.
The calcium band, lying between the oxygen and tungsten band is not shown for clarity. Ad-
ditionally the region of interest for dark matter search is marked in yellow. Image taken from

[67].

power of the different bands.

Moreover, the event-by-event discrimination requires, that signal and background are
expected to appear in different bands. While this is true for the dominant background
due to electrons and gammas, this is not the case for neutrons. As mentioned before,
neutrons scatter off nuclei like expected for dark matter and, thus, are a very dangerous
background.

Due to kinematic reasons, neutrons mainly interact with oxygen nuclei. Depending
on the mass of the dark matter particle, the dominant scatter partner changes. In the
following the aspects, that determine the distribution of detectable dark matter recoils,
are discussed.

Target Nuclei for Dark Matter Particles

As discussed in section the expected dark matter particle-nucleus scattering cross-
section scales as A? with the mass number A of the target nucleus. Thus, in CaWOy,
consisting of tungsten (Aw =~ 184), calcium (Aca ~ 40), and oxygen (Ao ~ 16), dark
matter is expected to mainly scatter off tungsten nuclei.

However, due to the finite energy threshold of the detector, interactions with an
energy deposition below threshold cannot be detected. Therefore, it is necessary to
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particle type QF
e, 1
O-recoils 0.112
Ca-recoils 0.0594
W-recoils 0.0172

Table 2.1: The quenching factors (QF ) for CaWOy in the energy region of 10-40keV. Although
a tiny energy dependence is observed, in this energy region it is valid to approximate the
quenching factors as constants. Values taken from [68].

consider the number of detectable counts, i.e. the counts with an energy deposition
above threshold.

In the case of a heavy dark matter particle (above ~ 30 GeV/c?) the majority of
detected events is expected to be tungsten scatters, as heavy particles can transfer
energy efficiently to a heavy tungsten nucleus. Thus, it is possible to only consider
the tungsten band in the analysis [70]. If there is neutron background, a possible dark
matter signal could be discriminated, since neutrons and dark matter scatters appear
mainly in different bands.

However, a lighter dark matter particle is only able to transfer a lower amount of
energy to a heavy nucleus. This energy may be below the energy threshold and therefore
not detectable, whereas the energy they can transfer to a calcium or oxygen nucleus
might still be in the detectable range. The amount of detectable recoil events depends
on the mass of the dark matter particle and on the energy threshold of the detector.

In figure the number of detectable recoil events for an energy thresholds of
0.3keV (solid lines) and 10keV (dashed lines) for dark matter particle masses of 0.5
to 1000 GeV /c? are shown in black. Additionally, the respective number of the counts
recoiling on each nucleus are drawn in colors.

For both thresholds the fraction of tungsten events dominates for higher masses.
However, below a certain mass, dark matter particles cannot transfer an energy above
the threshold energy to a tungsten nucleus and then calcium and oxygen recoils dom-
inate. This mass depends on the threshold and is at ~3 GeV/c? for a threshold of
0.3keV and ~17GeV/c? in case of a detector with a threshold of 10keV.

In summary, this shows that it is beneficial to consider all nuclear recoil bands for
dark matter search, as this not only increases the number of detectable events but,
in addition, extends the range of detectable dark matter particles to lower masses.
Therefore, in CRESST all three nuclear recoil bands are taken into account for the
dark matter analysis [67].

Another important aspect that was already mentioned in section [I.4] and is shown
also in figure is the advantage of a low energy threshold. A lower energy threshold
does not only allow to detect lighter dark matter particles but additionally increases
the amount of detectable events for all masses.
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Figure 2.9: Number of counts above threshold for dark matter particle masses of 0.5 to
1000 GeV /c? with an energy threshold of 0.3keV (solid black) and 10keV (dashed black). The
fraction of events for each nucleus is shown in colors. Image taken from [71].

2.3.2 Surface Background Discrimination

A dangerous background for dark matter search are surface contaminations that result
in a-decays. The main source for this background is the noble gas radon which is
present in ambient air and can be adsorbed on any surface inside the detector housing.
The isotope 2'°Po is a daughter nucleus of 222Rn and decays further via a-emission [72]:

2H0py 5 296Ph (103 keV) 4 (5.3 MeV) (2.3)

whereby the a-particle and the lead nucleus leave the center of mass in opposite direc-
tions.

In general, a-radiation with energies in the MeV-range is no relevant background
as such events are far off the region of interest for dark matter search. However if the
nucleus decays just below the surface of a surrounding material, the a-particle can loose
most of its energy and appear in the a-band at low energies.

The even more dangerous background arises, when the Pb-nucleus hits the crystal.
As it is even more heavy than tungsten, its quenching factor is lower than the one of
tungsten and, therefore, it appears in a band just below the tungsten band and cannot
be separated from tungsten nuclear recoils. The background induced by the lead nucleus
is illustrated in ﬁgure Two cases have to be distinguished, where the 219Po-nucleus
decays on (or slightly below) the surface of the crystal or of a surrounding material.

If the decay happens on or slightly below the surface of the crystal, at least the full
energy of the 2%Pb-nucleus (103keV) is detected plus a possible contribution from the
a-particle (upper part of figure . In this case the total detected energy is far above
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Figure 2.10: Background events due to the decay of 2'°Po. The isotope can be present on or
be implanted in the surface of the crystal (top). When the decay happens on or in the surface
of the crystal an energy of 2103keV is deposited in the crystal. However, the isotope can also
be present on or implanted in a surrounding material (a clamp or the reflective foil). In this
case energies of < 103keV can be deposited in the crystal by the 2°6 Pb-nucleus and can leak
into the region of interest.

the energy relevant for dark matter search (>103keV).

If a surrounding surface (either the reflective foil or on the clamps) is contaminated
with 219Po dangerous background events might appear. When the 21°Po-nucleus de-
cays on a surface, the 2°6Pb-nucleus can hit the crystal, while the a-particle escapes
undetected (lower part of figure . In this case the maximal energy of 103keV is
deposited in the crystal. However, if the 2!°Po-nucleus is implanted in the surface it
can loose energy while escaping. Thereby, energies down to zero can be deposited in the
detector. As such recoils produce very little light, they can appear at low light yields
and low energies and, therefore, can mimic dark matter recoils.

Such an event can be vetoed if the surrounding material is scintillating and produce
additional light when a particle deposits energy in them. Thereby, the event is located
at a higher light yield and shifted out of the nuclear-recoil bands in the light yield -
energy plane.

For that reason, the polymeric foil surrounding the detectors is not only reflective
but also scintillating. Additionally, there are scintillating rings used that guide the foil
and reduce the openings in the foil, needed for the bonding wires. However, in the
conventional detector module, the metal clamps that are used to hold the detectors
in place are not scintillating. There were several attempts to cover the metal clamps
with a plastic scintillator but this induced thermal stress relaxation events (i.e. events
without a corresponding light signal) [63]. Although these events may have a slightly
different pulse shape, they cannot be efficiently discriminated of particle events at low
energies.

In CRESST-II phase 1 a 2'°Po contamination in the clamps was the dominant back-
ground source [73]. For phase 2 a new clamp material was fabricated for the conventional
modules [63]. Additionally, three new module designs, that feature a fully-scintillating
or a fully-active housing, were installed. However, in all conventional modules equipped
with the new clamp material events from surface backgrounds with a reduced intensity
compared to phase 1 were observed [74]. Instead, the newly developed module designs
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Figure 2.11: Readout circuit used to measure the change of the thermometer resistance Rp.
A constant bias current is sent through the two parallel branches - one with the thermometer
and the other with the two shunt resistors with a total resistance of Rg each and the input coil
of the SQUID. The SQUID outputs a voltage proportional to the current through its input coil.

efficiently veto all surface related background [67] (see section [2.6)).

2.4 Data Taking

Up to now it is described that an energy deposition in the target crystal leads to a
resistance change in the phonon and light detector. This section describes how the
signal is read out and which electronic components are needed for detector operation.

2.4.1 SQUID-based Readout

The readout of the resistance change is done with a SQUID (Superconducting Quan-
tum Interference Device), which is a very sensitive device for measuring small current
variations. The detector is connected in the readout scheme shown in figure [75].
One branch of the parallel circuit contains the thermometer, while in the other branch
the input coil of the SQUID and two identical shunt resistors, with a resistance of
Rg in total, are connected. A constant bias current I (typically of some pA) is sent
through the two branches. Thereby, a change of the thermometer resistance will change
the branching of the bias current and thus the current measured by the SQUID. The
SQUID outputs a voltage which is proportional to this current with a constant offset.
This offset is normally irrelevant and, therefore, is subtracted when a pulse is displayed.

In summary, a temperature pulse is converted in a voltage pulse, which is then
recorded and stored on disk.

2.4.2 Detector Operation and Data Acquisition

A simplified diagram of the electronics used to read out the SQUID signals and to
operate a single detector is shown in figure The bias supply chain is shown in
black, the readout chain and the trigger system are shown in blue while the heater chain
is drawn in red.
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Figure 2.12: Simplified diagram of the electronics used for detector operation and data acqui-
sition. The readout circuit containing the SQUID and the trigger system is shown in blue. The
detector bias chain is drawn in black and the heater system for detector stabilization is drawn
in red. For details see text.

Bias Supply Chain

The constant bias current for the detector is provided by a floating current source
located at room temperature. The bias current is typically of some pA and is optimized
for maximum signal during the set up of the detectors.

The detectors are operated at the base temperature of the cryostat (<10 mK) and
the SQUIDs are mounted in the liquid helium bath of the cryostat at 4 K. To reduce
high frequency noise low pass filters (10kHz) are installed in the lines connecting the
electronics to the detectors.

Signal Readout Chain

The output signal of the SQUID is transferred out of the cryostat into the SQUID
electronics. There it is split into two branches with one branch directly being sent to
a digitizer unit, which continuously samples the signal with a sampling rate of 25 kHz
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(one sample every 40 ps). In the other branch, the signal is amplified and AC-coupled
to a trigger unit, which sends a signal to the digitizer when the signal level exceeds an
adjustable threshold. When this happens, the digitizer saves a record of 8192 samples
which are read out and saved to hard disk. The first quarter of the record happened
before the trigger signal and is therefore, called pre-trigger region. It is mainly used
to evaluate baseline parameters whereas the other three quarters, called post-trigger
region, contain the actual pulse information.

When one detector of a module triggers the digitizer, also its partner channel is
read out regardless of a trigger so that each record contains a phonon signal and the
corresponding light signal. This ensures that always both pulses of phonon and light
detector are stored together and the event-by-event discrimination can be applied.

Heater Chain

During operation each detector is stabilized in its operating point in the supercon-
ducting transition, which is typically chosen so that the signal height is maximal. For
stabilization a current is sent through the heater structure on each detector. The total
heating current consists of two components: Firstly, a quasi-constant heating current
is needed to keep the detector in its operating point. This contribution is controlled by
a DAC (Digital-to-Analog Converter) which outputs a variable voltage proportional to
the desired heating current. Additionally, heater pulses with different amplitudes are
injected in regular time intervals. They are generated with a wave form generator and
shaped that detector pulses similar to particle pulses result. The sum of the constant
current and the heater pulses is sent through an analog square—rooteIﬂ and converted
to the heating current by a pair of resistors.

The types of heater currents are control pulses and test pulses, which both have a
different purpose.

Control Pulses for Stabilization As particle interactions in the crystal lead to tem-
perature changes of O(pK), the temperature of the thermometer has to be stabilized
with at least this precision. Therefore, heater pulses with a large amplitude - so-called
control pulses - are sent to the thermometer every six seconds. They heat the ther-
mometer completely out of transition and, therefore, their pulse height is a measure
of the distance to the top of the transition. The pulse height is an input for a PI
(proportional-integral) control loop which adjusts the heating current to keep the de-
tector at its operating point.

Test Pulses for Energy Calibration One so-called test pulse is sent every five control
pulses. Test pulses are smaller heater pulses of several different amplitudes. They allow
for a calibration down to threshold energies, where no external ~y-source can be used.
In addition, they are also used to correct variations of the detector response over time
and they allow to directly determine the trigger threshold [67, [74].

3The purpose of the square rooter is to decouple the constant heating current from the heater pulses.
As the power dissipated in the detector is proportional to the square of the total heating current,
with the square-rooter the energy injected via a heater pulse remains the same independently of the
constant heater current.
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2.5 Basic Concepts of Data Analysis

In the offline analysis for each record several parameters are evaluated. In the following
an overview of the basic concept of the data analysis performed in CRESST-II is given.
The aspects important for the measurements done within this work are in particular
discussed. More details on the data analysis techniques used in CRESST are given in
[71l [76].

2.5.1 Pulse Height Evaluation

The height of a recorded pulse is a measure of the energy deposited during an interac-
tion. Thus, the determination of the pulse height must be accurate. Using simply the
maximum of the pulse leads to an overestimation of the pulse height as the maximum
would be preferentially found where an upward noise fluctuations occurs.

Another aspect is, that the pulse shape changes for larger pulses, which is related
to the shape of the superconducting transition of the TES. In general, close to the
operation point the transition is linear, meaning AR/AT is constant in this region and
for small pulses the pulse shape stays the same. However, at the top of the transition
AR/AT becomes zero (and the transition curve becomes flat). This can be observed in
the pulses in the same way, that they become flat on top. With a template fit this can be
compensated for and the “real” pulse height, which is called amplitude, is determined.

Template Fit

For the template fit method first a template pulse, which describes the observed pulse
shape, is required. To generate this template pulse, a set of some hundred pulses is
averaged. These pulses are typically selected to have almost the same pulse height
in the linear regime. Furthermore, strict selection criteria are applied, so that they
provide a good description of the pulse shape. Typically, pulses induced by 122keV ~’s
from a ®"Co calibration source are used. Due to the averaging the template pulse has a
reduced noise contribution. It has to be generated for each pulse type separately (e.g.
for particle and heater pulses).

In the template fit, the template pulse is fitted to each pulse separately and three
free parameters are adjusted:

e The baseline offset describes the absolute level of the baseline. The baseline can
be described by a constant or a baseline model (e.g. an exponential that describes

pile-up).
o The pulse amplitude is determined by scaling the template pulse.
e The pulse onset is determined by shifting the template in time.

The result of such a template fit is shown in figure The deviation of the recorded
pulse from the template is given by the RMS (root-mean-square) value which is min-

imized during the fit. It is calculated for each pulse and quantifies the quality of the
fit.
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Figure 2.13: Data of a particle pulse (red) shown together with the result from a template fit
(black). The three parameters, that can be varied to best match the template to the pulse, are
indicated with arrows.

Truncated Fit

The determination of the pulse amplitude only works reliable in the linear regime of the
transition. Higher energetic recoils heat the TES in its nonlinear region, which changes
the pulse shape. This can be observed in a rise of the RMS of the fit for higher pulses,
due to the reduced fit quality for pulses with a different shape (see figure .

The region where the pulse shape starts to change is usually far above the energies
interesting for dark matter search. However, for the characterization of background
sources and the performance of the detectors, these pulses are also reconstructed in the
analysis.

To increase the fit quality, in the so-called truncated fit parts of the pulse, that are in
the nonlinear regime of the transition are excluded from the fit. By doing so, only the
linear part of the pulse is considered for the fit with the low-energy template and the
resulting amplitude is an extrapolation of the low-energetic part of the pulse. The limit
above which samples are not considered for the fit anymore is chosen from the RMS
distribution (see figure and is called truncation limit. With this method pulses
with energies up to some MeV can be reconstructed reliably [77].

Correlated Fit

In CRESST phonon and light detector pulses are measured simultaneously. As more
energy is deposited in the phonon detector, usually phonon pulses have a larger signal-
to-noise ratio than light detector pulses. For this reason, for small energies phonon
pulses can still be fitted well, whereas light detector pulses are often more difficult to
fit. The fact that the pulse onset must be the same for both pulses is exploited in the
correlated fit, where both pulses are fitted with a common pulse onset.
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Figure 2.14: Pulses exceeding the linear range of the transition cannot be fitted properly with
a low energy template, since the pulse shape changes in the non-linear region. The different
pulse shape results in a decrease of the fit quality and is indicated by an increase of the RMS
value for these pulses (left). With the truncated fit (right) pulses with a higher energy are
reliably reconstructed as only the linear part is used for the fit. The truncation limit is set
where the RMS distribution starts to increase (dashed red line, here: 1V pulse height). Image
taken from [63].

To do so, the templates for both pulses must be summed from the same set of pulses
so that the relative onset time is fixed. In the correlated fit the templates are fitted
to the pulses and, thereby, even very small light detector pulses can be fitted correctly
due to the known relative timing of both pulses. The best fit is found by minimizing
the sum of the RMS values of both signals.

2.5.2 Energy Calibration

For the absolute energy calibration of CRESST-II detectors an external v-source is
used. Usually the 122 keV-line of a *"Co source is used to fix the energy scaleﬂ In case
of the light detector, the detected scintillation light from the 122keV ~’s hitting the
target crystal, is fixed as 122keVg.. Thereby the energy scale of the light detector is
set with the electron-equivalent energyﬂ Due to this definition the light yield is 1 at
122 keV.

With the calibration source the energy scale is fixed only at one point and at the
time when the calibration takes place. As already explained, during a measurement
test pulses are sent to every detector heater regularly. They are used to calibrate the
detector over an energy range from threshold up to MeV energies and to compensate
for variations in the detector response over time.

Over the whole measurement period every ~30s one test pulse is injected in the
heater. The test pulses can have up to twelve different amplitudes in order to obtain
pulses with energies corresponding to energies which are relevant for the measurement.
Similar to particle pulses the amplitude of the test pulses is obtained via a correlated

1A lower energetic calibration source would be closer to the energies that are aimed to be measured.
However, such a source would not be able to penetrate the in total 12mm thick copper shields
around the detectors.

5In general it is possible to calibrate the light detector absolutely with a low-energetic v-source directly
hitting the light detector

39



Chapter 2 The CRESST Experiment

truncated standard event fit. The test pulses serve two purposes:

e Variations of the detector response in time can be corrected by fitting splines
to the measured test pulse amplitude. With this the detector response can be
evaluated at any point in time.

e As the energy deposited by a test pulse is proportional to the injected voltage, the
test pulse amplitude can be used to linearize the detector response. To obtain a
continuous response function (i.e. the relation between the injected test pulse am-
plitude and the corresponding measured pulse amplitude) over the whole energy
range of interest, pulse heights resulting from discrete injected test pulse ampli-
tudes are fitted with a low-order polynomial, which then serves to determine the
energy from the pulse height.

From the calibration with the °”Co source a relation between the injected voltage and
the energy deposited in the target can be evaluated. Thereby, the detector can be
calibrated for the whole measurement period and for all energies.

2.5.3 Cuts

For the analysis of CRESST detectors invalid pulses that are not induced by particle
events (such as electronic disturbances) or particle events that are not properly energy
reconstructed due to artifacts in the record, are removed from the data set. This is done
by several data cuts identifying invalid pulses. In the following only a brief overview
of the most important cuts, used for the measurements of this work, is given. A more
detailed description of the cuts used in the dark matter analysis of CRESST can be
found in [71] [76]. The following cuts are applied on the data set:

Stability Cut Time periods in which the detector was not running stably in its oper-
ating point (e.g. due to external disturbances) are rejected by the stability cut.
This is done by evaluating the height of the control pulses, which is a measure for
the detectors operating point in the transition (see section . For time periods,
where the control pulse height deviates significantly from the set value, all records
are completely removed from the data set.

Coincidence Cut Due to the low expected cross-section of dark-matter particles it is
nearly impossible that the latter interact twice in the CRESST setup. Thus, all
cryogenic events which are coincident in time with either a signal from the muon
veto or another detector module are rejected by the coincidence cut.

Data Quality Cuts Several cuts are designed to identify invalid pulses where the energy
reconstruction does not work properly. For example records that include SQUID
resets or that triggered on noise are removed by these cuts. Also pulses with a
different pulse shape (such as events in the TES carrier of a phonon detector) are
removed by dedicated cuts. The most important and most generic data quality
cut is a cut on the RMS value of the template fit, where pulses with measured
shapes that deviate from the expected signal shape, are discarded. This includes
strongly distorted pulses, pulses with a strong baseline tilt or pile-up events, i.e.
samples where more than one pulse appears in the time window recorded.
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After applying all cuts,the collected exposure needs to be calculated and afterwards
either a limit on the dark matter particle-nucleon cross-section can be given or, if events
in the ROI are observed, a hint for a possible dark matter signal can be calculated.
These steps are explained e.g. in [71, [76]. In the following section only the results of
the previous CRESST-II dark matter data-taking phases are explained.

2.6 Status and Future Strategy of the CRESST experiment

Results of different direct detection experiments are usually compared in a plot of dark
matter particle-nucleon cross-section versus dark matter mass. For the calculation
of the expected recoil energy spectrum all experiments assume standard parameters,
as explained in section The lines in figure mark limits, where the parameter
space above is excluded by the corresponding experiment, whereas colored regions mark
favored regions of a possible hint for dark matter. The latest results of CRESST, which
are explained in the following, are included in figure Additionally, for comparison
the leading limits of other experiments, as discussed in section are shown in the
same figure.

CRESST-II performed two extended physics runs, which are conventionally referred
to as phase 1 and phase 2. In phase 1 a net exposure of 730 kg days was collected between
2009 and 2011 [73]. In this data 67 events were observed in the acceptance region, in
which events are accepted as possible dark matter scatters in the analysis. A likelihood
fit was performed to determine the parameters of the background model. Additionally,
a possible signal contribution was included in the likelihood. Less than half of the
observed events could be explained by known backgrounds, including leakage of e~ /7-
events, events from neutrons, from a-particles, and from recoiling 2°Pb nuclei. The
additional events might be either explained by an unknown background contributionﬁ]
or by scatterings of WIMPs. It was found that the likelihood function has two maxima,
which are denoted as M1 and M2 and are illustrated in figure[2.15]in the parameter space
for dark matter particle-nucleon scattering. The two regions mark the 90 % confidence
region for both maximaﬂ

2.6.1 CRESST-II Phase 2

As the backgrounds and the potential signal were in the same order in CRESST-II
phase 1 and the uncertainties in the background models were large, the major goal of
CRESST-II phase 2 was to clarify the nature of the signal excess above background.

SA possible explanation for the excess events was published in [78]. Simulations showed that the
energy spectrum of radon-induced events can have a steep rise at low energies due to sputtering in
the surrounding materials, when the surface roughness of these materials is not neglected.

"The presence of two maxima can be ascribed to the presence of different nuclei in the target material
CaWOy4. M1 describes a possible WIMP with a mass of m, =25.3GeV/c® which is heavy enough
to produce detectable recoils of tungsten, whereas the lighter WIMP (m, =11.6 GeV/c?) described
by M2 only produces detectable scatters off oxygen and calcium nuclei. Both possibilities lead to
a similar spectral distribution in terms of recoil energy and could in principle be discriminated by
the light yield distribution of the signal events. However, in this measurement the overlap of the
three nuclear recoil bands was to large for this, due to the finite resolution of both, phonon and
light detector.
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Figure 2.15: Parameter space for elastic spin-independent dark matter nucleon scattering.
The favored parameter space reported by CRESST-II phase 1 [73] is shown as brown region.
The exclusion limits of CRESST-II phase 2 of the modules TUMA40 [67] and Lise [74] are shown
in red and magenta, respectively. Additionally the expected sensitivities from a data-driven
background model (1o confidence limit (C.L.), light red and light magenta band) are displayed.
For comparison, exclusion limits (90 % C.L.) of liquid noble gas experiments are shown in blue
37, 138], and of germanium-based experiments in green [44, [45]. The favored parameter spaces
reported by CDMS-Si [43] and CoGeNT [40] are drawn as green shaded regions. Marked in
grey is the parameter space where coherent neutrino-nucleus scattering, dominantly from solar
neutrinos, will be an irreducible background for a CaWQy-based dark matter search experiment
[49].

The aim was to reduce neutron, o and in particular 2°Pb recoil backgrounds by more
than one order of magnitude. CRESST-II phase 2 has been acquiring data from July
2013 until August 2015. A total of 18 detector modules corresponding to an overall
total target mass of 5kg has been installed.

The data show that the neutron background has been efficiently reduced by the in-
stallation of an additional 3.5 cm thick PE shield inside the outer vacuum can. The
background of degraded «’s, originating from a bulk contamination of the bronze hold-
ing clamps, has been completely removed by introducing a newly produced ultra-pure
bronze material [63] for the clamps. However, the background from 2°°Pb nuclear recoil
background could not be completely suppressed in the conventional modules despite ef-
forts in improving material selection and radon-prevention methods [74]. In order to
reduce the exposure to radon, the assembling and mounting of the detectors was carried
out in radon-depleted air supplied by the CUORE experiment [79]. This background
could only be suppressed efficiently in three new actively discriminating detector module
designs, that were introduced in phase 2.
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Actively Discriminating Module Designs

Actively discriminating modules were designed to efficiently reject surface a-events
by only having scintillating and/or active surfaces inside the module. Three different
designs, with two modules each, were installed in phase 2. Two of these designs feature
a fully-scintillating housing of the detector module. Thereby, events induced by a-
decays from all inner surfaces are shifted out of the region of interest by producing an
additional light signal (see section . One design still uses non-scintillating clamps,
but instead accomplishes to surround the crystal with only active surfaces.

Module with Big Carrier One design has a large TES carrier with the same diameter
as the crystal and a thickness of 7mm. Thereby, the carrier crystal, glued to the
main absorber crystal, can be held by three pairs of clamps, which are covered
with the scintillating polymer Parylene C. Events in the absorber and the carrier
crystal experience a pulse shape difference, which is exploited in a pulse-shape
analysis to discriminate possible relaxation events introduced by the parylene
[76]. This module is mounted together with a standard light detector. Details
about the performance of one of these modules can be found e.g. in [76].

Module with Si Beaker Light Detector Similar to the first design, the second design
also uses a large TES carrier glued to the target crystal. Additionally the crys-
tal is held inside a beaker-shaped silicon light detector. Thereby, the crystal is
surrounded by the light detector on all sides except the side glued to the carrier
crystal. The geometry is designed so that the absorber crystal has no line-of-sight
to the bronze clamps holding the carrier or any other surface than the light de-
tector and the carrier. Again events from the non-scintillating clamps hitting the
carrier can be discriminated by pulse-shape analysis. Details about the perfor-
mance of these modules can be found e.g. in [76]

Crystal Held by CaWQ, Sticks In the third design the target crystal is held by scin-
tillating CaWQy sticks which are held in place by clamps mounted outside the
detector housing. In this way, no non-scintillating parts are present inside the
housing. Additionally, in this design the crystal is a cuboid instead of a cylinder,
for enhanced light output [80]. The light is detected with a standard light detector
as in the conventional module. A schematic drawing of this design is shown in
figure A detailed description of this design can be found in [81].

All three designs performed well and effectively vetoed any 2°Pb nuclear recoil back-
ground. Therefore, a module housing with fully-scintillating or fully-active surfaces is
the solution to suppress all surface-related backgrounds completely.

Crystal Quality

Since 2011 crystals have been grown at the crystal growing facility of the Technische
Universitdt Miinchen (TUM) [82]. The aim is to improve the background and in-
crease the light output compared to commercially available crystals. In phase 2 in total
four TUM-grown crystals have been installed in actively discriminating modules in the
CRESST setup. These crystals show a significant improvement in terms of radiopurity
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Figure 2.16: Schematic drawing of an actively discriminating module with crystal held with
CaWOQy sticks. The sticks are held with clamps from outside the housing. A standard light
detector as used in the conventional modules is mounted above the crystal.

with respect to the commercially available crystals. A lowering of the e~ /y-background
in the ROI by a factor 2 to 10 with respect to commercial crystals (with an average rate
of 3.44 /[kg keV day]) is accompanied with a significant reduction in the alpha contam-
ination corresponding to a total intrinsic alpha activity of about 3 mBq/kg [77, [83].

Due to the improvement in background in addition to a low threshold of 603 eV
the module TUM40 has the best overall performance in phase 2. An analysis of this
module, with an exposure of 29.35 kg live days collected in 2013, was published in 2014
[67]. The superior performance of this module results in a gain in sensitivity for low
mass dark matter and an at that time world leading limit on dark matter particles
down to 1 GeV/c? was set (see figure [2.15).

The limit derived from data was compared with a Monte Carlo simulation, based on
a background model assuming the presence of e~ /~-background only [83], which gives
the light-red band (1o C.L.) in figure [67]. Limit and simulation agree throughout
the whole mass range indicating that the events in the acceptance region may solely be
explained by leakage from the e~ /y-band.

This result excludes the lower mass maximum (M2) from phase 1, but more statistics
is required to improve the limit at higher masses and thereby to clarify the origin of
the higher mass maximum (M1).

Low-Threshold Detectors

The importance of a low threshold was demonstrated with the result of the conventional
detector module named Lise, which is the module with the lowest energy threshold
operated in phase 2 [74]. With a threshold of 307 eV the sensitivity for light dark matter
was significantly enhanced. In a data set with an exposure of 52.2kg live days dark
matter masses down to 0.5 GeV/c? are explored (see figure , which is a novelty in
the direct dark matter search field. The improvement compared to the TUM40 result
is a consequence of an almost constant background level down to the low threshold.
The lower the mass of the dark matter particle, the more relevant these improvements
become. In contrast, the reduced sensitivity for higher masses is a result of a worse
background level in the crystal and the poor performance of the light detector. With the
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result of Lise CRESST demonstrated that detector performance is the key requirement
to achieve sensitivity to dark matter particles of O(1 GeV/c?) and below.

In figure 2.15] it can also be observed that the CRESST exclusion limits rise more
moderately towards lower dark matter masses than the limits from other experiments.
This distinctive feature is a result of the ability to probe a possible dark matter signal
on light nuclei (O and Ca) as well as on heavy W nuclei in addition to measure nuclear
recoil energies with little systematic uncertainty down to a low energy threshold.

2.6.2 Future Strategy of CRESST-III

The results of phase 2 demonstrate that CRESST has the unique potential to explore
the low-mass regime. As a consequence, the CRESST collaboration decided to optimize
the detectors in order to gain even more sensitivity for low dark matter masses in future
phases. A strategy that allows to explore the low-mass dark matter region further and
to approach the neutrino floor was developed [84]. With the upgrade to CRESST-III,
it is planned to explore the low-mass region down to the neutrino scattering limit.

In the first phase of CRESST-IIT| ten small modules with a reduced threshold will
collect data for one year. Depending on the threshold achieved, new parameter space
down to a dark matter particle mass of ~0.1 GeV/c? might be explored (see chapter (3)).
CRESST-III phase 1 started to take data in September 2016.

For future phases it is planned to reduce the background significantly, mainly by
improving the crystal radiopurity. Additionally, an upgrade of the cryostat is planned
in order to be able to measure 100 modules with reduced threshold and background.
Further details on the expected time scales and the developments needed for each step
can be found in [84].

SWithin this work the different phases of CRESST are labeled according to [84].
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Chapter 3
Sensitivity Projections for CRESST-III

As long as a direct dark matter search experiment does not observe a signal, only an
upper limit on the dark matter particle-nucleon cross-section depending on the dark
matter particle mass can be derived. Such a limit defines the best sensitivity on dark
matter particles in different mass regions of the respective experiment. The statistical
methods to derive an upper limit in the parameter space and the parameters determin-
ing the sensitivity in different regions of the parameter space have been reviewed e.g.
in [85]. In the following only a brief overview is given.

In order to improve the sensitivity of an experiment it is necessary to know its restrict-
ing parameters. The sensitivity is mainly determined by three different parameters: The
exposure (i.e. the product of detector mass and measurement time), the background
observed in this exposure, and the threshold. For exploring different regions of the
parameter space, these parameters play a role of different importance.

The sensitivity on the cross-section depends on the dark matter particle mass. It is
maximal at the position of the minimum of the derived limit. This position is given by
the kinematics of the scattering process, which depend on the target nucleus [85]. At
low masses, the sensitivity is mainly limited due to the finite energy threshold of the
detector, whereas at large masses the sensitivity is reduced due to a smaller expected
event rate. As the local dark matter density is assumed to be a constant, a larger dark
matter particle mass results in less particles available for scattering and, thus, a smaller
rate.

In the present work the influence of the different parameters on the expected sensitiv-
ity of the CRESST experiment is investigated. With the knowledge of the parameters
that determine the sensitivity it is possible to optimize the detectors. A similar study
using the same methods has been performed in [84], where the expected sensitivity for
CRESST-III is determined.

After explaining the method and the necessary assumptions used for the simulation
in section the different parameters and their impact on the sensitivity are discussed
(section [3.2). An estimation of the potential of CRESST-III concludes this chapter in
section 3.3

3.1 Method and Assumptions

For each modification considered in the following, a projection based on the performance
of TUMA40 (the module with the best overall performance in CRESST-II phase 2 [67]),
is simulated. The projections are calculated with a Monte Carlo simulation, with 1000
data sets simulated for each projection. The simulations are based on a background
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model assuming the presence of e~ /y-background only [83] and the distribution in
the light yield - energy plane according to an empirical model of the e~/ v—bandﬂ (see
appendix . From each data set the corresponding limit is calculated with Yellin’s
optimum interval method [86, [87] ﬂ The areas shown in the following figures correspond
to the 1o confidence level (1o C.L.), i.e. for each mass the central 68 % of the respective
limits lie in the colored area.

The projections are compared with the measured sensitivity of the module TUM40 in

CRESST-II phase 2 (red solid line in the following figures) with an exposure of 29.35 kg
days and a threshold of 603 eV [67]. The projection for TUM40 obtained in the present
work (light red band in the following figures) is slightly different to the one published
n [67]. The reason for this difference is, that for the present work the model is based
on the complete data set of TUM40, while in [67] a model based only on a subset of the
data was used. Due to the enhanced statistics slightly different parameters are found
in both models and, thus, also the corresponding projections are slightly different. All
projections shown in this chapter are calculated with the model, which is based on the
full data set.

The simulations are based on the performance of TUM40 as measured in CRESST-II
phase 2 ﬂ This includes especially the background and the non-proportionality of the
light yield of the crysta]lﬂ In future phases most of the crystals used are planned to be
grown at Technische Universitat Miinchen (TUM). In particular the background and
the non-proportionality parameters of TUM-grown crystals are expected to be similar
[76, [77].

The low-energy e~ /v-background observed in TUM40 was investigated in [83]. A
background model was developed that describes the observed spectrum (see figure .
An average of 3.51 +0.09 e~ /v-events per kg keV day in the range of 1 — 40keV is
observed. In the simulations done within the present work the spectrum is extrapolated
with a constant value down to the assumed energy threshold for energies lower than
the threshold of TUM40. The non-proportionality of the crystal is parametrized within
the fit of the e™ /y-band model by the parameters Lo and Lg @,

During the analysis several cuts reduce the signal survival probability especially at
low energies. In the module TUM40 the signal survival probability at low energies
(see black solid line in figure is mainly reduced due to a pulse-shape cut removing
pulses which are taking place in the carrier [67]. For the simulations assuming an energy
threshold lower than the one measured with TUMA40 in [67], assumptions for the low
energy range have to be made, as the signal survival probability directly influences
the limit. Future detectors are planned to be operated without a carrier and, thus, a
signal survival probability constant until energies close to threshold is expected. For
simulations assuming a threshold lower than 603 eV, the signal survival probability is

!The parameters used in the simulation done within the present work to describe the e~ /~-band
of TUM40 are the following: Lo = 0.978, L1 = OkeV™!, Ly = 0.343, Lz = 8.888keV, Sy =
0.0667keV?2,, S1 = 0.561keVee, S2 = 0. The parametrization of the recoil bands is explained in
appendix

2The simulations as well as the calculations were done with a software provided by [88].

3 Analyzed data provided by [8].

4At small energies, the e~ /~v-band usually decreases to lower light yields. This so-called non-
proportionality effect is detector dependent and is observed in most inorganic scintillators at low
energies [89, [00]. In the case of TUM40 strongly pronounced compared to commercial crystals|76].
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counts / [kg keV day]

energy [keV]

Figure 3.1: Histogram of the events in the region of interest recorded with TUM40 in CRESST-
IT phase 2 (black line). The red line indicates the sum of all background sources identified in
[83] with the dominant peaks from cosmogenic activation (2.6 keV, 10.7keV, and 11.3keV) and
the Cu X-ray line (8.0keV). The insert shows the decomposition of the background based on
Monte Carlo simulation developed in [83]. The contributions of external y-radiation (green),
external betas (grey), and intrinsic e~ /y-radiation from natural decay chains (blue) are shown.
The sum of these components (plus y-peaks) is shown in red. The individual 1o error bands are
depicted in the corresponding color. An average of 3.51 £ 0.09 e~ /v-events per kg keV day in
the range of 1 — 40 keV is observed. The identified backgrounds explain ~ 70 % of the observed
events. Image taken from [83].
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Figure 3.2: The signal survival probability of TUMA40 after application of all selection criteria
for a threshold of 603eV from [88] is depicted as black solid line. The red-dashed line describes
the signal survival probability assumed for the simulations of a threshold of 100eV. For lower
thresholds the cut off is shifted to the respective threshold.

extrapolated at a value of 50 % and cut off at the respective threshold. The assumed
signal survival probability for a threshold of 100 eV is shown as red-dashed line in figure
3.2

In the following figures the projections for the discussed improvements are compared
to the projection for the performance of TUM40, which is depicted as light red band.
Although, the model depends on assumptions the simulations give an indication which
modifications influence the sensitivity most in the different regions of the parameter
space. In conclusion, the effects on the sensitivity should be considered rather qualita-
tively than quantitatively.

3.2 Impact of Relevant Parameters

In the following the impact of the relevant parameters on the sensitivity of a direct dark
matter experiment is investigated. In order to disentangle the influence of exposure,
background, as well as threshold, these modifications are studied separately.

3.2.1 Exposure

As long as no background is observed, the sensitivity of a direct dark matter experiment
scales with the exposure, i.e. the product of detector mass and measurement time. The
exposure can be increased either with longer measurements or with an increased target
mass. As it is not feasible to increase the measurement time arbitrarily, the exposure
usually is increased with an enlarged detector mass. One possibility to do this is to
increase the mass of each single detector, which is difficult to achieve without reducing
the detector performance. Otherwise, the detector mass can be increased by operating
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Figure 3.3: The expected sensitivities (1o C.L.) for an exposure of 500kg days (medium red)
and 5 tonne days (dark red) with a TUM40 like module shown in the parameter space for elastic
spin-independent dark matter nucleon scattering. A larger exposure results in an increased sen-
sitivity in the high mass region while at low masses the exposure is not an important parameter
for the sensitivity. For comparison the currently leading limits of different experiments (solid
lines) and the neutrino floor for CaWO, (gray-shaded area) are shown [37, [45), [49, [67, [74].

a large number of detectors, which in the case of the CRESST experiment implies a
large number of readout channels for which an upgrade of the setup would be necessary.

In figure [3.3] the sensitivity expected for an exposure of 500 kg days with the per-
formance of the module TUM40 (medium red) demonstrates that increased statistics
improve the limit for masses above ~15GeV/c? compared to the projection with an
exposure of 29kg days (light red). At a mass of 100 GeV/c? the limit can be increased
by a factor of ~ 10, while for masses < 13 GeV/c? the improvement is less than ~ 20 %.
A projection for an exposure of 5 tonne days (dark red) illustrates that in the high mass
region the sensitivity directly scales with exposure, as this projection with a ten times
higher exposure improves the limit by a factor of ten at a mass of 100 GeV /c?. However,
for masses <13 GeV /c? there is hardly any improvement in the sensitivity compared to
the sensitivity expected with an exposure of 500 kg days.

In conclusion, in the high mass region the sensitivity directly scales with exposure
while at low masses exposure is not an important parameter.
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3.2.2 Background

Another parameter that limits the sensitivity is the observed background. As explained
before (see section [2.6)), the limits derived from data of TUM40 and Lise both agree with
the presence of e~ /v-background only, throughout the whole mass range. This indicates
that the events in the acceptance region are probably produced by this background only.
Therefore, reducing the background means reducing the leakage of the e~ /y-band, which
can be achieved by reducing the content of the band or/and reducing the overlap of the
bands.

e A reduction of the e™ /y-band content can be achieved by increasing the radiopu-
rity of the crystals (selection and/or cleaning of the raw materials, multiple grow-
ing of the crystals [77, 83]) or by reducing the background from the surrounding
of the detectors (e.g. selection and improved cleaning of materials, active veto).

e The overlap of the bands can be reduced by a reduction of the width of the bands,
which is equivalent to an enhancement of the light detector resolution (e.g. increase
of the amount of the detected light or an increase of the sensitivity of the light
detector) or a reduction of the non-proportionality of the light yield.

As the e™ /~-background is dominated by the intrinsic contamination of the crystals
[83], a reduction of the overall background can be achieved with an improvement of the
crystal radiopurity. An investigation of the crystal growth process and a development
of a cleaning procedure of the raw materials is currently in progress [91]. Within the
next years a reduction of the internal impurities of the crystals by a factor of 100 is in
reach [84].

The expected sensitivities for a reduction of the total background by a factor of
10 (light magenta) and 100 (dark magenta) are shown in figure As can be seen,
a reduction of the background improves the sensitivity over the whole mass range.
For an improvement of the background by a factor of 10 a gain of sensitivity by a
factor of 2-3 is expected for masses of 2-100 GeV/c?. In the mass range where the
improvement is more pronounced (10-20 GeV/c?) the current sensitivity is more limited
by backgrounds than in regions where a smaller improvement is expected. Only for
masses below ~ 2GeV/c? the gain in sensitivity is only ~ 10%. However, a further
improvement of the background by a factor of 10, i.e. a factor of 100 in total, only
results in a slight gain of the expected sensitivity. The maximum gain in sensitivity
is ~ 2 for a mass of ~ 13GeV/c?, while at masses < 4GeV/c? and > 40 GeV/c? an
improvement of < 20% is expected. This is due to the fact that the expected amount
of background events in the assumed exposure is close to zero.

In conclusion, for the given exposure of 29 kg days a reduction of the background by
a factor of 10 improves the sensitivity for almost the complete mass range shown here,
while a further reduction has only little effect. However, a background reduction pays
out more when the exposure is increased significantly.

3.2.3 Threshold

The performance of the phonon detector is defined by its signal-to-noise ratio. A larger
signal-to-noise ratio improves the energy resolution and accordingly reduces the energy
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Figure 3.4: The expected sensitivities (1o C.L.) for a module with a background reduced
by a factor of 10 (light magenta) and 100 (dark magenta) compared to TUM40 shown in the
parameter space for elastic spin-independent dark matter nucleon scattering. All projections are
simulated for an exposure of 29 kg days in order to compare them to the projection for TUM40.
Compared to the current sensitivity obtained with the given background a slight improvement
of the sensitivity over the whole mass range is expected. However, improving the background by
a factor of 100 only results in a marginal sensitivity increase due to the low number of expected
background events in the exposure of 29 kg days. For comparison the currently leading limits
of different experiments (solid lines) and the neutrino floor for CaWOy, (gray-shaded area) are
shown [37, 45, [49, 67, [74].
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threshold. The lowest energy threshold achieved with CRESST detectors in phase 2
was 307 eV [74]. A further reduction can be achieved by either increasing the signal or
by reducing the noise of the detector. While the noise is dominated by the parameters
of the TES and the SQUID (see section [4.3)) and is difficult to reduce, an increase of the
signal can be achieved by reducing the size of the target crystal or a further optimization
of the TES.

From the detector physics (see chapter [4)) it is expected that a reduction of the crystal
volume by a factor of 10 combined with an optimization of the detector layout translates
in a reduction of threshold from the 603 eV reached in TUM40 [67] to at least 100 eV
(see section p.1)). First measurements indicate that with the optimized detector module
even lower thresholds down to ~ 20eV can be reached (see section [7.2.2)).

Figure [3.5] illustrates the sensitivities that can be reached with a threshold of 20eV
(light yellow), 50eV (medium yellow), and 100eV (dark yellow) with all parameters
concerning the light detector performance and backgrounds as observed in the TUM40
module. It can be seen that for masses below ~3 GeV/c? the sensitivity increases with
a lower threshold, whereas in the high-mass region almost no difference is visible. With
thresholds of 100eV and 20 eV the parameter space down to masses of ~ 0.25GeV/c?
and ~ 0.13GeV/c? can be explored, respectively. For a dark matter particle mass of
1GeV/c? a threshold of 100eV enhances the sensitivity by three orders of magnitude
and for a threshold of 20eV the sensitivity is improved by more than four orders of
magnitude.

In conclusion, a reduction of threshold enhances the sensitivity in the low mass region
drastically and allows to explore lower dark matter particle masses. For the high-mass
region this parameter is not decisive.

3.3 Future Potential of CRESST-III

The projections shown in this chapter demonstrate that for the sensitivity in the low-
mass region of the parameter space a reduction of the energy threshold is the crucial
modification, while a reduction of background and an increase of exposure help to im-
prove the limit further in the high-mass region. In order to explore new parameter
space, the future strategy of CRESST-III is to operate detector modules with a thresh-
old reduced to at least 100 eV in phase 1 [84]. Within the present work the new detector
module for phase 1 with a reduced threshold is developed in order to gain sensitivity
for low-mass dark matter particles.

In addition to the reduction of the threshold of the phonon detector smaller crystals
are expected to be beneficial for the light detector performance. Due to the size reduc-
tion of the crystal more light is expected to escape the crystal which may result in an
increase of the detected light by a factor of 3 [84]. Moreover, also the size of the light
detector can be adjusted to the crystal geometry, which corresponds to a reduction of
the volume by a factor of 3. The latter is conservatively expected to translate in a
reduction of light detector noise by a factor of 2 [84].

Ten of such small modules are operated in CRESST-III phase 1 which started to
take data in September 2016. It is expected, that within one year an exposure of 50 kg
days can be collected. The sensitivity expected for this exposure obtained with small
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Figure 3.5: The expected sensitivities (1o C.L.) for a module with a reduced threshold of 100 eV
(dark yellow), 50 eV (medium yellow), and 20eV (light yellow) shown in the parameter space for
elastic spin-independent dark matter nucleon scattering. All other parameters (concerning e.g
light detector performance and background) are equal to the ones of TUM40. All projections are
simulated for an exposure of 29 kg days in order to compare them to the projection for TUM40.
A lower energy threshold results in the low dark matter mass region in an improved sensitivity
while at high dark matter masses no sensitivity enhancement is expected. For comparison the
currently leading limits of different experiments (solid lines) and the neutrino floor for CaWO,
(gray-shaded area) are shown [37, [45 (49, [67, [74]. Note that the scale of the x-axis is different
(extended down to dark matter particle masses of 0.1 GeV /c? compared to 0.5 GeV /c? before)
compared to the plots shown previously.
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modules is depicted in figure|3.6| for a threshold of 100 eV (dark orange) and a threshold
of 20eV (light orange). The measurements with a prototype module, discussed in
chapter [7] indicate that a threshold of 20eV is possible to achieve with the optimized
detector module developed in the present work. Due to the reduced threshold new
parameter space in the low-mass region can be explored. The improvement of the
expected sensitivity in the low mass region is mainly caused by the decreased threshold,
since the sensitivities are similar to the expected sensitivity shown in figure 3.5 where
only the threshold is reduced. As expected, both projections only differ in the low-mass
region, where the threshold dominates the sensitivity. The additional improvements
of the light detector performance and the increased exposure enhance the sensitivity
mainly in the mass region of > 5GeV/c?. With a small module having a threshold of
20 eV masses down to ~ 0.13 GeV /c? might be explored with CRESST-III phase 1. For
a dark matter particle mass of 1 GeV/c? the sensitivity is increased by more than four
orders of magnitude.

For a further gain in sensitivity in CRESST-III phase 2 it is necessary to reduce the
background. As already mentioned, it is planned to decrease the internal background
of the crystals by a factor of 100 [84]. Additionally, the number of readout channels
is planned to be increased, so that in total 100 of the small modules can be operated.
In this case it is foreseen to collect an exposure of 1000 kg days within two years of
measurement time [84]. The expected sensitivity for this phase is illustrated in figure
as the two lowest projections for a threshold of 100eV (red) and 20eV (light red).
Compared to the sensitivity expected for CRESST-III phase 1 the sensitivity can be
increased in the whole mass region by at least one order of magnitude due to the increase
of exposure and the reduction of background. Compared to the current sensitivity
CRESST-III phase 2 is expected to improve by six orders of magnitude for a dark
matter particle mass of 1 GeV/c?. The expected sensitivities shown here are in good
agreement to former projections [84].

To summarize, depending on the threshold of the small modules, CRESST-III will
be able to explore the parameter space of dark matter down to masses of ~ 0.1 GeV/c?.
Furthermore, with these detector modules and a large enough exposure the detection
of coherent neutrino nucleus scattering might be in reach. In the remaining part of the
present work the module foreseen for CRESST-III is discussed in detail.
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Figure 3.6: The expected sensitivities (1o C.L.) for CRESST-III phase 1 (orange) and phase 2
(red) shown in the parameter space for elastic spin-independent dark matter nucleon scattering.
CRESST-III will operate small detector modules with a reduced threshold of at least 100eV
(dark colors) or even down to 20eV (light colors). In the first phase an exposure of 50 kg days is
aimed to be collected within one year. In this phase new parameter space in the low mass region
can be explored, while the sensitivity for higher masses is only slightly increased. In the second
phase the aim is to reduce the e~ /vy-background by a factor of 100 and, additionally, to increase
the number of operated detector modules to 100 in order to achieve an exposure of 1000 kg days
within two years. These improvements are expected to result in an increase of the sensitivity
in the whole mass range. For comparison the currently leading limits of different experiments
(solid lines) and the neutrino floor for CaWOy (gray-shaded area) are shown [37,[45, (49, (67, [74].
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Chapter 4

Detector Model

In order to be able to optimize the detector performance a detailed understanding of
the detector physics is required. The process that leads from an energy deposition
to a thermal signal in the thermometer can be described within a thermal detector
model, which is summarized in the present chapter. In order to model the detector
behavior, the geometry of the detectors and especially that of the thermometers needs
to be known (see section [4.1). The thermal model that describes the processes after
an energy deposition which finally leads to the formation of the measurable signal is
discussed in section The detector is also affected by various noise sources (see
section . The noise contribution measured in the different setups is investigated in
section For the determination of the detector performance the decisive parameter
is the signal-to-noise ratio. Therefore, in section it is discussed how signal and noise
determine the sensitivity of a detector.

4.1 Components of the Detector Module

As mentioned in the previous chapter, a CRESST detector consists of a dielectric ab-
sorber (CaWOy, sapphire or silicon) and a superconducting thin tungsten film. The
latter is evaporated on the absorber and serves as a sensitive thermometer. An energy
deposition in the absorber material is transformed into phonons which then can be
transferred into the thermometer.

As the goal of the present work is to optimize the performance of the detectors, they
are described in detail in the following.

4.1.1 Phonon Detector

In CRESST-II the absorber of the phonon detector typically is a scintillating CaWQO,
single crystal. As explained before there exist different detector module designs (see
section [2.6). In the conventional module the crystal is of cylindrical shape with a
diameter and a height of ~ 40 mm which corresponds to a mass of ~ 300g.

Two of the alternative detector designs mounted in CRESST-II phase 2 feature
smaller crystals, in order to obtain the same outer dimensions of the module as the
standard conventional design, which allows a proper mounting in the fixed geometry
of the carousel. The cylindrical crystals of the modules with a silicon beaker as light
detector have a mass of ~ 195g. For the module with the crystal held by CaWOQO4
sticks a cuboidal crystal has been used, as this shape is expected to have a higher light
output [69, 80]. In order to fit into a standard module housing those crystals have to
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Figure 4.1: Structure of the phonon detector TES used in CRESST-II phase 2. The tungsten
film (dark gray) has a size of 7.5x5.9mm?. The aluminum film (light gray) is used to contact
the thermometer with bond wires. The bias supply wires provide a constant current for the
thermometer. The thermal link is realized by a gold bond wire and couples the thermometer
to the heat bath. The heater is used to stabilize the thermometer in its transition and to send
heater pulses. All measures are given in millimeters. Image taken from [92].

be slightly smaller with a size of 40 x 32 x 32mm? corresponding to a mass of 249 g
[81].

During the evaporation of the tungsten film for the thermometer, which happens at
a temperature of ~ 450 °C and a low pressure of 10~® mbar, the oxygen content of the
crystal is reduced which results in a reduction of its scintillation efficiency [59]. There-
fore, most of the detectors are produced as composite detectors, where the thermometer
is produced on a small carrier substrate (with a size of 20 x 10 x 1 mm3) which is then
glued with a thin layer of epoxy resin to the big absorber crystal [57].

While the absorber crystals of the different module designs are slightly different, all
phonon detector TES operated in CRESST-II phase 2 have the same size and design
depicted in ﬁgure The tungsten film (dark grey), which is evaporated either directly
on the crystal or on a small carrier substrate, has a size of 5.9 x 7.5 mm? and a thickness
of 200 nm. On each of the two long sides an aluminum stripe (light grey), which is used
to connect the thermometer via bond wires, is placed. The thermal coupling to the heat
bath is realized with a gold bond wire of 25 pm diameter, connected to the gold stripe
(yellow) in the middle of the thermometer. The heater is realized by a gold bond wire,
which is attached to the gold stripe in the middle of the thermometer. With a heater
current controlled by a PID controller, the thermometer is kept in a certain point in its
transition (see section .

4.1.2 Light Detector

In the majority of all modules operated in CRESST-II phase 2, the light absorber con-
sists of an SOS (silicon-on-sapphire) wafer, which is a sapphire disk of 40 mm diameter
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Figure 4.2: Structure of the light detector TES as used in CRESST-II phase 2. The tungsten
film (dark gray) has a size of 0.45 x 0.3 mm?. It features phonon collectors made of an aluminum
film (light gray), which are also the contact pads for the bias supply wires. The thermal link
consists of a thin gold film (yellow) and couples the thermometer weakly to the heat bath. The
heater (left) is electrically separated from the thermometer film. It consists of a thin gold film
with two aluminum contact pads. All measures are given in millimeters.

and of 0.46 mm thickness with a 1pm epitaxially grown silicon layer on one sideﬂ

The TES of the light detector covers a smaller area than the phonon detector TES.
In figure the typical structure of the light detector TES is depicted. The actual
thermometer film has a size of 0.45 x 0.3 mm? (dark gray). To increase the amount of
phonons absorbed by the thermometer it uses phonon collectors made of an aluminum
film (light gray, see section . The thermal coupling is provided by a thin gold
film (yellow) and couples the TES thermally to the heat bath of the cryostat. The
heater is electrically and physically separated and consists of a small gold film with two
aluminum bond pads. An electrically separated heater is advantageous as it reduces the
observed noise [66]. Although, this heater is not electrically connected to the tungsten
film, it works similar to the phonon detector heater, i.e. it allows to inject non-thermal
phonons into the heater [66].

4.2 Thermal Model of the Detector

As described in section 2.2 CRESST detectors are cryogenic calorimeters, that measure
the energy deposited in a dielectric absorber by detecting its temperature rise with a
sensitive thermometer. The phonons can be transferred into the thermometer, whose
temperature is measured via its resistance change. By a weak thermal coupling to a
heat bath the temperature of the thermometer relaxes back to equilibrium. In order
to model the formation of the measured temperature pulses, a detailed description of
a theoretical model for the signal evolution in a low temperature calorimeter used in
CRESST has been developed in [93].

The current section reviews of the parameters and processes after an energy deposi-
tion in the absorber. In this thermal model the absorber and the thermometer are both

1One alternative module design uses a silicon beaker as light absorber. This type of light detector also
uses a different design for the TES, which however, is not discussed here.
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CaWO4 A1203 Si
Op K] | 228 1041 | 648
vp = kpOp/h [THz] 4.8 21.7 | 13.5

Table 4.1: Debye temperatures @p and Debye frequencies vp for materials used as absorber
in CRESST [93, [94].

characterized by their individual temperatures T and heat capacities C'. The different
systems are thermally coupled to each other by the thermal couplings G, which define
the phonon transport through the components.

4.2.1 Heat Capacities

The heat capacity is a fundamental property of a material, as it determines the tem-
perature rise that can be achieved by an energy deposition. The relation of an amount
of heat energy @) transferred to an object and the resulting temperature change AT is
described by the heat capacity C' o

C= AT (4.1)
The heat capacity results from the different possible excited states of a thermodynamic
system in a certain temperature range.

Non-Metals

The heat capacity of crystalline dielectric materials is dominated by the lattice specific
heat. For temperatures much smaller than the Debye temperature @p the specific heat
¢ph, can be described by the Debye model [56]:

3
eon(T) = Eﬁ4nak3 <T> = AT3 (4.2)
5 6p
where n, is the number of lattice atoms per mole, kg the Boltzman constant and A a
material constant. The Debye temperatures for the absorber materials used in CRESST
are listed in table In semiconductors the conducting electrons are frozen out at low
temperatures and, thus, this relation is also valid. Dielectrics and semiconductors are a
suitable absorber material for cryogenic calorimeters as due to the 72 dependence, the

phonon heat capacity is very small at low temperatures.

Metals

In metals not only the phonon system but also the electron system can be thermally
excited and, therefore, contributes to the heat capacity. For temperatures much smaller
than the Fermi temperature T, the specific heat of the electron system ¢, is given by
[56]
2
s T
ce(T) = EnekBT—F =~T (4.3)
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Tungsten | Gold | Aluminum

[\

Tc [mK] 15 - 1180
T [K] | 27000 | 63900 | 134900
Op K] | 383 165 428

]

vy [mJ - mol~! - K~ 1.008 0.729 1.35

Table 4.2: Transition temperatures T¢, Fermi temperatures Tr, Debye temperatures ©p, and
Sommerfeld constants v for metals utilized CRESST thermometers [93, [96].

with the number of conducting electrons per mol n. and the Sommerfeld parameter v
which is a material constant. Thus, the total specific heat of a metal is:

c=cpn+ce=AT> +4T. (4.4)

At temperatures below 1K the phonon heat capacity is negligible and the electronic
heat capacity dominates due to its linear dependence on the temperature. The relevant
material parameters for the metals used in the CRESST thermometers are given in

table [4.2

Superconducting Metals

In a superconducting metal the heat capacity changes at its critical temperature T,
where the former goes into its superconducting state. In the absence of a magnetic
field the transition is a second-order phase transition and results in a jump of the heat
capacity. Simple superconductors, such as aluminum and tungsten, follow the BCS
theory of superconduction, which predicts the jump to be [97]

Ac=143~vT¢ (4.5)

with the electronic specific heat in the normal conducting state vT. At temperatures
below T¢ the heat capacity of a superconductor decreases exponentially with temper-
ature, falling off much more rapidly than the electronic heat capacity c.. Below T¢/2
the heat capacity of the superconducting metal becomes negligible compared to the
remaining phonon contribution.

In practice a finite width of the transition is observed (see figure , which is caused
by small position dependencies of the transition temperature due to inhomogenities in
the thermometer film [98]. These inhomogenities can lead to a resistance measurement
of zero, while parts of the thermometer are still normal conducting. For this reason
there is no linear relation of the heat capacity of the thermometer film and its resistance
within the superconducting transition.

4.2.2 Non-thermal and Thermal Phonons

An energy deposition in the absorber creates high-frequency (O(THz)) non-thermal
phonons, with energies of a few meV. They are called non-thermal as the thermal
energies at temperatures of the detector operation (~10mK) are much smaller (E =

63



Chapter 4 Detector Model

kT ~1peV). The initial phonon spectrum depends on the type of interaction. If the
deposited energy is transferred to an electron, this electron looses the energy in the
absorber via emission of optical phonons, which finally decay into acoustical phonons
of about half the Debye frequency (see table on a time scale of 100 ps. This leads
to an almost monoenergetic frequency distribution for electron recoils. In the case of a
nuclear interaction, energy is deposited via the local deformation of the crystal lattice
and non-thermal acoustic phonons in a broad frequency range are excited.

In both cases, these phonon populations are not stable and decay to a thermal dis-
tribution with a decay rate, which strongly depends on the phonon frequency v [93]:

Tiecay o V7. (4.6)

Due to this strong frequency dependence of the decay rate, the phonon population
decays very fast to a distribution with a mean frequency of a few GHz [93]. After
this very rapid initial decay differences in the frequency distribution caused by different
interaction types are washed out. The following decay has a much smaller rate of change
and the mean phonon frequency stays nearly constant on the time scale of the response
time of the thermometer.

During this time the non-thermal phonons spread ballistically over the whole volume
of the absorber. They are distributed homogeneously in the absorber ~ 20 s after the
interaction®l

The temperature of the electron system in the thermometer defines the resistance of
the thermometer and, thereby, the signal height. There exist two possibilities for the
energy transfer into the thermometer:

e The non-thermal phonons can be absorbed directly in the thermometer film. Non-
thermal phonons, that are transmitted into the thermometer film, transfer their
energy directly to a free electron of the metal film and thereby heat the electron
system.

e Part of the non-thermal phonons thermalizes in the crystal which happens mainly
due to inelastic surface reflections. The resulting thermal phonons increase the
temperature of the absorber. The thermalized phonons define the absorber tem-
perature and can be transmitted into the phonon system of the metal film, which
is weakly coupled to its electron system.

For the measured signal it is of importance which amount of energy is transported
into the thermometer. These processes depend on the thermal couplings, which are
discussed in the following.

4.2.3 Thermal Couplings

An energy deposition in the absorber is followed by relaxation processes which result
in different temperatures of the sub-systems of the calorimeter. These temperature
differences lead to a heat flow between the sub-systems until equilibrium is reached
once again. For an understanding of the signal it is necessary to understand the thermal
couplings between the different sub-systems of the calorimeter.

2A time of order L/v (with the largest crystal dimension L and the sound velocity v) is required to
establish a uniform distribution of phonons in the absorber.
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Phonon Transmission

As explained before, phonons are distributed over the whole absorber crystal shortly
after an interaction. When hitting the absorber-thermometer interface, phonons can
be either transmitted into the thermometer or reflected back into the absorber. The
transmission probability of acoustic phonons across the absorber-thermometer interface
can be calculated within the theory of anisotropic elastic continua.

In [93] a calculation of the energy flux per unit area and unit time across the boundary
from material 1 to material 2 Q1_,5 was performed by summing over all modes and wave
vectors of incident phonons. This energy flux is given by:

Qi = <5> % (via) (4.7)

where (E/V) is the average energy density of the phonons in the absorber, v, is the
phonon group velocity perpendicular to the interface, and « is the transmission probabil-
ity. Hence, (v] a) describes the transmission of the incident phonons over the interface
averaged over modes and angles of incidence. As non-thermal and thermal phonons fea-
ture the same angular distribution of wave vectors, the transmission through an ideal
boundary does not depend on the frequency. Therefore, this equation can be used to
describe the energy transmission of both by inserting the appropriate energy density
(EJV).

Kapitza Conductance

With the energy density (E/V) of the thermal phonons, the heat boundary conductance
G of thermal phonons, called Kapitza conductance, can be derived using equation
[93]:

G = ﬁ (Quoal + AT) — Qon(1)) = %@m, (4.8)

where C'/V is the heat capacity per unit volume of material 1. In the case of phonon
transmission from absorber to thermometer, the heat capacity of the dielectric absorber
has a cubic temperature dependence (see equation . Hence, the Kapitza coupling
for the absorber-thermometer interface exhibits the same dependence:

G o T3, (4.9)

The transmission coefficients for the materials relevant for the CRESST detectors
calculated by numerical methods [93] are listed in table Anisotropic conditions are
assumed and the tungsten films are considered as polycrystalline metals with randomly
oriented single crystals.

Electron-Phonon Coupling

During detector operation the thermometer film is stabilized in the superconducting
transition, where only few electrons are bound in Cooper pairs. For this reason, phonons
basically interact with the remaining free electrons. While the phonon transmission
into the metal film does not depend on the frequency, the absorption of phonons in
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Transmission Gy /T? (v a) n
from — to kW -K™*-m™?] | [m/s]
Si— W 0.440 1485.4 | 0.246
AlLO3 - W 0.430 2547.5 | 0.290
CaW0Oy - W 1.784 647.9 | 0.142
Al,03 — Si 0.495 2933
Si— A1203 0.495 1668.7

Table 4.3: Kapitza conductance G g per T®, the transmission of the incident phonons over the
interface averaged over modes and angles of incidence (v, «), and effective absorption 7 listed
for different absorber-thermometer interfaces of CRESST detectors. Parameters are calculated
for the transmission of phonons across the (001) plane of silicon, the (1102) plane of sapphire,
and the (001) plane of CaWO,. Tungsten is considered to be polycrystalline with the crystals
randomly oriented [93]. Values taken from [92].

the film does. Therefore, the electron-phonon coupling G, in the thermometer has to
be considered separately for the thermal and the non-thermal phonons. This coupling
depends on the mean free path of the phonons /,,, which can be described by the product
l, = q-le. Thereby ¢ is the phonon wave vector and [ is the mean free path of the
electrons. The latter is dominated by scattering on crystal defects and impurities and,
therefore, is independent of the temperature. Thus, the temperature dependence of the
mean free path of phonons [, is only given by the phonon wave vector q.

Thermal Phonons For thermal phonons at low temperatures, where q-l. < 1 applies,
it can be shown that the temperature of the electron-phonon coupling G¢, can be
expressed ag| [99, 100] :

Gep o T°. (4.10)

This strong temperature dependence leads to a thermal decoupling of the electron
system in the thermometer from the phonon system in the thermometer and, thus, the
absorber. Therefore, the thermal signal is strongly suppressed. As the mean free path
length of the thermal phonons is much larger than the thermometer thickness, for the
absorption of the thermal phonons the thermometer volume and not the thickness is
relevant.

Non-thermal Phonons For non-thermal phonons ¢ -l > 1 applies and the mean
free path of longitudinal and transverse phonons is given in the Pippard model [101].
Longitudinal phonons interact strongly with the electrons and are efficiently absorbed in
the tungsten films (thickness of 200 nm), whereas transverse phonons do hardly interact.
Assuming, for non-thermal phonons, that longitudinal phonons are completely absorbed
and transverse phonons do not interact, the average absorption probability 1 can be
calculated [93]. Values for 7 for the materials used in the CRESST detectors are listed
in table {3l

3This relation is weakened at higher temperatures and, furthermore, by the metal film being in the
superconducting transition. However, at the operating temperature of CRESST (~ 15mK) the
relation in equation is usually assumed [93].
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Due to the strong interaction among electrons the phonon energy is quickly thermal-
ized and distributed in the electron system of the thermometer, whereby the tempera-
ture of the electron system is increased.

The before-mentioned decoupling of electrons and thermal phonons (G, o T°) can
lead to a significant overheating of the electron system in the thermometer with respect
to the absorber. Therefore, the detector sensitivity is determined by the heat capacity
of the thermometer film and not by the heat capacity of the absorber. The absorber
influences the detector sensitivity rather by its phonon transport properties.

Thermal Coupling to the Heat Bath

The thermal coupling of the thermometer to the heat bath G is realized via a structure
of a normal conducting metal, which is either a gold bond wire or a structure of a thin
gold film on the substrate. It is dominated by an electron-electron coupling. The
coupling strength defines the thermal relaxation time of the thermometer 7 = C./Gep,
where C, is the heat capacity of the electron system of the thermometer. The heat
conductance G, of the structure follows the Wiedemann-Franz law [56]:

Gep = — (4.11)

with the residual resistance R of the gold structure at temperatures 1" and the Lorenz
number L = 2.45- 1078 W QK2 [56]. This coupling can be varied over a wide range
by adopting the resistance of the gold structure via its geometry.

The absorber is thermally coupled to the heat bath via the coupling G, which has
two components. On the one hand, there is a thermal coupling due to the mechanical
mounting structures, i.e. the clamps holding the crystal. On the other hand, phonons
can be transmitted directly to the gold structures and escape into the heat bath. The
coupling between absorber and heat bath is expected to have a temperature dependence
of Gap ~ T3 [93].

4.2.4 Model Assumptions

With the processes described up to now, a model for the signal formation in cryogenic
calorimeters has been developed and is described in detail in [93]. In this model the
detector is considered to consist of three different subsystems: The phonon system of
the absorber, and the phonon as well as the electron system of the thermometer. All
systems are thermally coupled to each other and the heat bath and are characterized by
their respective temperature and heat capacity. All components of the thermal model
are schematically shown in figure 4.3

The absorber is characterized by its temperature 7, and its phonon heat capacity
Cq. The phonon system of the thermometer with its phonon heat capacity C), and
its temperature 7T}, is coupled to the absorber by the Kapitza coupling Gx. The cou-
pling between the phonon system and the electron system of the thermometer, with its
electron heat capacity C. and its temperature T, is the electron-phonon coupling Gep,.

Based on the fact that the phonon heat capacity of the thermometer C), is negligibly
small compared to the electron heat capacity of the thermometer C. as well as the
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Th
2 ~ heat bath

C. T. < P.(t) felectron system
in thermometer

Gab ? Gep
G Tp G phonon system
e in thermometer

Gk
T < honon system

5 ’ Pa(t) ::1 absorbir

Figure 4.3: Scheme of the thermal model of the cryogenic calorimeter [93]. The absorber is
characterized by its temperature T, and its phonon heat capacity C,. The electron system and
the phonon system of the thermometer can have different temperatures T, and T}, respectively.
C. and C), are the corresponding heat capacities. The phonon system of the absorber is coupled
to the phonon system of the thermometer by the Kapitza coupling Gk and the phonon and
electron system of the thermometer are coupled by the electron-phonon coupling Gep. These
two couplings are replaced with an effective coupling G, in the model. Both, the absorber and
the electron system of the thermometer, are coupled to the heat bath of temperature T;, with
the couplings G, and Gy, respectively. The power inputs are displayed by arrows: Thermal
phonons transmit power in the absorber P,(t) and non-thermal phonons transmit power directly
into the electron system of the thermometer P,(t).

absorber heat capacity C'4, the model can be simplified by defining an effective cou-
pling G¢, between the phonon system of the absorber and the electron system of the

thermometer:

1 1 1
= — . 4.12
Gea GK * Gep ( )

The main assumption of the thermal model of [93] is the existence of only two states
of phonons - namely the non-thermal phonons and the thermal phonons - instead of a
continuous frequency distribution. This assumption is well motivated as mainly phonons
of these two states transfer energy in the the electron system of the thermometer. Due
to the before-mentioned strong coupling of electrons in the thermometer film and non-
thermal phonons, the latter transfer energy efficiently into the electron system of the
thermometer. The electrons experience a time-dependent power input P (t), which is
the origin of the fast signal component. Additionally, the thermal phonons also transfer
energy into the thermometer. They heat the phonon system of the absorber which is
modeled by the power input P,(t) into the absorber and, thereby, are the origin of the
slow component of the signal. The power inputs are drawn as arrows in figure [4.3
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4.2.5 Signal Formation

The measured signal describes the change of temperature of the thermometer over
time. The model describes the time-dependent energy input into the thermometer and
the absorber, the following thermal adjustments of the systems via the thermalized
phonons, and the relaxation of the detector system back to the initial conditions.

The energy AFE deposited in the absorber in an interaction, creates non-thermal
phonons. These can be absorbed by the thermometer electrons, can decay in the ab-
sorber, or escape through the holding clamps. The fraction of non-thermal phonons,
which is absorbed by the thermometer is denoted by ¢.

The time-dependent power inputs of non-thermal phonons in the thermometer P,(t)
and of thermal phonons in the absorber P,(t) can be modeled by the following equations:

1—
Pt) = Re /™,  Py(t) =~ " Ry t/™ (4.13)
€
with the initial power input into the thermometer
Py=c¢AFE/7, (4.14)

and the life time of the non-thermal phonons 7,,. The thermalization of non-thermal
phonons in the thermometer competes with the thermalization in the absorber. There-
fore, 7, depends on the degradation time 7, caused by absorptions in the thermome-
ter and the degradation time 7..ystq1 caused by the thermalization in the absorber:

1 1 1
— = + (4.15)

Tn Tfilm Terystal

The time constant 7..ytq; is @ property of the crystal and in particular of the crystal
surface. It scales with the mean scattering length of phonons in the crystal ls., which
scales with the ratio between the volume V, and the surface area of the absorber A,
[102]:

Terystal O lse Ai. (4.16)
a

The proportionality factor, which is investigated in [102], depends on the geometry and
the surface of the crystal.
The time constant for the thermalization in the film is given by:

0 2V,
Tritm = —, TN=——"—
Jitm =g *7 A(vpa)

where 7 is the effective absorption probability of non-thermal phonons transmitted into
the thermometer (see table , Tp is the ideal thermalization time for complete ther-
malization in the thermometer (¢ = 1) and complete absorption of non-thermal phonons
transmitted into the film (7 = 1), A; is the area of the absorber-thermometer inter-
face, and (v] «) describes the transmission of the incident phonons over the interface
averaged over modes and wave vectors (see table .

These two time constants also determine the fraction of non-thermal phonons ab-
sorbed in the thermometer e:

(4.17)

T
c— crystal ] (418)
Terystal + Tfilm
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After an energy deposition the time dependent temperatures of the electrons in the
thermometer T¢(¢) and the phonons in the absorber T, (¢) are changed due to the power
inputs P,.(t) and P,(t), respectively. The different thermal couplings adjust the tem-
peratures afterwards.

The two time dependent temperatures T¢(t) and T,(t) can be described by two cou-
pled differential equations:

dT.

Ced—; + (Te = To)Gea + (T — Ty)Gep = Peo(t) (4.19)
dT,
CGE + (T, — To)Gea + (Ty — Ty)Gap = Palt) (4.20)

where Tp is the constant temperature of the heat bath. The measured thermometer
signal is defined as:
AT.(t) =Te(t) — Ty. (4.21)

With the initial conditions T, (t = 0) = T¢(t = 0) = T3, the equations have the following
solution [93] for the thermometer signal AT, (t):

AT, (t) = O(t) | Sy (/™ — e t/Tin) 4 Gy (e7H/™ — e=t/™) (4.22)

where the step function ©(t) takes into account the assumption of an instantaneously
established homogeneous distribution of non-thermal phonons in the absorber after the
energy deposition. The solution consists of two components: a non-thermal component,
that originates from the direct absorption of non-thermal phonons in the thermometer
film with the signal amplitude S,, given by:

P 1 _ Gab l _ Gab e
S, =2, Tin___Ca e — (4.23)
5 (L _ 1 ) (L _ g) Gep — $:Gop Ce
Tt Tin Tin Tn @

and thermal component, caused by the temperature rise of the absorber, as measured
by the thermometer with signal amplitude S; given by:

P l _ Gab 1 _ Gab c
S, = fo Tt C, Tin CCa B (4'24)
€ <; _ L) <; _ g) Gep — &2Gap  Ce
Tt Tin Tt Tn @

There are three time constants involved in equation

e 7,: the life time of the non-thermal phonons, that describes the thermalization in
the thermometer (see equation :

® T;,: the intrinsic thermal relaxation time of the thermometer,
e 7;: the thermal relaxation time of the absorber.

The last two can be expressed as:
2 2

L 7 -2 4.25
Tin a++vVa?—4b K a—+va?—4b ( )
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where a and b are defined as:

= Gea + Gep + Gea + Gap
B Ce Cq

o GeaGeb + GeaGab + GebGab

b
’ C.C,

(4.26)

For CRESST detectors the heat capacity of the thermometer is much smaller than
the heat capacity of the absorber (C. <« C,). Additionally, at the low operating
temperature of the detectors (~15mK) the thermal coupling between phonons and
electrons in the thermometer is strongly suppressed (G¢, — 0). Therefore, equation

can be simplified as [93]:

o .G
Geb’ tNGab

Tin & (4.27)
Hence, the time constant of the thermometer 7, can be controlled by the thermal
conductance of the thermometer to the heat bath G, which is defined by the gold
structure that thermally couples the thermometer to the heat bath. The time constant
of the absorber 7; is defined by the thermal coupling between absorber and heat bath
Gap-

The suppression of the thermal coupling between the absorber and the thermometer
also strongly suppresses the thermal component of the pulse S;. With the assumptions
of C. < C, and G, — 0, the amplitude of the non-thermal component (equation
can be simplified as:

Py _ eAE
O [ R N

Depending on the ratio of 7;, to 7, the thermometer can be operated in two different
modes, the calorimetric or the bolometric mode. These modes are explained in the
following.

Sy A~ (4.28)

Calorimetric Mode

In a thermometer where 7,, < 7;,,, the phonons flow faster in the thermometer than out

of it. The thermal relaxation time 7, is long enough for the thermometer to integrate

over the power input from the non-thermal phonon population P.(t), which has the life

time 7,. This operating mode is referred to as calorimetric mode. The amplitude of

the non-thermal component depends on the total energy deposited in the absorber:
eAFE

Sy~ — c. (4.29)

In this mode S, is negative and, hence, the life time of the non-thermal phonons 7,
defines the rise time of both signal component, while the thermal relaxation time of the
thermometer 7, defines the decay time of the non-thermal signal component and the
relaxation time of the absorber 7 determines the decay time of the thermal component
(see equation |4.22)).

The light detector thermometers, used in the CRESST experiment, are optimized
to work in the calorimetric mode. Their coupling to the heat bath is adjusted for the
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Figure 4.4: Normalized template pulse of a light detector measured in CRESST-II phase 2
which is operated in the calorimetric mode. The pulse model of equation (red-dashed line)
is fitted to the template (black). The non-thermal component is drawn as blue-dotted line, while
the thermal component is drawn as green-dotted line. The given values for the time constants
and the relation of the amplitudes result from the fit.

detection of the slow scintillation signal with a long decay time of CaWOy, (75 /&~ 400 ps
at mK temperatures [103]).

A typical template pulse of a thermometer operated in the calorimetric mode (black)
with the pulse model fitted to it (red dashed) is shown in figure The given values
result from the fit. The non-thermal component (blue dotted) accounts for 87.9 % of
the pulse, whereas the thermal component (green dotted) makes up only 12.1 % of the
total amplitude. As desired for a thermometer in the calorimetric mode, the life-time
of non-thermal phonons 7,, which is the rise time of both components, is much shorter
than the other two decay times 7;, and 4. Typical values of the time constants in a
calorimetric detector are 7, ~ 0.5 ms, 7, ~ 5ms, 73 ~ 30ms.

Bolometric Mode

In a thermometer for which 7, < 7, the phonons flow out of the thermometer faster
than into it. Therefore, it is measuring the flux of the non-thermal phonons in the
thermometer and, thus, is operating in the bolometric mode. The amplitude of the
non-thermal component is proportional to the initial power input in the thermometer

Py
Geb .

Due to the proportionality of Py to the deposited energy AFE, the amplitude S, is an
estimate of the deposited energy in the detectors and is can also be described as:

eAFE
TnGlep

Sy ~ (4.30)

Sp ~

(4.31)
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Figure 4.5: Normalized template pulse of a phonon detector measured in CRESST-II phase 2
which is operated in the bolometric mode. The pulse model of equation (red-dashed line)
is fitted to the pulse (black). The non-thermal component is drawn as blue-dotted line, while
the thermal component is drawn as green-dotted line. The given values for the time constants
and the relation of the amplitudes result from the fit.

With a positive S,,, the rise time of the non-thermal signal component is defined by
the relaxation time of the thermometer 7, and its decay time by the life time of the
non-thermal phonons 7, (see equation . As in the calorimetric mode the thermal
component rises with the time constant 7,, and decays with the relaxation time 7.

The phonon detector thermometers, that were used in CRESST-II, were operated in
the bolometric mode due to the long time needed for the thermalization of the non-
thermal phonons.

A typical pulse of a detector operated in the bolometric mode (black) with the pulse
model fitted to it (red dashed) is shown in figure Also in this thermometer the
non-thermal component (blue dotted) accounts for the larger part (83.5 %) of the pulse
compared to the thermal component (green dotted). Clearly visible are the different
rise times of the two components. In this absorber the life time of non-thermal phonons
T, is much longer than the relaxation time of the thermometer 7;,. Also compared
to the light detector the life time of non-thermal phonons 7, is much longer in the
large absorber crystal of the phonon detector. Typical values of the time constants in
a bolometric detector are 7, ~ 20 ms, 7;, ~ 3ms, 7 ~ 90 ms.

4.2.6 Electrothermal Feedback

During operation a constant bias current is sent through the thermometer. When a
power input occurs in the thermometer its temperature and accordingly its resistance
increases. Due to the readout scheme (see figure , this causes a reduction of the
bias current through the branch of the thermometer and, thus, also a reduction of the
heating of the thermometer due to the bias current. This effect causes the thermometer
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to faster relax back into equilibrium and is called electrothermal feedback. It can be
modeled as an additional thermal coupling to the heat bath and is defined as [92]:

Ry — Rg

7(RT R (4.32)

Gprrp =1 % R% m
where Ip is the total bias current, Rg is the shunt resistance, and m is the slope of
the transition. The coupling Ggrp is fictitious and acts as a thermal conductance
parallel to Ggp. In general, it can be positive or negative, depending on the difference
Rr — Rg. A negative electrothermal feedback increases the coupling to the heat bath,
while a positive electrothermal feedback reduces the coupling. This causes the intrinsic
thermal relaxation time of a pulse to changed from the physical time constant 7;, to an
effective time constant 7.¢¢ [92]:

_ Tin

Telf = [ Garr Gere (4.33)
CRESST detectors are operated with a weak negative electrothermal feedbackﬁ (Rr 2
Rg). Especially for CRESST phonon detectors the additional coupling Ggrp is small

compared to the coupling Gep (Gprr < Gep).

4.2.7 Phonon Collectors

CRESST detectors are optimized to measure non-thermal phonons. So-called phonon
collectors can enlarge the fraction of non-thermal phonons that is absorbed in the
thermometer without increasing the heat capacity of the thermometer. Thus, an en-
largement of the signal in the calorimetric detector is expectedﬂ

Phonon collectors consist of thin superconducting films well below their transition
temperature and partly overlap the thermometer film. As mentioned in section
in a superconductor well below its transition temperature, nearly all electrons are com-
bined to Cooper-pairs and do not contribute to its heat capacity. Therefore, the heat
capacity of the phonon collectors is determined only by the phonon system, which can
be neglected compared to the heat capacities of the other components of the detector.

Phonon collectors can increase the energy transfer into the thermometer by an ad-
ditional energy transport from the absorber through the phonon collectors into the
thermometer. A non-thermal phonon can be absorbed in the phonon collectors and, if
its energy is greater than twice the band gap, it breaks up Cooper pairs, which then
form quasi particles. The quasi particles diffuse like a gas through the collector and
emit phonons which break further Cooper pairs. Part of the energy transmitted by
non-thermal phonons is re-emitted into the absorber. However, roughly 50 % of the
energy remains in excited quasi particles [105].

The quasi particles can recombine or diffuse slowly into the thermometer film. Via
this diffusion the quasi particles transport additional energy into the thermometer and

4Transition edge sensors can be operated in a strong negative electrothermal feedback mode. This
results in a pulse shortening that allows to increase the count rate [104].

5The signal of a bolometric detector does not depend on its heat capacity and, thus, phonon collectors
can not increase its signal height. For this reason phonon collectors are only utilized in calorimetric
detectors.
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thereby they can increase the sensitivity of the thermometer. When reaching the tung-
sten film, where the band gap vanishes, the quasi particles relax and release their energy
to the electron system of the thermometer rising its temperature. As the recombination
of Cooper pairs in the phonon collectors can cause signal losses, the transport of the
quasi particles to the tungsten film determines the increase of signal height.

The mean free path of quasi-particles is determined by the elastic scattering on
impurities and lattice defects. A high quality of the superconducting film is important
to maximize the diffusion length.

In the calorimetric CRESST light detectors, phonon collectors are realized by large
Al/W bilayers placed on two sides of the thermometer (see figure . Due the ratio of
the thickness of aluminum (d4; = 1 pm) and tungsten (dy = 0.2 pm), the bilayer has a
transition temperature close to the one of aluminum (7 = 1.1 K) and its heat capacity
is negligible.

Quasi particle diffusion in CRESST detectors has been studied in detail in [106] [107],
where a diffusion length of O(1 mm) has been observed. The diffusion length of quasi
particles defines the maximum size of the phonon collectors. Further measurements,
where the area and the thickness of the phonon collectors were increased, showed that
signal can be gained with an increase of size compared to the standard geometry of the
light detector thermometers used in CRESST-II Phase 2 [107].

4.3 Noise

The performance of a cryogenic detector is limited by the influence of various noise
sources. In order to understand the performance of a detector and to optimize its design,
it is important to identify the dominating noise contributions. In [92] a theoretical model
describing the noise observed in CRESST detectors was developedlﬂ Within the present
section this model is reviewed.

4.3.1 Noise Sources

The noise in a calorimeter is produced by several uncorrelated noise sources [108]. Thus,
the total output noise is the quadratic sum of all the sources. As the present work
concentrates on the performance of phonon detectors, the effects due to electrothermal
feedback are neglected here (see section .

To estimate the effect of the various noise sources, the signal is briefly discussed in
the frequency domain. For a given power input P, the thermometer behaves as a low
pass system with one poleﬂ in the frequency response corresponding to 7, [92]. The
spectral response of the thermometer to an arbitrary power input is described by the
responsivity of the thermometer S(w):

dAI,
SWh="p"

(4.34)

5The theory of noise for a general model of bolometers and microcalorimeters is given in [108], 109).
"The power input P. is assumed to occur instantaneous. As the finite time of the power input is short
compared to the rise time of the thermometer it is not necessary to consider it here.
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(a) Expected noise spectrum for a typical CRESST (b) Typical values for a CRESST
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Figure 4.6: Expected noise spectra for a typical CRESST detector (a). The sum of the noise
spectrum (black) is made up of thermal noise (green), Johnson-Nyquist noise of the thermometer
and the shunt resistance (blue), Johnson-Nyquist noise of the SQUID (red), and 1/f noise
(magenta). The spectra were calculated for a typical CRESST phonon detector. The values
used are given in the table (b). For comparison the contribution of the signal in the frequency
spectrum is illustrated in gray for the non-thermal (dashed) and the thermal (dashed dotted)
signal. See text for details.

where Al is the current signal measured for a given power input P, into the thermome-
ter. The responsivity for the non-thermal signal of a CRESST thermometer is given by
[92]:

B 1 1 IpRg
1+ iwTin Gep (Rr + Rg)? m’

S(w) (4.35)
with the variables defined as before. The thermal signal appears with a pole corre-
sponding to the thermal decay time 7.

In figure the frequency spectra of the non-thermal (gray dashed) as well as of
the thermal signal (gray dash dotted) for a typical CRESST detector are illustrated.
Additionally, the noise spectrum expected for a typical CRESST-II phonon detector
with the values given in is depicted (black). The contributions of the different
noise sources are discussed in the following.

Thermal Noise

Thermal noise, also called phonon noise, occurs due to random energy fluctuations
between the thermometer and its connected systems - in particular the link to the heat
bath. This random energy flow in the link occurs permanently leading to a fluctuation
of the energy content and, thereby, the temperature of the thermometer.

In thermal equilibrium, with the temperature of the detector being equal to the
temperature of the heat bath (T, = T}), the power spectrum of the thermal noise is
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white with a power flow of [108]

Piheq = /AkpT2Gop. (4.36)

However, CRESST detectors are stabilized at a temperature higher than the heat bath.
In this case the noise amplitude depends on the thermal link properties and the power
flow in the thermometer has the spectral densityf| [92, [108]

21— (B
_ 2 L Z Te
Py, = <4kae Gep 51— (Tb)2> (Te > Tb)- (437)
Te

Analog to the signal this noise is introduced in the thermometer and, thus, the resulting
output current noise is determined by the responsivity of the thermometer S(w) [92].
Hence, the spectrum of the thermal noise has the same shape as the spectrum of valid
pulses (see figure |4.6]).

The resulting output current noise due to the power input of thermal noise Py, is [92]

VAR @) ) =\ 1S@Pa@) ) = |- +i27; e, : RjiRgs)Q m P (439)

In [92] for light detectors the contribution of thermal noise was determined to be
comparable to other noise sources at low frequencies of up to O(10Hz). Most of the
parameters defining the thermal noise are similar for phonon and light detectors. Only
two parameters differ strongly:

e The thermal coupling between the thermometer and the heat bath G, is much
stronger for phonon detectors. For light detectors the value for G, at a temper-
ature of 10mK was determined to be G¢, ~ 10pW /K [66]. For phonon detec-
tors which are coupled with a gold bond wire, the value was determined to be
Gep ~ 9000 pW /K for a temperature of 10 mK [93].

e Also the bias current Ig is typically larger for phonon detectors compared to light
detectors. In CRESST-II phase 2 phonon detectors were typically operated with
a bias current of 10-25uA, while light detectors could only be operated with a
bias current of 0.5-3 pA.

These two parameters are related as the maximal usable bias current is limited by its
power input in the thermometer. With a larger thermal coupling to the heat bath
Gep the thermometer can tolerate a larger bias current. In [I10] it was shown that
these parameters are expected to scale as I o« v/Ge. The typical values of the two
parameters stated above are consistent with this expectation.

For this reason, the contribution of the thermal noise is expected to be on a similar
level for phonon and light detectors.

8 A diffusive thermal conductivity of the heat link is assumed. This is a valid assumption for CRESST
detectors as the mean free path of free electrons in the gold film and wire is small compared to the
dimensions of the link.

77



Chapter 4 Detector Model

Johnson-Nyquist Noise of the Thermometer and Shunt

Due to their thermal agitation electrons move randomly in a resistor. These fluctuations
appear as white Johnson-Nyquist noise, independent of the applied bias current. In the
readout circuit of CRESST detectors (see figure both, the thermometer and the
shunt resistance, contribute to this noise. In [92] this noise contribution was modeled
as an additional current source where the resulting output current is described as:

VL) = \/4@%521 J};g‘ZRS). (4.39)

Thereby, Tg is the temperature of the shunt resistance. To reduce the contribution
of the shunt as much as possible, the shunt resistance is installed in a place with
the temperature of the heat bath. The contribution of this noise is independent of the
frequency (see ﬁgure and was determined in [92] to be in the order of O(1 pA/v/Hz)
in the CRESST main setup at Gran Sassd’}

Johnson-Nyquist Noise of the SQUID

The Josephson junctions of dc-SQUIDs have intrinsic thin film shunt resistors in parallel,
which generate a white flux noise in the SQUID loop. This Johnson-Nyquist noise
depends on the SQUID and cannot be influenced by modifications on the detector.
For the dc¢ SQUIDs used in the CRESST experiment the noise of the SQUIDs was

determined to be \/(|Isq|*) = 1.2 pA/vHz [75].

1/f Noise

Another noise source is the 1/f noise which seems to be connected to local resistance
fluctuations in the thermometer film on microscopic scale [I11]. Locally varying resis-
tances can originate from defects [112, [I13] or stress in the lattice [114].

This noise term is frequency dependent and is described as a fluctuation of the value

of the film resistance [115]:
A 1
< RT) x —. (4.40)

This results in a thermometer response to the 1/f noise of [92]

) IBRTRS ART
- _ ' 4.41
<‘ 1/f‘ ) (Rt + Rg)? ( Ry >1/f i

This noise source is as well illustrated in figure

In [92] it was shown that 1/f noise is the dominant contribution for low frequencies
and that is increased for operating points low in the superconducting transition. For this
reason, an operating point in the upper part of the transition is typically preferred[r_gl

9The only difference to the test setup in Munich is a slightly different temperature of the shunt
resistance Ts due to a slightly higher temperature of the heat bath in the test setup. However,
as the shunt resistance Rgs is the same, this noise contribution is not significantly different in both
setups.

10 Actually the preferred operating point has a high signal-to-noise ratio. However, it is observed that
the noise in the lower part of the transition increases more than the signal.
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Other Noise Sources

The noise sources discussed up to now depend only on the thermometer itself or on the
SQUID and are independent of the remaining setup. However, there are additional noise
terms induced by the setup, such as external disturbances like temperature fluctuations
of the heat bath, vibrations or electrical interferences. These external noise sources can
suppressed by a careful design of the experimental setup and an active temperature
control. For the CRESST setup at Gran Sasso as well as for the test setup in Munich
large efforts are done to reduce the noise as much as possible (e.g. Faraday cage and
mechanical decoupling of the cryostat).

4.4 Measured Noise Contribution

Within the present work measurements done in different setups are compared. It is
observed that the noise contributions in the CRESST main setup and a test setup
significantly vary.

4.4.1 Baseline Noise

The relevant quantity that is typically determined to describe the noise contribution
for CRESST detectors is the baseline noise. Within the present work the latter is
determined from empty baselines, i.e. records triggered randomly by the DAQ. To
determine the baseline noise a template pulse of fixed height is superimposed to these
empty baselines and the resulting artificial pulse is fitted with the template [74]. The
width o of the resulting Gaussian peak in the amplitude distribution is determined. It
equals the baseline noise, since only the baseline noise contributes to the uncertainty of
the pulse height.

Typically the absolute measured baseline-noise level in terms of voltage is observed
to be similar for all detectors operated in the CRESST setup. This is expected as
the parameters defining the noise sources discussed before are similar or equal for all
detectors.

For example the phonon detector with the lowest energy threshold in CRESST-II
phase 2 named Lise has a baseline noise of Ugo = 0.9mV. The phonon detector with
the best overall performance in CRESST-11 phalse 2 named TUM40 has a baseline noise
of ago = 0.7mV. In CRESST-II phase 2 the baseline noise of the different phonon
detectors varies by a factor of ~ 3 between the best and the worst detector. For light
detectors the baseline noise is in average slightly larger compared to phonon detectors.
The lowest baseline noise for a standard light detector measured in CRESST-II phase 2
(with the detector named Leon) is O'ZO = 1.4mV. Also for the light detectors the noise
varies by a factor of ~ 3 between the best and the worst detector.

However, it is observed that the noise level measured in the test setup in Munich is
considerably larger by a factor of up to ~ 10 (for examples see chapter [7)).

4.4.2 Measured Noise Spectra

The noise spectra measured in the different setups are compared in the following. To
determine the noise spectra empty baselines are exploited, as they are a sample of the
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Figure 4.7: Noise spectrum of the phonon detector TUM40 (a). The frequency spectrum of
empty baselines measured in the main CRESST setup is shown in blue, while the expected
noise spectrum is shown in black. The latter is the sum of the individual noise contributions
due to thermal noise (green dotted), Johnson-Nyquist noise of the thermometer and the shunt
(blue dotted), SQUID noise (red dotted) and 1/f noise (magenta dotted). The individual
contributions are calculated with the parameter values determined for TUM40 as given in (b).
The amplitude of the 1/ f noise is varied to obtain best matching with the observed spectrum.

noise. The frequency spectra of empty baselines measured with TUM40 in the main
CRESST setup in Gran Sasso is shown in figure in blue. In this spectrum many
sharp lines are visible. They can be attributed to electric interferences (e.g. at 50 Hz)
or to mechanical vibrations induced by the cryogenic facilityEL At high frequencies
the spectral density drops due to an anti-aliasing filter with a cut-off frequency set at
10kHz during CRESST-II phase 2.

The expected noise spectrum (black line) is the sum of the individual noise contribu-
tions due to thermal noise (green dotted), Johnson-Nyquist noise of the thermometer
and the shunt (blue dotted), SQUID noise (red dotted) and 1/ f noise (magenta dotted).
They are calculated with the parameters given in figure [£.7D] according to the equations
given in section The parameters are determined from the pulse shape of TUM40
(Tin, Gep) or from a measurement of its superconducting transition (Rp, Te, m). The
bias current I is chosen for the detector at the beginning of the measurement and the
temperatures of the SQUID Tgs and the heat bath T are given by the setup. The only
parameter that is not known a priori is the amplitude of the 1/f noise (AR—]?)I /f- The
latter was varied to obtain best matching with the observed spectrum. Over a wide
frequency-range the expected and the observed noise spectrum match well. Only at low

"1n a dilution refrigerator, as used in CRESST, a precooling is achieved by pumping on a volume of
liquid helium. In this way, this volume is cooled to a temperature of 1 K and the helium becomes
superfluid. The continuous refilling from a bath with liquid helium can induce a noise contribution
at discrete frequencies in the high-frequency range similar to the one observed in figure [116].
The test setup in Munich was modified similar to the solution proposed in [IT6]. This might explain
why fewer of such noise peaks are observed in the test setup (see figure .
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Figure 4.8: Noise spectrum of the phonon detector TUM26-b (a).The frequency spectrum of
empty baselines measured in the a test setup is shown in blue, while the expected spectrum is
shown in black. The latter is the sum of the individual noise contributions due to thermal noise
(green dotted), Johnson-Nyquist noise of the thermometer and the shunt (blue dotted), SQUID
noise (red dotted) and 1/ f noise (magenta dotted). The individual contributions are calculated
with the parameter values determined for TUM26-b as given in (b). The amplitude of the 1/ f
noise is varied to obtain best matching with the observed spectrum.

frequencies (S 10Hz) a small additional contribution is observed.

A noise spectrum measured in a test setup in Munich with the detector TUM26-b
is shown in figure (blue line). Compared to the spectrum measured in the main
CRESST setup only a few less pronounced lines at large frequencies are visible. This
indicates that the detectors in the test setup are less influenced by electric interferences
and mechanical vibrations.

Also for this detector the expected noise contributions (dotted lines) are calculated
with the parameters given in figure [£.8b] Due to the measurement conditions the pa-
rameters determined in the transition measurement exhibit large uncertainties. Details
on this detector and its parameters can be found in chapter Similar to the noise
spectrum of TUM40 the amplitude of the 1/ f noise (AR]iT )1/ Was varied to obtain best
matching of the total expected spectrum (black) with the observed spectrum. In this
case the amplitude of the 1/ f noise is higher by a factor of 10 compared to the amplitude
in the detector TUM40. The contribution from the Johnson-Nyquist noise as well as
the SQUID noise are similar. Due to the relatively high bias current of 22 1A together
with the low thermal coupling G.;, the amplitude of the thermal noise is significantly
higher.

For high frequencies 2 200 Hz the measured noise spectrum is well described by the
expectations. The slightly higher expectations in the kHz region is due to a filter,
which is not modeled in the expected spectrum. However, for small frequencies below
~ 200Hz a large additional noise contribution is observed. Hence, there must be an
additional noise source that causes a difference in the low-frequency range where also
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the signal contribution is expected. This additional contribution is more pronounced
in the test setup compared to the main CRESST setup. The test setup is located
above ground and, thus, the observed event rate is significantly higher compared to
the main setup at Gran Sasso. A high rate leads to events where the detector has not
completely relaxed back to its operating point. Therefore, the resulting record features
a pulse located on top of a non-flat baseline. Records with a non-flat baseline reduce the
quality of the template fit and, thus, introduce larger uncertainties in the determination
of the energylﬂ In the case of empty baselines, the resulting records feature a signal
component and appear in the low-frequency range of the noise spectrum just as the
signal.

This can explain the rise of the spectrum determined from empty baselines measured
in the test setup at low frequencies. It also indicates, that the higher noise contribution
is mainly determined by the experimental site. Thus, the noise is expected to be smaller
in the main CRESST setup at Gran Sasso.

4.5 Signal-to-Noise Ratio and Threshold

The signal-to-noise ratio defines the sensitivity of a detector. An increased signal-to-
noise ratio is beneficial for the energy resolution and reduces the achievable threshold.
Thus, for an improvement of the detector performance, the aim is to maximize the
signal (see section and/or reduce the noise (see section . Within the present
work the focus is on the maximization of the signal. The parameters defining the noise
are aimed to keep similar.

Up to now only the voltage amplitude of the noise was discussed. However, far more
interesting for the estimation of the detector performance is the noise in terms of energy.
During the procedure of calibration the measured signal height is related to an energy
(see section . In this procedure also the baseline noise is associated with an energy
which depends on the signal of the detector. In contrast to the measured noise level in
terms of voltage, the baseline noise in terms of energy strongly depends on the detector
type. The reason for this is that different detector types produce a differently large
signal.

For the phonon detectors with the best performance in CRESST-II phase 2 Lise
and TUM40 the resulting baseline noise is determined to be 0570 = (62 +1)eV and
Ufio =(73£1)eV, respectivelyﬁ For the light detectors the baseline noise depends
on the calibration procedure. Within the standard procedure the light detectors are
calibrated with the scintillation light that a calibration source produces in the absorber
crystal. The lowest value for the baseline noise of 050 = (197 £ 1) eV is determined
for the light detector Leon. With an absolute calibration this corresponds to a baseline
noise of agjgbs =(3.94+0.1)eV.

The achievable energy threshold of a detector depends on the baseline noise as a
signal can only be recognized if it is larger than the noise. However, due to the hardware
trigger the measured threshold is defined by the trigger level in CRESST-II. The level

12 Already in the CRESST setup such records influence the template fit despite the low rate. In [T} [76]
methods to improve the quality of the template fit for records with non-flat baselines are investigated.
3 The values for the baseline noise determined here are comparable to the values published in [74} [76].
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of the hardware trigger is set at a value above the baseline noise level so that the
amount of noise triggers is close to zero. It is chosen individually for each detector
at the beginning of a measurement but cannot always be set to a value very close to
the baseline noise. One example where this is not possible are detectors with a noise
level varying in time, e.g. due to mechanical vibrations caused by the cryogenic facility.
There the trigger level can only be set to a level above the highest observed noise level.
Still, for most detectors in CRESST-II phase 2 it was possible to optimize the trigger
level slightly above the noise. With the best detectors in CRESST-II phase 2, namely
Lise and TUMA40, an energy threshold of Ey, = 307eV [74] and Ey, = 409eV [76] was
reached, respectively@ Thus, the threshold achieved corresponds to 5.0 and 5.6 times
the baseline noise, respectively. Within the present work it is assumed that for the best
detectors a threshold of five times the baseline noise is achievable.

' After the publication of [67] the thresholds of all detectors were further optimized and could be
lowered for several detectors (among them the detector TUM40).
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Chapter 5

Detector Optimization for Low-Mass Dark
Matter

As discussed before, CRESST-III aims to increase the sensitivity to low-mass dark
matter. In chapter [3|it is shown that the most important parameter for the sensitivity
in the low-mass dark matter region is a reduction of the energy threshold of the phonon
detector. An enhancement of the performance of the light detector helps to reduce the
background but is rather a complementary improvement. For this reason, the focus
of the detector optimization for low-mass dark matter is a reduction of the phonon
detector threshold. The aim is to obtain an energy threshold of 100eV or even lower.
Therefore, the signal-to-noise ratio needs to be increased. For the present CRESST
detectors a reduction of the noise seems to be hard to achieve and, therefore, the goal
of the optimization is to enhance the signal level without increasing the noise.

For an enhancement of the signal, the geometry of the absorber crystal must be
changed. In section the influence of the geometry of the absorber crystal on the sig-
nal height is investigated and the expectations for an adapted geometry are estimated.
An adjustment of the TES structure to the new crystal geometry is neccessary to detect
the best signal. A TES for the new crystal geometry is introduced in section for a
detector operated in the bolometric as well as for a detector operated in the calorimet-
ric mode. The optimization of the crystal is expected to result in an enhancement of
the light output and, additionally, an adaption of the light detector to the new crystal
geometry is expected to improve the light detector performance (see section .

5.1 Absorber Crystal

In section the model for the signal of the cryogenic calorimeters used in CRESST is
explained. Based on this model, the influence of the geometry of the absorber crystal
on the signal is discussed in the following.

5.1.1 Influence of the Absorber Crystal Geometry on the Signal Height

The signal measured in the calorimeters used in CRESST, consists of two components:
The non-thermal and the thermal component (see section . As the thermal compo-
nent of the signal is strongly suppressed, the following discussion focuses only on the
amplitude of the non-thermal component A,.

In first approximation the signal height depends on the heat capacity of the ther-
mometer C, in the calorimetric mode and on the coupling of the thermometer to the
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heat bath G in the bolometric mode (see equations and respectively). In
both operation modes the size of the target crystal does not affect the non-thermal
component directly. However, in both cases the amplitude A,, is proportional to the
fraction of non-thermal phonons absorbed in the thermometer €. Two processes de-
fine this fraction (see equation [4.18): The thermalization of non-thermal phonons in
the absorber (described by the time constant T..ystq) and the thermalization in the
thermometer film (described by time constant 7y, ).

The time constant T..ystq1 i expected to scale as the ratio V, /Aq, where V, is the
volume of the absorber and A, is the surface area of the absorber. For two different
crystals, crystal A and crystal B, differing in size and geometry, the respective ratios
of volume and surface are (V,/A,)* and (V,/A4)B. The thermalization time of non-
thermal phonons in the crystal 7..ysq differs in the following way:

B
A

crystal — W “Terystal = (51)

A
" Terystal
where the superscripts A and B denote the values in the respective crystal.
In order to keep the fraction of non-thermal phonons being absorbed by the ther-
mometer constant, the time constant for the thermalization in the thermometer 7y,
has to be adapted with the same factor J:

B A
Thitm = 0 * Tfilm- (5.2)

As Tgim, is proportional to V,/A; (see equation [4.17)), this is achieved by changing the
area of the thermometer A; by the same amount as the area of the absorber Ag:

AB

AT G

AL (5.3)

By this adaption of the thermometer area, the fraction of non-thermal phonons being
absorbed by the thermometer is kept constant:

+B
tal
B eyt A (5.4)
B 4 B
crystal film

Thereby, also the life-time of non-thermal phonons 7,,, which defines the pulse duration,

is changed (see equation {4.15)):
B =¢.74 (5.5)

Up to now, all alterations are independent of the operation mode of the detector. The
effect on the signal amplitude, has to be discussed separately for a detector operated in
the bolometric and the calorimetric mode.

Bolometric Detector

The decisive requirement for an operation in the bolometric mode is that the relation
Tin < Ty is valid. Thus, due to the change of the decay time of the pulse 7,, also the
thermal relaxation time of the thermometer 7;,, which is in the case of a bolometric
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detector the rise time of the pulse, must be adapted, so that this relation is always
fulfilled. For 7;, the following relation is desired:

B_g.4 (5.6)

v m:*

Due to 7y, = C./Gep (see equation , the time constant is influenced by the pre-
viously discussed change of the heat capacity of the thermometer, which is done by
the variation of its area A; (see equation . As the thickness of the thermometer is
not intended to be changed, the thermal coupling of the thermometer to the heat bath
G¢p must be changed in order to adapt 7;, to the new time constant 7,,. The thermal
coupling must be modified in the following way:

1 AB
GE =-.—eg4. (5.7)

eb 5 Aaq eb
According to equation [£.3] all the discussed changes result in the signal amplitude

of the non-thermal component of a bolometric TES S,, 3, to scale in the following way:

B AA A
a
Sn,bol = p ' Sn,bol (58>
a
This means, as long as the time constants and the thermometer are adapted in order to
keep the collection efficiency of non-thermal phonons e constant, the amplitude of the
non-thermal component S), ,; only scales with the surface of the crystal for a detector

operated in the bolometric mode.

Calorimetric Detector

For an operation in the calorimetric mode the relation 7,, < 7;, must be fulfilled. Also
in this case, 7, is adapted by a change of the thermal coupling G.p. In the calorimetric
mode G is much weaker compared to the bolometric mode. However, the value does
not influence the signal height in first approximation.

With only the alterations discussed above, the amplitude of the non-thermal com-
ponent (see equation in the calorimetric mode S, .; is expected to scale in the
following way:

5 _ Al
Sn,cal = E : Sn,cal (59)

Although different parameters are dominating the signal height in the calorimetric
detector, also in this mode the amplitude only scales with the absorber surface.

In contrast to a bolometric detector, in the calorimetric mode further optimizations
are possible. An additional reduction of the thermometer area A; is expected to enlarge
the signal further as the signal directly scales with the heat capacity of the thermometer
C.. However, also the fraction ¢ is also influenced by the size of the thermometer via
the time constant 7f;,, as the latter scales with 1/A4; (see equation . A smaller
thermometer area reduces the fraction e. However, the amount by which ¢ is reduced,
depends on the ratio of 7y, and 7Tysia, Whereby at least the latter is not known a
priori. These time constants and the resulting expectations for the signal height are
investigated further in section [7.2.3]
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cylindrical crystal | cuboidal crystal small crystal

CRESST-II phase 2 | CRESST-II phase 2 CRESST-III

(conventional modules) (stick modules)

h h -
/ h
J — ° — b
measures [mm] h =d =40 h=40,a=b=32 | h=a=20,b=10
mass [g] 300 249 24
Vo [mm?] 50.3 - 10° 40.96 - 10° 4.00 - 103
A, [mm?] 7540 7168 1600
Va/A, [mm] 6.7 5.7 2.5

Table 5.1: Comparison of different crystal geometries. The two large crystals were operated in
CRESST-II phase 2 and are very similar in the given parameters. The small crystal is optimized
for CRESST-III in order to provide an enhanced signal.

In conclusion, independent of the operation mode the amplitude of the non-thermal
component A, inversely scales with the absorber surface A,, when the thermometer is
adapted accordingly. In the calorimetric mode a further increase of the signal might be
accessible by an optimization of the thermometer. This can be achieved by a reduction
of the thermometer area or by the usage of phonon collectors.

5.1.2 Optimized Crystal Geometry for a Large Signal

The lowest thresholds achieved in CRESST-II phase 2 are ~ 300 — 400 eV [74]. To reach
a threshold of 100eV the signal must be increased by a factor of 3 — 4. As discussed,
this is expected for an absorber crystal with a surface reduced by a factor of 3 — 4
compared to the crystals utilized in CRESST-II phase 2.

Therefore, for CRESST-III a cuboidal shaped absorber crystal with a size of 20 x
20 x 10 mm? is planned to be used. This size corresponds to a mass of ~ 24 g. In table
the different crystal geometries used in CRESST-II phase 2 are compared to the
geometry of the small crystal for CRESST-III.

The area of the small crystal is reduced by a factor of ~ 4.5 to the cuboidal shaped
crystal and ~ 4.7 compared and the cylindrical crystal operated in CRESST-II. The
mass of this crystal is smaller by a factor of ~ 10 and ~ 12 compared to the cuboidal
shaped and the cylindrical crystal, respectively.

With these changes, independent of the operation mode the signal amplitude S,
achievable with such a small crystal and an adapted TES structure is expected to be
enhanced by a factor of ~ 4.5 compared to the large cuboidal shaped crystal and ~ 4.7
compared to the large cylindrical crystal. Assuming the same noise conditions as before
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such an increase of the signal height can possibly reduce the threshold from the lowest
thresholds measured in CRESST-II of ~ 300 — 400eV to thresholds of ~ 60 — 90eV.

5.2 Phonon Detector Thermometer

While the two crystal geometries utilized in CRESST-II have a similar ratio of crystal
volume and surface and, thus, work well with the same TES structure, the small crystal
has a very different ratio of volume and surface. Thus, for the new geometry the TES
has to be adapted to be able to measure a large signal.

Due to the long life-time of the the non-thermal phonons 7, of 10-20ms in the
large crystals they have to be operated in the bolometric mode. An operation in the
calorimetric mode would have implied very long pulses, which increases the probability
for pile-up events, i.e. records with more than one pulse inside the record window. As
the energy reconstruction might be spoiled for such records, this is not desirable.

Compared to the large crystals operated in CRESST-II in the small crystals the
time constant for the phonon thermalization in the crystal 7..ystq is expected to be
smaller by a factor of ~ 2.5 due to the different geometry. Therefore, the life time of
non-thermal phonons 7, is as well shorter which is why the calorimetric mode is easily
accessible for the small crystals.

In contrast to the large phonon detectors operated in CRESST-II, the small crystals
can be operated in the bolometric or in the calorimetric mode. The operation mode
depends on the TES structure. Therefore, in the following, possible structures for each
mode are discussed.

5.2.1 TES Structure for a Detector Operated in Bolometric Mode

In order to keep the same collection efficiency of non-thermal phonons & the area of
the tungsten film has to be reduced for a smaller crystal according to equation
Thus, with an area of the TES on the large crystal of 7.5 x 5.9 mm? (see figure and
the respective values for the crystal volume and area (see table , the area of the
thermometer on the small crystal corresponds to 4; ~ 9.6 mm?. The relation of length
and width defines the resistance of the thermometer. Previous CRESST detectors
typically had a resistance of 150-300 m€2. In [IT0] it is shown that a small thermometer
resistance can be beneficial for the signal level. For this reason compared to the structure
operated in CRESST-II the resistance is slightly reduced to ~ 100-200 mf2 by using an
area of 4.8 x 2mm?.

In figure 5.1] an exemplary structure for a bolometric TES is depicted. This structure
is very similar to the bolometric structure of the large crystals (see figure with the
necessary changes to operate it on the small crystal.

In order to adapt the rise time of the pulse 7;,, the thermal coupling to the heat
bath G¢p also has to match. The TES of the large crystals have a thermal coupling of
Gep = 18nW/K at a temperature of 20 mK which is achieved by a gold wire of ~ 2mm
length and a diameter of 25 um (see Section. For the small bolometric thermometer
the thermal coupling has to be reduced by a factor of ~ 1.8 (see equation . This
can be achieved by a thinner gold bond wire e.g. a with a commercially available wire

89



Chapter 5 Detector Optimization for Low-Mass Dark Matter

4.8

Figure 5.1: Possible structure of a bolometric TES with an area of the tungsten film (dark
grey) of 4.8 x 2mm? for the small crystal with a size of 20 x 20 x 10 mm?®. The thermal coupling
to the heat bath is given by a bond wire with a diameter of 12um attached to the gold stripe
(yellow). The heater shown right of the thermometer is separated in order to reduce the noise.
The aluminum structures (light gray) are used to attach the bond wires. All measures are given
in millimeters.

with a diameter of 12 um and a length of ~ 1 cm, which is bonded on the gold stripe of
the thermometer.

With such a TES a pulse with a rise time of ~ 1 ms and a decay time of ~ 10 ms
are expected. Both are faster than pulses of the phonon detectors of CRESST-II but
similar to the light detector pulses operated in CRESST-II.

In [66] it is shown that an electrically separated heater reduces the noise compared
to a heater electrically connected to the TES. To obtain the lowest possible noise con-
tribution a separated heater is employed in this design.

5.2.2 TES Structure for a Detector Operated in Calorimetric Mode

In contrast to the bolometric TES, for the calorimetric thermometer additional en-
hancements are viable. One possible additional improvement is a further reduction of
the thermometer area Ap and, thus, its heat capacity C.. At the same time, a smaller
thermometer area increases the thermalization time 7y;;,,, and, thus, reduces the collec-
tion efficiency of non-thermal phonons € (see equations and . As the signal
amplitude is proportional to £/C, (see equation , in total a signal increase is ex-
pected but the amount depends on the dependence of € on the thermometer area Arp.
However, to determine the actual dependence of the signal amplitude on the thermome-
ter area, the parameters of the thermalization need to be known. The thermalization
of phonons is investigated in section [7.2.3]

Another advantage of the calorimetric thermometer is the possible usage of phonon
collectors (see section [4.2.7]), which increase the area that is able to transport energy
into the thermometer but do not increase the heat capacity.

In the design of a calorimetric TES for the small crystal both enhancements are
exploited. Two different thermometer structures have been designed. The first design
is depicted in figure and has an area of the tungsten film of 3.4x1.2mm? and a
total area of, which is a reduction by a factor of ~ 10 compared to the bolometric
structure of the large crystals (see figure . Similar to the bolometric TES structure
for the small crystal a resistance of ~ 100-200 mS? is expected.
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Figure 5.2: Possible structures for a calorimetric TES for an absorber crystal with a size of
20 x 20 x 10 mm?®. The areas of the tungsten film (dark gray) as well as the phonon collectors
(light gray) differ by a factor of 2 and, thus, the length of these parts differs by a factor of v/2.
The thermal coupling is given by a gold structure (yellow). The heater on top of the picture is
thermally and electrically separated. All measures are given in millimeters.

The calorimetric TES design exploits large phonon collectors. In [107] a diffusion
length of the aluminum films used in CRESST detectors in the order of O(mm) is
measured. The design in figure uses phonon collectors with a distance of up to
~ 3mm to the tungsten film.

In order to operate a thermometer in the calorimetric mode, the thermal coupling
to the heat bath has to be reduced drastically, so that the relaxation time of the
thermometer is much larger than the life-time of non-thermal phonons (75, > 7,,). 7, is
expected to be in the order of O(1ms). Therefore, the time constant of the thermometer
Tin should be in the order of O(10ms). For such a decay time a coupling of G in the
order of O(100 pW /K) is necessary. This is achieved with a gold structure attached to
the tungsten film, which is a thin stripe with a length of 150 pm and a width of 40 pm.

In order to investigate the influence of the thermometer size, a second calorimetric
TES structure with the area scaled down by a factor of ~ 2 was designed (see figure
. The tungsten film of the thermometer employs a size of 2.4x0.85 mm?. Also the
size of the phonon collectors was scaled by the same amount. As the area and, thus,
the heat capacity of the thermometer was reduced also the thermal coupling to the heat
bath needs to be reduced which is achieved by a longer gold stripe.

Similar to the bolometric TES, also the calorimetric TES structures are equipped
with a separated heater.
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5.2.3 Operation Mode for the Phonon Detector with a small Crystal

To summarize, in the present work TES structures for the phonon detectors of the small
crystal are designed. In contrast to CRESST-II, for the small crystals it is possible to
operate the detector in the bolometric as well as in the calorimetric mode. However,
each mode has certain advantages and disadvantages.

The structure for the calorimetric mode exploits additional features compared to the
necessary changes discussed in section[5.1] On the one hand the area of the thermometer
and, thus, the heat capacity was reduced further compared to the adaption necessary
for the crystal geometry. On the other hand it is equipped with phonon collectors in
order to increase the area able to absorb phonons without increasing the heat capacity.
Both features increase the signal compared to the estimation given in section[5.1] Thus,
according to the pulse model a lower threshold can be achieved with a TES operated
in the calorimetric mode compared to one operated in the bolometric mode.

Energy depositions directly in the thermometer film, so-called direct hits, can cause
records without a corresponding light signal. Thus, such an event cannot be discrim-
inated from signal events in the light-yield parameter. As this is an instantaneous
energy deposition in the thermometer film, in the bolometric mode the decay time is
extremely short and such pulses can be discriminated by their peculiar pulse shape. In
contrast, in the calorimetric mode a direct hit results in a faster rise time. As the latter
is already in the O(1ms) for a particle pulse, a pulse with an even faster rise time is
hard to distinguish especially for small pulses. In addition, a calorimetric TES features
phonon collectors and an energy deposition in those is also possible. Due to the delayed
energy transport from the aluminum into the tungsten film, such pulses can have rise
times similar to normal pulses. Therefore, the pulse shape is very similar to absorber
pulses. During CRESST-II phase 2 the number of observed direct hits for each phonon
detector were in the order of O(100). With the planned size reduction of the calorimet-
ric thermometer structures in the order of O(10) direct hits in the tungsten film are
expected for each detector. However, as soon as some energy is deposited not only in
the thin thermometer film but also in the crystal, such events can be distinguished by
the scintillation light output. It was concluded, that the the expected direct hit events
that cannot be distinguished is small.

In conclusion, in the calorimetric mode a larger signal is expected compared to the
bolometric mode. A disadvantage might be the possibility of direct hits of the ther-
mometer structure that do not produce light and can possibly not be distinguished.
However it is expected, that their rate is negligible. Therefore, the small crystals are
equipped with a calorimetric TES. Measurements with both structures shown in figure
0.2| are discussed in chapter

5.3 Implications for the Light Channel

The reduction of the size of the absorber crystal is expected to result also in improve-
ments in the light channel.
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5.3.1 Light Output of the Crystal

Not all the light produced in the scintillating crystal can escape. Instead, the light
output of the crystal is influenced by scattering and absorption of the light inside the
crystal [117]. As the light produced in the small crystal has to cover a shorter distance
more light is expected to escape the crystal.

A Monte-Carlo simulation performed in [I18] confirmed that in a module with the
small crystal more light can be absorbed by the light detector compared to a module
with a cubic crystal operated in CRESST-II phase 2. Depending on the absorption
length of the crystal up to two times more light can be collected.

However, this effect is decreased due to the direct evaporation of the tungsten film
on the crystal. As mentioned in section during the evaporation process the crystal
is heated up, which results in a reduced light output of the crystal [59]. Therefore, in
CRESST-II phase 2 most of the crystals were equipped with small TES-carrier crystals
glued to the main absorber. However, the discrimination of TES-carrier events turned
out to be difficult in particular for small energy depositions [76]. As the aim is to reduce
the threshold of the phonon detector the TES are produced directly on the absorber
crystal in order to avoid a TES carrier. A measurement of the light output before and
after heating the crystal to the typical evaporation temperature of ~ 450 °C showed a
reduction of the light output of ~ 20 % [119].

In total, it is expected that the light output of the small crystal in increased by a
factor of ~ 1.5 compared to the crystals operated in CRESST-II phase 2.

5.3.2 Light Detector Geometry

Besides this effect further improvements are possible in the small module design. It is
reasonable to match the size of the light absorber to the size of the crystal. In CRESST-
IT phase 2 a SOS light absorber with a diameter of 40 mm was used. For the optimized
small crystal a light absorber with a size of 20 x 20 mm? is foreseen, which results in a
reduction of the light absorber volume by a factor of m compared to the light detectors
operated in CRESST-II.

For the light detector no adjustment of the TES structure is required. The change
of the absorber size influences the thermalization of phonons and, thus, the fraction
of phonons being absorbed in the thermometer €. The signal of the calorimetric ther-
mometer is proportional to this fraction. In [66] it is shown that ¢ ~ 5% for light
detectors. Thus, the time constant for the thermalization due to absorptions in the
thermometer 7py,, is 19 times longer than the time constant for the thermalization in
the absorber 7.y stq1 (see equation . Therefore, it is possible to estimate the change
of € caused by the adjustment of the light detector.

The reduction of the volume of the light absorber by a factor of  implies a reduction
of the surface by the factor ~ 27w. Due to these changes, the thermalization of phonons
in the crystal with the time constant 7.,,:q; is expected to become longer by a factor of
2 (see equation . Additionally, the time constant describing the thermalization due
to absorption in the film 74, is expected to be shortened by a factor 7 (see equation
. This results in 7¢;,, being only three times larger than 7.,y in the small light
absorber and, hence, ¢ is expected to be around 25%. The enlargement of € corresponds
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to an increase of the signal amplitudeﬂ of the non-thermal component by a factor of
~4—5.

In conclusion, due the size reduction of the absorber crystal also the light detector
improves its performance. On the one hand an additional light output of the crystal is
expected and on the other hand the size reduction of the light absorber is expected to
result in an increase of the signal amplitude. In total an increase of the signal amplitude
by a factor of ~ 6 — 7 is expected.

!This does not completely translate into an increase of the signal height, since also the life-time of
non-thermal phonons 7, increases and, thus, the rise time of the pulse. As long as the decay time
of the pulse does not change, the actual increase of the signal might be slightly lower.
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Chapter 6

The CRESST-IIl Low-Mass Dark Matter
Detector Module

CRESST-III recently started to operate ten detector modules explicitly designed for
low-mass dark matter searches. The optimizations of the detectors for a low threshold
(< 100eV) are discussed in chapter Additionally, a major change of the detector
geometry requires a new concept for the detector holder. In CRESST-II phase 2 three
different fully-scintillating detector holders were operated successfully [76], R1] and, thus,
they serve as conceptional basis for the new holding scheme. Moreover, with an ultra-
low threshold new challenges arise for the holder. Backgrounds with even lower energy
depositions have to be considered and new solutions to discriminate them have to be
found.

In the present chapter an overview of the small module optimized for a low threshold
is given. The detectors that are based on the optimization discussed in chapter [5| are
described in section The fully-scintillating detector holder for these optimized de-
tectors is based on scintillating CaWQy sticks holding the detectors. The requirements
and the concept for this detector holder are discussed in section With a reduced
energy threshold of the phonon detector even a fully-scintillating detector holder can
cause backgrounds at lowest energies. In order to veto low-energetic events originating
from energy depositions in the holding sticks, the sticks of the phonon detector are
instrumented (see section [6.3)).

6.1 Detectors

The design of the phonon detector results from the optimization discussed in chapter
The CaWOQ, absorber crystal optimized for a low threshold has a size of 20 x20x 10 mm?,
which corresponds to a mass of ~ 24g. It is equipped with a TES operated in the
calorimetric mode (see figure . For CRESST-III phase 1 three phonon detectors
are equipped with the larger version of the calorimetric TES structure designed within
the present work (see figure and seven phonon detectors are equipped with the
smaller version (see figure . In both cases the tungsten film is evaporated directly
on the crystal in order to avoid events occurring in a TES-carrier.

To enhance the light output, the crystal is roughened on five sides [59]. The side
where the thermometer is placed needs to be polished as a polished surface improves
the quality of the evaporated tungsten film. The absorber crystal has small hutches
where the CaWO, holding sticks are pressed onto (see figure . In order to avoid
micro-fractures of the crystal, these hutches are spherically polished.
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The size of the light detector is adapted to the reduced size of the absorber crystal.
Therefore, the light detector consists of a SOS wafer with a size of 20 x 20 mm? and
a thickness of 0.46 mm and is equipped with a small calorimetric TES (see figure .
Due to the reduction in size an increase of the signal height is expected. Additionally,
an increased light output of the crystal is expected to increase the amount of detected

light (see section [5.3)).

6.2 Detector Holder Concept

With the optimized detectors being much smaller than the detectors operated in CRESST-
II, also a new holding scheme is required.

6.2.1 Requirements for the Detector Holder
The new detector holder must fulfill certain requirements:

e In order to veto background induced by surface-a events the module housing needs
to be fully-scintillating. In CRESST-II phase 2, different alternative designs with
a fully-scintillating detector holders were successfully operated and showed that
they are able to efficiently veto a-induced backgrounds. The new design is based
on one particular design, namely the detector holder with the absorber crystal
held by CaWOQy sticks. For more details see e.g. [69].

e Mechanical stress on the CaWOQy, crystals causes stress-relaxation events, which
are low-energetic events without a light signal. As such events can appear in the
region of interest for dark-matter search, they need to be prevented. Such events
were observed in the past due to a too tight clamping of the crystal [120] as well
as in modifications of the clamps with scintillating plastic materials [63]. Another
source for no-light events was observed due to a strong pressure on a roughened
crystal surface, which might cause micro-fractures of the crystal [69]. This can
be prevented or at least reduced by polishing all crystal surfaces in areas where
pressure is applied to the crystal.

e In order to avoid external backgrounds all materials must be as radiopure as
possible.

e The light collection and transportation to the light detector has to be ensured for
a maximization of the detected light.

e The thermal coupling of the crystal via the holding structure must not be too
strong in order to allow an operation of the detector as cryogenic calorimeter.

e The detectors have to be held in a stable position at mK temperatures in order
to minimize mechanical vibrations, that can induce additional noise.

The modules are mounted in the carousel, which was designed for 33 cylindrical
modules with an absorber crystal mass of ~ 300g. As the plan for future phases of
CRESST is to mount 100 detector modules in the present CRESST setup [84], it is
desired to design the outer dimensions of the module that allow for close packing.
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Figure 6.1: Schematic drawing of the small detector module. The phonon detector is depicted
on the left side, while the light detector is shown on the right side of the housing. Both detectors
are equipped with TES, which are depicted as red rectangles. The two detectors are enclosed by
a scintillating and reflective surrounding. The phonon detector is held by scintillating CaWQ,
sticks, which are pressed against the crystal from outside the module by bronze clamps. The
iStick TES are located outside the housing (red rectangles). The light detector is also held by
CaWOy sticks.

6.2.2 Fully-Scintillating Housing

In the new holding scheme both detectors, the crystal as well as the light detector,
are held by CaWO, sticks that are pressed against the crystal with bronze clamps
from outside the housing. These bronze clamps maintain their flexibility also at mK
temperature and, thus, can keep the detectors in a stable position without introducing
mechanical stress. A schematic drawing of the module is shown in figure [6.1] while a
photograph of an opened module is shown in figure [6.2

Due to the small size and low weight of the CaWQ, crystal, three CaWOQy sticks are
enough to hold it in position. Two sticks are pressed against the bottom of the crystal,
while one is pressed against the top. The sticks have a polished spherical ending to
provide a point-like contact to the absorber crystal (see figure . They have a
length of 12mm and a diameter of 2.5 mm. In order to prevent sidewards motions of
the crystal, the latter features small hutches, where the sticks are pressed into. With
this holding scheme, the crystal is held stable enough to rotate the module in any
direction, which simplifies the mounting of the complete module.

Additionally, also the light detector is held by three CaWQy sticks. Similar to the
crystal, it is held by two sticks on the bottom and one stick on the top of the detector.
In order to stabilize the detector they are rounded concavely, such that the thin wafer
cannot move sideways.

All copper parts are covered with scintillating and reflective foil on the inside of
the housing. Thus, all parts inside the housing are either scintillating or active. The
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target crystal light detector
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Figure 6.2: Photograph of an assembled detector module, where two sides of the housing are
opened. The target crystal with its TES is visible in the back. In the foreground the brownish
SOS light detector with its small TES can be seen. The darker circle around the TES is a
silicon dioxide layer, that is evaporated on the light detector below the tungsten film in order
to improve the film quality. Both detectors are held by CaWOy sticks. All three CaWOQO,
sticks holding the light detector are visible. Only one of the bottom iSticks holding the phonon
detector and the top iStick outside the copper housing can be seen. The clamps pressing the
top sticks are visible outside the copper housing. The copper holder is surrounding the module
on all sides. FEach side can be opened individually. The reflective and scintillating foil is glued
to the copper parts.
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reflective and scintillating foil encloses the detectors completely except for openings
where the sticks and the bondwires are fed through. The foil is cut in a way that such
openings are minimized.

The top and the bottom of the housing are each made of a copper structure, with
holes where the sticks are fed through. Additionally, the clamps to hold the sticks are
screwed to these structures and the bond pads are glued onto them. The sides are
each closed with a copper sheet with a thickness of 2mm. These copper sheets are
screwed to the top and bottom part and can be opened individually. A photograph
of a fully-mounted detector module with two sides opened is shown in figure The
closed module with the outer dimensions of 55 x 40 x 35mm? is block shaped, which
allows a close packing of the modules.

6.3 Instrumented Holding Sticks

An energy deposition in the scintillating holding sticks produces phonons. A fraction
of these phonons can be transferred into the absorber crystal via the point-like contact
between stick and absorber crystal causing a low-energetic signal in the phonon detector.
Additionally, as in the absorber crystal also in the CaWQy sticks scintillation light is
produced. Events occurring in the scintillating sticks can be discriminated by the light
signal as they appear in a band at quenching factors of ~ 20-30 in the light yield -
energy plane [69].

However, a-events induced by a surface contamination of the stick surface outside
the scintillating housing can cause a dangerous background. Such a contamination can
cause nuclear recoil events in the sticks with a deposited energy of 100 keV and below.
Phonons produced during an energy deposition in a stick are partly transmitted via the
point-like contact to the absorber crystal. Therefore, a nuclear recoil in a stick results
in a degraded signal in the phonon channel with an energy of < 1keV together with a
very small light signal of < 1keV,.. Such events can appear in the ROI for dark matter
search and can cause a background. If they cannot be discriminated such events can
limit the sensitivity of CRESST-III in particular for low dark-matter particle masses.

In order to be able to discriminate such a background in the new small module design
the scintillating sticks holding the phonon detector are instrumented with a TES to
directly measure the energy depositions in the sticks. This allows to veto all events
occurring in the instrumented scintillating sticks, referred to as iSticks.

In [69] the energy-degradation effect through the interface of sticks to the absorber
crystal is determined. The factor that quantifies the reduction of energy deposited in
the sticks and energy measured in the crystal is found to be ~ 100. Thus, an energy
deposition of 10keV in the stick, leads to an event of ~ 100€V in the absorber crystal.
Due to the energy degradation effect, the iSticks need an energy threshold of ~ 100
times the energy threshold of the crystal in order to veto all events efficiently. With
the threshold estimated for the small phonon detector of 60 — 90eV (see chapter [5]) the
iSticks require a threshold of O(1keV) to veto all holder related background.

All small modules mounted for CRESST-III phase 1 are equipped with iSticks. While
in the following the technical details of the iSticks are described, their performance is
investigated in section
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6.3.1 Realization

Each of the three scintillating sticks holding the phonon detector is equipped with a
TES. As discussed, the threshold required for the iSticks is O(1keV). As this is not
very challenging with such a small device and additionally a number of iSticks need to
be produced (three per module), an easily producible realization was necessary.

For an easy manufacturing, about 100 TES are produced at once on one silicon
wafer. Afterwards, this wafer is cut into small pieces with a size of 3 x 3.5 mm? with
each containing a single TES. Each CaWOy stick is equipped with one of these TES-
carriers with a tiny glue spot of epoxy resin. With this technique, plenty of iSticks can
be produced at once. A photograph of a complete iStick is depicted in figure

A schematic drawing of the iStick TES is depicted in figure Similar to the light
detector TES (see figure [£.2), the thermometer consists of a small tungsten film with
an area of 680 x 140m? (dark gray in figure and utilizes phonon collectors with
an area of 500 x 1000 pm? each (large light gray areas). The thermal coupling is also
provided by a thin gold structure with a length of 750 pm and a width of 40 pm (yellow
stripe).

As the three iStick TES are connected electrically in their readout scheme (see sec-
tion , the heater must be separated electrically to prevent electrical disturbances.
However, compared to a heater electrically connected to the tungsten film, with a sep-
arated heater more heat is transferred in the absorber crystal for a certain heat input
in the thermometer. Therefore with two or more detectors in direct contact, as it is
the case for the absorber crystal and the iSticks, a part of the phonons produced in one
detector can be transferred to the other. If these detectors do not have transition very
close temperatures (within ~ 5mK), heating the detector with the higher transition
temperature can heat the other detector out of its transition. In the measurements
with the prototype of the small module it was observed, that the thermal coupling
between the detectors is too strong to operate all four detectors (phonon detector +
three iSticks) with a separated heater. A separated heater on the iSticks can heat the
phonon detector out of its transition and vice versa.

As for the phonon detector an optimal signal-to-noise ratio is desired, also for this
detector a separated heater is necessary as it reduces the noise. For this reason, the
heating scheme of the iStick TES must be adapted. For the iSticks a heater providing
a strong thermal coupling to the tungsten film without creating an electrical contact
was designed. The heater film is produced on a layer of silicon (blue in figure ,
which is sputtered on the tungsten film (dark gray in figure . At low temperatures
this layer is electrically insulating. It is not possible to bond directly on this thin
film since the isolation layer can break due to the applied pressure. In this case an
electrical contact between the bond pads and the tungsten film can appear. Therefore,
the heater is contacted over thin aluminum lines (light gray in figure connecting
the heater film (yellow) and the bond pads placed directly on the substrate. To prevent
an electrical contact between these lines and the tungsten film, the silicon layer extends
the tungsten film. With such a heater it is possible to operate the phonon detector as
well as the iSticks at the same time.

An opened module mounted with three iSticks is shown in figure [6.3¢] The crystal
in the middle is only held by the three iSticks pressed against it with bronze clamps
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Figure 6.3: Realization of the iSticks consisting of a CaWO, stick and a silicon carrier with
a TES glued to the latter is depicted in (a). A schematic drawing of the iStick TES is shown
in (b). The tungsten film is depicted in dark gray, all aluminum parts in light gray and the
parts made of gold in yellow. To strongly couple the thermometer heater to the tungsten film
of the TES, it is placed on top of a sputtered silicon layer (blue). The bond pads for the heater
are located next to the TES and are connected via lines of aluminum (light grey). In (c) a
photograph of an opened detector module with the crystal in the middle which is only held by
the three iSticks (left and right) is shown. The latter are pressed against the crystal with bronze
clamps from outside the housing.
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Figure 6.4: Readout circuits used for the readout of three iSticks with one SQUID. Similar
to the standard readout of CRESST detectors one branch contains the SQUID and the shunt
resistances while the other contains the thermometers. The three thermometers of the iSticks
can be operated either in parallel (a) or in series (b). The operation in a parallel readout circuit
is more stable compared to an operation the readout circuit in series. For details see text.

located outside the housing. The three iSticks with their silicon carriers and TES are
visible right and left of the crystal. Next to carriers the bond pads used to contact the
thermometers can be seen.

6.3.2 Readout Scheme

The number of readout channels in the present CRESST setup is limited to 37 B Up to
now, typically each module required two readout channels, one for the phonon detector
and one for the light detector. Therefore, in CRESST-II phase 2 a total of 18 modules
were operated. The new small module design features three additional thermometers
for the iSticks. If each of them utilizes a separate channel each module requires five
readout channels and, thus, in total only seven modules could be operated.

As discussed, for the iStick channel a moderate energy threshold of O(1keV) is nec-
essary. Although this might reduce the performance of the veto channel it is possible to
read out all iSticks of one module with one SQUID and still meet these requirements.
In order to read out the three iStick TES with one SQUID they can be connected either
in a series or in a parallel circuit. The readout schemes for both modes are shown in
figure As in the standard readout scheme of CRESST detectors (see figure
the readout circuits consists of two branches. In one branch the SQUID and the shunt
resistances are connected and in the other the detectors.

In both readout schemes, the three detectors influence each other due to electrother-
mal feedback. A change of the resistance of one thermometer causes a change of the
current through the other two thermometers. During operation a single detector can
increase its resistance due to a heat input. When operating the three detectors in par-
allel (figure an increase of the resistance in one of them, reduces the bias current

!The CRESST setup is constructed for 66 readout channels. However, only 37 of them are currently
fully functional.
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through the branch of this thermometer, while in the other branches the bias current
increases accordingly. An increase of the bias current leads to a temperature rise and,
thus, increases the resistance of the thermometer. Vice versa a reduction of the bias
current reduces the resistance. Therefore, in the parallel readout circuit the change of
current through the branches acts against the change of resistance and this results in a
stabilization of the thermometers.

In contrast, when operating the three detectors in series (figure , an increase of
resistance in one thermometer reduces the bias current through all three thermometers.
Thereby, the resistance of all three thermometers is reduced. In this case the three
thermometers can only go back to their operating point with a heat input from the
thermometer heater but not by themselves.

During the development of the small module, iSticks were operated in both readout
modes and as expected an operation in parallel proved to be more stable. Motivated
by this in [I02] the stability due to thermal feedback effects is studied theoretically and
estimated quantitatively. It is as well concluded that a parallel readout scheme can be
operated more stable which agrees with the observations.
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Chapter 7

First Measurements with a Prototype
Module

Within the present work a prototype of the detector module optimized for low-mass
dark matter search (see chapter 5| and @ was produced and measured in a test setup
in Munich. The aim is to verify that all requirements for the detector performance as
well as the new holding scheme are met. The main goal is to determine if an energy
threshold of < 100eV is achievable with the suggested phonon detector design. Also
the performance of the iStick channel is investigated. Only after the confirmation of all
demands it is reasonable to install these modules in the main CRESST setup.

The measurements have been performed in a cryostat above ground, where a higher
rate and a noise contribution larger than in the CRESST setup degrade the measure-
ment conditions (section. Still, it has been possible to successfully operate all three
channels of the module and to calibrate them. The performance of the phonon detec-
tor is explored in section while the results of the light detector are presented in
section The iStick channel and its ability to veto events occurring in the sticks is
investigated in section

7.1 Measurements and Data Analysis

In order to study and optimize the performance of the small detector module and the
design of the detector holder a series of measurements has been performed in a dilution
refrigerator (cryostat 1) at Max-Planck-Institute for Physics in Munich. In the present
work measurements of two different phonon detectors in a complete prototype detector
module are discussed. The crystals were produced by the crystal laboratory of TUM
[82]. Within the present work each was equipped with a calorimetric TES of a different
design. The performance of these two phonon detectors is investigated in two separate
measurement campaigns (called runs hereafteIED presented in the following in detail:

Run 126 The phonon detector TUM26-b was operated together with the light detector
WI-531/2 and three iSticks connected in parallel with a live time of 30.24 h (after

application of the stability cut). The calorimetric TES of the phonon detectors
has a total area of A; = 36 mm? with the dimensions as shown in figure

Run 127 For this measurement the phonon detector was exchanged. The detector
TUMb6-f was operated in the same detector holder and with the same light de-

!The runs are labeled according to the number of the measurements performed with the respective
cryostat.
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tector as well as the same iSticks. This detector is equipped with a TES structure
covering an area of A; = 19mm? with the dimensions as shown in The live
time in this measurement is 46.56 h (after application of the stability cut).

The signal level for a certain energy depends on the chosen operating point in the
transition and on the bias current. The signal is proportional to the bias current as well
as the transition slope [66, 110]. Moreover, a larger bias current leads to a reduction
of transition slope and, thus, during the detector setup the best compromise for the
largest signal is chosen. In both measurements the detectors were optimized in terms
of signal level]

The SQUIDs used for the measurements can output a maximum amplitude of ~ 10V.
To readout larger pulses it can be operated in a less sensitive range. As the phonon
detectors as well as the iSticks measured here exhibited a large signal, it was necessary to
operate them in a less sensitive range compared to other detectors (e.g. most detectors
operated in CRESST-II phase 2). Within the present work all amplitudes are scaled to
the same range for better comparison .

Due to the high rate observed during the measurements the threshold of the hardware
trigger was set at a higher energy than the actual energy threshold of the detector to
allow for a stable operationlﬂ As explained before with stable noise conditions, the
best achievable threshold is the 50 baseline noise. The latter is determined from empty
baselines, i.e. records triggered randomly by the DAQ (see section |4.3)).

The basic concepts of the data analysis are explained in section In contrast to
the measurements in the main CRESST setup, in the measurements presented here
5Fe sources were used for the calibration. ®°Fe decays via electron capture to ®*Mn
and, thereby, produces lines at energies of 5.9keV and 6.5keV [121I]. At these energies
the detectors operated are still in the linear region of the transition. In the test mea-
surements one “°Fe source causing a rate of ~ 5Hz was placed inside the scintillating
housing in line-of-sight to the phonon detector. Additionally, outside the housing three
sources each in line-of-sight with one iStick were installed.

7.2 Phonon Detector Performance

The focus of the optimization of the detector module for CRESST-III is on the reduc-
tion of the energy threshold of the phonon detector. The crystal as well as the TES
structure are optimized to increase the signal height (see chapter . In the following
the performance of the phonon detectors is investigated in detail with the results from
the two measurements performed in the test setup. All parameters derived for the two
phonon detectors TUM26-b and TUM56-f are summarized in table [7.2] at the end of
the present section.

2The detectors are aimed to be optimized for the best signal-to-noise level. However, the noise did
not change significantly throughout the transition and, thus, was assumed to be constant.

3Control pulses, necessary for the stabilization, are only sent when the detector did not trigger for
a certain time range. If the trigger threshold is set too low there is not enough time between two
triggers to send control pulses. Thus, it is not possible to stabilize the respective detector reliable.
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7.2.1 Calorimetric Detector Operation

Both small crystals were equipped with a TES structure optimized for a calorimetric
operation. The two structures have a similar geometry, however, the area covered differs
by a factor of ~ 2.

Due to the change of the crystal geometry as well as the TES structure, the time
constants describing the pulse shape are expected to be different compared to the other
thermometers formerly used in CRESST-II (see section . Template pulses describe
the pulse shape with a reduced influence of the noise (see section . For the creation
of the templates shown here pulses of the °Fe source with an energy of 5.9keV are
used. In figure the template pulses of both detectors investigated, TUM26-b (a)
and TUMS56-f (b), are depicted in black. Also drawn in red is a fit of the pulse model for
the calorimetric operation mode to the respective pulse (see equation . The non-
thermal and the thermal component of the pulse model are depicted as blue-dashed
and green-dashed lines, respectively. For both detectors the observed pulse shape is
described very well by the pulse model of a calorimetric detector. The errors given on
the fit parameters are statistical errors (10).

The high trigger rate observed in the test setup causes plenty of pile-up events. To
reduce the number of records with more than one pulse the record time is decreased.
However, the recording window should be long enough to capture the complete pulse
shape. Thus, in both measurements a compromise between these two demands was
chosen. Therefore, a time window of 40.94ms in run 126 and of 81.88ms in run 127
is recorded. As can be observed in figure the template pulses, which describe the
averaged pulse shape, are not completely relaxed back to the baseline level present
before the pulse at the end of the record window. This reduces the quality of the
pulse-model fit especially for the thermal component and increases the error on this
component.

From the pulse-model fit the following results are obtained:

e The fraction of the non-thermal component of the total pulse amplitude S,,/S =
Sy/(|Sn|+1St|) dominates for both detectors. Values of S,,/S = (73.6+0.1) % for
TUM26-b and S,,/S = (80.4 £0.1) % for TUMb6-f are obtained in the fit. These
values are similar to the values observed for CRESST-II detectors of typically
~ 80 % (see section [4.2)).

e For the rise-time of both components, which is equivalent to the life-time of
non-thermal phonons, values of 7, = (0.971 £+ 0.001) ms in TUM26-b and 7,, =
(1.296 £ 0.001) ms in TUMS56-f are determined. Compared to the phonon detec-
tors operated in CRESST-II (see an exemplary pulse in figure the life-time
of non-thermal phonons 7, is shorter by a factor of > 10. The thermalization of
non-thermal phonons is discussed later in section |7.2.3|

e The thermal relaxation time of the thermometer 7;, is determined by the pulse
model fit to be 73, = (10.261£0.002) ms in TUM26-b and 7, = (13.7454+0.025) ms
in TUM56-f. Compared to the phonon detectors operated in CRESST-II this
time constant is longer by a factor of ~ 4. It is ~ 2 times longer than in the light
detectors operated in CRESST-II. This agrees well with the expectations from
the thermal coupling of the thermometers to the heat bath.
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SQUID output [V]

SQUID output [V]

Figure 7.1: Template pulses (black) created from pulses of the 5.9 keV line for the two phonon
detectors TUMZ26-b (a) and TUMS56-f (b). Both detectors feature a small CaWO, crystal
(20 x 20 x 10 mm?®) as absorber and are operated in a prototype holder for the new small
module design. The crystals are equipped with different thermometer structures. The area of
the thermometer is smaller by a factor of two on the detector TUM56-f compared to the TES
of TUM26-b. A fit of the pulse model (according to equation to the templates is shown as
red-dashed line. The non-thermal component is depicted in blue while the thermal component
in green. The fit values are as well given. Note that the record window was different in both

measurements.
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e Slight differences between both detectors are observed in the thermal relaxation
time of the absorber 7y &~ C, /Gy (see equation . As already explained, due
to the relative short record window there are relatively large uncertainties in the
values determined from the fit. A value of 7, = (28.965 £+ 0.100) ms (TUM26-
b) and 7, = (35.661 £ 0.310) ms (TUMS56-f) are obtained from the pulse model
fit. The different values can be explained by a difference in the strength of the
thermal coupling between the absorber and the heat bath G,,. This coupling
is determined by the holding scheme of the crystal which is realized by three
CaWOy stick pressed against the crystal by bronze holding clamps (see section
6.2)). Each of these clamps can be tightened individually and differences in the
pressure influence the thermal coupling G .

As required for a calorimetric thermometer the life-time of non-thermal phonons 7,
(the rise time of both pulse components) is much shorter than the thermal relaxation
time of the thermometer 7;,, (the decay time of the non-thermal component) (7,, < 7).
Moreover, the amplitude of the non-thermal component is much larger than the thermal
component. Also the decay time of the thermal component 7; is not too long for an
operation in the CRESST setup. While in the measurement above ground a short record
window had to be selected, in the CRESST setup a longer record window (327.62 ms
in CRESST-II) is chosen as the rate is drastically lower (by a factor of ~ 100) in the
underground setup. Hence, the detectors work as desired and the requirements for a
detector operated in the calorimetric mode are fulfilled.

7.2.2 Energy Threshold

In order to achieve an energy threshold of 100eV or below the increase of the signal
height without a change the noise has been the main goal for the new small phonon
detector. To determine the enhancement of the signal height, pulses of the **Mn peaks
induced by the ®>Fe sources are investigated.

The high overall event rate leads to a degradation of the energy resolution due to a
unstable operating point and the non-linearity of the transition. Moreover, it results
in many records with non-flat baselines and, thus, reduces the quality of the template
fit. Strong cuts on the RMS of the template fit were applied to remove such distorted
events. The resulting amplitude spectra in the energy region around the ®°Mn peaks
are shown in figure for both detectors. A resolution of ¢ = (134.4 £ 1.2)eV and
o= (125.1£1.8) eV at an energy of 5.9keV is determined for TUM26-b and TUM56-f,
respectively. With this resolution the K, and Kg line of %Mn can be separated. The
pulse amplitude of the 5.9keV line is determined to be AU = 1.34V and AU = 1.49V
for TUM26-b and TUMb6-f, respectively.

For Lise, the phonon detector with the lowest energy threshold in CRESST-II phase 2,
the amplitude of the 5.9keV lineE| is determined to be AU = 0.09V. Thus, the signal
level for the two small phonon detector measured here is increased by a factor of ~ 15
and ~ 17, respectively. This is also visible in figure where two pulses with an energy

4In CRESST-II phase 2 5°Fe sources were used for an absolute energy calibration of several light
detectors. Normally, these sources are mounted so that they cannot be seen by the phonon detectors.
The phonon detector Lise was accidentally irradiated with such a source [74].
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Figure 7.2: Amplitude spectrum of particle pulses around the peaks resulting from the °°Fe
source in the phonon detectors TUM26-b (a) and TUM56-f (b). The two peaks due to the 5> Mn
can be clearly identified. Both detectors can resolve the two X-ray lines of 5> Mn at 5.9keV and
6.5keV. A fit of two Gaussian functions plus a constant background to the spectrum is shown
in red.

of 5.9keV of the detector TUM56-f (black) and the detector Lise (red) are compared.
The pulse of Lise was measured in the CRESST setup at Gran Sasso, while the pulse
of TUMb6-f was measured in cryostat 1 at MPI Munich.

The baseline noise of both prototype detectors operated in Munich is determined to
be opy = (6.75 £ 0.12) mV (TUM26-b) and opy = (9.71 £ 0.28) mV (TUMS56-f) (see
appendix. This corresponds to Jgo = (27.21+0.47) eV and U?O =(39.06+1.11)eV
for TUM26-b and TUMS6-f, respectively. With this baseline noise an energy threshold
of Eip, = 136.05eV and Fyp, = 195.3 eV, respectively, is achievable with these detectors
in the test setup in Munich.

In the CRESST main setup noise levels of 0.7-3.0 mV have been achieved (see section
. Assuming the noise level of the CRESST setup and the signal level measured with
TUM26-b and TUMb6-f thresholds in the range of 16 — 60 eV are in reach for CRESST-
IIT detectors. This is well below the aimed goal of a 100eV threshold and, thus, it is
feasible to meet or even outreach the design goal of CRESST-III.

7.2.3 Thermalization of Non-Thermal Phonons

In order to further optimize the detectors in the future it is necessary to understand
the process of the thermalization of non-thermal phonons in the crystal. As discussed
in section two processes are competing - the thermalization in the absorber (de-
scribed by the time constant 7.,ysta) and the thermalization due to absorption in the
thermometer film (described by the time constant 7¢;,,). These two time constants can-
not be measured directly. Instead only the total life time of non-thermal phonons 7,
which is the rise time of both components in a calorimetric thermometer, can be deter-
mined from measured pulses via the pulse model fit. As a reminder, the time constants
for thermalization determine the life-time of non-thermal phonons in the following way
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Figure 7.3: The black pulse with a deposited energy of 5.9keV (°*®Mn K,,) is measured with
the detector TUMS6-f in cryostat 1 in Munich. It is compared to a 5.9keV pulse measured in
the CRESST setup with the detector Lise, the phonon detector with the lowest energy threshold
in CRESST-II phase 2 (red). The amplitude of the pulse of TUM5G6-f is larger by a factor of
~17 compared to the amplitude of the pulse of Lise. This illustrates the improvement of the
optimized CRESST-III phonon detector.
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Figure 7.4: Distribution of the life-time of non-thermal phonons T,, from a parametric fit to a
set of pulses of the phonon detectors TUM26-b (a) and TUM56-f (b). The resulting distribution
of 7, is fitted with a Gaussian function (red) to determine the mean. The values obtained for
T, are in agreement to the values determined from the fit of the pulse model to the template

pulse (see figure .

(see section [4.2)):

11 1
— = + (7.1)

Tn Tfilm Terystal

To derive the parameters of the thermalization an exact knowledge of 7, is required.
However, the value of 7, which is determined from a fit of the pulse model to the
template pulse (see figure might be distorted as many pulses are summed for the
creation of the template pulse. Thus, the pulse model was individually fitted to a set
of pulses in the linear range of the respective detector. From these individual fits, the
mean for 7, is determined by a fit of a Gaussian function to the obtained distribution
(see figure [7.4)). Values of 7, = 0.97ms for TUM26-b and 7, = 1.30ms for TUM56-f
are determined. They agree within 2% with the ones determined from the fit of the
template pulse. Hence, the error due to the creation of the template is negligible.

The two detectors TUM26-b and TUMb6-f both have a crystal of the same size. For
this reason, it is expected that the thermalization in the crystal has the same time
constant Terystar (see equation . The area of the thermometer differs by a factor of
~ 2. As the time constant for the thermalization in the film 7;;,,, inversely scales with
the thermometer area A; (see equation , it is expected to be smaller by a factor of
two for the detector with a larger TES (TUM26-b) than for the one with the smaller
TES (TUM56-f). In total also the life-time of non-thermal phonons 7,, is expected to
be smaller for the detector with the large TES structure. However, the difference of
the value depends on the relation of 71, and Terystal (see equation . For the two
detectors measured, as expected the value of 7, is smaller for TUM26-b by a factor of
~ 1.3.

In order to determine the thermalization time constants 7;, and 7;ystqr two different
methods are performed and explained in the following.

Method 1: Direct calculation of 7¢;,, With the first method all time constants are
determined individually for each detector. As discussed in section the time
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detector TUM26-b TUMS56-f

Ay [mm?] 36.08 18.57
Method 1 Method 2 | Method 1  Method 2

T, [ms] 0.9681 1.297

Tfilm (8] 2.410 2.017 4.683 4.034

Terystal [108] 1.603 1.843 1.734 1.843

e %] 40.0 47.7 27.0 31.3

Table 7.1: Time constants determined with two different methods for the detectors TUMZ26-b
and TUMS56-f. Method 1 relies on the direct calculation of the time constant T;i,. In method 2
two different phonon detectors with crystals of the same size and differently sized TES structures
are compared. The time constant 7, is determined from the fit of the pulse model to pulses in

the linear range. For details see text.

constant for the thermalization in the thermometer film 7y;,,, can be calculated
directly according to equation However, this relies on the assumption that
longitudinal non-thermal phonons are completely absorbed in the tungsten film,
while transverse phonons do not interact at all. In [93] it is shown that this is
a good assumption for the transmission of non-thermal phonons from silicon to
an iridium/gold film. However, up to now this has not been confirmed for the
transmission from CaWQy, into a tungsten film.

With the calculated values of 77, and the values for the life-time of non-thermal
phonons 7, the time constant 7..ys; can be determined with equation All
resulting values are shown in table for both detectors as method 1. With this
method for the time constant 7f;,, values of 2.4ms (for TUM26-b) and 4.6 ms
(for TUMS56-f) are determined. Values of 7epystar = 1.6ms for TUM26-b and
Terystal = 1.7ms for TUM26-b are derived. As the two values agree well, this hints
that the assumption for the absorption probability of non-thermal phonons in the
tungsten film is valid. This corresponds to a fraction of non-thermal phonons
absorbed in the thermometer of ¢ = 40.0% for TUM26-b and ¢ = 37.0% for
TUM26-b.

As method 1 relies on certain assumptions, which might not be fulfilled for the
investigated detectors a second method is performed.

Method 2: Comparison of two crystals In contrast to the first method, the second

me-thod needs inputs from both measurements and compares them. It exploits
the relations of the time constants 7y, and T.rystar €xpected from the geometry
of the crystals and the thermometers. As mentioned above, 7y, is expected to
be twice as long in the detector TUM56-f with the smaller thermometer compared
to TUM26-b. Additionally, 7¢,ysta is expected to be the same in both detectors.

Combining this, the two time constants (7¢ijm and 7¢yystqr) can be determined with
equation from the life time of non-thermal phonons 7,, of both measurements.
The resulting values are also shown in table A value of T¢rystqr = 1.8 ms is
determined for both crystals. For the time constant 7y, a value of 2.0ms for
TUM26-b and a value of 4.0 ms for TUMb6-f are resulting. This corresponds to a
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fraction of non-thermal phonons absorbed in the thermometer of ¢ = 47.7% for
TUM26-b and e = 31.3% for TUM26-b.

The values for the time constants determined with both methods differ by ~10-20 %
but are roughly consistent. This is an indication that the assumptions made for the
direct calculation of the time constant 7, are valid for the transmission of non-thermal
phonons into a tungsten film.

One uncertainty which influences both methods in the same way is the usage of
phonon collectors in the thermometer structures described here. The energy transport
through the phonon collectors might be delayed compared to the absorption of non-
thermal phonons directly in the tungsten film and, thus, might influence the rise time
of the pulse. In [106] the time constant for this process was found to be O(10ps) (for
an aluminum film with a length of 4 mm) and, thus, short compared to the pulse rise
time. Moreover, this uncertainty affects both methods in the same way. The absolute
values can be distorted due to these uncertainties but it is valid to compare them. To
investigate the parameters in a further measurement the usage of thermometers without
phonon collectors would be beneficial.

The model for the time constants 7y, and 7¢.ystqr allows to calculate the expected
time constants for the large crystals operated in CRESST-II phase 2 . The time constant
Tritm can be directly calculated. According to equation it is 7¢im ~ 23ms. From
the known relation of 7eysiar o€ Vo /A, and the values of the time constant determined
for the small crystal, a value of 7..ysta1 = 5ms is expected for the large crystals. With
these values, a life-time of non-thermal phonons of 7,, = 4.1 ms is expected (see equation
7).

However, CRESST-II phonon detectors with a bolometric TES evaporated directly
on the large crystal feature a life time of non-thermal phonons of 7, &~ 12ms. Due
to equation T, must always be shorter than each of 77, and 7¢rysiq- Thus, the
expected value for 7y;;,, of 23 ms fits well to the measured value of 7,. However, the
expected value for 7.ystq = 5ms is too small.

There are several possible explanations for this discrepancy:

e The crystal surface might influence the thermalization of non-thermal phonons in
the crystal and, thus, the value of 7..sq;. While on the large crystals operated in
CRESST-II usually only one side is roughened and the other sides are polished,
on the small crystal five sides are roughened. A dedicated measurement with
crystals of the same geometry with differently treated surfaces could investigate
this influence.

e As mentioned above, the influence of the phonon collectors increases the uncer-
tainty of the method. As the bolometric TES of the large crystal does not feature
phonon collectors, it might not be valid to transfer the time constants.

e The expected dependence of 7..ystq; On the absorber volume V, and the absorber
area A, (see equation might not be valid. The thermalization of non-thermal
phonons in the crystal could to be influenced by additional effects. For example
the geometry of the crystal plays a role as it influences the mean scattering length
of non-thermal phonons in the crystal. This is investigated further in [102] but
the determined results cannot explain the discrepancies found here.
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7.2.4 Thermometer Area

From the two time constants describing the thermalization, 7f, and Terystar, the frac-
tion of non-thermal phonons absorbed by the thermometer ¢ was calculated for both
thermometer structures with equation m (see table . The signal level of the non-
thermal component S,, is proportional to £/C., where C, is the heat capacity of the
thermometer (see section [4.2)). Thus, from the values determined for & (see table
it is expected that the signal level of TUM56-f (small thermometer structure) is larger
by ~ 33 % compared to TUM26-b (large thermometer structure).

For the 5.9keV line a voltage amplitude of 1.34V for TUM26-b and 1.56V for
TUMS56-f was measured, respectively. Thus, the voltage signal of TUMSb6-f is larger
by 16 % compared the voltage signal measured with TUM26-b. For a conversion of
the voltage signal in the temperature signal additional measurements are necessary, as
the high rate observed in the test setup did not allow an exact measurement of the
transition slope. However, as both TES structures only differ in size, the difference in
signal height is expected to be caused by the TES area. Thus, this measurement hints
that a smaller thermometer area increases the signal.

It should be noted, that also the area of the phonon collectors differs by a factor
of two for the two TES structures, just as the area of the tungsten film. As long as
the phonon collectors are efficient over the whole area, they lead to the same signal
increase in both structures. In [I07] the diffusion length of the quasi particles was
determined to be O(1 mm). The phonon collectors of the large structure on TUM26-b
have a maximum distance to the tungsten film of ~ 3mm. If the diffusion length is
smaller than this distance, part of the signal might be lost and a smaller temperature
rise might be measured. Further measurements are necessary to determine the diffusion
length more precisely or to measure the influence of the size reduction of the tungsten
film and the phonon collectors separately.

For CRESST-III phase 1 in total ten of the optimized phonon detectors have been
mounted. Both thermometer structures for the phonon detector investigated in the
present work are exploited. Seven phonon detectors are equipped with the larger TES
structure (see ﬁgure including TUMZ26-b, while three are equipped with the smaller
TES structure (see figure [5.2b). With data from more detectors, the difference in the
signal level obtained with the two structures can be investigated in detail. If it is
confirmed that the size reduction increases the signal level, it might even be worth to
investigate a further reduction of the TES size for future detectors.

7.3 Light Detector Performance

Besides the phonon detector also the light detector has been changed in the optimized
module. An enhanced light output of the CaWQy crystal together with a change of the
light detector geometry are expected to increase the signal level in the light detector
by a factor of ~ 6 — 7 (see section [5.3). The same light detector, named WI-531/2,
was operated in both runs. As it performed similar in both, in the following only data
obtained in run 126 is discussed.

Also the light detector was affected by the high rate and the high noise contribution
in the test setup. It was not directly calibrated with a separate source, as this would
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crystal TUM26-b TUMS56-f
measurement Run 126 Run 127
live time after stability cut [h] 30.24 46.56
W film evaporation number WI-540/2 WI-549/2
total thermometer area Ay [mm?] 36.08 18.57
bias current Ip [nA] 22 13
normal conducting resistance R, [m{)] 143 +1 131+1
resistance at operating point  Rp [m()] 57.8 +1.2 57.0+£1.7
amplitude 5.9 keV AU [V] 1.34 1.56
resolution at 5.9keV o [mV] 30.52 +0.03 36.08 + 0.05
oF [eV] 134.4 + 1.2 125.1 + 1.8
baseline noise opo [mV] | 6.75£0.12 9.71+£0.28
opo[eV] | 27214047  39.06 + 1.11
pulse shape parameters Sn/S 0.736 = 0.001  0.804 4+ 0.001
T [ms] 0.971+0.001  1.296 = 0.001
Tin [ms] | 10.261 +£0.002 13.745 & 0.025
7¢ [ms] 28.965 4+ 0.100  35.661 % 0.310

Table 7.2: Parameter including statistical errors of the detectors TUM26-b and TUMS56-f
measured in run 126 and run 127, respectively. The pulse shape parameters are determined
from the fit of the pulse model to the template pulse of the 5.9keV line as shown in ﬁgure
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Figure 7.5: Spectrum of particle pulses in the light detector WI-531/2 measured in run 126.
The resolution is not good enough to separate the K, and Kg peak of 55Mmn and, thus, the
spectrum was fitted with one Gaussion function (red line).

have increased its rate further. Instead, the light detector is calibrated with scintilla-
tion events from the °Fe source hitting the crystal, as it is done within the CRESST
experiment. Thus, the determined energy is given in units of keV considering that
the calibration is performed with y-rays inducing electron recoils in the crystal.

The spectrum measured with the light detector in run 126 is shown in figure As
the resolution is not good enough to separate the K, and Kz lines of %>Mn the spectrum
is fitted with one Gaussian function. The fit yields a resolution of o = (1.7840.09) keV,
at 5.9keVe.. A baseline noise slightly higher than in the phonon detector of o7 =
(8.64 £ 0.17) mV was achieved (see appendix [A). Due to the low fraction of energy
transformed into scintillation light this corresponds to af}o = (838.42 £+ 16.51) €Ve.
With the baseline noise measured in the CRESST setup the resolution would correspond
to a noise contribution of (100-300) eV e, which is similar to the light detectors operated
in CRESST-II phase 2.

The improvements expected for the light detectors with the changed absorber geom-
etry cannot be confirmed with this measurement. However, as only one light detector
was measured within the present work and the range in the performance of light detec-
tors has always been large, more measurements are necessary to evaluate the average
performance of these light detectors. Moreover, the light detector performance does
not affect the sensitivity to low-mass dark matter strongly (see chapter [3]). Neverthe-
less, a dedicated study should be performed with data from CRESST-III for a better
understanding of the new light detectors.
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7.4 iStick Channel

In the small module design the phonon detector is held by three scintillating CaWOQOy4
sticks. Together with the scintillating and reflective foil they provide a fully-scintillating
housing. The latter allows to reject nuclear recoils from a possible a-contamination on
any inner surface of the module. However, a-events on the stick surface outside the
housing can cause nuclear recoils in the sticks without a light signal from the a-particle.
Due to an energy transfer via the stick-crystal interface they can cause low energetic
events in the ROI. To be able to veto such events each stick is instrumented with a
TES (see section [6.3)).

The three iStick thermometers of each module are connected in parallel to one readout
channel. Thus, the operation of instrumented holding sticks requires only one additional
readout channel per module. With the operation of three iSticks in one channel, for
the first time more than one detector was operated in one readout channel within the
CRESST experiment.

A reduction of the performance of the individual detectors is expected as three de-
tectors are contributing to the noise. However, the performance of the channel must
be good enough to veto all events occurring in the sticks and producing a measurable
signal in the phonon detector. As the identical iSticks were operated in both measure-
ments, the performance of the iStick channel was similar in both measurements. Thus,
this channel is investigated only with data of run 126 in the following.

7.4.1 Setup of the iStick Channel

During the setup of a detector the bias current and the operating point within the
transition are chosen to obtain the largest signal. In the iStick channel three detectors
have to be optimized during the setup. Due to the readout scheme with the three iSticks
operated in parallel (see figure a variation of the readout current influences all
three detectors. Moreover, the change of the operating point, i.e. of the resistance
of one detector also affects the readout current through all three detectors. Due to
the stabilizing properties of the prallel readout circuit (see section a simplified
procedure can be applied for the setup of the iStick channel. Instead of adjusting each
TES individually, it is possible to heat all TES into transition by applying a high bias
current to the channel. The TES with the lowest resistance automatically obtains the
highest bias current due to the splitting of the current in the parallel circuit. With a
variation of the heater current of each TES, it is possible to find the best operating
point for each TES.

Moreover, during the setup of the iStick channel it has to be considered that the
sticks and the phonon detector can influence each other as well. A heat input in one
of the iSticks can heat the phonon detector and vice versa. Thus, it has to be ensured
that while setting up one channel the other one is stabilized at a constant temperature,
i.e. is heated with a constant current input in the heater. As both channels, the phonon
and the iStick channel, experience an additional heat input from the other channel the
transition temperature of these detectors should be well above the temperature of the
heat bath. Otherwise it can happen that a thermometer is heated above its transition
temperature by a heat input from the other channel.
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Figure 7.6: Pulses recorded with TUMZ26-b of events occurring in the absorber crystal (a) and
in one iStick (b). In (a) an e~ /vy-event with an energy of ~ 10 keV deposited in the absorber
crystal is shown. While the phonon detector shows a large pulse (red), no pulse is visible in the
iSticks (green). The corresponding light signal is depicted in blue. In the event shown in (b) an
energy of ~ 70 keV was deposited in one iStick. The light produced in the iStick is detected by
the light detector (blue) and, additionally, a pulse in the phonon detector (red) with an energy
of ~ 1keV is recorded.

7.4.2 Signal of the iStick Channel

An energy deposition in one phonon detector holding stick is detected by a signal in the
stick TES and by a degraded signal in the phonon channel. For an energy deposition
in the absorber crystal the situation is reverted. Therefore, the ratio of the two signals
can be used for a discrimination of any type of event occurring in the sticks.

A typical e~ /v-event event with an energy deposition of ~ 10keV occurring in the
absorber crystal is shown in figure[7.6al It exhibits a large signal in the phonon detector
(red) and additionally a smaller corresponding signal in the light detector (blue). No
pulse is visible in the iStick channel (green), which means that too few phonons are
transmitted to the iSticks to produce a measurable signal. In figure an energy
deposition of ~ 70keV in one iStick is shown. For the calibration of the iSticks the
module was equipped with several ®Fe sources, so that each stick is in line-of-sight with
one source. In this event the pulse of the iStick channel (green) is largest, while the
light produced in the iStick is detected by the light detector (blue). Due to phonons
transmitted in the absorber crystal, also a small signal in the phonon detector is visible
(red). This pulse corresponds to an energy of ~ 1keV measured in the phonon detector.

This shows that energy depositions occurring in the iSticks and in the absorber crystal
can be distinguished by the ratio of pulse heights in the different detectors. Most events
occurring in the sticks can be distinguished by their light signal since for such events
more light is detected. However, events occurring due to a surface a-contamination of
the stick can produce a nuclear recoil in the sticks and transfer phonons in the absorber
crystal but they produce only a very small light signal. Such events can only be vetoed
by the signal of the iStick channel.

The relation of the pulse heights measured in both detectors is investigated in figure
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Figure 7.7: Measured iStick pulse height against amplitude measured in the phonon detector
TUMZ26-b. Amplitudes measured with the phonon detector of up to 20V corresponding to
an energy of ~ 90keV are displayed. Different populations of events can be observed. Energy
depositions occurring in the absorber crystal appear at an iStick pulse height of < 0.1V. Events
in the iSticks appear at high iStick pulse heights and simultaneously a small energy signal in
the phonon detector of < 2V (corresponding to ~ 9keV) is recorded. The few events with a
high signal in both detectors are random coincidences.

While for the phonon detector the amplitude determined in the template fit is
shown (x-axis), for the iStick channel the pulse height parameter is drawn (y-axis)
instead of the amplitude, as the latter depends on the pulse shape of the individual
iStick. The pulse height parameter is the maximum of the record shaped by a moving
average filter with a width of 50 samples and, thus, independent of the actual pulse
shape. Different populations are visible: Most events exhibit a small pulse height in
the iStick channel (< 1V) while featuring a pulse height of any value in the phonon
detector. These events are energy depositions occurring in the absorber crystal. Even
for energies well above the ROI for dark matter search (2 10V), no signal above
threshold is produced in the iStick channel. The events exhibiting a small pulse height
in the phonon detector (< 2V corresponding to ~ 9keV) combined with any pulse
height in the iStick channel occurred in one of the iSticks’}

7.4.3 Energy Threshold and Resolution of the iStick Channel

In figure the pulse height spectrum measured in the iStick channel is depicted. To
reduce the influence of events occurring in the phonon detector only events with an

5The few events with a large signal in the iSticks as well as the phonon detector are random coinci-
dences, where usually the signals occur at a different time in the record window.
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Figure 7.8: Spectrum of particle pulses in the iStick channel measured in run 126, whereby
only events with an energy below threshold measured in the phonon detector are shown. Only
one peak appears at a pulse height of ~ 0.3 V from the three ®® Fe sources irradiating the iSticks.
For a rough calibration the spectrum is fitted with one Gaussian function (red line).

energy below threshold measured in the phonon detector are displayed. Also here the
pulse height parameter is shown on the x-axis.

As mentioned before, all three iSticks are irradiated with an ®*Fe source. Therefore,
it is expected that each iStick TES exhibits a double-peak structure in its spectrum and
in the total spectrum of the iStick channel up to three double peak structures could
be observed. However, only one broad peak is visible at a pulse height of ~ 0.3V in
the measured spectrum. Thus, the difference of the pulse heights for a certain energy
deposition in the three iSticks cannot be resolved with the given resolution. This
indicates that in this energy range the iSticks have a similar energy scale. However,
from the peak it cannot be concluded on the physical resolution of the iStick channel,
as the observed peak might be broadened due to slightly different positions of the three
peak structures. Due to this the calibration of the iSticks has a rather high uncertainty.

As a separation of the different expected peaks is not possible the observed structure is
fitted with a single Gaussian function (red). The fit yields a mean of (306.6 & 1.1) mV
and a resolution of o = (23.5 £ 2.7) mV which corresponds to a resolution of of =
(452.2 £ 51.9)eV.

The determined baseline resolution of the veto channel is o5 = (13.92 £ 0.22) mV
which corresponds to ag o = (270.59+4.28) eV (see appendix. A higher noise level is
expected in this channel compared to a single detector as three detectors are contribut-
ing to the noise. With this baseline resolution the 50 energy threshold is determined
to be Eu, = (1.35 & 0.02) keV. The rejection of iStick events is investigated in the
following.
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Figure 7.9: Spectrum of particle pulses measured in the iStick channel in run 126. At low pulse
heights a large peak due to events occurring in the absorber crystal is visible. The small peak at
a pulse height of ~ 0.3 V appears due to the ®®Fe sources in line-of-sight with the iSticks. The
red line indicates the cut value of 71 mV (corresponding to an energy of 1.34keV). All events
above are rejected by the iStick cut (red-shaded area).

7.4.4 Discrimination of Events Occurring in the iSticks

In figure it is shown that events occurring in the absorber crystal with energies of
< 100keV do not result in a measurable signal in the iStick channel. Therefore, within
the present work an one-dimensional cut on the iStick pulse height is performed to veto
events occurring in the iSticks. The pulse height spectrum of all particle pulses measured
in the iStick channel is shown in figure All events with a pulse height measured
in the iSticks of more than the value of the 50 threshold (71mV corresponding to
1.35keV, red line) are rejected (red-shaded area). In total ~ 40 % of all events recorded
are removed by this cut.

With the cut on the iStick signal all events with an energy above the iStick channel
threshold Ey,, s are rejected. Thus, with this cut all events with a ratio of energy
measured in the iStick channel Fg and energy measured in the phonon detector Ep

& S Eipr s _ 1.35keV
Ep — Ep N Ep

(7.2)
are vetoed. This corresponds to a ratio of pulse height measured in the iStick channel
Pg and pulse height measured in the phonon channel Pp of

Ps _ Puws _ TimV
P~ Pp Pp

(7.3)
The relation of the signals measured in the iStick and in the phonon channel is

investigated in figure [7.10] The ratio of pulse heights measured in the iStick and in
the phonon channel is shown against the energy measured in the phonon detector for
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Figure 7.10: Ratio of pulse height measured in the iStick channel and pulse height measured
in the phonon channel versus energy measured in the phonon channel. Events occurring in the
absorber crystal are depicted in black. Events rejected in the iStick cut are marked in red. The
green line marks the energy threshold of the phonon detector of Eip, p = 0.136keV.

each event. Thereby, events surviving the iStick cut are marked in black, while events
rejected by this cut are drawn in red. The energy threshold of the phonon detector of
Eipr,p = 0.136 keV is marked in green. Events occurring in the absorber crystal exhibit
a very small pulse height in the iStick channel and, thus, appear in a population very
small pulse height ratio.

As in figure [7.7] also in figure the different bands of iStick events are visible.
They appear in a nearly horizontal population at a pulse height ratio of 2 3. To reject
all events with a pulse-height ratio of = 3 down to threshold, an iStick threshold of
< 101 mV (corresponding to an energy threshold of < 1.9keV) is necessary. With the
iStick threshold reached in the measurement of 71 mV (corresponding to an energy
threshold of 1.34keV) all events with a pulse height ratio of 2.2 are rejected down to
threshold. Thus, in this measurement the bands of iStick events can be removed down
to threshold.

However, many events also appear between the population of absorber events and
iStick events. These can be random coincidences of energy depositions in an iStick and
in the absorber crystal but they can also arise from Compton scatters. In an under-
ground setup such as the main CRESST setup a lower rate and, thus, less coincidences
are expected. With data obtained in the CRESST setup further investigation is possible
to determine the origin of these events.

For dark matter search the expected rate of possible signal events is small and,
therefore, the cut should remove as few events as possible. A more elaborated cut e.g.
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Figure 7.11: Energy measured in the light detector against energy measured in phonon detector
TUMZ26-b. Events rejected in the iStick cut (see figure are colored in red, while events
surviving this cut are drawn as black points. The events that are removed in the cut on the
iStick pulse height are mainly located in one band with a larger signal in the light channel
compared to the lower band of black dots, which is the e~ /y-band. The band of black dots with
an even larger signal in the light channel are energy depositions in the CaWOQy sticks holding
the light detector.

including the time difference of the pulse onsetﬁ, might be required. However, within
the present analysis the efficiency of this cut is not relevant.

7.4.5 Light Signal of Stick Events

Events occurring in the CaWQy sticks also produce scintillation light. In figure the
energy measured in the light detector is depicted against the energy measured in the
phonon detector for the low-energy region of TUM26-b. Events rejected by the cut on
the iStick pulse height are colored in red, while events surviving this cut are drawn as
black points. The band with the smallest slope is the e™-/y-band consisting of energy
depositions in the absorber. The iStick events appear in a band with a larger slope
(red). However, a population of events with an even larger light signal survives this
cut. These events can be attributed to energy depositions in the light detector holding
sticks and are discussed in section [7.4.7]

In figure all events are shown in the light yield - energy plane. The e~ /y-band
appears at a light yield of one. The iStick events appear in a roughly horizontal band
expanding until an energy of ~ 14keV. For energies above ~ 150eV they are well
separated from the e™ /7-band. However, at low energies the bands overlap due to the

SRandom coincidences of an event occurring in the absorber crystal and in one iStick happen more
likely at different times in the record. However, in the cut exploited in the present work such records
are rejected. A cut rejecting only events with pulses in both channels that occur within a short time
period would maintain these records.
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Figure 7.12: Similar to ﬁgure events rejected in the iStick cut (see ﬁgure@) are colored
in red, while surviving this cut are drawn in black. In (a) all events are shown in the light
vield - energy plane. The events in the iSticks are located at a light yield of ~ 30-60 and are
well separated from the e~ /y-band at a light yield of 1 for phonon energies above ~ 150eV.
At higher light yields of ~ 80-150 a broad band of events in the light detector holding sticks
is located. In (b) a histogram of the light-yield distribution of all events is depicted. The
red histogram illustrates the light yield distribution of events with a pulse height above the
threshold of the iStick channel, while the black histogram shows the light yield distribution of
events with a pulse height below the iStick channel threshold.

finite energy resolution of the detectors. This shows that for e~ /y-events occurring in
the holding sticks the signal in the light detector is a good discrimination parameter
especially for high energies.

In figure the light yield distribution of these events is displayed. The events
rejected by the iStick cut (red) appear mainly at a light yield of ~ 3060, i.e. ~ 3060
times more light is detected compared to events occurring in the absorber crystal. Also
here a distribution of events not rejected by the iStick cut appears at higher light yields
of > 70.

7.4.6 Discrimination of the individual iSticks

It is observed that the pulse shape of different detectors slightly varies despite the same
geometry and the same production process. The three iStick thermometers measured in
the present work were produced on the same silicon wafer and processed simultaneously
(see chapter @ The pulse shapes observed in the iStick channel are investigated in the
following.

In figure the decay time parameter of all iStick events is shown against the pulse
height measured in the iStick channel. The decay time parameter is calculated by the
analysis software and describes the time of a pulse necessary to decay from the maximum
sample to 1/e of the total pulse height. For pulse heights 2 1V (corresponding to an
energy of ~ 20keV) three clearly separated populations are visible in the decay time
parameter calculated for the pulses measured in the iStick channel. For smaller pulse
heights a high noise contribution increases the uncertainty of the decay time parameter.
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Figure 7.13: Decay time parameter of iStick events versus the pulse height measured in the
iStick channel. For pulse heights above ~ 1V (corresponding to an energy of ~ 20 keV) three
populations can be discriminated. In total 1798 events are marked in magenta, 2176 events in
violet and 1889 in green. The similar number hints that the energy scale of the three iSticks is
roughly similar.

A more elaborated pulse-shape analysisﬂ might improve the discrimination for smaller
pulse heights.

The three populations are marked in colors for pulse heights 2 1 V. They contain a
similar amount of events of 1798 events (magenta), 2176 events (violet) and 1889 events
(green). This hints that the energy scale of the three iSticks is roughly similar.

For each distribution a standard event is produced from pulses with a pulse height of
~ 3V and is shown in figure[7.14] The standard events of the three different populations
are well distinguishable by eye. They slightly differ in their rise time (7,1 = 0.4ms,
Tp,2 = 0.6 ms, 7,3 = 0.7ms) and strongly in their decay time (7fiim,1 = 2.7ms, Tfiim2 =
4.4ms, Tfiim,3 = 8.8ms). The differences are explainable by discrepancies in the thermal
couplings. A difference in the glue spot connecting the TES-carrier to the CaWQy stick
can cause a difference in the rise time. The decay time can be influenced by differences
in the thermal coupling to the heat bath, which varies due to differences in the bonding
process of the gold wire providing the thermal coupling. Moreover, the thermal coupling
between the stick and the holder can vary, due to a difference in the pressure of the
clamp pressing the stick against the absorber crystal.

The amplitude of a pulse determined in the template fit depends on the template

"Several parameters can be used to distinguish pulses with different shapes. In CRESST-II phase 2 a
pulse-shape analysis has been performed to distinguish pulses from the main absorber crystal and
the TES-carrier. The discrimination power of several single parameters as well as a pulse-shape
analysis based on artificial neural networks was investigated in [76].
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Figure 7.14: Template pulses of the three iSticks with an amplitude normalized to one. Each
standard event is generated from one of the three populations visible in figure of pulses
with a pulse height of ~ 0.3 V. A clear difference in the pulse shape can be seen. The rise time
differs slightly (1,1 = 0.4ms, 7, 2 = 0.6 ms, 7, 3 = 0.7ms), while the decay time varies strongly
(Tfitma = 2.7mSs, Tpitm,2 = 4.4ms, Tfim 3 = 8.81ms).

used. For this reason the correct amplitude can only be determined if pulses from the
different sticks can be separatedﬂ As it is not necessary to know the exact amplitude in
a veto channel, the pulse height parameter can be used as estimator for the amplitude.

In figure the pulse height measured in the iStick channel against the amplitude
measured in the phonon detector is shown for all events. The events are colored ac-
cording to figure for iStick pulse heights of 2 1V, so that the events occurring
in each stick are shown in different colors. Events of each iStick appear in a wide
distribution with the largest density occurring in two bands. This means that for a
certain energy deposited in one iStick a different amount of energy is transferred into
the phonon detector. This can be explained by a difference in the thermal coupling of
different parts of the stick. The feedthrough of the housing for the sticks couples the
middle of the stick to the housing and, thus, to the heat bath. For this reason, phonons
produced in the part of the stick inside the housing are more likely to be transferred
into the absorber crystal than in the iStick TES. In contrast, phonons produced in the
outer part of the stick are more likely to be transferred into the iStick TES than in the
absorber crystal. In conclusion, it seems that events occurring close to the absorber
crystal transfer a larger amount of energy in the absorber crystal compared to events

8A fit with different templates is also a method to discriminate events with different pulse shapes.
Typically, the RMS from the fit is low if the template describes the pulse shape well. When a pulse
is fitted with different templates, the template that results in the smallest RMS value is the best
estimator for the true pulse shape.
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Figure 7.15: Distribution of events of the respective iSticks. The same events as in figure
7.11] are shown here but with different colors. The iStick events are colored as the respective
populations shown in figure[7.13, While the distribution of events of the two iSticks with the
longer decay times overlap (green and violet), the distribution of the iStick 1 (magenta) is
observed at lower pulse heights in the iStick channel. All three distributions of the respective
iSticks seem to appear in two bands, which probably correspond to events occurring inside or
outside the housing. All events which could not be attributed to one iStick are shown in gray
color.
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close to the TES-carrier.

The distributions of two iSticks overlap (iStick 2 in violet and iStick 3 in green),
while the distribution of iStick 1 (magenta) appears at smaller pulse heights measured
in the iStick channel. The reason for this can be either a worse performance of one
iStick thermometer or a difference in the transfer of phonons into the absorber crystal,
e.g. due to a different pressure between the absorber crystal and one iStick.

In contrast to the phonon signal, there is no visible difference in the light signal of
events in the three iSticks. It seems that the produced photons are distributed more
evenly in the stick than the phonons after an energy deposition.

It is not necessary to discriminate the individual detectors of the iStick channel to act
as a veto channel. However, these results demonstrate that it is possible to discriminate
events from several detectors operated with only one SQUID. A more sophisticated
analysis of the pulse shape might discriminate events occurring in the different iSticks
to even lower energies. Such an analysis is possible with CRESST-III data as it exhibits
a smaller pile-up component.

7.4.7 Light Detector Holding Sticks

After removing events occurring in the iSticks by a cut on the iStick pulse height, a
band of events with a high signal in the light channel remains (see figure . As can
be seen in figure [7.12a] these events features a large light signal and appears at light
yields of 2> 70.

A typical record of this population is shown in figure No signal is visible in
the iStick channel since otherwise this event would be rejected in the cut on the iStick
pulse height. However, a large light signal and a small signal in the phonon detector are
visible. A more precise view on the pulse shape observed in the phonon detector reveals
that it is slightly different compared to pulses from absorber events (see figure [7.16b)).
The template of the population with high light yield (light blue) is slower compared to
the template of absorber events (red) with a light yield of one. In the light detector no
difference in the pulse shape is observed.

These observations hint that these events are energy depositions in non-active but
scintillating part of the module. The only non-active and scintillating parts are the light
detector holding sticks and the reflective foil surrounding the detectors. Events in the
foil produce less light than events occurring in the absorber crystal [63]. Therefore, these
events must be occurring in the light detector holding sticks. On the one hand such
events produce a light signal (just as events occurring in the iSticks) and, additionally,
they can transfer phonons into the light absorber. Moreover, a small signal is observed
in the phonon detector, which is attributed to light absorbed either by its crystal or by
its sensitive TES.

The difference in the pulse-shape observed in the phonon channel is caused by the
scintillation time of CaWOy (75 =~ 400 us [103]) that slows down the energy input in the
phonon detector thermometer. The resulting pulse shape is expected to be a convolution
of the pulse shape of the phonon detector and the scintillating component. However,
with the present measurement this is hard to investigate quantitatively due to the large
pile-up component. With data taken in the main CRESST setup it should be possible
to investigate this with an appropriate model of the pulse shape.
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Figure 7.16: Events occurring in the light detector holding sticks are characterized by a large
light signal and a small signal in the phonon detector, while no signal in the iStick channel
is visible (a). In (b) a comparison of standard templates of pulses measured in the phonon
detector for events occurring in the absorber crystal (red) and in the light sticks (light blue) is
shown. The difference in the pulse shape can be exploited in a pulse-shape analysis.

In figure the light energy against the phonon energy of events remaining after
the cut on the iStick pulse height are shown. The events in the remaining band are
marked in blueﬂ The same events are shown in the light yield - energy plane in figure
It can be seen that the light stick events are distributed at a light yield of more
than ~ 30 and mainly at light yields of ~ 70 — 150. For energies above ~ 100eV they
are well separated of the e~ /~-band and, thus, can be discriminated via the signal in
the light detector. However, at very low energies they might leak to lower light yields.
In the present measurement the light stick events can be rejected by the light signal
down to an energy of ~ 100eV.

Further investigation is necessary to determine if it is necessary to improve the dis-
crimination. The difference in the pulse shape can be exploited in a pulse-shape analysis
to distinguish events occurring in the light detector holding sticks to even lower ener-
gies. Another possibility is to instrument the light detector holding sticks as well with
a TES for an enhanced discrimination.

7.5 Summary

The measurements discussed in the present work exhibit large uncertainties mainly
induced by the high rate occurring in the detector in a setup above ground. Despite the
high rate it is possible to investigate the performance of all three channels (phonon, light
and iStick channel) of the optimized module. It has been confirmed that all requirements
for a measurement in the main CRESST setup are fulfilled. In the following the main
results are summarized:

9The events visible at a phonon energy as well as a light energy of ~ 0 can mainly be attributed to
noise triggers.
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Figure 7.17: Low-energy region in the light-energy plane (a) and the light yield - energy plane
of run 126. The events remaining after the application of the iStick cut are shown. Events
appearing in the remaining band with a light energy of 2 50eV are marked in blue in both
figures. In the light yield - energy plane they appear at light yields 2, 30 and can be separated
down to an energy of ~ 100eV.

e The phonon detector operated in the calorimetric mode is expected to reach a
threshold of 16-60eV in the CRESST setup, which is well below the design goal
of 100eV. With the investigation of the parameters for the thermalization of non-
thermal phonons a further optimization might be in reach.

e For the light detector an improvement in the signal amplitude of a factor 6 — 7
compared to light detectors operated in CRESST-II phase 2 was expected due
to the design changes in the optimized module. However, with the single light
detector measured within the present work this was not observed. Due to the
typically large range in the performance of light detectors further measurements
are required to evaluate the influence of the design changes.

e The three iSticks were successfully operated in one readout channel. With a
threshold of 1.35keV the iStick channel is expected to be able to veto all events
occurring in the iSticks including the dangerous background due to a-induced
events.

In total, ten optimized detector modules have been mounted in the CRESST setup for
CRESST-III phase 1. With future data obtained in the CRESST setup more detailed
investigations are possible.
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Chapter 8
Conclusion and Perspectives

The CRESST experiment aims to directly detect dark matter via nuclear recoils in a
target material consisting of scintillating CaWQO, crystals. The previous data taking
phase CRESST-II phase 2 (2013-2015) demonstrated the outstanding potential of low-
threshold CRESST detectors to explore the low-mass region of the parameter space for
elastic spin-independent dark matter nucleon interaction. With the detector Lise an
energy threshold of 307 eV was reached and a sensitivity for dark matter particles down
to a mass of 0.5 GeV/c? was achieved. For dark matter particle masses of < 1.7 GeV/c?
a world leading exclusion limit was set.

The parameters determining the sensitivity of the CRESST experiment for low-mass
dark matter are investigated in chapter It is found that an enlargement of the
exposure and a reduction of the observed background only play a minor role for the
near future of CRESST. In contrast, a reduction of the phonon detector threshold to
100eV or even lower can drastically increase the sensitivity to low-mass dark matter
by more than four orders of magnitude. Moreover, it allows to investigate dark matter
particle masses down to ~ 0.1 GeV/c2. To explore the low-mass dark matter region
the CRESST collaboration recently started a new stage of the experiment, denoted as
CRESST-III, in which phonon detectors with a threshold of < 100eV are operated.

The main part of the present work describes the optimization of the detector modules
for CRESST-III. This optimization is based on the design of the modules operated in
CRESST-II. The latter consist of a phonon detector made of a scintillating CaWOy
target crystal with a mass of ~ 300 g which is equipped with a sensitive thermometer.
The measurement of the temperature change after an energy deposition is performed
with transition edge sensors (TES). A separate light detector measures the scintillation
light which allows to discriminate different event types on event-by-event basis. Both
detectors, in combination referred to as detector module, are surrounded by a reflective
and scintillating housing.

The thermal model that describes the signal formation in these detectors is explained
in chapter 4] In addition to a precise knowledge of the signal, also the different noise
sources must be considered. The dominant sources can be modeled to describe the total
noise observed in CRESST detectors. For a better understanding of the phonon detector
noise, its contributions measured in different setups are investigated and compared.
While the noise observed in the CRESST setup is well described by the model, in the test
setup, which is located above ground, an additional contribution at small frequencies
is measured. The latter arises from the high rate observed in the test setup. Thus,
the noise contribution strongly depends on the external event rate. As the measured
signal is independent of the setup, it is possible to infer the performance expected in
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the CRESST main setup from a measurement in the test setup.

For the optimization of the detectors the aim is to increase the signal compared to
the signal of CRESST-II detectors without changing the parameters defining the noise.
The dependence of the signal height on the geometry of the crystal is investigated in
chapter An enlargement of the phonon detector signal is achieved via a reduction
of the crystal mass together with an optimized geometry and an adaption of the TES
structure. The optimized phonon detector consists of a cuboidal shaped crystal with
a mass of 24g. Three different TES structures have been designed for an optimum
detection of the signal in the new crystal geometry. Moreover, the change of the crystal
geometry is expected to enlarge the signal in the light channel. On the one hand, the
light output of the small crystal is enhanced and, on the other hand, an adjustment of
the light detector geometry increases the signal measured in the light detector.

With a new geometry of the detectors also the housing needs to be adjusted. All
components of the final design of the optimized module are described in chapter [6]
In the new module both detectors, the phonon and the light detector, are held by
scintillating CaWOQ, sticks pressed against them with bronze clamps located outside
the housing. Together with the reflective and scintillating foil these sticks form a fully-
scintillating housing, which effectively prevents nuclear recoil backgrounds of surface
a-decays. However, with the aimed for low threshold of the new modules also an a-
contamination of the stick surface, which is extended outside the housing, can cause
a background in the region-of-interest for dark matter search. Phonons of a nuclear
recoil occurring in the sticks can be transferred into the absorber crystal and produce a
low-energetic event accompanied by little or no light signal. To veto such events, each
of the three phonon detector holding sticks is instrumented with a TES similar to that
of the light detector. The three instrumented sticks (called iSticks) of a module are
read out in parallel in one readout channel.

First measurements with a prototype of the optimized detector module were per-
formed in a test setup located above ground (see chapter . Two different phonon
detectors were operated and energy thresholds of 136eV and 195eV were reached,
respectively. Considering the much smaller noise contribution in the main CRESST
setup, thresholds in the range of 16-60keV are feasible. Moreover, an improved under-
standing of the detector physics was aimed for in these measurements. A comparison
of a large (A; = 36 mm?) and a small (4; = 19mm?) TES structure showed that the
signal measured in the small structure is larger by 16 %. Moreover, it was possible to
investigate the time constants describing the thermalization of non-thermal phonons in
the phonon detector. The knowledge of these time constants is essential for a possible
further optimization of the detector geometry. From these measurements the time con-
stant for the thermalization of non-thermal phonons in the crystal was determined to
be Terystar & 1.7ms.

Furthermore, the performance of the light detector was investigated. With the single
light detector that was measured, the expected improvements could not be confirmed.
Due to the typically large range in the performance of light detectors, further tests are
required to evaluate the influence of the design changes. Moreover, the three iStick
TES were successfully operated in parallel in one readout channel. With an energy
threshold of 1.35keV reached with the iStick channel in the test setup it is possible to
veto all events occurring in the iSticks. With the measurements of the prototypes it is
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confirmed that all requirements for the optimized module are met and that the goals
for the optimization are reached.

Due to the promising results obtained in the present work, ten of such modules have
been mounted for CRESST-III phase 1. Based on the present work, with the data
obtained in CRESST-III phase 1 the parameters of the new module can be determined
precisely and important information can be gained:

e As the main goal of CRESST-III is to operate phonon detectors with a threshold
of < 100eV, the parameter of most interest is the threshold finally achieved in the
CRESST setup. Within the CRESST setup the energy threshold of all installed
phonon detectors can be measured directly.

e Within the present work two different TES structures for the phonon detector
have been compared. The TES structures have a similar geometry but their area
differs by a factor of ~ 2. Both structures performed well in the measurements
of the prototype module and, thus, both detector types have been installed in
the CRESST setup. With data taken in the CRESST main setup it is possible
to compare them with larger accuracy. In case it is confirmed that the small
structure results in a larger signal, it might be worthwhile to investigate a further
reduction of the TES area for future detectors.

e In the analysis of the measurements discussed in the present work, a simple one-
dimensional cut on the iStick veto signal is performed. With cleaner data obtained
in the main CRESST setup, the iStick channel can be investigated more detailed.
This allows to increase the cut efficiency by including e.g. the time difference of
the signal in the iStick channel and the phonon detector.

e In the present work it is assumed that the achievable threshold is the 50 value
of the baseline noise. With the hardware trigger used in CRESST-II the trigger
threshold is adjusted once at the beginning of a measurement. For several detec-
tors in CRESST-II phase 2 the trigger level was set at a higher value than the
50 baseline noise, e.g. due to a time dependence of the noise. For CRESST-III a
continuous readout has been implemented, so that the pulses can be located in
the record with a software trigger (e.g. optimum filter [I122]). This can possibly
improve the trigger process and, thus, reduce the trigger threshold.

The measurement of the two prototypes of the optimized phonon detectors allowed
for an improved understanding of the detector physics. With further optimizations of
future detectors an even larger signal might be feasible. Based on the findings in the
present work, the following measurements are suggested for the future:

e In the present measurements the collection of non-thermal phonons was influenced
by the presence of phonon collectors. This might distort the parameters found
for the thermalization of non-thermal phonons. A measurement with a dedicated
detector without phonon collectors can increase the accuracy of the determined
time constants. It is found that the derived time constants cannot be transferred
for the two crystal geometries employed in CRESST. Additional measurements
can disentangle the influence of the geometry and the surface of the crystal as
well as the phonon collectors and, thus, can improve the existing model.
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e The present phonon detectors in CRESST-III phase 1 are equipped with a ther-
mometer operated in the calorimetric mode. This structure can possibly be opti-
mized further, which allows for an even lower phonon detector threshold. Possible
improvements are a reduction of the size of the thermometer or an adjustment of
size of the phonon collectors.

e Within the present work also a TES structure for the bolometric mode has been
designed. This structure is expected to yield a slightly smaller signal compared
to the calorimetric TES structure but has advantages in the discrimination of
energy depositions directly in the thermometer. An investigation of the bolometric
structure allows to determine the resulting signal height and to balance the signal
reduction against the discrimination power.

With the detectors developed in the present work an excellent sensitivity for low-
mass dark matter is expected. With data collected in CRESST-III and in additional
measurements further optimizations of the detectors for future measurement campaigns
of CRESST are possible.
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Appendix A

Baseline Noise Determined with Artificial
Pulses

Within the present work the baseline noise of a detector is determined from empty
baselines, i.e. records triggered randomly by the DAQ. To determine the baseline noise
a template pulse of fixed height is superimposed to these empty baselines and the
resulting artificial pulse is fitted with the template [74]. The width o of the resulting
Gaussian peak in the amplitude distribution is determined. It equals the baseline noise,
since only the baseline noise contributes to the uncertainty of the pulse height.

In the measurements of the prototype detector modules in the test setup in Munich
(see in chapter [7)) the baseline noise was determined for all detectors. The spectra of
artificial pulses and the fits are shown in the following figures. For the phonon detectors
TUM26-b and TUM56-f a baseline noise of op g = (6.75+0.12) mV (see figure[A.1a]) and
opo = (9.71 £0.28) mV (see figure was determined, respectively. The baseline
noise of the light detector was derived to be o7 = (8.64 £ 0.17) mV (see figure
and for the iStick channel a baseline noise of o5 = (13.92+£0.22) mV results (see figure

A3).
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Figure A.1: Amplitude spectra of template pulses superimposed to empty baselines in the

phonon detectors TUMZ26-b. The best fit of a Gaussian function and a constant background to
the spectrum is shown in red.
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Figure A.2: Amplitude spectra of template pulses superimposed to empty baselines in the
light detector WI-531/2. The best fit of a Gaussian function and a constant background to the
spectrum is shown in red.
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Figure A.3: Amplitude spectra of template pulses superimposed to empty baselines in the
iStick channel. The best fit of a Gaussian function and a constant background to the spectrum
is shown in red.
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Appendix B
Parametrization of the Recoil Bands

Typically, CRESST data is displayed in the light yield - energy plane (see figure .
Different types of particle events appear in roughly horizontal bands. Although, this is
the common way to illustrate the data, the parametrization of the recoil bands as used
in [71], [76] is described in the light - energy parameter space, where the energy measured
in the light detectors L is plotted against the recoil energy ERr (see ﬁgure. In this
plane the different event types appear in bands with different slopes. Basically, these
bands are defined by a mean, which describes the average amount of light produced,
and an energy-dependent width, which is caused by the finite detector resolution. The
detector specific parameters of the bands are determined in a likelihood fit. With the
knowledge of the quenching factors, with these parameters also the quenched bands can
be calculated.

In the following a basic overview of the description of the e~ /~v-band is given. Details
on the parametrization as well as the likelihood fit can be found in [70, [71] [76].

The mean of the e~ /y-band is described by the function

L (ER) = (LoEr + L1 E?) [1 — Lyexp <—>] , (B.1)

with the total energy deposited in the absorber crystal Er. In first approximation
the scintillator is linear, which is described by the leading term LgEgr. Due to the
calibration procedure electrons and gammas have a light yield of around one and, for
this reason, also the parameter Ly =~ 1. The second term LlE]%L allows for a deviation
from linearity, which is typically found to be small. This term usually is only relevant
when a large energy range of > 100keV is considered.

At small energies the mean light yield of the band drops due to the scintillator non-
proportionality-effect [90]. This drop depends on the crystal of the respective detector
and typically observed for energies below ~ 10keV. This effect is taken into account by
the second factor. The parameters Lo and L3 describe the magnitude and the typical
energy scale, respectively.

The width of the band depends on the finite resolution of phonon and light detector.
Typically the phonon detector resolution is much better than the one of the light de-
tector and, thus, the latter mainly contributes to the width. Therefore, for simplicity
the width of the e~ /+-band o is modeled only as a function of the detected light energy
L, instead of the total recoil energy Er. It is parametrized as:

o (L) = /Sy + S1L + Sy L2. (B.2)

141



Appendix B Parametrization of the Recoil Bands

120

= —
3 H L le-ly
5 2 100—
st K L
S0
80—
60—
40—
20—
r 10
e = e
20 20 60 80 100 120 o 20 40 60 80 100 120
Energy (keV) Energy (keV)
(a) Light yield - energy plane (b) Light - energy plane

Figure B.1: Recoil bands with the same parameters for e~ /v-events (blue), recoils off oxygen
(red) and tungsten (green) shown in the light yield - energy plane (a) and in the light - energy
plane (b). The dashed lines show the mean of each band, while the solid lines correspond to
the 90 % upper and lower boundaries. Image taken from [7]].

In case the phonon detector resolution is significantly better than the light detector
resolution, it is valid to assume that o€ / Y(L) is the resolution of the light detector.
Thereby, the three parameters S; describe the different effects causing a broadening of
the amount of measured light. The parameter Sy accounts for the energy-independent
baseline noise of the light detector. The parameter S; describes the uncertainty due to
the statistical fluctuation in the number of detected photons. Other uncertainties that
are proportional to the amount of light produced (e.g. possible position dependencies
of the light output from the crystal [117]) are taken into account by the parameter So.
This parameter is usually small and can be neglected.

In general, also the finite resolution of the phonon detector op has to be taken into
account in addition to the light detector resolution oj. Approximately, the resolutions
of both detectors are statistically independent and, thus, the width of the band can be
described as:

o L) = \JoR (L) + [QF. 1y - op(E)), (B.3)
with the quenching factor of the e /v-band QF,- /. In chapter 2 the quenching factor
was described to be constant over a large part of the ROI for dark matter search.
However, with low energy thresholds, the energy dependency of the quenching factor
observed at low energies has to be considered. For electron recoils the quenching factor
is described by the second factor of equation [81]:

QF.- ) (Ep) = [1 ~ Lyexp (-Z‘"ﬁ)] . (B.4)

As the consideration of the phonon detector resolution is usually only a small cor-
rection, the energy dependency is dropped. This results in an energy-independent
resolution of the phonon detector corresponding to the baseline noise op . Thus, the
energy-independent part of bandwidth can be described by Sy = 0'12;.’0 + 0%’0 . To im-
prove the convergence of the fit of the e~ /y-band, the parameter S is usually fixed to
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Parameter Value

Lo 0.978
Ly [keV~1] 0%
Ly 0.343

L3 [keV]  8.888
So[keVZ]  0.0667*
S1 [keVee]  0.561
S5 0*

Table B.1: Values for the parameters describing the position of the e~ /y-band in the light -
energy plane for TUM40. The parameters marked with * have been fixed in the fit.

the value derived from the baseline noise of the phonon detector op o and the one of
the light detector oy, .

To properly describe the e™/7-band another class of events has to be considered.
In many detectors it is found that especially at low energies events with a light yield
higher than expected appear. These event originate most likely due to external electrons
penetrating the module and, thereby, producing scintillation light in the foil before being
absorbed in the crystal [71]. In this way, more light, than from an interaction in the
crystal alone, is produced. Therefore, these events are called excess light events. The
formal description used to account for the excess light events is discussed in [70].

All free parameters are determined by using a maximum likelihood fit. The values
of the parameters for TUM40 determined within the present work are given in table
B.1] The parameter Sy is determined directly from the baseline noise of the phonon
and the light detector and fixed in the fit. Moreover, the parameter L; and S are
typically observed to very small and, thus, are fixed to 0 in the fit. The parameters are
in agreement with the values derived in [71] [76].
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