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Abstract

Most experiments aiming at the direct detection of dark matter rely on a detector tech-
nology, which allows them to collect large exposure within small time scales. This is
achieved by combining large targets with a low background rate as it is possible with li-
quid noble gas experiments. The CRESST-II experiment, however, uses detector modules
based on the “phonon-light"-technique. By instrumenting scintillating CaWO, crystals
with superconducting temperature sensors, the world’s lowest detection thresholds are
achieved with these detectors. Background discrimination is achieved using a spatially
separated light detector which simultaneously quantifies the amount of scintillation light
that created is case of an interaction in the target.

The discovery potential of the CRESST-II detector modules is currently limited by
the poor discrimination power in the low energy range. In order to improve the particle
discrimination in this energy range, the performance of the light channel has to be
improved. To achieve this goal, two approaches are investigated in this work. First, by
improving the performance of the superconducting thermometer used for reading out the
light detector and, second, by improving the light collection efficiency in the detector
modules.

For the first aspect, the efficiency of phonon collectors connected the thermometer is
investigated. This efficiency is directly related to the diffusion properties of the quasi-
particles that created inside phonon collectors. Using a dedicated setup, the diffusion
length of the generated quasiparticles is measured to be O(2mm), opening the way to
equip the existing thermometer structures with larger and thicker phonon collectors to
improve their sensitivity by up to 30 %.

The second aspect is assessed by developing two new detector concepts, in which the
losses occurring during the propagation of the scintillation light in the detector module
are reduced. Based on a ray tracing simulation, the losses in the CRESST-II detector
module are analyzed, revealing that 75 % of the created light is lost. In the slice detector
concept, the measured light signal is enhanced by ~ 50 % compared to a conventional
CRESST-II detector, while in the beaker detector concept, the measured light signal is
increased by 250 %. These improvements are translated in a significantly improved re-
jection power which allows to extend the energy range for particle identification to lower
values. In comparison, the average limit can be lowered from 11.2keV (avg. CRESST-II)
to 6.4keV (slice) and 4.4keV (beaker).

In addition, the beaker detector concept is first “phonon-light”detector providing, on
itself, an active and true 47-veto system for external backgrounds. In this work, the veto
system is investigated in detail, confirming a powerfull rejection efficiency which allows
to implement this system in future CRESST detector modules and other application in
which external background sources limit the sensitivity of the experiment.
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Zusammenfassung

Bei der direkten Suche nach Dunkler Materie ist das Sammeln von groffen Datensétzen
innerhalb von kurzer Zeit der dominierende Aspekt bei der Entwicklung der Experimen-
te. Deswegen verlassen sich viele Experimente auf Detektoren die fliissige Edelgase mit
szintillierenden Eigenschaften als Target verwenden. Diese erlauben grofie Targetmas-
sen mit sehr niedrigen Untergrundraten zu kombinieren. Das CRESST-II Experiment
verwendet dagegen Detektoren, die auf der “Phonon-Licht”-Technologie basieren. Dabei
werden szintillierende CaWQO, mit hochempfindlichen Temperatursensoren instrumen-
tiert, wodurch die weltweit niedrigsten Energieschwellen erreicht werden.

Momentan ist die Sensitvitat der CRESST-II Detektoren durch die schwache Unter-
grundindentifikation bei niedrigen Energien eingeschréankt. Grund dafiir ist die schwache
Leistung des Lichtdetektors in diesem Energiebereich. Um diese Einschrankung bei zu-
kiinftigen Messkampagnen zu vermeiden, wird im Rahmen dieser Arbeit auf zweierlei
Art und Weise versucht die Leistung des Lichtkanals zu steigern. Zum einen, in dem die
Leistungs des Temperatursensors verbessert wird und, zum anderen, in dem die Licht-
sammeleffizienz innerhalb des Detektormodule gesteigert wird.

Um die Leistung der verwendeten Thermometer zu steigern, wird mittels eines spezi-
ellen experimentellen Aufbaus die Effizienz der Phononkollektoren untersucht. Phonon-
kollektoren sind supraleitende Aluminiumfilme, in denen generierte Quasiteilchen posi-
tive zum Temperatursignal beitragen konnen, falls die Dimensionierung passend zu den
Diffusionseigenschaften gewahlt werden. Die experimentell bestimmten Werte der Dif-
fusionsldnge bewegen sich im Bereich von O(2mm), wodurch eine Neudimensionierung
der Phononkollektoren auf quantitative Wiese moglich wird und somit die Leistung der
Thermometer um bis zu 30 % gesteigert werden kann.

Der zweite Ansatz zielt darauf ab durch die Neuanordnung der einzelnen Detektor-
komponenten die Lichtverluste innerhalb der Detektormodule zu reduzieren. Im Rah-
men dieser Arbeit werden daher zwei neue Detektorkonzepte mit gesteigerter Lichtsam-
meleffizienz vorgestellte: Das Slice Detektorkonzept und das Beaker Detektorkonzept.
In beiden Detektorkonzepten kann die Lichtsammeleffizienz gegeniiber dem konventio-
nellen CRESST-IT Detektormodul gesteigerter werden (um 50 % bzw. 250 %). Dadurch
sind deutlich Verbesserung in der Untergrundsindentifikation erreichbar, die es erlau-
ben die untere Schwelle der Akzeptanzregion von einem Durchschnittswert von 11.2 keV
(CRESST-II (Phase 1&2)) auf 6.4keV (Slice) bzw. 4.4keV (Beaker) zu senken.

Zusatzlich ist das Beaker Detektorkonzept das erste “Phonon-Licht”-Detektormodul,
das ein aktives und vollstandiges 47-Veto System fiir externe Untergriinde anbietet. Die
Leistungsfahigkeit des Systems wird durch die Untergrundanalyse einer Langzeitmessung
bestétigt und erlaubt die Anwendung des System in zukiinftigen CRESST Detektoren
und anderen astrophysikalischen Experimenten.
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1 Dark Matter in the Universe

The existence of dark matter was proposed for the first time in 1933 by the Swiss physicist
F. Zwicky. During his investigation of the kinematic behavior of the galaxies in the Coma
cluster [1], he noticed that the luminous matter being present in the cluster does not
provide sufficient gravitational potential to bind the individual galaxies in the cluster.
Therefore, he suggested the presence of additional "dark matterto solve the conflict in
his findings.

Though, it took about 40 years until his concept became widely accepted in cosmology.
In the 1970’s, the accurate measurement of the rotation velocity of the stars in the
Andromeda galaxy (M31) revealed a mismatch between visible matter and observed
gravitation. After this observation, the existence of dark matter was not longer doubted
[2]. Since then, the gravitational influence of dark matter has been observed on all
cosmic scales. The nature of dark matter, though, has remained an unsolved problem of
cosmology and astroparticle physics until today.

This first chapter gives a brief overview on the different cosmological observations sup-
porting the existence of dark matter. Additionally, some candidates intended to provide
a stringent explanation of the dark matter phenomenon are introduced. Finally, at the
end of this chapter, an introduction to the basic concepts for the direct detection of dark
matter is given.

1.1 Cosmological Observations

There are numerous observations in the Universe, which indicate the presence of dark
matter. The gravitational influence of dark matter on baryonic matter is observed on
different cosmic scales. Although alternative theories are able to explain the individual
phenomena, only the concept of dark matter is able to provide a generally valid and
stringent explanation. In the following, the most important cosmological observations
are listed.

1.1.1 Rotation Velocity of Spiral Galaxies

The motion of stars within a spiral galaxy can be described by using classical mecha-
nics. When applying Newton’s law, one can derive equation to describe the rotation
velocity v, of a star circiling around the galactic center as a function of the radius r.

(1.1)
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Abbildung 1.1: Comparison of the expected distribution of the rotation speed (dashed
blue line) and the observed (yellow data points and blue interpolation) of
the spiral galaxy M33. The observed rotation velocity of spiral galaxies
is not consistent with Newton’s laws considering only luminous matter.
The shape of the velocity distribution implies that most of the mass is
located in the outer regions of the galaxies and hence not visible [5].

In equation [L.1, G is the gravitational constant (G = 6.6738 - 10~m3/kg - s?) [3] whi-
le M(r) denotes the galactic mass which is enclosed within the corresponding sphere
of radius r given the observed luminous mass distribution. Equation implies that
the rotation speed of stars in the spiral arms of a galaxy is expected to decrease with
increasing distance from the rotation center.

This assumption is not in agreement with the observations made for spiral galaxies
(i.e. the spiral galaxy M33 [4]). If the measured and expected rotatation velocity v,(r)
are compared , a large discrepancy between them is revealed (see figure . While in
the galatic center the observed discrepancy is relatively small, it increases towards larger
radii. This observation indicates that the mass distribution observed from the luminous
matter does not correspond to the total mass distribution. One possible explanation
for the observation is the presence of a dark matter halo which contributes significant
amount of mass to the total mass in the outer regions of the galaxy [6].

Alternative theories are able to explain the observations made for spiral galaxies,
too. For example, the presence of Massive Compact Halo Objects (MACHOs) is able to
give an explanation for the observed behavior. MACHOs are defined as non-luminous,
baryonic astrophysical objects (i.e. brown dwarfs, white dwarfs, black holes, ...). By
assuming a significant presence of MACHOs in the outer parts of a galaxy, the observed
rotation curve can be explained without the need to introduce additional mass in the
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Abbildung 1.2: Composite picture of the "Bullet Cluster'(1E 0657-558) containing the
visible spectrum, the X-ray emission (red) and the mass distribution
(blue) obtained by gravitational lensing [§].

form of dark matter. Though, last measurements indicate that the observed number of
MACHOs in our galaxy is by far not sufficient to explain the rotation velocity in the
outer regions [7].

1.1.2 Bullet Cluster

The term "bullet clusterrefers to the observed behavior of the collusion of two galaxy
clusters (1E 0657-558 [8]) and is another cosmological phenomenon which is related
to the existence of dark matter. By analyzing the mass distribution of two colliding
galaxy clusters, discrepancies are observed between the visible matter and the actual
mass distribution. In figure [1.2] a composite picture of 1E 0657-558 is shown.

The picture of the bullet cluster reveals that the different mass contributions in the
clusters interact differently with each other during the collision. From the visible spec-
trum, one can derive that the baryonic matter contained in stars remains dominantly
unaffected from the collision and is able to continue its propagation without any ma-
jor interaction. Using gravitational lensing to determine the total mass distribution in
the galaxy clusters (i.e. baryonic matter and dark matter) is determined (indicated in
blue). The X-ray component of the picture reveals that the interstellar gas, contribu-
ting a major fraction to the total baryonic matter contained in galaxies, is decelerated
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and heated up because of the collision (marked in red). The picture indicates that the
heated interstellar gas lags behind the respective centers of mass of the galaxy clusters.
The gravitational lensing also reveals that most of the mass remains unaffected from the
collision and shows no sign of any major interaction process. Since the mass contained
in stars is insufficient to explain the observed strength of gravitational lensing, it can be
assumed that a large fraction of this mass is made of dark matter. Since no interaction
with normal, baryonic matter (i.e. the interstellar gas) nor with itself is observed, the
strength of dark matter interactions can be expected to be very small [9].

The "bullet clusterchallenges most explanation attempts which intend to explain other
cosmological observations without the presence of dark matter. Theories like the MM-
odified Newtonian Dynamics"(MOND) fail to describe the observed behavior of the bullet
cluster which supports the presence of dark matter in our Universe even more [10].

So far a second example for a "Bullet Cluster'has been discovered [11]. Also here, the
amount of directly observed matter and the total amount of matter disagrees confirming
the observations made for 1E 0657-558.

1.1.3 Cosmic Microwave Background

The cosmic microwave background radiation (CMB) is an electromagnetic radiation
which was produced in the early Universe. In the time shortly after the Big Bang, the
temperature of the Universe was high enough to allow thermal equilibrium between
matter and radiation. With the expansion of the Universe, the temperature fell below
the necessary level to maintain this equilibrium. Approximately 380000y after the big
bang, the temperature level dropped sufficiently that electrons and protons were able to
form electrically neutral hydrogen which, consequently, yielded to the Universe becoming
transparent for photons. These photons were able to propagate freely since this time,
therefore, the measurement of the CMB photons allows to take a snapshot of the early
Universe at the time of the decoupling.

Since its discovery in 1965 by Wilson and Penzias [12], numerous experiments were
performed to measure and characterize the CMB accurately. Today, the measured tem-
perature spectrum of the CMB is determined to correspond to a blackbody spectrum
with a temperature of 2.725 £ 0.002 K |13]. After the COBE satellite discovered in the
early 90’s anisotropies in the CMB in the 10 uK range [14], more precise satellite based
experiments were deployed to measure these anisotropies precisely. The latest measure-
ments of the WMAP satellite [15] or the PLANCK satellite map the CMB over the full
sky with a precision of up to 107°K [16] (see figure [1.3).

The sky map recorded for the CMB can be analyzed on position dependencies by
plotting the the CMB power spectrum as function of the angle scales. Using A-CDM
model (introduced in the following section) the amount of dark matter being present
in the Universe can be extracted from the information contained in the CMB power
spectrum. The analysis reveals that a significant part of the existing mass is contributed
by dark matter while the fraction baryonic matter contributes to the total matter in the
Universe is five times smaller.
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Credits: ESA and the Planck Collaboration

Abbildung 1.3: CMB temperature map recorded by the PLANCK satellite. The color
coding indicates the local temperature difference to the average tempe-
rature of the CMB which is determined to be 2.725 K .

1.2 Cosmological Framework

Next to the explanation of astrophysical phenomena indicating a significant lack of
visible mass in the current Universe, dark matter is assumed to play also a major role
in the evolution of the Universe.

The A-CDM model is an established cosmological model to describe the evolution of
the Universe over time. It considers the curvature of space as well as the contribution of
the Universe’s constituents to the total energy density and complies with the concept of
an expanding Universe (i.e. "Big Bang Theory").

The Friedman-Lemaitre equation is the solution of the Einstein field equations with
Friedman-Lemaitre-Robertson-Walker metric.

K 87 2A
HO + o5 =5 G+ — (1.2)
at)? 3 3
expansion —— N—— ——
curvature matter vacuum energy

In equation [1.2] a(t) is the scale factor at the time ¢ while H(t) is the Hubble constant.
Based on the observations of E. Hubble in 1929 and the theory of an expanding
Universe introduced by G. Lemaitre two years before [18], a relation between the Hubble
parameter H(t) and the scale factor a(t) is established.

H(t) = % (1.3)

The notation Hy is used for the currently measured Hubble parameter (Hy = H(t =
to) = 67.8 £0.9km/(s - Mpc) [19]).
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A denotes the cosmological constant which accounts for the acceleration the of the
Universe’s expansion caused by presence of vacuum/dark energy |20]. Initially introduced
by A. Einstein to allow the description of a steady Universe, the present value of A is
controversially discussed since the discovery of an expanding Universe in 1998 [20].

The parameter x describes the curvature of the Universe. Three cases are distinguis-
hed for this parameter: An open Universe (k = —1), a closed Universe (k = +1) or a
flat Universe (k = 0).

Under the assumption of a flat Universe and a vacuum energy A = 0, a critical density
pe can be defined for finding a solution for equation at present time:
_ 345
- 8nG

Pe (1.4)

p. allows to rewrite equation [L.2fto achieve a clear separation of the different constituents.

_ Pum Ak N A
pe  a*(t)H? 3H?
~—~ —— ~——

matter curvature vacuum energy

(1.5)

By defining the respective terms of equation as ratio of the density of the respective
consistent and the critical density (i.e. Q, = p,/p.) the total energy density of the
Universe at present time can be written as

1=0Q=0Q+Q + Q. (1.6)

Based on the analysis of the angular power spectrum of the CMB (see section ,
the PLANCK collaboration published values for the respective energy densities fulfilling
the A-CDM model [19]. The density parameter for matter is measured with €, =
0.3156 + 0.0091 being composed of Q2py = 0.2642 + 0.0049 (non-baryonic, cold dark
matter) and €, = 0.0490 £ 0.0005 (baryonic matter). In addition, the vacuum density
parameter is derived to be {2y = 0.682540.020. In a combination with a negligibly small
curvature term of €2, the results are compatible with a flat Universe €2 = 1.0023+0.0055.

This measurement complies also with the value obtained for the baryonic energy
density by analyzing Big Bang Nucleosynthesis. Using a complete independent approach,
a similar value for the baryonic matter contribution is determined (=~ 5 %) [21].

These findings imply that the majority of the matter being present in our Universe at
the moment is made of non-baryonic and, therefore, non-visible dark matter.
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1.3 Particle Candidates for Dark Matter

1.3.1 Observed Properties of Dark Matter

Based on the observations and phenomena described before, the following properties of
dark matter are derived (adapted from [22] [23]).

« Since no absorption and emission of electromagnetic radiation is observed, dark
matter is expected to be electrically neutral.

« Since no interaction based on the strong nuclear force is observed, dark matter has
to be color neutral. Combining both points mentioned before, dark matter is of
non-baryonic character.

« Since the gravitational influence of dark matter on baryonic matter is observed on
all cosmic scales, dark matter has to be massive.

o Since the influence dark matter is observed from the beginning of the early Uni-
verse, dark matter has to be stable on the cosmological time scale.

« Based on simulations for modeling the structure formation in the Universe (e.g.
the Millennium Run" [24]) and observations made for the genesis of large scale
structures, dark matter has to be non-relativistic, thus, cold.

Since these properties are well established, new models and theories providing possible
candidates for dark matter have to comply with the accepted models and observations
for stellar formation and the big bang nucleosynthesis.

Another important consideration is, that the experimental proof of a dark matter can-
didate is only possible if an interaction channel with baryonic matter exists. In order to
comply with the elusive character of dark matter, it has to be assumed that the strength
of the assumed interaction channel is on the scale of the weak nuclear interaction.

The SStandard Model of Particle Physicsis unable to provide a suitable candidate for
dark matter. Therefore, the experimental proof of dark matter would also imply the
existence of physics beyond the SStandard Model of Particle Physics".

1.3.2 WIMP Dark Matter

The term "Weakly Interacting Massive Particle'(WIMP, y) describes a hypothetical
group of particles with the properties listed in section [I.3.1]

WIMPs are assumed to be in thermal equilibrium in the early Universe. This means,
the production and annihilation of dark matter is in equilibrium as long m, < k,T" and
the particle number density is sufficiently high. Since the particle number density as well
as the temperature of the Universe decreases according to its expansion, at some point
in time the thermal freeze out of the WIMPs take place which results in stable relic
density for this particle. If no additional decay possibilities are assumed, a relic dark
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matter density Qpys & 0.3 can be obtained for WIMPs with a mass of m, ~ 100 GeV /c?
and an average annihilation rate in the range of the electroweak interaction scale [25].

(v-0) =107 cm?/s (1.7)

This coincidence of matching quantities to achieve the correct dark matter abundance
is known under the name "WIMP Miracle".

A candidate for a WIMP is provided in the minimal supersymmetric extension of
the standard model (MSSM) [26]. Therein, to each standard model particle is assigned
a supersymmetric partner. Main difference between a standard model particle and its
supersymmetric partner is that fermions are converted to bosons and vice versa. Fur-
thermore, an additional quantum number is introduced: The R-parity. This quantum
number is conserved and prevents/suppresses the decay of the lightest supersymmetric
particle (LSP) into standard model particles. Therefore, the LSP is considered as a
suitable stable candidate for dark matter [26].

For the WIMP, a theoretical lower limit of exists (i.e. Lee-Weinberg bound") which
rules out a WIMP mass below &~ 3 GeV /c?. Since the annihilation cross-section decreases
towards smaller WIMP masses, the relic abundance increases accordingly to the rules of
the thermal freeze out process. Consequently, a lighter WIMP causes an increased relic
abundance of dark matter which would lead to a closed Universe [26].

1.3.3 Other Candidates

Since the first postulation of dark matter, numerous theories and candidates have been
proposed to explain the phenomena of dark matter. While the WIMP is the particle
candidate used to motivate most direct dark matter searches, also other theories provide
convincing arguments to pursue their experimental verification. A review on this topic
can be found in [26]. In addition, two of the most attractive theories/candidates are
shortly mentioned in the following.

One of the favored dark matter candidates of the last years is the axion. Initially
postulated to answer the question why CP violation only occur for weak interactions, it
is the natural dark matter candidate as it only interacts with baryonic matter via the
weak force [27]. Axions with a mass between 107% — 1073 eV would be able to contribute
significantly to the observed dark matter presence in our Universe [26]. For experimen-
talists, this dark matter candidate is interesting because the axion is accessible via its
coupling to photons via the Primakoff effect [28].

Dark matter searches below the Lee-Weinberg boundcan be motivated by asymmetric
dark matter models (reviews on this topic can be found in [29] [30]), by postulating
an asymmetry between dark matter and its antimatter. The models assume that this
asymmetry is closely linked to the baryon asymmetry observed in the early Universe
and that separate freeze-out mechanism exists for the two sectors. Using the observed
asymmetry between dark matter and baryonic matter, a dark matter mass of 5 GeV /c?
(i.e. 5 times my,) is predicted. Further assumptions allow to motivate dark matter masses
in the range between 0.1 GeV/c? and 10 GeV /c? [30]. For the experiments aiming at the



1.4. DIRECT DETECTION OF WIMP DARK MATTER

direct detection of dark matter, these particles are expected to induce an event signature
which is indistinguishable from WIMP dark matter because the interaction is assumed
to take place via the exchange of heavy dark mediators (i.e. point-like interaction).

1.4 Direct Detection of WIMP Dark Matter

In the following, it is assumed that the dark matter searches mentioned aim for the
detection of WIMPs or dark matter candidates interacting in a similar way. Therefore,
the terms "dark matterand "WIMPare assumed to have the same meaning.

The existence for dark matter can be probed using three different experimental ap-
proaches:

« Production of dark matter at colliders able to reach very high energies (e.g. LHC).

o Indirect detection of dark matter via the measurement of secondary particles crea-
ted during the annihilation of dark matter.

o Direct detection of dark matter via the measurement of its interaction with baryo-
nic matter.

For the production as well as for the indirect detection of dark matter a set of model-
dependent assumptions have to be made to set constrains the on nature of dark matter.
Therefore, the direct detection of dark matter is considered as more straight forward
approach, because only a reduced set of assumptions is necessary to explain a positi-
ve signal. In the following, these basic assumptions and concepts for direct detection
experiments are explained.

1.4.1 Dark Matter in our Galaxy

The Earth is positioned in a spiral galaxy for which the existence of a dark matter halo is
expected (see section . For the direct detection of dark matter, the knowledge of the
local dark matter density and the velocity distribution of dark matter is of importance
as it affects the expected interaction rate in the detectors.

Over the last years, the dark matter density profile of our galaxy has been investiga-
ted using different methods [31]. The published results show a large variance reporting
values for the local dark matter density p, between 0.20 — 0.56 GeV/c*cm ™. To allow
a comparison, all experiments aiming for the direct detection of dark matter agreed on
using a common local dark matter density of p, = 0.3 GeV /c?em ™.

A common approach is also chosen for the velocity distribution of dark matter. Under
the assumption that dark matter was thermally produced, a Maxwell-Boltzmann distri-
bution is used to describe the velocity distribution of dark matter in the galactic rest
frame. Using the average velocity of the Sun around the galactic center, the peak of the
Maxwell-Boltzmann distribution is set to be 220km/s [32]. Due to the movement of the
earth around the Sun, an additional annual modulation of 30 km/s is expected for the
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peak of the velocity distribution. Therefore, the measurement of an annual modulation
of the dark matter interaction rate is widely considered as the 8moking gunfiignature.

In addition, the rotation of the earth around itself is expected to induce a daily
modulation to the dark matter signal. The effect of this modulation is expected to affect
the expected dark matter rate on a permille level, i.e. beyond the current experimental
reach [33].

1.4.2 Expected Signal Properties

Based on the properties defined for WIMP dark matter (see section , certain cha-
racteristics can be assumed for events which are caused by a WIMP interacting in a
detector [23].

Direct detection through elastic scattering on nuclei is considered the most relevant
for the direct detection of dark matter. This allows to reject certain backgrounds if
discrimination for different interaction types is achieved (i.e. nuclear recoils vs. electron
recoils).

Compared to neutron interactions, which interact with the atomic nucleus the same
way as it is expected for dark matter, the assumed cross section of dark matter inter-
actions is small. Therefore, only events with signal multiplicity of 1 (i.e. single scatters)
are accepted as valid candidates for dark matter interactions.

In case of a positive signal caused by dark matter interactions, additional signal fea-
tures can be expected. As mentioned before, an annual modulation of a dark matter
signal is expected due to the movement of the Earth in our solar system. In addition, a
target dependent interaction rate is expected because of the material dependence of the
dark matter-nucleus cross section and the kinematics. Thus, for multi-element targets,
the analysis of the observed signal rate for the individual nuclei allows to isolate and
confirm a possible dark matter signal.

In experiments providing a directional sensitivity, the information of the direction can
be additionally used to identify the daily and annual modulation of the signal. Though,
a relative large interaction rate is necessary to perform a rate analysis with a good
precision. Currently, no experiment is able to provide a directional sensitivity.

1.4.3 Differential Interaction Rate

The interaction rate R in a certain target volume is calculated for dark matter as the
product of the cross section o, the particle flux ®, through the target and the number
of available scattering partners ny in the target:

CI)XO'de

(1.8)

R=%®,0mny =
my

Writing the mass of the detector as mg = ny-my, one can normalize the interaction rate
for different target nuclei (with a mass my). In order to normalize the rate for different
detector sizes, equation is multiplied in the following with 1/m4. The flux of dark

10
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matter ®, in the detector can be written as:
o, =—v (1.9)

when v is the relative velocity of the dark matter particles, p, is the local dark matter
density and m,, is the mass of the dark matter particle.

Equation allows to give a rough estimate of the observed rate. However, since
the energy dependence of flux and cross section are not reflected in equation [I.8] the
differential interaction rate dR/dER is used to estimate the spectral shape signal caused
by the dark matter interactions.

Staying in the non-relativistic regime, the energy transfered to the recoiling target
nuclei E'r can be written as function of the scattering angle ¢ and the reduced mass jin,
without relativistic corrections:

R 03 (1 — cos 0)

Er (1.10)

mpy

Under the assumption that a dark matter particle is able to transfer the maximal energy
to the target nucleus (i.e. cos # = —1 and m, = my ~ O(10GeV/c?)), the detected
recoil energy is expected to have maximum of 10 keV.

The differential interaction rate dR/dEp for dark matter is calculated with:

dR d @0, 1 do, 1 py /00 3 do (U, ER)
— - =— Fx Pof(0 ) =1 1.11
QBn ~ dBp mn i XdBy ~ my my o C T, (1.11)

%

Umin 18 the minimal velocity a dark matter particle is allowed to have to induce a recoil

energy Eg:
E
Vmin = | oY (1.12)
2/1’NX

The upper limit of the integral is can be infinity on a theoretical level. However, an
upper limit for the velocity for a dark matter particle exists to assure that the particle is
gravitationally bound in our galaxy. This escape velocity is derived to be ves. = 544 km/s
for our galaxy [32)].

For the differential cross section do/dEg the spin dependent and the spin dependent
case have to be considered (o0 = ogp + 0s7). Depending on the target nuclei, the spin
dependent contribution to the total differential cross section can be small and therefore
neglectedE]. The spin independent contribution to the differential cross section can be
written for the coherent scattering of dark matter off protons or neutrons [34] as:

dO'S[ . 2mNA2f2F2

dER T2

(Er). (1.13)

IFor the CRESST experiment, CaWOQ, is used as target. Thus, all involved nuclei carry a total spin
of zero rendering the spin dependent case irrelevant.

11
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In equation f is introduced to quantify the coupling strength of dark matter to pro-
tons and neutrons individually while the term A? represents the influence of the nucleus
as a whole on the coherent scattering process (i.e. linear addition of all scattering ampli-
tudes). Due to the A% term, the use of heavy nuclei is favorable for dark matter searches.
The nuclear form factor F/(Er) describes the energy dependent coherence loss for hea-
vy nuclei which reduces the energy transfer at higher recoil energies (more information
can be found in [35]). While for light nuclei a precise description for the form factor
is available, the form factors for heavy nuclei are only estimated. The most common
parametrization used in the field of dark matter searches is is the one introduced by
Helm [36].

By using Egr e (v) = 2112;@\,)( /my to estimate the maximum energy a particle can
transfer to a nucleus, equation [.13] can be rewritten to:

dos; o0
dER B ER,ma:p(U>

my

F*(ER) = 0 - F?(ER). (1.14)

207113y

to describe the spin independent and point-like cross section for WIMP-nucleon scat-
tering. The introduced cross section oy is strongly dependent on the target nucleus.
Therefore, a normalization for different target nuclei is required to compare different
experiments. The normalized, target independent WIMP nucleon cross section oy is
defined according to [37] with (m,, is the mass of a proton):

2
1+ my, / my (o)
=|—] —. 1.15

e < L+my/m, ) A? (118)
Rewriting equation [I.11] using the derived parameters results in:

_ UOFQ(ER)/OO 2ol (). (1.16)

NX Umin v

dR — py
dER  2myp

The evaluation of the integral requires the knowledge of the velocity distribution f(@).
As mentioned before, a Maxwell-Boltzmann distribution is used for describing this quan-

tity: i )
f(0) = C( ; ) : exp <—3”2> (1.17)

2mw? 2w

By analyzing f (7) with the correct astrophysical input parameters, the root mean squa-
re w of the distribution is derived to be 270 km/s while the escape velocity is currently
defined to be ves. = 544 km/s [32].

12
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1.4.4 Differential Count Rate of current Dark Matter Experiments

In figure[I.4], the expected recoil spectra are shown for the currently used target materials

in direct detection experiments for different dark matter masses (m, = 60 GeV/c? and
-2

m, = 10 GeV/c?), assuming of a dark matter cross section of oy = 1-107% cm
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(a) Recoil spectra for m, = 60 GeV /c? (b) Recoil spectra for m,, = 10 GeV /c?

Abbildung 1.4: Calculated differential count rate for currently used target materials in
direct detection experiments.

In figure the influence of the different input parameters on the differential count
rate is illustrated. The differential rate for heavy target nuclei exceeds the one for lighter
nuclei because of dR/dEr < A% Furthermore, the influence of the dark matter mass
on the kinematics of the scattering process is shown. For light dark matter particles
the energy transfer on heavy nuclei is smaller, which shifts the induced recoil spectrum
to lower values. In comparison, light nuclei experience a larger energy transfer which
results in larger differential count rate at higher recoil energies. Therefore, light target
nuclei are able to contribute significantly to the total count rate although heavy nuclei
have a larger cross section. Towards larger recoil energies, the influence of the nuclear
form factor becomes visible in the depicted spectra since for heavy nuclei, the differential
count rate is generally suppressed. In addition, local minima arise because of the presence
of diffraction maxima in the Helm form factors as it is visible for xenon. The position
of the first minimum depends on the mass of the target nucleus and is shifted towards
smaller energies for heavy nuclei.

The influence of the detection threshold on the total rate (i.e. the integral over the
accessible spectrum) observed in an experiment can be motivated from figure 1.4 too.
Experiments with small detection thresholds are able to probe the low energy region
of the spectrum in which the differential count rate rises exponentially. The effect is
enhanced for light dark matter searches since only experiments providing a sufficiently
low detection threshold are able to probe a region of the spectrum in which a significant
signal rate is expected.

13
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Since this thesis is written in the scope of the CRESST experiment which uses CaWO,
as target, the differential interaction rate for this material is shown in figure[l.5|including
the respective contributions of the individual nuclei. The black solid lines showing the
total differential count rate of CaWOQO, are identical in the figures and for the

respective dark matter masses m,.
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(a) Recoil spectra for m, = 60 GeV /c? (b) Recoil spectra for m,, = 10 GeV /c?

Abbildung 1.5: Calculated differential count rate for CaWQO,. See text below for more
information.

In a multi-element target like CaWQ,, each nucleus contributes according to its ab-
undance in the target to the total differential count rate. Each of the nuclei show the
expected features in the calculated spectrum (i.e. A? dependence, kinematics, form fac-
tor). Tungsten is a heavy nucleus which provides a higher counter rate, however, the
kinematics of the interaction process shifts the expected events to smaller recoil ener-
gies. Additionally, the influence of the form factor on the cross section of tungsten reduces
the signal contribution further at larger recoil energies. Because of this, the light nuclei
oxygen and calcium are able to contribute significantly to the total differential rate for
larger recoil energies. These effects are enhanced for dark matter particles with smaller
mass. Since light as well as medium and heavy nuclei are present, CaWOQy is able to
provide a relative large differential count rate over the full recoil energy range indepen-
dent of the assumed dark matter mass. Therefore, the use of this material as target
can be considered as advantageous for the CRESST experiment if compared to other
experiments which rely on a single target nucleus.
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2 CRESST Experimental Setup

The elusive character of dark matter has two gernal implications for a direct dark matter
searches: The expected interaction rate with baryonic matter and the energy transfer in
case of an interaction is very small (see chapter . These two constrains imply that all
experiments aiming at the direct detection of dark matter face the same experimental
requirements:

» The elastic scattering process of dark matter with a target nucleus is expected to
cause an energy transfer of @(10keV). To be able to detect energies in this range,
highly sensitive particle detectors are needed. In the case of CRESST, the detectors
are cryogenic calorimeters which are operated in low temperature environment to
reach the required sensitivity.

o Because of the small interaction rate of dark matter with baryonic matter, the
establishment of a low background environment is necessary. Otherwise, the small
number of dark matter interactions in the target is overwhelmed and covered by
background interactions. Therefore, the detectors are operated in a massively shiel-
ded setup and are equipped with an active, particle sensitive veto mechanism for
background rejection. In addition, the detectors have to be large in size and/or in
number to achieve large exposures within a reasonable time scale (i.e. O(1y)).

The CRESST experiment addresses these requirements by using the setup depicted
in figure 2.1] The considerations leading to this setup are explained in the following
sections.

2.1 Low Temperature Detectors

The CRESST experiment uses cryogenic calorimeters to measure the energy transfer
occurring during a particle interaction in an absorber volume. Energy depositions are
measured as temperature change of the absorber using an appropriate, highly sensitive
thermometer.

A simplified model of cryogenic calorimeter consist of three components [38]. First,
an absorber with a given heat capacity C' in which the particle interaction takes place,
i.e. in which the energy AFE is deposited. Second, a thermometer connected thermally
to the absorber which measures the temperature change AT = AFE/C and, third, the
thermal link G to the heat bath with temperature 7., that enables the system to return
to thermal equilibrium with the temperature 7., with the time constant 7 = C/G. A
scheme of a cryogenic detector is shown in figure 2.2
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components (adapted from )

16



2.1. LOW TEMPERATURE DETECTORS

amplitude [a.u.]

Q
\\\l‘\\\‘\\\TI\\‘I\I‘

AT T=C/G

SN\

AN

AN

50
time [ms]

Abbildung 2.2: Scheme of a calorimetric temperature measurement is given on the left.
The expected temperature change as a function of the time is given
on the right. The temperature rise AT = AE/C decays with a time
constant of 7 = C//G via thermal link with a thermal conductance of G.
Picture adapted from reference [38].

The three parameters C, G and T, describe a very simplified version of a cryogenic
calorimeter. Nevertheless, the model allows to motivate the operation of such a device at
the lowest possible temperature since the following physical properties can be exploited:

« Small heat capacity: The heat capacity C of dielectric materials, the usual choice
for targets, scales cubic with the temperature C — T3. Thus, the temperature
change for a given energy deposition is increased towards lower temperatures.

o Low thermal noise: Cryogenic detectors are in thermal equilibrium with the
heat bath unless a particle interaction disturbs the system. Still, random ener-
gy flow between the thermal bath and the absorber introduce a change of the
energy content of the calorimeter (i.e. thermal noise AFE). For low temperatures,
though, the thermal noise is (AE?) = kgT?C which implies that the thermal noi-
se is reduced towards lower temperatures. In addition to the thermal fluctuation
noise, the current induced Johnson noise of resistors adds with y/4k, TR (spectral
density[1/+/f]) to the total noise. Also this noise contribution is reduced towards
lower temperatures.

In summary, the performance of cryogenic calorimeters is improved by lowering the
operation temperature of the devices since the temperature signal induced by an energy
deposition is increased while the thermal noise is simultaneously reduced.

In order to exploit the advantages of a low operation temperature, the CRESST
experiment aims for an operation temperature of the detectors which is smaller than
20 mK. To reach these temperatures, the detectors are operated inside a *He-*He dilution
cryostat which defines the depicted setup structure shown in figure 2.1} Using different
cooling stages, the coldest temperature is reached at mixing chamber of the cryostat
which is directly linked to the detector carousel. At the mixing chamber, temperatures of
< 6mK can be reached which allows to operate the detectors in the desired temperature
window.
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2.2 Low Background Environment

Direct dark matter searches are usually limited by the presence of backgrounds. These
can be introduced by environmental radioactivity, by particle interactions induced by
cosmic rays and by the intrinsic contamination of the setup. To avoid these backgrounds
to cause a signal in the detectors, the establishment of a low background environment
is crucial. The techniques to achieve such a condition for the CRESST experiment are
explained in the following section.

2.2.1 Muon Background

The primary cosmic radiation reaching the Earth’s atmosphere consists mainly of pro-
tons (= 87 %). These protons interact with the nuclei being present in the upper atmo-
sphere creating dominantly pions. The ensuing decay of the short living pions creates
dominantly muons which are able to penetrate the Earth’s surface. At sea level the in-
tegrated muon flux above an energy of 1 GeV is 70m 25 'sr~!, while the flux of other
components of the cosmic radiation is reduced to negligible level by the presence of the
atmosphere [39]. To shield the detectors against muons created by the cosmic radia-
tion, the CRESST experiment is located in the underground laboratory of Laborator:
Nazionali del Gran Sasso (LNGS) in the Italian Abruzzi. Protected by 1400 m of rock
(3800 m.w.e), the cosmic muon flux is reduced by 5 to 6 magnitudes compared to a
shallow experimental site [40].

Muons do not only contribute to the backgrounds observed in the detectors by direct-
ly depositing energy therein. By interacting with surrounding materials, they are able
to produce secondary particles which can reach the detectors and cause a signal. Par-
ticularly dangerous for dark matter experiments are neutron emissions and spallation
processes in the vicinity of the detectors because neutron interactions are able to cause
a detector response which is indistinguishable from a dark matter signal.

In order to tag events which are correlated with the penetration of the setup by
muons, the cryostat is almost completely surrounded by a muon veto system. 26 plastic
scintillator plates read out with photomultipliers surround the cryostat and cover 98.6%
of the solid angle seen by the detectors [41]. A full coverage of the experimental space
cannot be achieved due to the presence of an opening trough which the cryostat is fed
into the shielding (see figure [2.1]).

In case the muon veto system is triggered by an interaction, a predefined time window
is vetoed. Hence, events occurring in this time window are not accepted.

More detailed information on the muon veto system of the CRESST experiment is
found in reference [41].
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2.2.2 Gamma Background

The products of the muon interactions in the surrounding rock walls of the lab as well
as the contamination of the experimental setup with radioactive isotopes requires to
shield the detector carousel against [/y-backgrounds. For the experimental hall A of
the LNGS (where the CRESST experiment is located), a total v-flux of 0.25cm™2s!
is reported in the energy range between 7 and 2734.2keV [42]. The dominant fraction
of this background rate is related to the natural decay chains of 23¥U and 232Th in the
surrounding rock of the underground laboratory.

To reduce the background rate introduced by external /~-radiation, the detectors
are surrounded in all directions by at least 20 cm of low background lead (total mass
~ 241, see figure . Lead is chosen for shielding purposes because it provides a high
stopping power for v radiation. However, the usage of standard lead introduces a large
contamination with 2!°Pb to the setup which requires an inner copper shielding structure
to reduce the influence of this background source (see ﬁgure. Copper can be produced
in high quality and with low internal radioactive contamination. Thus, in each direction
at least 14cm of copper are mounted around the detector carousel. Additionally, all
support structures in the vicinity of the detector carousel are produced of copper. This
avoids the introduction of further radioactive contaminations close to the detectors.

2.2.3 Neutron Background

Neutrons can be generated by muon induced spallation in the surrounding rock and in
the shielding as well as by spontaneous fission and («,n)-reactions due to the natural
radioactivity of the rock and shielding. Since their experimental signature in a dark
matter experiment is expected to be similar to dark matter interactions (i.e. a nuclear
recoil in the target), neutrons are a particularly dangerous source of background.

In order to prevent neutron interactions in the target, the CRESST cryostat is surroun-
ded with 10t of polyethylene which provides at least 40 cm of shielding in any direction
(see figure [43] . Polyethylene consists primarily of hydrogen which effectively mo-
derates neutrons.Neutrons entering the experimental setup are intended to be stopped
before reaching the detectors. If a complete moderation is not achieved, the shielding is
expected to moderate the neutrons to an energy below the threshold of the detectors.

Most of the polyethylene is located around the lead and copper structures. Thus,
neutrons created in the inner shielding are not prevented from reaching the detectors if
no additional neutron shielding close to the detector carousel is provided. Therefore, the
detector carousel itself is equipped with an additional polyethylene shield which reduces
the expected neutron background reaching the detectors by one order of magnitude [43].
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2.3 CRESST-II Detectors

The passive shielding efforts are able to reduce the total background rate seen by the
detectors significantly. The remaining background sources originate dominantly from
the intrinsic contaminations of the detectors. To suppress this source of background,
the detectors have to provide an active particle identification system which is able to
distinguish between different interaction types. In CRESST-II detectors, this is achieved
by using detectors based on the phonon-lighttechnique. In the following section, the
standard version of a CRESST-II detector module is introduced and explained.

2.3.1 General Working Principle

As the name suggests, detectors of this type consist of a phonon and light detector which
are, in the case of CRESST-II, both cryogenic particle detectors. As target, scintillating
crystals are used. In case of an energy deposition in this target crystal, a temperature
rise is induced which is measured using an appropriate low temperature thermometer
(phonon channel ’ﬂ). In addition, part of the energy deposition is simultaneously emit-
ted by the target crystal as scintillation light. Using a dedicated light detector which
is mounted in close proximity and in direct line of sight to the target crystal, the scin-
tillation light is measured (light channel”). The light detector is operated as individual
cryogenic calorimeter in which the created scintillation light is detected as temperature
rise of the light absorber.

The combination of both detectors (phonon and light channel) form a detector mo-
dule. Both absorbers are located in a highly reflective detector housing to enhance the
collection of emitted photons.

The thermometers coupled to the respective absorbers are transition edge sensors
(TES). The TES are thermally linked to the heat bath while the absorbers are domi-
nantly linked to the respective TES. Figure shows schematically the components
of a CRESST-II detector module. In addition, a photograph of a opened CRESST-II
detector module is shown in figure

Most inorganic scintillators show an interaction dependent scintillation efficiency. The-
refore, the ratio of the signals measured in light and phonon channel can be used to
determine the nature of the interaction. In particular, electron recoils, induced by (3/~-
radiation and nuclear recoils, induced by neutron interactions or dark matter, show
a characteristic detector response which is exploited to achieve an active background
discrimination on an event-by-event basis.

'The designation as phonon channelis motivated by the fact that the temperature rise of the attached
thermometer is caused by an excited phonon population in the target crystal.
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Abbildung 2.3: The CRESST-II detector module. The combination of a scintillating
CaWO, target crystal and a spatially separated light detector establish
a two channel readout system. Energy depositions in the absorbers are
measured as temperature using a dedicated thermometer. The detectors
are surrounded by scintillating and reflective foil (VM20020).

2.3.2 Target Crystal (CaWQ,)

The CRESST-II experiment uses scintillating CaWO, single crystals as target material.
CaWOQy, is a multi element target since three different types of nuclei are present (O, Ca,
W) in the crystals.

Using the Czochralski-method, high quality single crystals are grown at temperatures
of ~1600 °C from the melt of ultra pure material [44]. Because of the inherent cleaning
mechanism of the crystal growth process, intrinsic backgrounds can be significantly re-
duced by this production procedure. A segregation coefficient of up to 0.12 is achieved
for certain radioactive isotopes (**Ra) [45]. Still, intrinsic radioactive contaminations
of the target crystals remain the dominant background source for CRESST-II detectors
when operated in the main setup at Gran Sasso .

For CRESST-II, the grown crystals are machined to cylindrically shaped absorbers
having the dimensions 40 mm x 40 mm (diameter x height). This results to a total ab-
sorber mass of ~ 300g. All surfaces, except the surface facing the light detector, are
polished to optical quality to allow large phonon life times and a good light collection
efficiency in the detector module.

CaWOy, is an inorganic, excitonic scintillator in which the WO?~ complex serves as
scintillation center . The scintillation spectrum peaks usually at a wavelength
of (420+40) nm/(2.9£0.29) eV which is within the visible spectrum of a human eye [44].
Thus, the scintillation feature of the target crystals can be observed as blue emission if
the crystal is excited with UV light (see figure .

The scintillation efficiency of a scintillator is defined as the fraction of energy which
is transformed for a given energy into scintillation light. The scintillation efficiency of
CaWO, at mK temperatures is reported to be 8.3% . Measurements confirm that the
CaWOy crystals used for CRESST-II detectors have a scintillation efficiency of 8.34+0.8 %
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Abbildung 2.4: Photograph of scintillating CaWQO, crystals under UV light excitati-
on. The blue emission of the scintillation spectrum peaks at (420 +
30) nm/(2.940.2) V.

[48]. A reduced scintillation efficiency is observed for crystals with an increased number
of crystal defects [44] [46] [47].

The production process of a tungsten TES requires the heating of the absorber to high
temperatures (up to 600°C) in high vacuum in order to achieve the desired transition
temperature T, and steepness (i.e. AR/AT). Unfortunately, this creates oxygen deficien-
cies on the surface of CaWQ, which results in a reduction of the scintillation efficiency.
The difference of the scintillation efficiency before and after the heating process is up to
20 % [49]. In order to avoid the exposure of the main absorber to these high temperatures,
the so called composite detector design can be used. The TES is not deposited directly
on the main absorber, but on a significantly smaller carrier crystal which is exposed to
the production process instead [22] [50]. The carrier has the dimensions (20x10x1) mm?
and carries, as the name suggests, the thermometer for reading out the target crystal.
To connected the target crystal with the carrier crystal an EPOTEKO glue spot is used.

The fact that the scintillation efficiency of CaWO, depends on the nature of an in-
teraction allows for particle identification based on the ratio between light and phonon
channel. For electron recoils induced by /3/7-radiation, the scintillation efficiency achie-
ves the reported value of ~ 8.3% [47]. For a-decays as well as for nuclear recoils the
scintillation efficiency is reduced according to their respective quenching factor Q) Fx.
The quenching factor QQFx is defined as the ratio between the light signal created by a
interaction caused by a particle X and an electron recoil event with the same energy [51]:

QFy = — X (2.1)

EL,electron recoil

Table summarizes the quenching factors relevant for CaWQ, absorbers.
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interaction QFx
electron | 100% (definition)
a-particle 0.2
oxygen 0.112£0.005
calcium 0.05940.007
tungsten 0.017+0.005

Tabelle 2.1: Quenching factors for different particle interactions in CaWO, [51].

It is important to note that the quenching factors are generally not energy indepen-
dent. Therefore, a dedicated measurement campaign was carried out by the CRESST
collaboration to determine the quenching factors and their energy dependence in the
energy range relevant for the experiment. More information on this topic can be found
in reference [51].

2.3.3 Light Detector

The amount of created scintillation light is measured using a cryogenic calorimeter as
light detector. Mounted in close proximity to the main absorber, the light collection
efficiency is expected to be optimized. As light absorber, a circular shaped silicon-on-
sapphire (SOS) wafer with a diameter of 40 mm and a thickness of 400 ym is used. The
thermometer is directly evaporated on to the surface of the SOS wafer. Providing a
better absorption probability than pure silicon, SOS wafers are the best choice as light
absorber if a flat light detector geometry is chosen (measured absorption probability
~ 85% [52]). The standard light detector of CRESST-II detector is depicted in figure
2.30 on the left hand side.

2.3.4 Detector Housing

The housing of a detector module provides the necessary structures to keep the target
crystal and the light absorber in position. The mechanical integrity of a detector module
is assured by a copper structure. To establish a connection between this structure and
the absorbers, bronze clamps are used. Bronze provides the needed material elasticity at
low temperature to avoid events caused by stress relaxation [53]. Additionally, bronze is
available as clean material. [43]

The dominant fraction of the detector housing is lined by scintillating and reflective
foil (VM2002) [54]. The main goals of such a detector housing are:

1. Enhancement of the light collection: After an energy deposition in the target
crystal, the generated scintillation light is emitted with isotropically. In order to
collect photons which initially have a direction not pointing to the light detector,
the remaining surfaces of the detector housing are designed highly reflective. The
foil used for lining the detector housing provides a reflectivity of more than 99%
for the relevant wavelengths around 420 nm [44].
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2. Tagging of events that deposit energy in the detector surrounding: The
ratio between light and phonon signal allows an unambiguous particle identification
as long the full energy of a particle interaction is deposited in the target crystal.
This condition is not fulfilled for events with external origin (i.e. surface a-decays,
external S-radiation) for which part of the energy can be deposited in the detector
surrounding. In order to identify events of this type, a scintillating detector housing
is needed since the energy deposited therein is translated to an additional light
signal. Using the sum of scintillation signal created in the detector housing and in
the target crystal an identification of these events becomes possible.

2.3.5 Transition Edge Sensors

The CRESST experiment uses transition edge sensors (TES) as thermometers. A TES is
a superconducting metal (thin) film which is deposited on to the surface of the absorber
(i.e. carrier crystal, SOS light absorber). Operated in the steep phase transition between
the normal conducting and superconducting state, small temperature changes(O(1 uK))
are converted in a relatively large resistance changes (O(1mS)) (see figure [2.5).

=

Resistance

AR

Working Point

=

AT Temperature

Abbildung 2.5: Schematic view of the TES resistance as a function of the temperature. In
the steep transition between the normal conducting and superconducting
phase small temperature changes lead to large resistance changes.

The TES used in CRESST are based on tungsten thin films. TES made of this material
show a transition temperature which is usually < 20mK. The transition width is ~
1 — 2mK. To achieve TES with these properties, a well defined production procedure
is necessary. Although large efforts are carried out to achieve reproducible conditions
during the production process, small variations between different thermometers require
an independent optimization of the operation temperature for each TES. Therefore, each
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TES is equipped with an individual heater, which allows to adjust the temperature of
the TES according to its transition to achieve the best sensitivity.

The heaters are also used to inject heat pulses which are intended to measure and
control the operating point of the TES. By controlling the control pulse height using
a feedback loop to the heater, the long term stabilization of the operation point is
achieved. In addition, low energetic test pulses with defined amplitudes are injected to
the TESs via the heater. These are used to extrapolate the energy calibration obtained
with radioactive sources energetic enough to penetrate the detectors to the energy range
relevant for dark matter searches.

2.4 Electronics

Cryogenic calorimeters using transition edge sensors as thermometer convert energy de-
positions of the absorber to a measurable resistance change of the TES. Although the
steepness of the transition allows to translate even small temperature changes (O(1 uK))
into a relatively large resistance change (O(1m(2)), further signal amplification is neces-
sary. The CRESST experiment uses SQUID based amplifier to translate the resistance
changes of the TES in an amplified voltage signal.

In the following, a short introduction to the readout circuit of the TES and the data
acquisition system is given. Detailed information on this topic is found in the references
[22], [43] and [55].

In figure [2.6] the schematic illustration of the electronics is shown. The differently
colored areas indicate the different components of the system. Three major sub com-
ponents can be identified in the scheme. The first part of the electronics controls the
heaters of the TES allowing their stabilization (marked in blue, see section [2.4.2)). The
second part of the electronics allows to apply a constant bias current to the TES in or-
der to allow the measurement of the TES’s resistance (purple). The third part converts
resistance changes of the TES in an amplified voltage signal using a SQUID amplified
readout system (red). Since the second and third part of the electronics are strongly
connected, a combined explanation of these is found in section [2.4.1]

25



KAPITEL 2. CRESST EXPERIMENTAL SETUP
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Abbildung 2.6: Schematic illustration of the CRESST electronics. Electronics related
to the detector stabilization (test and control pulse system) is given in
blue, electronics related to the SQUID readout system is given in red
and electronics responsible for the TES biasing is indicated in purple.

26



2.4. ELECTRONICS

2.4.1 SQUID Readout Electronics and TES Bias

Given the low resistance of the TES and the low temperature the detectors are opera-
ted at, the use of a SQUID (superconducting quantum interference device) based signal
amplification is the natural choice for reading out the detectors of the CRESST expe-
riment [56] [57]. Additionally, the low inductance of the readout circuit as well as the
low input noise of SQUID amplifiers can be exploited for achieving the lowest detection
thresholds.

SQUIDs are highly sensitive magnetometers which can be used to measure current
changes of a circuit via the inductive/magnetic influence of an input coil on to the
SQUID loop [56]. A scheme of the electronic readout circuit used for CRESST is shown

in figure 2.7

| 1/2 Rshunt
bias —
> ] |
- ‘
~ | L
lpias 1/2 Ryhunt

Abbildung 2.7: Scheme of the electronic readout circuit used for measuring the resistance
of TES in the CRESST experiment. The TES is biased in parallel with
a shunt resistance and a input coil. A SQUID translates current changes
on the left side of the scheme to amplified voltage signal which is fed to
the DAQ system (adapted from [43]).

To convert the resistance change of a TES into an amplified voltage signal, the TES
is connected in parallel to a shunt resistance (Rg) (divided into two resistances for
symmetry reasons) and the input coil of a SQUID. The TES’s resistance defines the
current splitting between the two arms of the circuit if a constant bias current I, is
applied with an appropriate, low noise current source. Changes of the TES’s resistance
result in a current change in the input coil of the SQUID. Consequently, the magnetic
field of the input coil changes which is detected by the SQUID loop. The SQUID system
amplifies the signal and outputs a voltage signal which is fed into the DAQ system for
triggering and digitalization.
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2.4.2 Test and Control Pulse System

The usage of TESs as temperature sensors requires that the thermometers are operated
in the narrow temperature window of the phase transition between the normal conduc-
ting state and the superconducting state of the film. Since each TES features a unique
transition (e.g. T, steepness of the transition, normal conducting resistance), it is neces-
sary to adjust the operating temperature individually and according to the bias current
Iyias for each TES?]. For this reason each TES is equipped with a independent heater
which is used to change the temperature of the thermometer in respect to the heat bath
provided by the cryostat. By applying a constant current to the heater, a temperature
difference between the heat bath and the TES is established.

In order to operate the TESs in the same operating point over long time periods, a
system to measure and control the current position in the transition is necessary. This
is achieved by sending test and control pulses to the each TES on a regular time basis
(see section . The electronic system is equipped with pulse generators which add to
the constant heating power for changing the temperature of the TES particle like heater
pulses.

For a detailed discussion on the test and control pulse system used for the operation
and stabilization of TES, see references [23] and [55].

2The TES itself is heated according to the current flowing through the metal film. This effect is called
Belf-heatingénd reduces the amount of heating power which has to be provided by the electrical
heater of the TES.
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3 Signal Evolution in Cryogenic
Calorimeters with TES Readout

The sensitivity of a cryogenic calorimeter is defined by its capability to translate an
energy deposition in a temperature signal. To achieve the best performance of the rea-
dout channels, a thorough understanding of the detectors and a careful design of the
absorber /thermometer system is a crucial part of the detector development process.

The calorimeters used for CRESST are devices operated in thermal equilibrium. When
energy is deposited in the absorber, the steady state between the absorber and the
heat bath is disturbed. An excited phonon population is created in the absorber which
propagates and evolves over time. The temperature signal induced in the thermometer
as a consequence of an energy deposition in the absorber is described by a semi-empirical
model developed by F. Probst et. al. in 1995 [58]. In this chapter, an introduction to
this model is given. In addition, the implications of the model on the TES design are
discussed using the CRESST-II phonon and light channels as reference.

3.1 Pulse Formation in CRESST-II Detectors

3.1.1 Initial Phonon Evolution in the Absorber

In case of an energy deposition in a crystal absorber of a CRESST-II detector, high-
frequency, non-thermal phonons are created. This first generation of optical phonons
decays within a few ns into acoustical phonons of about half the Debye frequency vp of

the absorber material.
125) . kB@D

2 2h
The Debye frequency of a material is defined as [3.1], where &, and h are the Boltzmann
and Planck constants respectively and ©p is the Debye temperature of the materialﬂ.
This phonon population is not in equilibrium and continues to decay towards a ther-
malized phonon population. The decay rate of the phonons is oc v° which causes that
spontaneous decay of phonons is reduced at smaller phonon frequencies . Therefore,
the scattering processes on crystal surfaces and lattice defects becomes the dominant
reason for the thermalization and decay of the phonons being present in the absorber
volume. In case single crystals are used as main absorbers, the density of crystal defects
can be assumed to be negligible. Thus, the thermalization speed of a phonon popula-
tion in an absorber is mainly defined by the number of surface scatters taking place

(3.1)

1®D,CaWO4 ~ 350K l59|
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within a certain time. Therefore, the life time of this phonon population is related to
the surface-to-volume ratio of the absorber [60].

In summary, one can state that after a fast decay of the initially phonon population,
a much slower decay rate is observed. This results in a phonon population having fre-
quency distribution which stays almost constant for O(10ms). During this time scale,
the phonons propagate ballistically in the absorber filling the volume homogeneously.
Nevertheless, the frequency of the phonons is still high enough to justify the designation
non-thermalfor this population.

3.1.2 Phonon Absorption in the TES

For the next considerations, the initially created phonon population has decayed in such
a way that the non-thermal phonon population being present in the absorber crystal can
be assumed to be homogeneously distributed in the volume. In addition, the spectral
shape of the phonon population can be considered as stable.

For the description of the absorber/TES system of CRESST-II the basic picture of a
cryogenic calorimeter introduced in section is too simplified. In reality, a model has
to consider the individual subsystems of such a device. To account for these, the CaWO,
crystal and the TES are included in the following considerations as individual weakly
coupled thermal systems. In addition, in order to describe the thermalization processes
in the TES correctly, the TES itself is divided in two subsystems i.e. the phonon and
electron systems of the metal film. For a better understanding, the extended system is
schematically shown in figure [3.1

The heat bath is an heat reservoir with temperature 7, and an infinite heat capacity
(not shown). The main absorber is described with the temperature 7, and the heat
capacity C, and the TES is described as two thermal subsystems which are characterized
by the temperatures T}, and 7. and heat capacities Cp;, and C,.

The initial phonon population in the main absorber has two possibilities to thermalize:
By surface scattering in the absorber or by absorption in the thermometer. Longitudi-
nal non-thermal phonons interact very efficiently with the electron system of the TES
(because of the space charge associated with the density variation) and are absorbed
in the metal filmP| causing a temperature rise of the latter. The resistance change of
the TES reflects the temperature change of its electron system before thermal equilibri-
um is reestablished. The temperature level of the TES can be brought back to thermal
equilibrium via its direct thermal link to the heat bath G, or by transferring the ener-
gy back to the main absorber. For the second path, an effective thermal coupling G.,
(1/Goe = 1/Gep+1/G,p) between the phonon system of the main absorber and the elec-
tron system of the TES is defined. Since the heat capacity of the TES’s phonon system
Cph, is negligible | the definition of an effective thermal coupling G, is justified. As a
consequence of this definition, the TES can be described by the temperature T, and the

2Transverse phonons involve no density changes and hence no space charge effects, therefore the
interaction with electrons arises only from the magnetic field associated with the moving ions and
is consequently much weaker.
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Abbildung 3.1: Schematic depiction of the TES absorber system with the respective
thermal couplings and temperatures.

heat capacity C, of its electron system. The electron-phonon coupling G, scales with
o T° which impedes the heat transfer from the thermometer to the absorber and leads
to dominant removal of the heat being present in thermometer via the direct thermal
link to the heat bath using a normal conducting metal connection.

To describe quantitatively the detected signal in the TES, the power of the initial, non-
thermal phonon population P, is separated into a fraction that provides a power input
P.(t) causing a temperature change of the electron system of the TES and a fraction that
provides a power input P,(t) causing the temperature change of the absorber volume:

P.(t) =0O(t) - Py-et/™, (3.2)
Po(t) = 0(t) - - ). Pyt (3:3)

with: A
Py = GTE. (3.4)

being the initial power input into the TES. The step function O(t) describes the in-
stantaneous start of the power input, € represents the fraction of non-thermal phonons
thermalized in the thermometer. The life time of the non-thermal phonon population 7,
is defined by the competing decay processes in the crystal and in TES:

-1
1 1

T = <— + ) : (3.5)
Ter Tfilm
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where 7., and 7y, are the time constants for the thermalization in the absorber crystal
and in the thermometer film respectively. The fraction € that is calculated with:
TC?"

e= ———— (3.6)

Ter + Tfilm .
Using the equations the ratio of P.(t)/F,(t) is defined with:

P(t) e 14
Pa(t) N 1 — € - Tfilm' (37)

From equation , one derive that P.(t) is maximized if 7y, << 7. meaning that
the thermalization in the TES happens much faster than in the absorber crystal. While
7. only depends on the absorber dimensions (is expected to scale as the ratio between
the volume and the surface area of the absorber [60]), ¢, is described by equation

2-Vy

7 ATES<UJ_ : Oé> ( )

Trium is a function of the area of the TES Argg, the volume of the absorber Vy, the
phonon group velocity normal to the interface v, and the transmission probability «.
Since (v, - «) is defined by the materials involved at the interface, the only parameter
influenced by the geometry of the detector is the ratio of absorber volume V4 and the
area the TES covers Argg.

The thermal model is described by a system coupled differential equations for the
temperatures of the electrons in the TES T, and the phonons in the absorber crystal T,

T.

C, - —+ (T, = T,) - Gee + (T. = Tp)) - Gep = Po(2), (3.9)
T,

Cc : % + (TC - Te) . Gec + (Tc - Tb) . Gcb = Pc(t) (310)

. The solution of this system with the initial conditions 7.(0) = 7.(0) = T} gives the
following solution for the measured signal in the thermometer AT,(t):

AT,(t) = O(t) - [Ap (™™ — e7mn) 4 Ay(e !/ — e7t/m)] (3.11)

Equation is divided in two parts. A non-thermal component with the amplitude
A,, which is caused by the non-thermal phonons interacting with the electron system
of the TES and a thermal component with the amplitude A; which reflects the heating
of the thermal phonon population in the main absorber. 7;, describes the intrinsic time
the thermometer needs for the thermal relaxation after an energy deposition while 7,
reflects the time scale the absorber needs to return to thermal equilibrium and 7, still
describes the life time non-thermal phonon population in the absorber.

In the following, the mentioned parameters are discussed according to reference [58]
under the assumption that the heat capacity of the electron system of the TES is much
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smaller than the heat capacity of the absorber (C, << C}y). In this case, the amplitude

of the non-thermal component A, can be written as:
—e-AFE

Co(1 =7 /Tin) (1 — Tin /7))

7; which, as already mentioned, characterizes the thermal relaxation time of absorber,

is dependent on the direct thermal coupling of the absorber to the thermal bath and by
the thermal coupling which is provided via the TES and can be written as:

Ca

A, = (Ce << Cy) (3.12)

" GaCul (Gt Goa) 1 Gy (055 (313)
and T;, can be written as:
Tin = L (Ce << Cy) (3.14)
Gea + Gep

Both time constants can be adjusted by applying changes to the thermal link of the
thermometer G, and the thermometer size which is related to G, (see reference [38]
and [58] for more information).

The detectors used in the CRESST-II framework are calorimeters. Energy depositions
are contained in an isolated volume and a thermometer evaluates the total energy de-
posit. Nevertheless, the TES can be designed to work in two different operation modes
which are defined by the ratio of 7;,/7, [58].

o Tin/Tn << 1 — Bolometric mode:

In this mode, the relaxation of the thermometer back to thermal equilibrium hap-
pens faster than the collection of the non-thermal phonons in the TES. The mea-
sured signal amplitude A, is estimated to be A, ~ Fy/(Gue + Gep). Hence, the
measured amplitude A,, is proportional to the power absorbed and to the ther-
mal link between the absorber and the thermometer. 7;,, describes the rise time of
the non-thermal signal while the decay time of the non-thermal component corre-
sponds to 7,.

The measured signal is proportional to the power input Fy(¢) to the thermometer
meaning the thermometer behaves like a bolometer measuring the flux of non-
thermal phonons entering the thermometer. A typical pulse, including the two
components of the pulse model, is shown in figure [3.2al

e Tin/Tn >> 1 — Calorimetric mode:

In this mode, the collection of the non-thermal phonons is faster than the ther-
mometer is able to relax back to thermal equilibrium. The non-thermal amplitude
can be approximated with A, < 0 ~ —eAFE/C,. 7, defines the rise time of both
signal components, while the respective decay time constants are 7;, and 7;.

The measured signal corresponds to the integrated/total energy of the non-thermal
phonons entering the thermometer. Thus, the thermometer is operated like a ca-
lorimeter, measuring the full energy deposition. Figure [3.2b] shows a typical pulse
of thermometer operated in the calorimetric mode.
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(a) Observed pulse shape of an event from a (b) Observed pulse shape of an event from a
detector operated in bolometric mode. detector operated in calorimetric mode.

Abbildung 3.2: Comparison between the measured pulse shapes of thermometers opera-
ted in bolometric or calorimetric mode.

The two operation modes differ mainly in their capability to translate a given pho-
non population being present in the absorber into a measurable signal within a given
time scale. Generally, the calorimetric mode provides a larger measured amplitude for a
certain energy and, therefore, grants access to lower recoil energies. On the other hand,
the bolometric mode allows to measure larger energy depositions while reestablishing
the thermal equilibrium faster than it is possible for thermometers operated in the ca-
lorimetric mode. Thus, depending on the experimental demands both operation modes
can be justified.

3.2 Adjustment of Absorber-Thermometer System

The use of a certain operation mode is defined by the experimental requirements and
affects the design of the absorber/TES system. In the case of CRESST-II, the experimen-
tal demands to the phonon channel and the light channel differ strongly. For example,
the size of the energy depositions in the phonon channel exceed the simultaneous energy
deposition in the light channel by a factor of 50. Likewise, the time constants of the
measured pulse shapes are desired to have the same order of magnitude. How this task
is achieved for the CRESST-II experiment is explained in the following.
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3.2.1 Overview of the Detector Parameters

The characteristics of an absorber/TES system depends on the design of the individual
components and their layout. Based on the model presented in section [3.1] an overview
how the detector properties influence the individual pulse model parameters is given in

figure 3.3
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Abbildung 3.3: Overview on the parameters describing the absorber/TES system of an
cryogenic particle detector according to the thermal model introduced
in section Additionally, the relations between these parameters are
shown.

Figure indicates that the behavior and sensitivity of a absorber/thermometer sy-
stem can be strongly influenced the design. The pulse parameters can be influenced
by the absorber properties (blue: i.e. size and geometry) and the thermometer design
(red: i.e. geometry, total area, volume, thermal link). The figure also shows that many
detector parameters affect more than a single pulse shape parameter. Therefore, careful
adjustment of the individual input parameters is required to find the optimal setup for
a certain absorber/thermometer system. This is also reflected in the current detector
designs of phonon and light channel of CRESST-II which are discussed in the following
subsections.
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3.2.2 TES Design of the CRESST-Il Phonon Channel

The phonon channel of a CRESST-II detector module is based on 300 g CaWO, target
crystal in which energy depositions > 1keV are intended to be detected. The chosen tar-
get crystal size allows to achieve the desired detection threshold without compromising
on the exposure achievable within reasonable timescales (i.e. ~ 100 kg - d/(module and year)).
The size of the absorber as well as its geometry (i.e. cylindrical) allow a long life time
of the non-thermal phonon population in the crystal (i.e. 7uys). The mean free path of
the phonons in the absorber is large which allows a long natural life time of the non-
thermal phonons in the CaWQ, crystal . Therefore, the time constant 7., is
long compared to the desired length of a pulse (O(10ms)). To achieve a time constant
for the non-thermal phonons in the system (7,,) with the desired length, the TES has
to cover a relative large area to reduce Tty (see equation . The TES used for the
CRESST-II phonon channel is equipped with a TES which covers an area of (8x6) mm?

(see figure [3.4).

P tungsten film

heater bond wire

5.9

i |
(( thermal link——

Abbildung 3.4: TES structure phonon channel of the CRESST-II detector modules .

Due to the thermometer design, the collection efficiency of non-thermal phonons in
the TES is increased (equation. Though, an increase in signal height is not achieved
because the larger collection efficiency in the TES is counterbalanced by the increased
heat capacity of the thermometer film.

Because of the large collection efficiency of the thermometer and the general size of
the energy depositions, the energy entry to the thermometer is relatively large which
has to be considered in the design of the thermal link to the heat bath. According to
the ideal model of a cryogenic calorimeter (see section the time scale for returning
to thermal equilibrium is 7 = G/C'". Thus, in order to reestablish a thermal equilibrium
within the desired time scale, the thermal link from the thermometer to the heat bath
G has to be designed sufficiently strong. Therefore, the TES of the phonon channel is
connected to the heat bath using a bond wire (see figure [3.4)).

As a consequence of the TES design, the detected pulse height is not maximal for the
phonon channel because of the following reasons:

36



3.2. ADJUSTMENT OF ABSORBER-THERMOMETER SYSTEM

 Operation of the thermometer in the bolometric mode (see section [3.1.2)).

o According to equation [3.12] the amplitude A, is maximized in case € is maximized.
This is achieved because by reducing 7y, € is maximized (equation . Though,
the heat capacity of the electron system of the TES C., is scales linearly with the
area the TES covers, too. Thus, the increase of the area the phonon channel’s TES

covers leads to: ¢
Tfllllin_me =1 but A, x o (3.15)
Nevertheless, both reductions of the detector performance are accepted since the detector
performance is considered as sufficient for the experiment demands and since they allow
to achieve the desired time constants.

3.2.3 TES Design of the CRESST-II Light Channel

The CRESST-II light detector is intended to be sensitive to the smallest amounts of
scintillation light. To achieve this task, the absorber is chosen to provide a large collection
area for photons while minimizing the volume. In addition, the thermometer design is
adapted to the requirements.

Since the absorber is significantly smaller and the geometry is flat, the life time of
the non-thermal phonon population 7, is naturally shorter than in the large CaWO,
crystal i.e. 7., is smaller. Therefore, 7, is generally shorter in this system and has
not to be fasten artificially by a large area thermometer (see argumentation for phonon
channel). Hence, the use of a smaller thermometer structure to enhance the detected
signal amplitude becomes possible. The used thermometer structure is shown in figure
9.

-—

phonon collectors
thermal link 0,51 P

T \ /- 10.14 I
1.5
/ heater

tungsten film -]

Abbildung 3.5: TES structure used for CRESST-TT light detector [61].

The area the thermometer of the light channel covers is reduced to~ 2mm? which
results in a smaller collection efficiency of thermometer and a increased 7y, This leads
to a reduced € (equation . On the other hand, the heat capacity of the thermometer
C, is reduced due to the smaller size of the TES. Following a similar argumentation as
before for the phonon channel, the detected amplitude is enhanced with this approach.
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Although the collection efficiency in the TES € is reduced by a larger 7y, the increase
in A,, due to the reduced heat capacity C,. counterbalances this effect and leads to an
larger detected amplitude.

Because of the reduced collection efficiency of the TES and the smaller power input
into the TES in combination with the small capacity C., the thermal link of the TES G
can be designed weaker than the thermal link used for the TES of the phonon channel.
Also here, this design choice is motivated by 7 = G/C (see section and the fact
that the total power input to the TES is smaller. By adjusting G according to the heat
capacity C, to achieve a reestablishment of the thermal equilibrium within desired time
scale (O(10ms)) the thermal link can be provided via a thin gold strip (see figure [3.5).
Like this, the thermal coupling GG is matched to the TES in order to achieve the operation
in the calorimetric mode, meaning the heat flux into the TES is larger than the heat
removal via the thermal link of the TES.

The thermometer structure of the CRESST-II light detector also includes large areas
covered by superconducting aluminum films. These films are intended to serve as phonon
collectors which are explained in the following section.

3.3 Phonon Collectors

According to the model introduced in section the sensitivity of a TES for a phonon
population in the main absorber is mainly defined by 7, and the heat capacity of the
electron system of the TES C,. Though, a small 7¢;;,, in combination with a small heat
capacity C, are competing detector properties.

To achieve a better sensitivity of a TES, a reduction of its heat capacity of a TES has
to be obtained while keeping the area for phonon collection constant. Two approaches
can be chosen for achieving this goal.

On one hand, this can be obtained by a reduction of the thermometer thickness. By
doing so the heat capacity of the TES is reduced while the area for phonon absorption
can be kept constant. However, the normal conducting resistance of the thermometer is
changed by the reduction of the film thickness.

The second approach to decrease the heat capacity of a thermometer without com-
promising the area the TES covers is the use of superconducting metal films as phonon
collectors'. At temperatures well below the transition temperature, the heat capacity C'
of the electron system of a superconducting material becomes negligible because

C(T) x e VT (3.16)

Thus, the total heat heat capacity of a thermometer can be lowered by replacing parts
of the tungsten TES with superconducting phonon collectors made of aluminum. Under
the assumption, that the collection efficiency and the heat capacity of a TES are linearly
connected, a partial replacement of the tungsten film does not change the sensitivity of
the thermometer. However, any signal contribution achieved by the phonon collectors
contributes to the detected signal in addition enhancing the detected signal. Thus, by
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the implementation of phonon detectors the sensitivity of the TES cannot be affected
negatively as long the collection efficiency in the TES € is defined by 7.y

In case non-thermal phonons reach and enter a phonon collector, they can contribute
to the measured temperature signal via their interaction with the Cooper pairs being
present in the superconducting material. High energy phonons are able to break Cooper
pairs to quasiparticles (i.e. free electrons) as long their energy is twice the energy of the
band gap A of the material [62]. The initially generated, highly excited quasiparticles
propagate in the superconducting material, loosing energy under the spontaneous emis-
sion of additional phonons. As long the energy of the generated phonons is > 2A, more
Cooper pairs are broken. The process of Cooper pair breaking continues until the energy
of generated quasiparticles is < 2A. Afterwards, the emitted phonons do not carry suf-
ficient energy for further Cooper pair breaking. Phonons carrying an energy < 2A are
not able contribute to quasiparticle signal and diffuse dominantly back in to the main
absorber. Due to this characteristics (i.e. the emission of sub-gap phonons back into the
main absorber) of the propagation and creation of quasiparticles, the phonon collector
has a theoretical efficiency of E/1.68 [63] to convert the energy E to a quasiparticle po-
pulation with the described characteristics. Figure illustrates the processes involved
in the creation and propagation of quasiparticles in a superconducting film.

A _ ’ excited QP

> 2A -

energy

i T t Sub-gap phonon
\4

A

\4

Cooper pair

Abbildung 3.6: Hlustration for quasiparticle creation and propagation in a superconduc-
tor/phonon collector.

Measurements of the recombination rate of quasiparticles in aluminum reveal a strong

energy dependence. Quasiparticles carrying an energy much larger than the band gap A
recombine within a short time scale (1 ns). In contrast to this, for quasiparticles with an
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energy close to the band gap (i.e. A +10%) the recombination rate is strongly reduced.
Quasiparticles in this energy range were measured lifetimes of O(100 us) [64]. Thus,
the generated quasiparticle populations can be assumed to be mostly low energetic and
relatively stable after short period of time the initial phonon has entered the phonon
collector [62].

However, the recombination to Cooper pairs via the emission of sub-gap phonons re-
mains the relevant loss process. As elaborated before, the majority of these phonons
diffuse back to the main absorber and, therefore, do not directly contribute to the si-
gnal. Thus, the recombination of quasiparticles before their interaction with the electron
system of the TES represent a loss to the non-thermal signal component generated by
the phonon collectors [62)].

In areas of the phonon collector where the band gap is reduced (i.e. due to impurities),
quasiparticles are collected and trapped. In this regions of the phonon collector, an incre-
ased recombination rate of quasiparticles to Cooper pairs is observed (i.e. loss of signal).
A similar situation is also present in the connecting part between phonon collector and
tungsten TES. Operated in the transition between the normal conducting and super-
conducting phase, the band gap in the tungsten TES is negligible. Therefore, the local
band gap in the overlapping region between TES and phonon collector is reduced via the
proximity effect. Quasiparticles trapped in this region of the phonon collector interact
highly efficient with the electron system of the TES via electron-electron interactions
causing an additional temperature rise therein [62].

In order to contribute to the measured temperature signal in the TES, the generated
quasiparticles have to diffuse and stay to/in those regions of the phonon collector where
they can interact with the electron system of the TES. Losses of the phonon collector
signal are generated by quasiparticles recombining to Cooper pairs before reaching the
TES (i.e. impurities). Therefore, the efficiency of the phonon collector system is closely
related to the diffusion properties of the quasiparticles in the used phonon collector
material and their life time therein. Thus, the thickness as well as the quality (i.e.
the number of impurities) of the material used as phonon collector are crucial detector
parameters as they define the efficiency of the system to collect phonons in the given
thermometer structure.

The determination of diffusion properties in the current layout of the phonon collectors
in CRESST was performed for this thesis in order to investigate the efficiency of this
system. The results are presented in chapter [5
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During CRESST-II (Phase 1 & Phase 2), most of the deployed detectors modules were of
the conventional'design (see section. These detector modules feature a 300 g CaWO,
target crystal and a wafer based light detector with a diameter of 40 mm. Both detector
components are placed in a scintillating and highly reflective detector housing. Each
detection channel is operated as cryogenic calorimeter with TES readout.

In this chapter, the methods to determine the performance of a CRESST-II detector
module are summarized. The main focus is to establish criteria for the evaluation of their
capability to identify background interactions and of the performance of the individual
calorimeters. The average performance of the detectors operated during CRESST-II
(Phase 1 & 2) and the latest dark matter results are given.

At the end of this chapter, the performance limitations and design related flaws of
these CRESST-II detectors are discussed to motivate the R&D efforts carried out during
this work.

4.1 Raw Data Treatment

The signal traces recorded by the DAQ for the individual detector channels are stored
having a fixed structure. This structure is defined by the trigger setup and the way the
data is recorded. Since the data structure is relevant for the analysis of the data, it is
explained in the following section.

For signal processing and digitalization, the analog readout voltage signal from the
SQUIDs is split to be fed simultaneously into the transient digitizer and to the hardware
trigger. The digitizer stores 16-bit signal samples with a given timebase in a ring buffer
(i.e. FILO buffer: First in, last out). The trigger system filters, shapes and amplifies the
SQUID output to achieve the best performance, i.e. to be able to trigger on pulses with
an amplitude which is only slightly larger than the baseline noise.

After triggering, a predefined time is waited before the ring buffer is read out and
signal is stored on disk. The time after triggering, the post trigger region, corresponds in
CRESST-II to 3/4 of the total record window. The first quarter of the record window,
called pre-trigger region, carries information about the baseline conditions before the
triggered signal occurred. Figure illustrates the time distribution of a record window
in CRESST-II.

The ratio of the pre-trigger and post trigger is chosen in a way that the record window
contains the relevant information for a correct interpretation of a signal. The record
window has to be sufficiently long to allow the detector after the signal to return to
stable conditions (i.e. baseline). The length of the record window also determines how
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Abbildung 4.1: Time distribution of pre- and post-trigger region in a record window.

precise certain signal parameters can be determined (i.e. decay time of the signal). The
data samples stored in the pre-trigger region is crucial for determining the quality of
a recorded signal in regard of detector conditions. Events, for which the properties of
the signal trace cannot be determined correctly because of non-stable measurement
conditions can be identified based on the information contained in the pre-trigger region.
For example, pulses which are located on the decaying baseline caused by a previous pulse
can identified reliably based on the features of the baseline in the pre-trigger region.

Triggered pulses are recorded for off-line analysis assuming the outlined structure.
Before performing any analysis, the stored data is processed in the following way. For
each record basic pulse parameters like amplitude onset position, peak position, rise
and decay time are determined using a dedicated, in-house developed, software. The
software also detemines baseline parameters like baseline tilt, baseline RMS, and left-
right baseline are determined. To evaluate the amplitude of a pulse, thus, the energy
of an event in fast and precise way and to reveal pulse shape differences, all records
of a detector are fitted with a template/standard event. A template/standard event
reflects the average pulse shape for a certain class of events (i.e. phonon signal for events
occurring in the target crystal, light signal of scintillation light produced in the target
crystal). Usually, the standard event can be parametrized analytically with the pulse
model introduced in chapter [3] Averaging of a small amount of pulses (O(100events))
with known character and good quality, a noise free pulse template can be generated for
a certain event class. By scaling the amplitude, shifting the onset position and changing
the baseline level and slope, the standard event fit allows to precisely determine the
amplitude of an event. Additionally, the goodness of the fit, thus, the RMS of the fit is
determined. This allows to identify events which differ from the assumed pulse shape
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and to reject background events effectively. After performing these tasks, each signal has
a catalog of pulse parameters which allow the characterization of an event.

More information in the standard event fit and the general approach for data analysis
is found in the references 23|, [43] and [65].

4.2 Performance of a Cryogenic Calorimeter

The sensitivity of a detector module for dark matter strongly depends on the performance
of the phonon and light channels as cryogenic calorimeters. Since the dimensions of the
absorber and the TES structure used for quantifying the temperature signals have a
large influence on the sensitivity of cryogenic device, significant performance differences
between phonon and light channel are observed. However, the evaluation of both channels
is performed using the same methods.

4.2.1 Baseline Noise & Detector Threshold

To evaluate the size and time dependence of the baseline noise of a detector o3, empty
signal traces are recorded on a regular time basis. These data samples allow to track
the noise conditions of a detector over time. By fitting the baseline samples with the
standard event built for the respective detector, the baseline noise can be quantified.
In contrast of using the baseline RMS to determine the noise of the detectors, this
method considers the spectral shape of a signal. Therefore, the value derived for o, with
the template fit is generally smaller than the RMS of the baseline. The fitted pulse
amplitude of empty baselines are normal distributed around zero. This allows to derive
the baseline resolution o} as fitted 1o width of the distribution. In case the energy scale
of the detector is calibrated, the baseline resolution can be translated into an energy
equivalent value.

The real detector threshold depends on the hardware trigger settings. Based on the
good long term stability of the CRESST setup at Gran Sasso, the trigger level of the
electronic readout system can be usually set to a value which corresponds to ~ 5oy
without triggering in the noise.

The detector threshold Eyj,es can be determined by a direct measurement. By injecting
heater pulses in the relevant energy range, the trigger efficiency is measured as a function
of energy as the fraction of triggered heater pulses. The detector threshold FEyj,..s is
defined as the energy for which a trigger efficiency of >50% is achieved. The trigger
efficiency as a function of the energy is fitted using a error function [66].

1 E— Ethres
E)=-(14ef| —— 4.1
f( ) 2 ( < \/§Jthres )) ( )
For detectors for which the hardware trigger is optimized correctly, the width of the

error function oyy,,..s is comparable to the baseline resolution o;,. A complete explanation
of this method is given in reference [43].

43



KAPITEL 4. ANALYSIS OF CRESST-1II DETECTORS

For CRESST-II phonon detectors, baseline noise level of 0.1-1 keV have been observed.
The variations in baseline noise of one order of magnitude are caused by the individual
properties of the TES and the performance of the readout electronics connected to
respective detector channel. In case the trigger level is optimized according to the baseline
noise, a detector threshold of Ey... &= 5oy, can be set which corresponds to Fipres =
0.5 — 5keV. CRESST-II light detectors achieve an average baseline noise of 5 — 10eV
based on the empty baseline samples. Since the trigger system is set to be activated
by the phonon channel while the light channel is read out in coincidence, the trigger
threshold of the light detector is usually not determined.

4.2.2 Detector Resolution

The energy scale of a detector is derived by illuminating the absorber with a radioactive
source with known characteristics. In CRESST-II, the 122.08 keV and 136.46 keV ~-rays
from a 5"Co-source are used for the calibration of the phonon channel [67]. For the
light detector, the 5.89 keV and 6.45keV X-rays of an an *Fe source are used [67]. After
identifying the characteristic emission lines of these radioactive sources in the calibration
data, the energy range of the detectors is set.

The resolution of the detectors at the energy of the peaks is quantified by fitting the
peak with a Gaussian using the 1o width as the resolution of the detector.

The resolution of a detector is usually energy dependent. In sapphire absorbers, the
degradation of the relative energy resolution for events with an energy larger zero has
been reported since 2000 [68]. Several reasons can be named for a worsening of this
detector parameter at higher energies. One of them is the influence of the transition
curve of the TES on the resolution. Inhomogeneities in the steepness as well as the
saturation of signals for events which exceed the dynamic range of the TES are one
obvious explanation for particle detectors with TES readout. Additionally, the phonon
propagation/light propagation in the absorber/the detector housing are able to cause a
degradation of the relative detector resolution at higher energies.

Until now, the aspects of the energy dependent detector resolution can not explained
by a theoretical model. However, using an empirical approach, the energy dependence
can be modeled with a linear, first order approximation.

O'(E) = 0p + E - Qeql (42)

Next to the baseline noise of the detector o}, an energy dependent term is added which
includes the linear scaling factor a.,; that can be derived by fitting the experimentally de-
rived detector resolution at different energies. Different event classes can be investigated
in regard of their detector resolution (i.e. test pulses, direct energy depositions, scintil-
lation signals). The behaviour of different event classes is not required to be identical
meaning different event classes can have different scaling factors a.y.

It is important to note, the the linear approximation of the energy dependent detector
resolution with this simple method is influenced by the corrections which are applied to
derive a linear energy scale. These corrections are introduced to account for inhomoge-
neities in the TES’s transitions and are used to interpolate a linear detector response
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over the complete energy range. This approach also allows to describe the detector reso-
lution o(FE) using equation since all other inhomogeneities are already considered in
the linearization of the energy scale. More information on the linearization of the energy
scale is found, for example, in reference [23].

To illustrate the behavior, the test pulse amplitudes are used which were injected to
the detector module Lise [43] [69]. Test pulses do reflect the detector response for a
specific event type which is well defined in the position. Hence, this event class is able
to probe the thermometer response without the influence of position dependencies and
physical signal production processes (e.g. scintillation process). Therefore, the derived
detector resolution for test pulses is usually better than for scattering events taking place
in the detectors. The resolution of the test pulse amplitudes of the phonon channel of
detector module Lise is shown in figure as a function of the energy E. The fit of the
data is done using equation 4.2|
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Abbildung 4.2: Test pulse resolution of the detector Lise [69] as function of the energy.
The values are fitted with linear slope of a.y = 0.00121/keV (equation

13)

In case of the phonon channel of CRESST-II detectors, the energy resolution is usually
derived for the 7 lines produced by a °"Co source (122.06 keV and 136.49 keV). For those,
an energy resolution of &~ 1 — 2% is common depending on the individual performance
of the channel. Assuming an average baseline noise of o, = 0.5keV, a., can be estimated
with ~ 0.015keV 1.

The light detectors are usually calibrated with an ®*Fe source which emits X-rays with
energies 5.89keV and 6.49keV. For these, a detector resolution of 1 — 2% is common
which corresponds to a.q ~ 0.015keV~! as well. The similarity of the two values is a
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coincidence.

In case of a scintillation signal, the resolution of the light detector differs compared
to the resolution obtained for direct energy depositions and test pulses. The observed
light detector resolution for the scintillation light created by a 3"Co source illumina-
ting the CaWO, crystal is usually 4-6 %, depending on the individual detector module.
The reason for this is, as mentioned before, the additionally uncertainties introduced
by the position dependent light collection efficiency in the detector modules and the
characteristic width of the scintillation response of CaWQOy, (420 + 40 nm [44] [70]).

4.3 Parametric Band Description

The cryogenic particle detectors based on the simultaneous readout of phonon and light
signals take advantage of the the particle dependent scintillation efficiency of the target
material to establish a particle identification system on event-by-event basis. Consisting
of a scintillating target crystal (i.e. main absorber) and a light detector, a two channel
readout system is established in each detector module that is able to measure the phonon
and scintillation signal of an interaction in coincidence.

Therefore, the light yield parameter is introduced for phonon-light detectors. The light
yield is defined as the ratio of light signal and phonon signal.

light yield (LY) = Bre (4.3)
Ep
Since the scintillation efficiency of most target materials depends on the nature of an
event, the light yield allows particle discrimination on event-by-event basis. The energy
scale of the light detector (keV.) is set using the scintillation light of 122 keV ~-rays from
a ®"Co source and is indicated by the subscript ee. As a consequence of this calibration
choice, the light yield of y-events with an energy of 122keV is equal to one.
The particle dependent scintillation efficiency of CaWQy is quantified by the respective
quenching factor of an interaction type QFx (see table ) The light yield LYx for a
particle interaction of type X is defined to be

LYx = QFy - LY. (4.4)

B /~-backgrounds and a-decays can be well discriminated from nuclear recoils (i.e. poten-
tial dark matter interactions) because the light yield of the event types differ according
to the respective quenching factors.

By plotting the data in the light yield vs. energy plane, the events form bands which
reflect the particle dependent characteristics of the respective interaction. Figure
shows the expected event distribution for different interactions types and illustrates the
mechanism used for particle discrimination. The electron recoil band is centered around
a light yield of one. The nuclear recoil bands arise according to their quenching factors
QFx at lower light yields.

Because of its relative nature, the light yield is highly sensitive to the performance
of the light detector. Especially towards small energies, this effect is observed with
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Abbildung 4.3: Schematic view of the event distribution plotted in the light yield vs.
energy plane. Depending on the light yield, an event can be identified as
electron /vy-interaction, a-interaction or nuclear recoil (oxygen, calcium,
tungsten). The electron recoil band centers around a light yield of 1
because of the choice of calibration. Towards smaller energy depositions,
the degraded resolution of the light detector is reflected in the broadening
of the light yield bands.

increasing strength because the detected light signal becomes small. Due to a decreasing
signal-to-noise ratio of the light channel, the (relative) detector resolution (i.e. o(E)/E)
becomes reduced which results in degraded capability to determine the light yield of an
event precisely. In figure [£.3] this effect is illustrated in the low energy region by the
broadening of the bands which finally results in an overlapping of the different event
populations and the failure of the unambiguous particle identification.

For CRESST-II detectors using a CaWO, target crystal, the acceptance region for
dark matter searches is defined to be below energies of £ < 40 keV and below the center
of the oxygen recoil band which corresponds to a LY < 0.112. For the energy the upper
limit is chosen based on the expected event rate for dark matter which drops at this
energy due to the nuclear form factor of tungsten (see chapter . In terms of light yield,
the use center of the oxygen band as the upper limit of the acceptance region was found
to be the best compromise between background leakage and the possibility to probe all
nulcei in the absorber [43].

The light yield of certain interaction type (i.e. electron recoil, nuclear recoil) for a
fixed energy deposition is, in most cases, normal distributed around a value close to
the quenching factor of the event type QQFx at this energy. This allows to extract the
center LY, and the width oy of a recoil band for given energy by fitting the data with
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a Gaussian (see figure [4.4).
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Abbildung 4.4: Scheme of the light yield distribution in a given energy interval. The
light yield of an event class can be approximated by a single Gaussi-
an distribution which allows to extract the center LY, and the width
ory. Here, the electron recoil band is given (centered ~ 1, red solid li-
ne). Additionally, the nuclear recoil bands of CaWO, are shown using
the corresponding quenching factors as center values of the respective
scattering partners.

The behavior of the fitted quantities LY, and o1y can be described as function of the
energy F using phenomenological models. Hence, the data shown in the light yield vs.
energy presentation can be described with a 2-D likelihood function.

Equation 4.5 parametrizes the center of the light yield distribution LY, . of the electron
recoil band:

LY.o(E) = (po +p1- E)- (1 —py-exp(—E/ps)). (4.5)

The parametrization uses 4 parameters (po, p1, P2, p3) to describe the observed experi-
mental behavior of the light yield band observed for electron recoils. py gives an energy
independent value for the center of the light yield band. Since py reflects the average
light yield of the band, it has a value close to unity due to the calibration. For large ener-
gies, the light yield band usually bends towards smaller values because the light output
is reduced for large energies [46]. Therefore, the fit value of p; is usually negative. For
small energies, the light yield of electron recoils is smaller, too, which is expressed by
the fact the electron recoil band is bent downwards to smaller light yields. This effect,
called non-proportionality effect', is characterized by the parameters p, and ps (more
information is found in reference [46]).
The width opy.(E) of the electron recoil band is described with equation :

1
orye(E) = E\/SO 481 E-LY,o(E)+ Sy - B2 LY, .(E)2. (4.6)
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where LY, .(F) is given in equation . The term E- LY, .(E) corresponds to the energy
detected in the light channel Fy, for a certain energy deposition E. Here, three parameters
are necessary to describe oy phenomenologically over the full energy range. Sy accounts
for the individual baseline noise of phonon and light channel]

So =04 pp + Thrp- (4.7)

The parameter Sy is independent of the deposited energy E and dominates the resolution
oLy, of a typical CRESST-II detector module in the energy range below 1keV. For
energies between £ ~ 1keV and O(500keV), the S; term is the dominant one of opy,.
This parameter accounts for the quantization of the scintillation photons and, therefore,
reflects the uncertainty which is introduced per detected photon in the light channel.
Hence, the statistical fluctuations in the number of detected photons (n) scales according
to a Possion distribution, i.e. S & /n. S is not influenced by the performance of the
phonon channel, and , therefore, allows to compare the performance of the light channel
in different detector modules independently from the performance of the phonon channel.
S, accounts for position dependences in the scintillation and light collection efficiency.

For the quenched nuclear recoil bands, the equations and are adapted. Since
the non-proportionality effect is only observed for the electron recoil band, equation
is reduced for nuclear recoils to:

LY. x =QFx - (po+p1 - E). (4.8)

The width of a nuclear recoil band oy, x corresponds to the energy of the quenched light
signal £, = E - LY, x and is, therefore, described with:

1
OLyx = E\/SO +8,-E-LY.x(E)-QFx + S, E*- LY, x(E)? - QF%. (4.9)

Also here, the value diverges if the energy deposition becomes small leading to an over-
lapping of the nuclear recoil bands.

To analyze the recorded data, the band model is usually fitted as a 2-D maximum-
likelihood function to the recorded event distribution in the light yield vs. energy plane.
Equation [4.10| shows the 2-D maximum-likelihood function for the electron recoil band:

L (LY - LYY (E))?
LE, LY)) = V2ropy (E;) P ( 207y (£) ) ' (4.10)

The use of equation to fit data without detector specific adaptations is only
possible for ideal detectors. In reality, the parametrization of the function describing
center of a recoil band LY, (E) has to be modified in most cases. This is necessary
to account for inhomogeneities in the detector responses (i.e. inhomogeneities in the
TES’s transition) or to respect the particle dependent scintillation efficiency for 5 and ~
interactions in CaWQy in the low energy range (i.e. E, < 50keV) |46]. Modifications are

!The baseline noise of the light detector is translated in energy equivalent units using Ob,LD,cc =
ob,.p/ (energy share detected as light (EDL))
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usually not necessary for the light yield distribution for a certain energy interval or the
energy dependent description of o7y (equation. The assumption, that the light yield
for events witht the same energy are normal distrubuted holds for the large majority of
detectors. Therefore, the parameters Sy, S; and S5 can be used to evaluate and compare
the experimental performance of detectors on a fair level because no further adjustments
are necessary to describe the data correctly.

4.4 Discrimination Power for Internal Backgrounds

The discrimination power of a detector module is defined by its capability to identify
the nature of the particle interaction taking place in the main absorber. While for large
energy depositions the amount of created scintillation light is sufficiently large to deter-
mine the interaction type unambiguously, this ability degrades towards smaller energy
depositions.

The quality of the light signal and, thus, the discrimination power of a detector module
depends on numerous factors like the crystal properties (e.g. scintillation efficiency, op-
tical properties,...), the detector geometry (i.e. size of main absorber and light detector,
light collection efficiency) and on the individual performance of the cryogenic detectors.
These properties are included in the parametric band description which was introduced
in section [4.3] Additionally, the sensitivity of a detector for dark matter also depends on
the level of radioactive contaminations in the target. The amount of /3/y-backgrounds
leaking into the region of interest for dark matter searches also depends on total back-
ground rate. Therefore, a low intrinsic contamination of the target is a crucial detector
parameter.

To disentangle the parameters responsible for the definition of the detector properties
and the overall detector performance, a data driven simulation is used to model the the
expected event distribution for a normalized background rate and detector exposure.
The light yield distribution is modeled for given detector geometry using equation [4.10]
The output of the simulation can be understood as probability distribution for a given
crystal operated within different detector designs for the same amount of time.

Based on the simulated detector response, two approaches can be chosen to define the
rejection capabilities of a detector:

1. Fxpected number of background events in the region of interest:

The first method is to count the expected number of events being present in the
region of interest (see figure [1.3). In a detector with average performance, this
acceptance region is expected to be free of events for energies above 10keV [71].
Towards small energies, leakage of electron recoil events into the region of interest
becomes more likely as the discrimination power is reduced. The number of events
present in the region of interest depends dominantly on the performance of the
light channel, the number of events in the electron recoil band (i.e. the amount
of [3/y-background present in the main absorber) and the strength of the non-
proportionality effect.
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Major drawback of this method is the influence of the performance of the phonon
detector on the result. Two aspects have to be considered.

First, the acceptance region is partially defined by the performance of the phonon
channel. Usually, the acceptance extends to lowest energy the detector module is
able to probe, i.e. to Ejp.es of the phonon channel. Since this detector property
is different for each detector module, the respective acceptance region is different,
too. Consequently, the number of events expected to be observed in the acceptance
region is strongly influenced by the individual detector performance. This effect is
additionally enhanced by the reduced discrimination power towards smaller ener-
gies which causes more events to be located in the acceptance region. To avoid a
biased analysis, a common acceptance region has to be defined for all detectors
which are intended to be compared.

Secondly, events with an energy close to the detection threshold can be shifted
from lower energies above the threshold and vice versa due to finite detector reso-
lution of the phonon channel. In case a flat spectrum is assumed, the effect should
equalize (i.e. the number of events shifted above the detector threshold is equal
to the number shifted below). Though, this assumption is not correct because the
probability that an events has a light yield which places the event in the accep-
tance region rises towards smaller energies. To avoid a biased statement using this
method, a common detector resolution of the phonon is necessary, too.

2. Definition of an analysis threshold:

The second method is to set an analysis threshold above which a defined number
of leakage is expected. This also allows to derive the energy above which energy,
for a given confidence level, a background free acceptance region is expected. The
method was used to analyze the data of CRESST-II(Phase 1) [71]. There, the
acceptance region for dark matter was set to expect not more than 1 electron
recoil event in the acceptance region in the whole data set recorded by a single
detector.

This method is also influenced by the performance of the phonon channel. Like in
method 1, the shifting of events across the analysis threshold is able to affect the
result. Therefore, the definition of a common detector resolution is necessary for
this approach, too. However, the influence of this simulation parameter on the re-
sult is usually insignificant because the influence of the light channel’s performance
is dominates the result.

In figure [4.5] the different approaches to estimate the capability of a detector to reject
backgrounds are illustrated.

In figure the electron (red) and nuclear (blue) recoil bands are shown schema-
tically. The region, in which the event bands overlap, hence, an unambiguous particle
identification is not granted, is indicated in pink. The acceptance region for dark mat-
ter is indicated in yellow. Method 1 counts the events being present in the ROI. Since
usually only events from the electron recoil band contribute to this number, the relevant
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Abbildung 4.5: Illustration of the different criteria for determining the particle discrimi-
nation capabilities of a detector.

region contributing dominantly to the total number is indicated in cyan. Method 2 sets a
discrimination threshold (green line) above which a defined number of events is expect in
the ROI. This discrimination threshold is dominantly defined by the performance of the
light channel while the influence of the phonon channel’s performance can be considered
as negligible.

Both methods are give reliable results on the performance of different detector designs
in terms of the discrimination power and allow a fair comparison between different
detector designs. Method 2 is expected to give less biased results than method 1 as
the result is mainly defined by the performance of the light channel. Nevertheless, the
comparison of the discrimination power of different detectors in the low energy region
and the investigation of the light detector’s performance on the discrimination power in
this energy range is only possible by using method 1. Since both aspects are of special
importance for the investigations carried out during this thesis, both methods are used
in the following chapters.

4.5 Energy Detected as Light

The fraction of energy which is detected in the form of light (EDL) is defined as the
ratio of energy detected in the light channel and the total amount of deposited energy
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in the target crystal.

energy detected in the light detector

EDL = (4.11)

total amount of deposited energy

The EDL has a definition which is very similar to the definition of light yield. The main
difference between light yield and EDL is the fact that for the EDL, the light detector’s
energy scale corresponds to the actually detected energy while for the light yield the
energy scale of the light detector is set by the scintillation signal of electron recoil events
taking place in the CaWQy target crystal. Thus, the EDL can be understood as scaling
factor which allows to translate between these two energy scales.

In the following sections, the energy sharing between the two existing readout chan-
nels in phonon-light detectors is explained. Based on these explanation, the method to
determine the EDL is introduced.

4.5.1 Energy Sharing in Phonon-Light Detectors

The performance of the light detector as cryogenic device exceeds the performance of the
phonon detector (see section [4.2). The main reason for this is that the mass of the light
absorber is much smaller than that of the target crystal. Therefore, the light channel is,
proportional to its smaller volume, a factor 100 more sensitive than the phonon detector.
However, the better performance is counterbalanced by the small amount of energy which
is detected by the light detector. The reason for the small amount of detected energy
in the light detector are the intermediate processes between an initial energy deposition
in the CaWQ, target crystal and the final detection of a photon in the light detector.
Figure illustrates the energy sharing in a phonon-light detector and illustrates the
losses which reduce the energy detected in the light channel.

After an energy deposition in a CaWQ, target crystal, scintillation light is produced
according to the scintillation efficiency f which is reported for CaWO, with (8.3+£0.8) %
[47] [48]. The remaining part of the initial energy deposition is directed to the phonon
channel readout and is detected there or is lost in the non-active detector parts.

After the scintillation process, the created photons propagate in the detector module
where they are subject to different loss processes. In case a photon is reabsorbed in the
target crystal, the energy it carries is redirected to the phonon channel. The probability
for this process (1) depends on the crystal quality, thus, on how fast a photon is reabsor-
bed in the crystal due to impurities, and on the probability for a photon to be trapped
within the crystal without any possibility of ever reaching the light detector. In case a
photon is able to leave the target crystal before being re-absorbed, it can be either lost in
the detector housing (i.e. absorption/transmission in the reflective foil or in the holding
structures) or detected in the light detector. The combination of all loss processes finally
defines the probability of a generated photon to reach the light detector. This probabi-
lity is called light collection efficiency (€). It is mainly defined by the average distance
a photon travels inside the detector module before being absorbed in the light detector
since loss due to (re-)absorption in crystal and foil scale with the traveled distance.
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Abbildung 4.6: Energy sharing in a scintillating bolometer. Figure is adapted from [48].

In conclusion, the amount of energy detected as light depends on the scintillation effi-
ciency and on the optical properties of the target crystal as well as on the detector design
which defines its light collection efficiency. The EDL is therefore defined as the product
of the scintillation efficiency f and the light collection efficiency ¢ and disentangles the
intrinsic scintillation efficiency from the other loss processes.

EDL =FEy,-f € (4.12)

The average value of the EDL derived for the conventional detector module varies
between 1.7-2.54 %. This value is composed of a scintillation efficiency of 7.9-8.4 % and
a light collection efficiency 17-28 % [4§]. Since in most cases the scintillation efficiency of
the target crystal is not precisely known, an average, constant value is assumed for all
CaWQ, crystals while the variations in the EDL are dominantly related to the detector
design and the light collection efficiency therein.

4.5.2 Determination of the EDL

To determine the EDL, the method described in the following is used.

The scintillation signal of an event occurring in the main absorber can be determined
precisely for events with an energy (E > 10keV). Using a calibration source hitting the
target crystal (e.g. 57Co), the scintillation signal of y-ray interactions in the crystal with
known energy is determined. With a second calibration source, which illuminates the
light detector (e.g. °Fe source), the energy scale of the latter is determined for direct
energy depositions. By relating the fraction of energy detected for scintillation events to
the energy which is actually seen by the light detector, the EDL can be determined.
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The energy E of a recorded event corresponds, in case of a calorimetric measurement,
to the integrated area of a pulse which is described by the function P(t).

E-— /_ T P@)dt (4.13)

As long the pulse shape reflected in P(t) is constant for all events, the maximum value
of the pulse amplitude Ap is directly proportional to E. In this case, the pulse amplitude
can be used as energy equivalent quantity.

E x Ap (4.14)

This relation is used during the data analysis of CRESST-II to determine the energy of
an event by determining the amplitude with the standard event fit.

To determine the exact energy of an event, a linear calibration factor (., is used to
directly relate the energy of an event E to the measured pulse height of an event Ap.

Ecal
Acal

E:Ccal 'Ap = 'Ap (415)
The calibration factor (., is determined using a calibration source for which the deposi-
ted energy E.q and the corresponding maximal amplitude A, of P(t) are known. This
approach is valid as long all events fitted by the standard event feature the same pulse
shape and can be applied to the phonon and light channel.

To derive the EDL, though, the energy input into the light channel has to be deter-
mined for different event signatures: For direct hits of X-rays and for scintillation light.
Their way to interact with the light detector is different and causes a pulse shape diffe-
rence between the two event signatures. D irect energy depositions (i.e. X-rays) interact
with the light absorber at a single location where they deposit their full energy at once.
Scintillation signals are created by a large number of photons which are absorbed at dis-
tributed locations of the absorber surface. Furthermore, the time structure of the signal
is different since the emission of the photons during the scintillation process happens
over a time of O(100 us) [44].

Since pulse shape differences between the two event classes are observed, the use
of the pulse height of an event to determine its energy is not appropriate. Therefore,
the following calibration is used to allow the comparison of signals with different pulse
shapes.

Signals detected by the light detector, thus P(t), can be seen as a convolution of
energy deposition L(t) and detector response D(t).

P(t) = L(t) ® D(t) (4.16)

The pulse shape of P(t) is generally defined by the shape of the light signal L(t) and by
the detector response to an energy deposition D(t). D(t) can be assumed to be constant
for all energy depositiong?} For direct energy deposition and fast scintillators, the energy

2This assumption is not correct for very large energy depositions because of the limited dynamic range
of TES.
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deposition L(t) can be expressed by a o-function. In this case, the observed pulse shape
is defined by the detector response D(t). For slower scintillators, the description of the
light signal L(t) using d-function is not correct and the observed pulse shape of P(t)
is defined by both sub components. Hence, if pulse shape differences between direct
detector hits and scintillation events are observed, these are caused by a pulse shape
difference in L(t) while the pulse shape of the detector response D(t) is expected to be
constant.

According to equation [£.13] the energy measured in the light detector Ey, is equal to
the area under the pulse P(t). Thus, the energy of an events with different pulse shape,
but with the same pulse height/amplitude are not identical. The disentanglement of
light signal L(t), reason for the pulse shape differences, and detector response D(t) is
not possible, since P(t) is the observable. Though, for the energy of an event Fp, the
disentanglement is possible. Using Fubini’s theorem [72], one can write Ey, as

L(r)dr - /OO D(t—7)dr. (4.17)

— 00

Es :/OO P(t)dt:/oo L(T)-D(t—T)dT:/oo
Equation [4.17] allows to show that the origin for pulse shape differences can be disen-
tangled without affecting the result of E. Hence, the ratio of the energy detected for
events with different pulse shape but the same pulse height is the ratio of the integrals
of light signals.

Epy 2% Li(r)dr
EL72 fi)ooo L2 (T)dT

(4.18)

For the determination of the EDL, this method can be used to relate the energy cali-
bration, which is based on direct light detector hits, to the energy of scintillation events.
By determining the integral of the standard events build for direct energy depositions
Liirect and scintillation events I, with the same maximal amplitude, equation [4.15] can
be corrected to

Ecal ]scz'n
Acal AP Idirect. (419)
The integral ratio introduced in equation allows to use the detected amplitude of an
event as energy equivalent unit although pulse shape differences between the respective
event classes exist. Equation |4.19|is used to determine the energy detected in the light
detector for a given amount of energy deposited in the target crystal using equation
A1

The error of the determined EDL is derived by standard error propagation. For the
uncertainty of the amplitude values the detector energy dependent resolution is used.
On average the scintillation signal of an isolated peak form a calibration source shows
a resolution in the range 4-5%, while the resolution of direct hits is usually 1%. The
uncertainty introduced by the numerical integration is expected to be small and is esti-
mated to be < 0.1 %, respectively. Thus, the total uncertainty of this method is expected
to be dominated by the resolution of the light detector for scintillation signals. Further
systematic uncertainties, which are introduced, for example, by the energy calibration,
are discussed for the respective measurements presented later in this work.

Ep =
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4.6 Background ldentification using the Detector
Surrounding

For all interactions depositing energy in the main absorber, the light yield mechanism
allows to determine the nature of an interaction unambiguously over a wide range of
energies. Nevertheless, the light yield veto mechanism is not able to distinguish between
events that interact solely in the target crystal and events that loose part of their energy
in the detector surrounding before they interact with the target crystal. The signals
detected in phonon and light channel are characteristic to the energy an event deposits in
the target crystal while the energy deposited in other detector parts remains undetected.

Due to this flaw, the external g-backgrounds, as well as, a-decays taking place on
surfaces in direct line of sight to the main absorber are able to contribute to the total
background rate observed in the target. Therefore, the detector surrounding has to
provide an additional signal input which allows to identify events depositing part of
their energy in the detector housing.

The use of the light channel to veto external backgrounds is the natural choice for
detector based on the phonon-lighttechnique. In case an additional input to the light
channel is generated by external events, these events can be indentified as such. A
indirect veto signature is provided if the main absorber is surrounded by a scintillating
materials in which external backgrounds deposit part of their energy before interacting
within the target crystal. These events are identified by the additional scintillation light
created by the detector housing which adds to the scintillation light created by the
energy deposition in the CaWOQ, crystal. This veto mechanism also works for surface
a-decays in which the daughter nucleus reaches the target crystals as they are identified
by the additional scintillation light created by the escaping a-particle absorbed in the
foil. Alternatively, a direct veto signal can be generated in the light channel. In this case,
instead of using the scintillation mechanism of the detector housing, all surface facing the
main absorber are instrumented and actively read out becoming effectively an additional
detector. Here, the energy which remains undetected by the phonon channel, is detected
as direct energy entry in the veto detector. The observed signal characteristics allow
an unambiguous tagging of these events as external background. Advantageous of this
method is that the intermediate scintillation process of the foil is avoided and the signal
which allows to identify backgrounds as such is larger. Thus, an active veto system is
expected to achieve a better discrimination power at smallest energies.

Both systems require that any surface which is direct line of sight with the main
absorber provides a veto mechanisms. In case a complete 47 coverage is not achieved,
events with external origin can be misinterpreted as events only interacting with the main
target crystal. For the conventional CRESST-II module, this condition is not achieved.
To keep the main absorber and the light detector in position, non-scintillating bronze
clamps are used. The surface of the clamps in direct line of sight to the target crystal
is small compared to the total surface of the detector housing, but a small probability
for non-vetoed surface background events remains. More information is found in section

4.8
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4.7 Detector Performance in CRESST-II

4.7.1 Average Performance of Conventional Detector Modules

During CRESST-II (Phase 1 & Phase 2) more than 20 detectors of the conventional
detector design were operated (see references [23], [43], [65], [71]). All detectors were
analyzed using the parametric band model described in section [4.3] This implies that
these detectors are presented and analyzed in light yield vs. energy plane. Based on these
results, the average performance of a CRESST-II detector with the standard detector
design is derived.

Since the position of the electron recoil band LY.(F) is generally not defined by the
detector design or the performance of the readout channels but by the properties of the
CaWO, target crystal as scintillator, no average values are given for the parameters
Do, P1, P2 and ps3 (see equation since these parameters are not useful to describe the
average performance of a set of detector modules in meaningful way:.

For the width oy (E) (see equation [£.6), the average values for the parameters Sy, S
and Sy can be used to determine the average performance of the readout channels and
the discrimination power of a set of detector modules. This is possible, since oy (F)
mainly relies on the performance of the phonon and the light channel and the design of
the detector module. The average values for Sy, S; and Sy of all conventional detector
modules analyzed in [23], [43] and [65] are summarised in table

CRESST-II detector modules
parameter average value
Sy [eV7] 0.612:£0.210
S1 [eV] 0.580+0.025
So 0.000340.0002

Tabelle 4.1: Average parameter values for describing the light yield band of electron
recoils in a conventional CRESST-II detector module. The given uncertainty
corresponds to the standard deviation of the values.

The parameters Sy and S; are influenced by the amount of energy which is detected
as light (EDL). Hence, these parameters are not only influenced by the detector design
but also, to some extend, by the scintillation efficiency of the target crystal (see section
4.5.1]).

The parameter Sy describes the noise of the baseline obtained for the light and pho-
non channel (see equation . Therefore, Sy is dominantly defined by the individual
performance of the phonon and light channel of a detector module (TES & SQUID
system). This parameter is most influenced by the large variations in the performance
observed between different cryogenic detectors. Therefore, the statistical uncertainty of
this parameter is larger than the statistical uncertainty of S; and S;. In an average
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detector module the phonon and light channel contribute to same degree to So.rf] Thus,
both channels of a detector module have to perform convincingly in order to achieve a
small value for Sy and to provide good particle discrimination capabilities in the low
energy range.

S1 term contributes dominantly to oy in a large energy range (i.e. & 1—500keV). The
parameter reflects the uncertainty which is introduced per detected photon in the light
detector. Fluctuations in the number of photons produced (n) are described using the
Poisson statistics. Accordingly, S scales with o y/n. As a consequence, this parameter
is mainly defined by the detector design and the scintillation properties of the CaWQO,
target crystal and not by the performance of the respective phonon and light detector.
Therefore, the parameter S; given in table is determined with a small uncertainty
since neither the design nor the scintillation efficiency changes to large extend for the
analyzed detectors.

The parameter S, is usually small < 1072, though, large fluctuations of this value are
observed which is reflected in the large uncertainty of this value. The influence of this
parameter becomes only dominant for very high energies (E > O(500 —700keV)). In the
relevant energy range for dark matter searches this parameter has almost no influence
on the capability to reject backgrounds.

In summary, one can state that the parameter S; is the most suitable detector para-
meter for comparing the performance of different detector modules. .S is not influenced
by the performance of the phonon detector like the parameter Sy. Therefore, it allows
to evaluate the influence of the of the light channel’s performance on the overall per-
formance of the detector module in regard of discrimination power in a independent
way.

In regard to the capability of being a sensitive detector for dark matter, the different
detector modules are compared in this work using the methods introduced in section
(.4 For the analysis of the data acquired during CRESST-II (Phase 1 & 2), the lower
boundary of the acceptance region was defined as the energy above which less than
one electron recoil is expected to be present in the acceptance region. This boundary
varied between 12.1keV and 19.0 keV. These analysis thresholds are significantly higher
than the thresholds which are provided by the phonon channel. This implies that the
performance of the light channel is limiting the sensitivity of the CRESST-II detectors.

3Using the average values for of’2 = 0.55keV and UbL’fe = 0.01keV [71], Sp is calculated, according to

equation to be Sy = (Jlfe[:)2 +(op D)2 = (o) +(ofP/EDL)* = (0.55eV)? +(0.01 6V /0.02)*.
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4.7.2 CRESST-II (Phase 1)

During CRESST-II (Phase 1), 18 detector modules were operated over a time period
of approximately 2 years (2010-2012). Eight fully operational detector modules were
used for a combined dark matter analysis based on a final exposure of 730 kg days. The
results achieved with this data is published in reference [71]. Additional information on
the analysis is also found in [23] and [43].

The likelihood analysis of the data yielded in an excess of events in the ROI which is not
in agreement with the assumed background model. The high overall rate of background
at the time implied nevertheless large uncertainties in its modeling, therefore a significant
reduction of the background level was the goal for the subsequent data taking campaign.

Several detector improvements were implemented which all focused at a reduction
of the overall background level. The most important measure addressed the reduction
of surface a-decays and the related lead recoil backgrounds. These events are caused
by the surface contamination of the detector module with ???Rn. In the decay chain of
>R, the first long-living isotope is 2'°Pb (712 = 22.3y [67]) which decays to *'°Po
via the emission of a 3. The ensuing a-decay of 2'°Po to *°Pb (71,2, = 138.37d)has
a Q-value of 5407keV which is divided between the Pb nucleus (103keV) and the a-
particle (5304 keV [67]). If the o emitted in the decay remains undetected, i.e. deposits
its energy in a non-scintillating part of the detector housing, the observed event is due
to the recoiling daughter nucleus absorbed in the target crystal. In general, the energy
of the nucleus is too large to be relevant for dark matter searches with CaWQ,, but the
energy deposited into the phonon channel can be reduced in case the mother nucleus is
implanted on a nearby surface [73]. In such a case the detected Pb-recoil can be shifted
in energy to the ROI causing a signal which is indistinguishable from a possible dark
matter interaction.

Avoiding this source of background is of extreme importance for direct dark matter
searches. Therefore both passive and active measures were taken in the following mea-
surement campaign of CRESST-II. One of these measures was the development of the
so called beaker detector design which is presented in chapter [7}

4.7.3 CRESST-II (Phase 2)

The measurement campaign of CRESST-II (Phase 2) started in 2013 and lasted appro-
ximately 2 years.

In CRESST-II (Phase 2), 12 out of 18 detector modules were constructed based on
the conventional detector design (see section [2.3)). To avoid the contamination of the
detectors with 2?2Rn during the production and mounting, large efforts were carried
out to prevent the exposure of the detectors to ordinary air. By storing the detectors
in nitrogen and assembling them in radon-free air, the time of exposure was reduced
compared to the detectors operated during CRESST-II (Phase 1). Still, a complete
radon prevention over the full production cycle was not achievable because most of the
production processes cannot be performed in a confined environment.

All operated detector modules of the conventional design observed events that are
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correlated to the a-decay of 2!°Po. Despite the efforts to prevent this background source,
the reduction in rate can be considered negligible since the contamination of the ROI
with the degraded Pb-recoils is observed with similar intensity. Therefore, the passive
efforts to avoid this background source were found to be not sufficient [43] [65].

Next to the conventional detector modules, new detector designs were test during
CRESST-II (Phase 2), featuring a fully vetoed detector housing against external back-
grounds.

The so called stick design uses a fully scintillating detector housing to achieve a veto of
surface related events. By replacing the bronze clamps by CaWQ, sticks, non-scintillating
surfaces are completely avoided in direct line of sight of the target crystal from the
detector housing. In this detector configuration, the escaping « particle is guaranteed
to create sufficient scintillation light to be vetoed as background. The discrimination
power of the detector concept proved to be highly efficient, preventing all surface related
a-decays to contribute to the backgrounds observed the ROI. For more information on
this detector design and its performance, see reference |74]).

The second prototype design operated during CRESST-II (Phase 2) establishes a
complete active 4m-veto system for identifying external backgrounds actively. The so
called beaker design surrounds the main absorber with a large scale, beaker shaped light
detector. In combination with a large carrier crystal, all surfaces surrounding the main
absorber are actively readout. Detailed information on the beaker design is presented in
chapter [7)).

The dark matter results of this measurement campaign are based on the data sets
obtained with two detector modules.

The first module used for a dark matter analysis belongs to the stick prototype
(TUM40 [66]). Featuring a detector threshold of 603eV (phonon channel) and a ful-
ly scintillating housing with a highly effective veto system for external backgrounds,
the detector module was able to explore new parameter space for dark matter masses
< 3GeV. The exclusion limit based on this data of TUM40 is given in figure |4.7| as
dashed red line [66].

The second module (Lise |69]) used for a dark matter analysis is a conventional de-
tector module. This means that non-scintillating surfaces are present in direct line of
sight of the main absorber and that surface related a-backgrounds are expected to be
present in the ROI for dark matter searches. The unique feature of this detector module
is the excellent detector threshold of the phonon channel (306 V) and the extremely flat
background down to threshold which allow to probe new parameter space in the low-
mass dark matter region. The exclusion limit achieved with this detector module is also
shown in figure [4.7] as solid red line, illustrating the influence of the detector threshold
on the sensitivity of a module for probing the low mass dark matter space.
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Abbildung 4.7: Dark Matter parameter space at the time the CRESST-II (Phase 2)
data was released [69]. Next to the TUMA40 result, the exclusion limit
achieved by Lise is shown. Since the detection threshold achieved by
these two detector modules is better than the detection thresholds of
other experiments, new parameter space is excluded in the low mass
dark matter region.

4.8 Limitations of the Conventional Detector Design

The conventional detector design provides a very good performance over a large energy
range. Designed to achieve large exposures within reasonable time scales, the size of the
main absorber was found to be to be a good compromise between detector performance
and exposure. Still, three aspects limiting the sensitivity for dark matter searches can
be identified for the conventional detector design.

4.8.1 Excess Light Events

As mentioned in section [2.3.4] the surrounding foil provides a veto mechanism which
allows to tag [-backgrounds which enter the detector housing from the outside. These
[B-backgrounds loose a fixed amount of their energy in the detector housing before being
absorbed in the target crystal. Thus, an additional and constant light signal is created
in the scintillating foil surrounding the target crystal which adds to the ordinary scin-
tillation signal produced because of the absorption of the particle in the target crystal.
The amount of additionally created scintillation light is relatively small since the foil has
a low scintillation efficiency (i.e. 0.8 % [74]). Accordingly, the size of the additional light
signal, which is related to the interaction of external 5-backgrounds with the scintillating
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foil, is small. For events having an energy >150keV, no discrimination between ordinary
[ /~-interactions solely taking place in the main absorber and events with excess light
character is possible. Towards smaller energies, though, the foil related scintillation si-
gnal contributes a relevant fraction to the detected light signal, which causes that events
belonging to background source have light yields well above 1.

As long the discussed background source has an additional light contribution, it does
not impact the sensitivity of a detector module for dark matter searches because, in this
case, the light yield of this event class is well above the expected light yield of dark matter
interactions Though, the analysis of the data has to be adapted to its presence because
an asymmetric tail towards higher light yields is observed in the event distribution.
Therefore, the light yield distribution is not well described by a Gaussian in the low
energy range. To account for the presence of excess light events, a phenomenologically
motivated modification is added to the band description [43]. The excess light event
population can be described using equation [4.20

flx) = ;\ . 60%12//\2 e M@—LYe) (1 —erf (—((x _aiic/)ﬁ_ UQA))) . (4.20)

f(z) is a convolution of an exponential decay and an error function which serves to cut
off the exponential decay for small light yields. The error function is described with the
parameters LY, and oy, respecting the light detector’s resolution and the center of the
electron recoil band. The exponential decay is parametrized with the decay constant \.

By adding equationto the 2-D likelihood (equation, the low energy range can
be described phenomenologically. This model allows to disentangle events with internal
origin from external background, which is necessary to estimate the amount of expected
background in the ROI. However, the limited amount of statistics in the low energy
region impedes the disentanglement of the backgrounds.

In case no veto system is provided for the §-backgrounds with external origin, these
background events remain indistinguishable from ordinary (3 /y-interactions in the target.
This means, background interactions with external and internal origin are located in the
electron recoil band showing no difference in their event signature. Generally, this does
not affect the sensitivity of a detector module. However, the energy of these events is
shifted to smaller energies because of the energy loss in the detector surrounding. Due
to the decreasing discrimination power of a detector module in the low energy range,
the sensitivity for dark matter interactions can be affected by this external background
contribution because they can add to the backgrounds observed in the ROI for dark
matter searches.

Therefore, an alternative method to identify this background class unambiguously
and to remove events of this kind from the final data set is desirable. One possibility
to achieve this task is the use of an actively read out detector housing. In this case,
the identification of an event of this kind is achieved by its direct interaction in the
surrounding detector parts. By skipping the intermediate lossy scintillation process as
well as the ensuing light collection process, the detected veto signal is assumed to be
large and to allow an effective rejection of external S backgrounds.
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4.8.2 Performance of the Light Channel

To determine the nature of a particle interaction taking place in the target crystal, the
amount of created scintillation light has to be determined precisely. Thus, the perfor-
mance of the light channel has to provide a good performance to allow an unambiguous
particle identification in the low energy range.

As mentioned before, the fraction of energy which is finally detected in the light
detector is small compared to the energy deposit into the phonon detector (see section
. Due to the decreasing signal-to-noise ratio for small energy depositions, the relative
resolution of the light channel is degraded for small energy deposition in the target
crystal. As a result of that and because of the relative nature of the light yield parameter,
the light yield bands start to broaden towards smaller energy depositions which prevents
the unambiguous particle identification at small energies. Therefore, the light channel is
considered the weaker part of a detector module although the performance of the light
detector as cryogenic device exceeds the performance achieved by the phonon channel
(see section [4.2)).

Figure [1.§)illustrates the influence of the light detector’s performance on the particle
discrimination. The light detector resolution changes by a factor of 3 between the left and
the right panel showing the impact on the discrimination power of a detector module.
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Abbildung 4.8: Scheme to illustrate the dependence of the discrimination power on the
performance of the light detector. On the left side, the event (black dot)
is located in the purple shade area in which an unambiguous particle
identification is not possible. On the right side, the resolution of the
light channel is improved by a factor 3. Here, the discrimination power
of the detector module is sufficient to identified the same event as nuclear
recoil.

The relative resolution of the light channel for a given energy deposition in the target
crystal can be influenced positively by improving the performance of the light detector
as cryogenic device or by increasing the amount of detected light. Both approaches are
investigated during this thesis.

By investigating the influence of the phonon collectors on the performance of thermo-
meters used for the light detectors, an optimization of the light detectors as cryogenic
devices is made (chapter [5)). To increase the light signal, either the scintillation efficiency
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of the target crystal or the light collection efficiency can be improved (see section [4.5.1)).
Since the scintillation efficiency of the target crystal can be considered as an invariant
material property, the influence of the detector design on the performance of the light
channel is investigated in the scope of the conventional CRESST-II detector design in
the following paragraphs.

Featuring a large target crystal, the conventional CRESST-II detector module is not
optimized for the best light collection efficiency. As already discussed, the EDL is defined
by the scintillation efficiency of the CaWQ, target crystal and by the light collection
efficiency of the detector module. The scintillation efficiency of CaWOy is 8.3 % [47], the
light collection efficiency is measured to vary between 17 and 28 % for the conventional
CRESST-II detector modules [48]. Hence, the fraction of energy detected as light (EDL)
is &~ 2.0% in the conventional detector modules.

The light collection efficiency of a detector module mainly depends on the average
distance photons travel inside the target crystal before the absorption in the light detec-
tor. In addition, the average number of reflections on the surrounding surfaces plays a
major role for the probability that a photon reaches the light detector. Hence, during the
propagation process of a photon in the detector module, losses because of (re-)absorption
in the crystal and the housing reduce the detected light signal.

For a photon propagating in a crystal, the probability p, for having an absorption or
scattering process scales with the traveled distance [ according to equation [4.21]

Pr = /Ol li cexp(—x/l)dl =1 — exp(—1/1,) (4.21)

The quantity [, represents scattering length or absorption length of a photon in the
medium the photon is propagating. Thus, equation [.2I] can be used to calculate the
probability for a photon to travel a certain distance in the target crystal unaffected,
using the experimentally derived values of the scattering and absorption length. While
the absorption of a photon reduces the amount of detected light signal, the scattering
of photons affects the average length a photon travels before absorption. Important to
note is that the scattering of photons helps to wash out position dependencies in the
scintillation efficiency as well as in the light collection efficiency. On the other hand, the
scattering of light in the target crystal enhances the average distance a photon travels
before absorption which increases the probability that a photons is lost.

The crystals used as target material are of cylindrical shape. In combination with the
high refractive index of CaWOQO, (1.92@420nm) [75|, the probability is enhanced that
light is trapped within the crystal following infinite paths without the possibility to
leave the crystal. This probability of light trapping is further increased by the polishing
of the CRESST-II target crystals to optical quality.

Next to the loss processes inside the target crystal, an additional reduction of the light
signal is caused by the detector surrounding. The reflective foil used for lining the inner
parts of the detector modules is reported to have a high reflectivity (R > 99 %) [76].
The probability for a photon to be lost during a reflection process is independent of the
number of previous reflections and dependents only on the reflectivity R of the surface.
Hence, the probability that a photon is lost after a given number of reflections n is
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calculated with

Proir(n) = R". (4.22)
In case a large number of reflections is needed to guide a photon to the light absorber,
the probability increases that a photon is lost during the propagation. In addition, the
presence of non-reflective parts in the direct line of sight to the crystal (i.e. the bronze
clamps, TES) causes a further reduction of the light collection efficiency.

To investigate the parameters influencing the light collection efficiency, a dedicated
simulation for tracking the photon paths within a detector module has been written in
C++ to be run in the ROOT framework. Goal of the simulation is to investigate the
different loss processes occurring during the propagation of the photons and to estimate
the influence of the detector layout on the detected light signal.

The simulation uses the following approach for each simulated event:

1. Creation of photons: The energy of an event is determined randomly according to
the assumed energy spectrum. In this case a flat spectrum is used which allows to
apply the parametric band model to the simulation to estimate the performance
of a detector design without further adaptations. The location of an event is at
a random position in the target crystal. This location serves as starting point for
all photons generated during this event. The number of created photons scales
according to the scintillation efficiency of CaWO, (i.e. 8.3% [47]).. The actual
number of created photons is Poisson distributed around the expected average
of photons. Each photon has a set of properties: The photon energy (i.e. normal
distributed around 420 nm using a FWHM of 40 nm [44]) and the initial direction
which is set randomly.

2. Propagation of the simulated photons: The path of each photon is calculated in
small discrete steps (0.1 mm) considering the following physical processes:

o Absorption of the photon in the crystal: The distance to the absorption is de-
termined by dicing a probability between 0 and 1 and calculating the distance
the photon is able to propagate in the crystal unaffected using equation [4.21]
Once reaching this distance the photon is considered as lost.

o Scattering of the photon in the crystal: The distance to the next scattering is
determined by dicing a probability between 0 and 1 and calculating the di-
stance the photon is able to propagate in the crystal unaffected using equation
[4.21] After this distance the photon is equipped with a new random direction
and the distance to the next scattering process is recalculated.

 Transmission/reflection of a photon on a crystal surface: If a photon reaches a
crystal surface, the probability for the transmission or reflection of the photon
is determined according to the Fresnel laws and the refractive index of the
target crystal [77]. Which process is chosen is determined by randomly dicing
a probability between 0 and 1 and comparing this value with the probability
for reflection/transmission of the photon for the given boundary conditions.
Depending on which process is determined, the trajectory of the photon is
recalculated according to Snells’ law [77].
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 Absorption/reflection of a photon on a surface in the detector housing: In
case a photon hits a surface of the detector housing, the photon is either
reflected or absorbed therein. In case, the photon is transmitted trough the
foil, the photon is considered as absorbed. The probability for the reflection
of the photon on this surface is implemented in the simulation according to
its literature values. For the foil, a reflectivity of 99 % [76] is reported. The
other detector parts (i.e. the bronze clamps holding the CaWQ, crystal and
the light detector, TES) are considered in the simulation with their respecti-
ve reflectivities mentioned in reference [77]. By dicing a random probability
between 0 and 1, the occurring process is determined by comparing the ran-
domly sampled probability to the actual probability for reflection/absorption.
If the reflection of the photon is the process which occurs, the trajectory of
the photon is recalculated according to Snells’ law. If the photon is absorbed,
it is considered as lost.

3. Detection/absorption of a photon in the light detector: In case a photon is able
to propagate in the detector housing and the target crystal until it hits the sur-
face of the light absorber, the photon is either reflected or absorbed therein. The
transmission of photons through the light absorber is not considered because the
probability for this process is less than 1% in SOS wafers [78]. Which process is
taking place is selected randomly based on the reported values for absorption and
reflectivity for the light absorber [76]. By dicing a random probability between 0
and 1 and comparing this probability with the reported probability for reflection,
the nature of the process is determined (i.e. absorption or reflection). In case, the
photon is absorbed in the light detector, its energy is added to the detected light
signal. If the photon is reflected, the propagation of the photon is continued in the
detector housing using the methods described in point 2.

To achieve results close to reality, the detector geometry inside the detector housing
is implemented in full detail. Hence, the clamps holding the absorbers and the TES
structures are implemented in the simulation as highly absorbing detector parts. The
remaining surfaces of the detector housing are simulated to be covered with foil.

Since the performance of the conventional detector design is well characterized, the
simulation is calibrated based on the experimental findings for this detector design (see
section . This is necessary since the precise numbers for absorption length /s
and scattering length [,.; are only indirectly accessible via the measurement of the
attenuation length luy (1/lase = 1/lscat + 1/laps). The attenuation length I, of CaWOy
crystals used within the CRESST-II experiment is reported to vary between 5 and 75 cm
with an average value of approx. 12.5cm [44]. Though, the ratio between scattering
and absorption is not precisely known, which is problematic since the impact of these
parameters on the result of the simulation is significant. In order to overcome this lack
of information, the simulation is run using different values for absorption and scattering
length while the attenuation length is kept constant using the average value for this
parameter. Intention of the optimization procedure is that the parametric band fit, once
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applied to the simulation data, returns the average values of the parameters describing
the electron recoil band within an uncertainty of < 10 %.

The adjustment of the input parameters (i.e.: attenuation length, reflectivity of the
foil, absorption probability in the light detector) to match the recorded data turns out to
be challenging. If experimentally derived parameters are used for the simulation, the light
collection efficiency of the conventional CRESST-II detector module is overestimated by
up to a factor of two in respect to the measured light collection efficiency. The shape
of the light yield distribution for a given energy interval is well described by the model
assumption (i.e. normal distributed), indicating that position dependencies are small. In
order to achieve the measured light collection efficiency of 17 and 28 % [48], though, the
optical properties of the main absorber and/or the reflectivity of the foil have to reduced.
These changes result in a increased amount of position dependencies which cause that
the light yield distribution in a certain energy range is usually not well described by
a Gaussian. This stands in contrast with the observation made with the conventional
detector modules.

Three possible explanations are given in following under the assumption that the
simulation code includes all other processes correctly:

1. The absorption probability of the light detector is lower than expected. Measu-
rements of the absorption probability at room temperature report a absorption
probability of ~ 85 % [78]. In case the absorption efficiency of the light detector
is smaller than expected, the average distance a photon travels in the detector
housing is increased. This results in a washing out of position dependencies since
the average distance traveled by photons becomes large compared to the possible
position differences of the starting point. In addition, the overall light collection
efficiency is reduced by the longer distance a photon travels before its detection in
the light detector.

2. The scintillation efficiency of the target crystal is smaller than expected at low
temperatures. In this case, the number of photons created during a particle in-
teraction in the crystal is reduced. Since the number of photons is assumed to be
Poisson distributed, the relative uncertainty on the number of created photons is
increased. This effect does not solve the problem of the overestimation of light
collection efficiency in general but it allows to achieve a Gaussian shape light yield
distribution while the losses during the photon propagation in the detector module
are increased. In addition, it allows to match the experimental EDL with the EDL
derived by the simulation without the need to reduce the light collection efficien-
cy in the detector by increasing the losses in the target crystal and the detector
housing.

3. At room temperature the emission spectrum of CaWQy is centered around a peak
with a wavelength of 420nm and shows a width of +40nm [44]. Therefore, a
fraction of &~ 30% of the emitted light is generally lost since the reflectivity of
the foil decreases below photon energies of 400 nm rapidly [76]. The reduction is
enhanced by a wavelength shift of the scintillation spectrum to higher energies
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or by a shift of the foil’s absorption edge to larger wavelengths. Both effects can
be induced by the low operation temperature of the detectors and have not been
investigated in detail up to now.

Despite the fact that is not possible with the present knowledge to explain which of the
proposed explanations is the main cause for the discrepancy, the reproducibility of the
measured data using a simulation can be considered as satisfying result. The simulation
allows to understand the involved loss processes and to investigate the their influence
on the light collection efficiency in a given detector geometry.

The results of the simulation of the light propagation in a conventional CRESST-II
module are discussed in the following. In order to confirm that the simulation code
is able to reflect the detector geometry and the physical processes during the photon
propagation in a realistic way, figure is given. Figure illustrates the simulation
output for two cases: A large number of events (1000) and a single event. The color
coding allows to illustrate the simulated geometry and to trace the path of a simulated
photon.

As mentioned before, the simulation is calibrated to match the performance of an ave-
rage CRESST-II detector module. After the optimization procedure, the band parame-
ters determined for the simulation vary by 10 % to the average values of a conventional
detector module (see table . However, the light collection efficiency determined by
the simulation differs from the observed one by a factor of two reaching =~ (38.94+10.3) %
depending on the distance the location of the event has to the light detector (i.e. z directi-
on). The average distance a photon travels inside the detector housing is ~ (12.34+2.4) cm
depending on the assumed crystal quality. On average, 11.2 4 1.5 reflections on the foil
are necessary to guide a photon to the light detector. This number indicates that a large
number of reflections on the surrounding foil is necessary to guide a photon to the light
absorber. During the propagation, the light signal is reduced due to reflections on the foil
(=~ 43.6 %), re-absorption in the crystals (= 11.5%) and losses in absorbing materials
(i.e. clamps, TES: = 5.9%).

In figure [£.10] the event distribution of the simulated data is shown in the light yield
vs. energy plane. The black line indicate the fit of the simulated data with parametric
band fit (equation [4.10).

The following conclusions can be drawn based on the insights gained with the simu-
lation:

e The amount of losses during the photon propagation in the detector housing are
large and are able to reduce the number of detected photons by more than a
factor of two. Although the used materials were carefully chosen to increase the
probability for a photon to be detected, the majority of the created photons is lost
during propagation. This finding is confirmed experimentally by measurements.

o Compared to the dimensions of the detector module, the simulation reveals that
the average distance a photon travels before absorption is long. Due to the high
refractive index and the high symmetry of the target crystal, the probability is large
that a photon is trapped inside the target crystal and lost because of reabsorbtion.

70



4.8. LIMITATIONS OF THE CONVENTIONAL DETECTOR DESIGN

o On average, a large number of reflections are necessary to guide a photon to the
light detector. Reason for this is that the solid angle the light detector covers
when the photon is created strongly depends on the location the event takes place.
For locations, which are close to the light detector (i.e. upper part of the target
crystal) the solid angle the light detector covers is large. With increasing distance
to the light detector, the solid angle the light detector covers becomes smaller
which increases the influence of the foil. The reflection and redirection of photons
to the light detector is crucial for the light collection and requires a highly reflective
detector housing. In addition, a high reflective detector housing is mandatory to
avoid large position dependencies in the light collection efficiency.

Most of the named reasons reducing of the amount of detected light signal are related
to the design of the CRESST-II detector modules and the components used for building
them. Especially, the position of the light detector can be identified as limiting factor for
the light collection efficiency. Consequently, a rearrangement of the detector components
to achieve a better coverage and to reduce the distance a photon has to travel before
detection promises a better performance of the light detector and, thus, a better particle
discrimination.

Important to note is that the influence of the scintillation efficiency on the EDL, and
consequently on the resolution achieved with the light detector, depends on the energy
scale. For intermediate and large energy depositions, the light detector’s resolution is
dominated by inherent width of the scintillation process in CaWOQy, the Poisson stati-
stics (i.e. photon counting) and the position dependence of the light collection efficiency.
Thus, in this energy range, the influence of the EDL on the capability to identify the
nature of interaction is negligible. In the low energy range, though, in which the light
detector’s resolution is most important for assuring an unambiguous particle identifica-
tion in phonon-light detectors, the impact of the EDL is able influence the sensitivity of
a detector module significantly.

4.8.3 Non-Scintillating Surfaces

In the conventional CRESST-II detector module, the identification of backgrounds, de-
positing part of their energy in the detector surrounding, relies on the scintillation me-
chanism of foil which lines the inner surfaces of the detector housing. Though, there are
non-scintillating surfaces in direct line of sight to the target crystal (i.e. bronze clamps).
Therefore, the possibility exists that surface related a-decays create a degraded nuclear
recoil which can be misinterpreted as possible dark matter interaction (see section .

Since these background events cause an event signature identical to the one expected
for dark matter, the veto of this event class is of crucial importance. In case of the conven-
tional detector module, this is not achieved for all circumstances since non-scintillating
surfaces are present in direct line of sight to the target crystal. The passive prevention
efforts to protect the detectors from the exposure to Rn-contaminated air has proven
to be insufficient [43]. Therefore, a fully scintillating detector housing was considered as
mandatory for future detector modules to veto this background class. Alternatively, the
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surrounding surfaces can be read out actively. In both cases, the detected event signature
differs sufficiently to allow a reliable discrimination of this background source.

4.9 Motivation for the R&D work presented in this
Work

Based on the results obtained with CRESST-II (Phase 1 & 2), the strategy for CRESST-
IIT was tuned. To achieve the best sensitivity for low mass dark matter, the lowering of
the detector threshold was considered the most important R&D goal. This is achieved
by reducing the mass of the target crystal increasing the phonon energy density after an
energy deposition. Consequently, the detected temperature signal in the TES is enlarged
proportionally. Additionally, a fully scintillating detector housing is implemented in the
detector design which allows to reject all external backgrounds. More information on
this topic is found in reference [79].

In the scope of this thesis, the development of detector modules for larger dark matter
masses is in focus. For the detector concept used to probe this region of the dark matter
parameter space, several limitation have been identified.

First, the performance of the light detector as cryogenic particle detector can be
improved by optimizing the dimensions of the phonon collectors. Therefore, the efficiency
of the phonon collectors used for improving the performance of the light detector is
investigated in order to optimize the used thermometers. The main intention of the
measurements is to characterize the diffusion properties of quasiparticles in the currently
used phonon collectors made of aluminum. Therefore, a dedicated setup for measuring
the diffusion properties of quasiparticles in the superconducting phonon collectors was
operated. The results of these measurements are presented in chapter [5

Second, the detector design of the standard CRESST-II detector was found to have
conceptual flaws (see section . These are the poor light collection efficiency, which
is related to the disadvantageous arrangement of the detector components, and the
presence of non-scintillating surface in direct sight to the target crystal. Based on the
identified weaknesses, two new detector concepts were developed, tested and analyzed for
this work. For both detector concepts, the amount of background events leaking in the
ROI for dark matter searches is expected to be reduced by improvements made by the
design changes. In addition, both detector designs feature new detector design concepts
which can be used to improve the performance of the current generation of CRESST
detector modules (i.e. CRESST-III [80]). The characterization and evaluation of these
newly developed detector concepts are presented in the chapters [6] and [7]
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(a) Simulation of multiple events, each creating a large number of photons.
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(b) Simulation of a single event, creating 20 photons.

Abbildung 4.9: Simulation output to confirm the simulated detector geometry and the
processes occurring during the photon propagation. The colors respect
different event types to illustrate the effects. In red the starting positions
of the photons in the crystal are shown. In yellow, non-reflective detector
parts are shown (i.e. clamps, TES). In green the location is shown where a
photon is absorber in the light detector. In blue the traces of the photons
are indicated. Reflections on the foil are not shown for clarity reasons.
In case, a large number of events in simulated, the color coding allows to
confirm the implemented detector geometry (left side). If a single event
is simulated, the trajectories of the simulated photons can be illustrated
(right side).
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Abbildung 4.10: Event distribution of the simulated data in the light yield vs. energy
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plane for the conventional CRESST-II detector module. 10000 events
with an energy between 0 and 300 keV are simulated. The black lines
indicate the 2-D likelihood fit using equation



5 Quasiparticle Diffusion in
Superconducting Phonon Collectors

Phonon collectors are superconducting films meantd to improve the sensitivity of a TES
by increasing the collection area of the thermometer without increasing its heat capacity.
By doing so the sensitivity of a TES is increased by an additional signal contribution
generated in the phonon collectors (see section [3.3).

The additional signal contribution is generated by non-thermal phonons which enter
the superconducting film serving as phonon collector in which they break Cooper-pairs
to quasiparticles (i.e. free electronsED. The generated quasiparticles propagate within the
superconducting material until they recombine or eventually interact with the electron
system of the TES contributing to the temperature rise of the latter.

Crucial for the operation of phonon collectors are the diffusion parameters of the
quasiparticles in the superconducting film. To contribute to the detected temperature
signal, generated quasiparticles have to achieve diffusion lengths sufficiently long to cover
the distance necessary for reaching the TES. In case a generated quasiparticle is lost
by recombination, the energy contribution to the signal from the phonon collectors is
reduced. The recombination process is promoted by lattice defects and surface scattering.
Therefore, the quality of material used as phonon collectors is crucial for assuring a good
performance of the system.

To determine the diffusion properties of the quasiparticles in the phonon collectors
used by CRESST-II, a dedicated setup is developed. By measuring the quasiparticles
contribution to two individually operated TESs connected by a single phonon collector,
the diffusion parameters are determined for the current generation of the CRESST-II
thermometers.

5.1 Setup for Determining the Diffusion Properties of
Quasiparticles

To measure the diffusion length of quasiparticles in the phonon collectors used for the
CRESST-II light detectors a dedicated detector layout is used (see figure . A first
version of this setup was developed within the CRESST experiment about a decade
ago [62] [81].

A new characterization campaign has been become necessary because the aluminum
films, which are used in CRESST-II as phonon collectors, improved in quality during

IThe electrons are still bound in the lattice of the superconducting material.

1)



KAPITEL 5. QUASIPARTICLE DIFFUSION IN SUPERCONDUCTING PHONON
COLLECTORS

the last years due to an optimized production process. Therefore, the setup used for
this measurement is equipped with a phonon collector which is identical to the current
generation phonon collectors used within CRESST-II. The goal of this measurement is
the determination of the diffusion parameters of quasiparticles in the superconducting
aluminum films in order to find the optimal dimensions for the phonon collectors.

In figure [5.1] the setup used for the measurement is shown.

heater W-TES 1 thermal link W-TES 2 heater

55Fe —source

Al phonon collector
Readout 1 Readout 2

(a) Scheme of the setup.

(b) Photograph of the setup. The cover with the slit is removed to allow a view
on the setup.

Abbildung 5.1: Experimental setup for the measurement of the diffusion length in
CRESST light detectors. A silicon carrier is equipped with two tungs-
ten TESs (dark grey) that are connected with a single superconducting
aluminum phonon collector (light gray).
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The setup is produced on a silicon substrate on which two tungsten TESs are evapo-
rated. Each covers an area of (8x6) mm? having a thickness of 200nm. The two ther-
mometers are connected with a single phonon collector made of aluminum. Below the
aluminum, the tungsten film is continued to reproduce the same configuration used for
the CRESST-II light detectors. There, the tungsten underneath the phonon collector is
placed to increase the film quality of the aluminum (i.e. a higher rest resistivity ratio
is measured). The aluminum film has the same film properties as the phonon collec-
tors used for CRESST-II thermometers. Hence, it is produced using an high vacuum,
electron beam evaporation system to achieve the best film quality possible. The phonon
collector has the dimensions (4x6) mm? and a thickness of 1 um. Due to the low thermal
conductance of the superconducting aluminum phonon collector at the typical operation
temperature of the TES, the TES can be operated individually, even if their transition
temperature T¢ is different. The tungsten film below the phonon collector becomes su-
perconducting due to the proximity effect and can be considered as part of the phonon
collector. A strong thermal link is provided for each TES via a gold stripe and a gold
bond located in the middle of each TES. With this configuration, a fast relaxation to
thermal equilibrium after a energy deposition is guaranteed and allows a high event rate
(>10Hz). To allow the stabilization in the correct operating point each TES is equipped
with an electrically and spatially separated heater. The phonon collector is illuminated
with a X-ray source (i.e. **Fe) through a slit with a width of 0.5 mm and a length of
5 mim.

By using only a thin slit for the illumination of the phonon collector, the diffusion and
decay of a given quasiparticle population can be modeled using a 1-D diffusion equation
(more information on the model and the solution of the diffusion equation is found in
the references [62] and [82]):

on(z,t)  n(x,t) D. 52n(1:,t)'

1
ot Tap dx? (5.1)

In equation the quasiparticle density n(z,t) is described at the position x and for
the time ¢ using two terms (right side of equation [5.1)). The first term describes the time
evolution of the quasiparticle density using the inverse of quasiparticle lifetime 7, as the
decay constant. The second term describes the position dependence of the quasiparticle
density using the diffusion constant D. The diffusion constant D allows to calculate the
distance [ a quasiparticle travels within a time t:

I(t)= VDL (5.2)

The maximal distance a quasiparticle is able to diffuse before it recombines and is lost
is defined as the diffusion length lg;¢s: It is calculated with

ldiff = \/D s Typ- (53)

A solution of n(x,t) is derived using the approach presented in [62] [82]. The following
boundary conditions are needed to find an explicit solution for n(z,t):

7



KAPITEL 5. QUASIPARTICLE DIFFUSION IN SUPERCONDUCTING PHONON
COLLECTORS

1. Before an energy deposition in the film, the quasiparticle density at the locations
of the TES 1 (x = 0) and TES 2 (z = L) is zero:

n(z,t =0)|z—0r = 0. (5.4)

2. In case of an energy deposition in the film, the created number quasiparticles N
at the location of the absorption x, € [0, L] is point like:

n(z,t =0)= Ny-0(x — x,). (5.5)

By separating n(z,t) into the components describing the position X (x) and the time
T'(t) independently, the following ansatz can be used:

n(a,t) = T(t) - X (). (5.6)

The solution for n(z,t) is derived in references [62] and [82], including detailed infor-
mation on the respective terms. Here, only the final solution is given:

2Ny & —( b
n({L‘7t) _ T0 k:1e (D (2k+;)(t)2L2+-rqp) T .sin <(2k + 1) . % . xa) . sin <(2kj + ) 27TL gj) .

X(z)

(5.7)
The sum over k is introduced to consider all possible solutions and can be considered as
the available modes in the system.
The energy detected in the TES located at the position z = 0 of the setup after a energy
deposition at the position z, corresponds to the sum of all quasiparticles detected therein.
This number is calculated by integrating the flux of quasiparticles at the location of the
TES (i.e. D-6n/dz|,—¢) over time.

< dn(x = 0,t)
N=D —2t. i
/0 Lt (5.8)

To solve equation , dn/dt is calculated from equation :

71'

dn(z = 0,t) N : s
TL({L‘ , 07T Z 2]{: X 1 (D (2k+1)=- (2L) +7q1’> SlIl((Qk —+ ]_) ﬁ l’a) (59)
k=1

ot

This allows to derive the final result for the number of detected phonons in the TES
located at x = 0.

Now & (2k +1)-7/(2L) . -
A ssin((2k+1) - o7 - 2a) (510
L? ,;1 D-(2k+1)2-72/(2L)2 + 1/7,, sin((2k + 1) 5 Tq) ( )
This expression can be found in reference |72] as series expansion of
h _ Za
N = NOCOS (Oé( 17 )) ‘ (511)

cosh(a)
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In equation |5.11} the parameter o = L/ /D - 7,, is able to describe the quasiparticle
diffusion properfies as well as the signal losses in a phonon collector with the dimension
L. In a more visual approach, the parameter o can be interpreted as the ratio between
the length of the setup L and the diffusion length lgrr = /D - 7yp.

The energy detected in TES 2 (i.e. x = L) is calculated using same approach which re-
sults in a change of sign. Additionally, one can perform a coordinate transformation to de-
rive a symmetrical solution for the setup coordinates which extend from = € [—-L/2, L/2].
The final result for the number of quasiparticle detected in TES 1 or TES 2 is

sinh (a(% F %")) |

sinha

Nia(xe, ) = Ny (5.12)

The solution of n(z,t) (equation assumes that the interaction of the quasiparticles
at the location of the TES is highly effective. This means, that a quasiparticle, once
reaching the location of a TES, is in any case absorbed therein and that the possibility
of back diffusion into the phonon collector does not exist. To account for the possibility
of back diffusion of quasiparticles into the phonon collector, n(z,t) would have to be
adapted. The process for deriving the solution of n(x,t) for this special case is based
on the same methods used to find equation [5.7] In references [33] and [62], a detailed
discussion is found on finding the solution for this case. The final solution for the expected
signals in the TES 1 and 2 is, in case the back diffusion of quasiparticles is considered,

sinh(a(3 + %)) + feosh(a(z & %))

(14 ?)sinh(«) 4 2/5cosh(«)

N1,2(1Ea,04,5) =Ny (5-13)

In equation the parameter 5 = 7, /7, is introduced to account for the possibility
for back diffusion. It is defined as the ratio of time constants 73, , i.e. the time scale a
quasiparticle needs to interact with/to be trapped by the electron system of the TES,
and 7g4. In case no back diffusion is observed, i.e. 7, — 0, 8 converges to zero and
equation [5.13|is reduced to equation [5.12]

Based on the signals detected in the two TES N, o, the position z, is calculated using

equation [5.14]

L <N1’(1—5)-ea/2+N2-(1+B)-e+a/2>

azil
v AN (1=B) et 2+ Ny - (1+B) - e—or2

o (5.14)

Hence, the position of the initial energy deposition can be reconstructed based on the
detected signals.

To test the influence of the individual parameters on the diffusion, one can calculate
the detector response of the setup for a given set of parameters. In case the phonon
collector is illuminated with a mono energetic source, a signal distribution is expected
as depicted in figure 5.2l Due to the loss of quasiparticles during the diffusion process in
the phonon collector, the sum of the signals is not constant for all absorption locations
xe (N1 + Ny # Np). Therefore, the total signal is smaller for events which are equally
distant to the two TES readout channel. This is reflected in figure by the curved
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Abbildung 5.2: Calculation of the distribution of mono-energetic events randomly dis-
tributed through the slit of the diffuision setup for different values of
a (left) and B (right). The shape of the event distribution strongly de-
pends on the two diffusion parameters and allows the extraction of each
parameter with high precision.

event distribution when a > 0. The shape of the event distribution of mono-energetic
events strongly depends on the parameters a and [ and allows to extract these two
parameters by fitting the data with equation [5.15]

Ny-(148) et — Ny - (1—=f)-e 2. " %"

No(a, B,2,) = —N1-
Nl'(1_6>'6_a/2_N2'(1+6)'€+a/2'€ L

(5.15)

Systematic errors introduced by the fit routine are negligible compared to the uncertain-
ties introduced by the experimental setup during the determination of the absorption
point z, and the uncertainty introduced by the intrinsic detector resolutions (see results
presented in section .

With the determination of the parameter o, the diffusion length lg;;s is determined
unambiguously since o = L/l4r5. However, the diffusion constant D and the quasipar-
ticle lifetime 7., are not unambiguously defined with . To derive these parameters, it
is required to derive either D or 7, with an independent method.

The diffusion constant can be derived independently using the following approach [62].
The time the first quasiparticles need to reach a TES is defined solely by the speed of
the diffusion process of a quasiparticle population in the film and not by the losses
occurring during the diffusion. Hence, the group velocity and the mean free path of
the quasiparticles in the phonon collector define the time the first quasiparticles require
to arrive in the TES while the other parameters describing the diffusion process are
irrelevant. Therefore, the measured onset difference between the signals in the two TES
of the setup (At,,) can be used to determine the diffusion constant D in a independent
way. To relate At,, with the diffusion constant D, equation |5.7]is solved with 1/7,, =0
using the same approach as outlined before. This simplification is possible because the
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quasiparticles which cause the first signal in the respective TES are not influenced by
the quasiparticle lifetime 7., or a reduced probability to interact with the TES.

By deriving the steepest point of Njo(z4,t) (equation [5.13) numerically, the onset
difference At,, can be written as function of the position of absorption z,. By fitting
this function to the experimentally derived onset difference At,,, one can derive the
diffusion constant D = L?/At,,, without any further dependencies (see ﬁgure. If the
experimental independent time parameter 7 = D/L? -t is introduced for the fit routine,
the determination of the diffusion constant D can be achieved independently from the
available diffusion length L the respective setup provides.

— D/L?=0.125
—DIL?>=0.5

onset differience [tD/L%]

o
I|III|III|III|III|III|III|III|III|I

04
position [xa/L]

Abbildung 5.3: Numerically derived onset difference for D/L* = 0.5 (black) and D/L?* =
0.125 (red). Due to the uncertainties introduced by the numerical deter-
mination of this parameter, the smoothness of the curve is not fully given
at boundary regions of the curve. On the y-axis the values are given in
7 = D/L?t while on the x-axis the values are given in /L
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5.2 Results

During this thesis, four independent measurements were performed with the same detec-
tor layout described in section [5.1} This was done to determine the diffusion properties
of the currently used phonon collectors in independent measurements and to confirm the
results.

In the following, the analysis sequence for the first measurement is shown in detail.
The other measurements performed during this investigation are analyzed using the
same methods.

For the analysis, several, energy independent quality cuts are applied to the raw data.
These cuts are intended to select only events with a valid signature for the following
analysis. Since the statistics is not a limiting factor during the analysis, the accidental
removal of valid events does not limit the capability to determine the diffusion proper-
ties of the quasiparticles in the phonon collector. This allows to apply a rigorous data
selection policy.

Figure [5.4) shows the data set after applying the quality cuts.

0.22 substrate hits (ka & kB)

counts

100
0.18

Signal in TES 2 [V]
o
N

(=}
=
o

pﬁo"r.]on collector hits (kq & kB)

0.14

0.12

0.1F
0.08
0.06
0.04 =
0.02

0 | | |--| L v by by by b 0
0.05 0.1 0.15 0.2 0.25 0.3

Signal in TES 1 [V]

o

Abbildung 5.4: Data set of the measurement #1 after the application of all quality cuts.
Different event population are identified for the respective interaction
processes.

In the scatter plot, the characteristic X-ray energies of a 5°Fe-source (5.89keV &
6.49 keV ) can be identified for two cases: Either the energy of the X-ray is absorbed
in the phonon collector or in the silicon substrate underneath. All four event populations
show the expected shape (see section |5.1]). The size of the detected signal scales inversely
to the distance between the location of the energy deposition and the thermometer. Due
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to the losses during the signal propagation in the setup, the events are not located on a
straight line but on bended curve (see also figure .

A position dependent detector response is observed for phonon collector hits as well
as for substrate hits. This indicates, that due to the small absorber volume and the large
area the thermometer covers, the initial phonon evolution is affected (see section .
While for large absorbers the non-thermal phonon population fills the volume homoge-
neously before a significant part of them is absorbed in the thermometer, this is not the
case for this setup. Here, the collection of the phonons in the thermometer structure
is fast which prevents that the energy flow from the substrate to the thermometer is
homogeneously distributed over the full collection area. Therefore, a position dependent
detector response is observed for phonon collector and substrate hits.

For the following analysis, only phonon collector hits are used since these contain the
information necessary to extract the parameters describing the diffusion of quasiparticles
therein. Substrate hits and phonon collector hits can be separated from each other
by using pulse shape analysis because significant pulse shape differences are observed
between these two event classes.

The ratio of the observed events in phonon collector and substrate corresponds to the
absorption probability of the emitted X-rays in the phonon collector film (i.e. aluminum)
with this thickness. For an aluminum film with a thickness of 10 ym, a transmission
probability of 0.946 is calculated for X-rays with an energy 6keV. The probability for
a direct interaction in the tungsten TES is negligible for the film thickness of 200 nm
(< 0.0005).

For the extraction of the parameters a and 8 from the recorded data, only the shape of
the event distribution is relevant. Variations in the local intensity, as they are observed in
figure [5.4] are not relevant for this analysis, meaning, the inhomogeneous illumination of
the phonon collector by the °Fe source is not affecting the determination of the diffusion
properties.

Each event population shows an abrupt decrease of pulse height when the outer regions
of the setup are hit. Especially, direct TES hits in the outer regions of the illumination
area are observed with a reduced pulse height. The reduction of the detected signal
height is caused by the local vicinity of the thermal link which removes the energy fast
from the thermal system via the gold bonds. Hence the energy leaves the thermometer
system before a signal is developed which causes that a reduced signal height is detected
in both thermometers.

In figure [5.4] one can observe that both event populations do not reach the respective
axis. Although an event occurs at a large distance from a TES, it is still able to induce
a significant signal in therein. A relation of this effect to a reduced collection efficiency
of the TES and the observation of back diffusion (i.e. § > 0) is ruled out because both
event populations (i.e. substrate hits and phonon collector hits) show this behavior. By
comparing events depositing energy in close and far distance from the TES in regard of
their pulse shape, a possible explanation can be given [62]. Both event types are shown
in figure [5.5]

Based on the pulse model introduced in section the signal components of the
recorded pulses are separated and analyzed. Events which occur in close distance to a
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Abbildung 5.5: Standard events created for events detected in close and large distance
to a TES. In addition, the non-thermal and thermal signal components
are shown.
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TES feature a large, fast non-thermal component in the recorded signals. On the other
hand, events which occur at a large distance show only small non-thermal component
while the slower, thermal component dominates the observed signals.

The observation that phonon collector hits occurring at a large distance to the de-
tecting TES feature a dominating thermal signal component indicates that the detected
signal is mainly caused by the transmission of energy via the substrate while the si-
gnal contributed via the direct absorption of quasiparticles in the TES is small. This
observation is in agreement with the general concept of the phonon collectors and the
experimental setup used in this scope. The signal contributed by the phonon collectors
to the complete detected signal scales according to the distance the quasiparticles have
to diffuse on the phonon collectors. Hence, events occurring at a large distance to the
detecting TES experience only a small signal contribution via the phonon collector while
the dominant signal fraction is detected via the energy flow through the substrate. Since
for these events a very small non-thermal signal component is confirmed, one can state
that the available length in the setup provides for the diffusion of quasiparticle is longer
than the actual diffusion length of the quasiparticles in the aluminum film.

Based on the considerations mentioned in the passage above, the non-thermal signal
component reflects the diffusion of quasiparticles in the phonon collector, while the
thermal component is dominantly caused by the energy flow via the substrate. For
the determination of the diffusion properties, only the non-thermal signal component of
direct phonon collector hits is used (see figure[5.5). This signal contribution is determined
by fitting the events with the pulse model introduced in section [3.1.2]

In figure [5.6] the final data set for deriving the diffusion length is shown. The plot
shows the amplitude of the non-thermal signal component in the two readout channels
of the ®Mn k, (black) and ks (red) event populations interacting phonon collector. In
addition to the data points, the best fit lines with equation [5.15]to extract fit parameters
a and [ are shown. To account for the sensitivity variations between the two TESs, an
experimental scaling factor is introduced. This linear scaling factor is used to normalize
the pulse height for events that have the same distance to the detecting TES. It does
not affect the determination of parameters o and f.

As expected, the signal detected for events happening far from a TES is close to
zero. Hence, the diffusion length of the quasiparticles is too short to create a significant
additional signal contribution in the distant thermometer. For the parameter «, an
average value of 1.72040.095 is extracted from the two isolated event populations. Based
on this value the diffusion length Iy is calculate to be (2.23 & 0.05) mm. The values
derived for B are smaller than 1075 for both event populations. Thus, the collection
of quasiparticles, once reaching the TES, is efficient while the back diffusion into the
phonon collector is negligible.

For both values, the uncertainty introduced by the fit is in the permille range for each
event population. Since two event populations are available, the determined values for «
and [ reflect the average of both. Though, there are additional systematic uncertainties.
These are introduced, for example, by the assumption that the absorption of quasipartic-
les in the thermometer is the only reason for the detected non-thermal signal amplitude
and no significant non-thermal signal is contributed via the substrate. Furthermore, the
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Abbildung 5.6: Scatter plot of the non-thermal signal amplitude of phonon collector
hits in diffusion setup 1. Events that are assigned to the X-ray emission
of ®*Mn k, emission are marked in black, events assigned to the X-ray
emission of *Mn ks emission are marked in red. The best fit, using

equation is shown as red line.

detector resolution as well as the uncertainty introduced to determine the position of an
event x, accurately have to be considered. The position of the energy deposition z, is
determined from the data shown in figure using equation [5.14l The uncertainty for
this quantity is defined by the energy resolution of the TES. This is determined using
the limited range of z, = 0 £ 0.025L (i.e. the central part of the illuminated phonon
collector) to be 4.8% (TES 1) and 5.1% (TES 2) for an energy of 5.89keV.

The reconstructed location where the events take place x, is used to determine the
diffusion constant D. To extract the diffusion constant D with the observed onset diffe-
rence of correlated signals, At,,, is plotted as a function of the position where the energy
deposition took place x,. An onset difference for correlated signals is only observed for
phonon collector hits, while for substrate hits no onset difference is observed. Figure
shows the onset difference At,, of all phonon collector hits in the first measurement.
An onset difference At,, of 0.363ms is derived by fitting for this measurement. The
uncertainty of the fit procedure is 1.2 %. The determination is limited by the sampling
rate of 20 pus which prevents a better precision in the measurement of At,, due to the
quantization of data in the onset difference values.

By using the numerically derived onset difference (see figure and by comparing
this value with the experimentally derived At,, , the diffusion constant is derived with
D =8.45-1073m?/s. With the diffusion length Iy ¢, extracted from the data shown in
figure [5.6| using the parameter «, a quasiparticle lifetime of 0.692 ms is calculated.
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Abbildung 5.7: Onset difference of the events shown in figure plotted in respect of
their initial position z,. The best fit of the data is shown in red.

As mentioned before, the measurement was carried out four times using four different
detectors with the same layout. Using the same approach as for the first measurements,
the results of the all measurements are summarized in table (.11

« Aty [ms] D [m?/s] Typ [MS)] Laipy [mm]
1.72 4+ 0.095 | 0.363 £+ 0.004 (8.45 + 0.23) 21073 | 0.692 +0.023 | 2.23 +£0.05
2.33+0.12 - 1.72 +£0.03

1.610 £0.083 | 0.129 4 0.003 | (2.28 £0.13) - 1072 | 0.272 £ 0.017 | 2.48 + 0.06
3.424+0.14 | 0.821 £0.012 | (3.78+0.21) - 1072 | 0.361 +£0.019 | 1.16 £ 0.5

||| — Tk

Tabelle 5.1: Summary of the results of four individually performed measurements of the
diffusion properties of quasiparticles in CRESST-II like phonon collectors.
An explanation for the missing values for measurement 2 is found in the
text.

The diffusion lengths determined with the measurements are O(> 2mm) and exceed
previous expectations. Large variations are observed for the diffusion constant D and
the quasiparticle lifetime 7,,. This indicates that these parameters are highly sensitive
to the individual film quality of the phonon collectors.

In three out of four measurements, the diffusion constant D can be extracted from
the experimentally derived onset difference At,, while in the remaining measurement
no onset difference is observed. Since the parameter o can be extracted from the data,
the diffusion length l4;¢ is unambiguously defined. Though, the diffusion constant D
and the quasiparticle lifetime 7,, cannot be determined because no onset difference
At,,, is observed. Two possible explanations can be proposed for the outlier. Either the
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diffusion is extremely fast in this measurement and generated quasiparticles diffuse and
thermalize in TES within a time scale that an onset difference cannot be resolved by
the data acquisition. In this case one can assume that 7, is significant larger than the
time the quasiparticles need to interact with and thermalize in the TES. Alternatively,
the diffusion of quasiparticles in the phonon collector is extremely impeded. Generated
quasiparticles recombine fast and transmit their energy dominantly to the substrate. In
this case an onset difference cannot be measured because the signal caused in the TES is
dominated by the energy flow to the thermometers via the substrate. Consequently, no
signal contribution is created by the absorption of quasiparticles in the TES. Since in all
other measurements no onset difference is observed for substrate hits, this explanation
is favored.

The results in all four measurements show that the process of the quasiparticle diffusi-
on in the investigated aluminum films is slower than theory predicts. Since the diffusion
length is long, the lifetime of the quasiparticles 7., has to be long, too (see equation .
These findings stand in contrast with the theory. The diffusion length of quasiparticles
can be estimated using the residual resistivity ratio (RRR) of the aluminum films using
the band theory. The free mean path is calculated based on the known diffusion length
of electrons in aluminum at room temperature and in bulk material (Izy = 411 A) [62].
At low temperatures, the upper limit for the diffusion length is lg;;; = RRR - [pp. Since
for the aluminum films used for these measurements a RRR between 50-90 is measu-
red, the theoretical l4;rf can be estimated with 2.1 — 3.7 um. By using this theoretical
approach to calculate the diffusion constant D = Iy - v,/3 [62F] diffusion constants
of D = 0.14 — 0.24m?/s are predicted. Thus, diffusion constant is expected be at least
O(10) larger in the measurements carried out in this thesis.

The mean scattering lengths of quasiparticles in a superconductor is defined by the
number of impurities in the material and the number of surface scatters which limit the
free mean path. In thin film systems, the the diffusion length exceeds the thickness of
the phonon collector by several orders of magnitude implying that surface scatting is the
dominant process limiting the quasiparticle diffusion. The influence of the film thickness
d on the the diffusion length [ can be estimated using the Fuchs theory [85]. The result
of this approximation can be considered as effective diffusion length l.¢; valid in thin

metal films (see equation [5.16)).

3d l

lepp=— - |In= 442 1

Using equation , the measured diffusion length (lgiff = lcfy) can be translated to
the theoretical diffusion length in the bulk. Values of [ = O(10m) are necessary to
explain the measured diffusion lengths with the Fuchs model. Hence, the Fuchs model is
not able to explain the results of the measurements. However, one can assume that the
film thickness is limiting the quasiparticle diffusion in the current layout of the phonon
collectors. Unfortunately, all efforts to confirm this assumption using the same detector
layout with a larger film thickness failed because of technical difficulties.

2The group velocity vy of quasiparticles in aluminum is vy =2 - 10° m/s |84]
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The obtained results agree with other experimental measurements of diffusion proper-
ties in superconducting films, Loidl et. al. [81] derive diffusion lengths in superconducting
aluminum films of the same size (O(2mm)) while the investigated films had a even smal-
ler diffusion constant and a longer quasiparticle life times. In the scope of the CDMS
experiment, superconducting aluminum films are used as phonon collectors, too. Yen et.
al. [86] [87] reported for these phonon collectors a diffusion length of quasiparticles of
O(500 pm). These authors also state that the the quasiparticle diffusion in their films is
limited by the film thickness.

5.3 Conclusions and Implications

The diffusion length of quasiparticles in superconducting aluminum thin films like the
ones used for the phonon collectors of CRESST-II detectors was derived in four indepen-
dent measurements to be lg;rf = 1.16 — 2.42mm. These diffusion lengths are combined
with a slow diffusion process (D = 3.78 - 1073 — 2.28 - 1072 m?/s) in the films and long
quasiparticle lifetimes (7., = 0.272 — 0.692 ms). These values indicate that the quasipar-
ticle diffusion in the superconducting aluminum films is efficient and experiences only
small amounts of losses.

In order to scale the dimensions of a phonon collector according to the diffusion length
of the quasiparticles therein, the following considerations are made. The setup described
in the previous sections is used to determine the quasiparticle diffusion for point like
energy depositions. In case of an energy deposition in the absorber volume of a detector,
hence, the common case for the phonon collectors used for CRESST-II detectors, the
energy entering the phonon collector is homogeneously distributed. This changes the
second boundary condition for finding a solution of quasiparticle density n(z,t) (see
section [5.1]) to:

n(x,t =0)= N/L-O(z)0(x — L). (5.17)

©(x) is the heavyside function which is expanded into a series for finding a solution of
n(z,t) with the same approach as used in section [p.1] As final result, one obtains that
the collection efficiency of a phonon collector stripe with the length L in a TES located

at the position z = 0 [82]
N lagy ( L )
— = ——tanh | — 5.18
No L laiy (5.18)

Figure [5.§ depicts equation using the ratio of ly;;/L as input parameter.

This model allows to estimate that a phonon collector with the dimensions identi-
cal to the diffusion length have a collection efficiency of =~ 60 %. In case the diffusion
length is smaller than the dimensions of the phonon collector, the collection efficiency
scales linearly while the collection efficiency starts to saturate if the diffusion length is
significant larger than the dimensions of the phonon collector.

Based on these findings, an increase of the current size of the phonon collectors can be
recommended. In the scope of this thesis, different adaptations to the standard geometry
of the CRESST-II light detectors were tested in direct comparison with the standard
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Abbildung 5.8: Plot of equation , using the ratio of ly;¢s/L as input parameter.

geometry (i.e. two thermometers on a single absorber). In the standard version of these
thermometer structures, the longest necessary diffusion of quasiparticles is ~ 0.2 mm).
With a diffusion length of O(2mm), the dimensions of the phonon collectors can be
increased to this size to enhance the sensitivity of the TESs. A test with doubled phonon
collector size achieved an improvement in signal height by 30% compared to a standard
geometry. This enhancement is in good agreement with the findings and scale according
to the model depicted in figure [5.8]

Likewise, the increase of the phonon collector thickness was investigated using the
same method. By increasing the thickness of the phonon collector by a factor 5, the
detected pulse height was measured to be 30 % higher than with standard configuration.
An increase of the phonon collector thickness to improve the quasiparticle diffusion is
also supported by the findings of Yen et. al. [87]. Using a similar setup for measuring the
diffusion of quasiparticles in superconducting aluminum films, a linear relation between
the diffusion length and the thickness of the phonon collectors was confirmed. Since for
film thicknesses up to 1 um no saturation of this relation is observed, an increase of the
current phonon collector thickness of CRESST-II from 1 um to larger film thicknesses is
advisable.
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6 Slice Detector Concept

For the conventional CRESST-II detector design, two major design related limitations
have been identified (see section[4.8]). These are the presence of non-scintillating surfaces
in direct line of sight to the target crystal and the poor performance of the light detector
for low energetic events. This chapter covers the development and testing of a new
detector design which is dominantly designed to overcome the poor performance of the
light detector in the relevant energy range of dark matter searches (i.e.< 40keV): The
Blice detectormodule.

The main intention of this design to improve the light collection efficiency inside the
detector module by shortening the average distance the scintillation light has to travel
before it is absorbed in the light detector. This goal is achieved by positioning the
light detector “inside"the target crystal. Therefore, the main design component of this
detector concept is a cylindrically shaped target crystal which is cut in such a way that
a narrow opening from the mantel to the center is created (a slice/slit). Therein, the
light detector is positioned. Like in other CRESST-II dertectors, the crystal and the
light detector are lined with scintillating and reflective foil to enhance the light signal.
Figure [6.1] shows a scheme of the slice detector including the dimensions used in this
work for testing the layout.

light detector ‘ 40 mm

40 mm
40 mm
45 mm

‘ 25 mm

crystal

Abbildung 6.1: Scheme of the slice module from different angles. The light detector is
positioned in a narrow cut indent which creates an opening from mantel
to the geometric center of the main crystal. Crystal and light detector
are lined with scintillating and reflective foil.
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The slice detector module is a R&D prototype which is not intended to probe dark
matter in the CRESST setup at Gran Sasso. The detector concept is developed to
determine the influence of the light detector’s position on the light collection and to
draw conclusions for future detector designs.

6.1 Design Goals

The slice detector concept is introduced to investigate the influence of the light detector’s
position in the detector housing on the light collection efficiency in direct comparison
to the standard detector design of CRESST-II. Therefore, the changes to the general
detector layout of slice detector are intended to be kept as small as possible to allow
a fair comparison between the two concepts. As a consequence of this intention, the
changes applied to the detector geometry are limited to the light detector, its position
and the cut created in the target crystal to generate the opening in which the the light
detector is placed in. The dimensions and geometry of the target crystal used in the
slice detector design are identical to the target crystal used in the standard CRESST-II
detector design.

The chosem geometry of the slice detector design is expected to improve the light
collection efficiency inside the detector housing because of the following considerations.

In the conventional detector design, the use of cylindrically shaped target crystal
introduces a high probability that a photon is trapped within the crystal without the
possibility to reach the light detector (see discussion in section . For CaWOQy crystals,
the probability for such a propagation path is enhanced due the high refractive index
of this material (1.94@420nm [88]). Therefore, the incident angle above which total
reflection happens is smaller than in other materials (Z31°). In the slice detector design,
the effect of light trapping in the target crystal is exploited for a better light collection.
By placing the light detector insidethe crystal, the signal fraction trapped inside the
main crystal is guided to the light detector.

Additionally, the slice detector design aims to reduce the average distance a photon
travels inside the detector housing before being absorbed in the light detector. Starting
from a naive perspective, the solid angle a light detector covers at a certain position in
the target crystal defines the probability for a photon to be absorbed therein without
any previous reflection processes. In a conventional CRESST-II detector module, most
positions within the target crystal provide a larger solid angle for these first generationpp-
hotons than it is the case in the slice detector design. Though, the situation changes if
the reflection and redirection of photons becomes necessary to guide the photons to
the light detector since, in the slice detector design, the éffectiveirea the light detector
provides after the first or second reflection process is larger than in the conventional
detector design. Therefore, the number of reflections necessary to guide a photon to the
light detector as well as the average distance a photon has to travel inside the crystal
is shortened which, consequently, reduces the probability that a photon is lost during
propagation.
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Abbildung 6.2: Simulation output for estimating the light collection properties of slice
detector design. Figure shows the light yield vs. energy scatter plot
including the fit of the data using equation 4.10. Due to the asymmetric
detector layout, the expected light yield distribution shows an increased

position dependency which is expressed in the form of non-gaussian light
yield distribution (see figure |6.2b)).

Using the simulation code described in section the light collection efficiency of the
slice module is investigated. The simulation predicts a reduction of the average distance
a detected photon travels inside the detector housing from (12.3+£2.4) cm (conventional)
to (4.9+£1.5) cm (slice). In addition, the average number of reflection processes a photon
is required to make on foil surfaces to reach the light detector is reduced from 11.2+1.5
to 4.6 £ 0.8. The combination of reduced distance and reduced number of reflections
yields in a predicted improvement of the light collection efficiency from (38.9 +10.3) %
(conventional) to (53.9+£13.4) % (slice). Based on the results of the simulation, the losses
are caused to 33.6 % by the foil, to 7.1 % by reabsorption in the target crystal and to
5.3 % by non-reflective detector parts.

The output of the simulation reveals that, due to the detector layout, the influence of
position dependencies is increased. Figure shows the result of the simulation in the
light yield vs. energy plane. The plot reveals that the asymmetry of the detector layout
results in a variation of the light collection efficiency which is expressed in leakage of
events to lower light yields. To illustrate this behavior, the projection of the light yield
in the energy range between 80 and 100keV is shown in figure [6.2b] The figure shows
that the assumption of Gaussian distributed light yield cannot be applied to the slice
detector design.

The asymmetry of the light yield distribution (figure can be related to the
position where the energy deposition takes place. Figure depicts the light collection
efficiency as a function of the position the photon is created (x-y plane).
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Abbildung 6.3: Simulated light collection efficiency as a function of the position where
the photons are started in the crystal (x-y plane). The color coding
indicates the local variance of light collection efficiency. "Darker’(blue)
and "brighter' (yellow) spots are caused by the asymmetric layout of the
detector design.

Figure indicates the presence of "darkerdnd "brighterfSpots in the target crystal.
These variations in the light collection efficiency can be explained with the average
distance a photon travels inside the detector housing before being detected. While some
regions in the crystal generally require a longer propagation path before being absorbed
in the light detector, other regions have a shorter propagation path. The simulation
also reveals that the average distance a photon travels before detection is not directly
related to the geometric distance between the position the photon is created and the
light detector. This observation can be related with an enhanced probability for light
trapping for certain locations within the crystal. This effect is, for example, observed
for the "brighterpot located at the opposite site of the light detector (x~-1.5, ya 0). In
case photons are created in this region of the crystal, the probability is enhanced that
the photon is emitted with a trajectory for which total reflection on the crystal surfaces
is causing a positive focus towards the light detector. The opposite effect is observed
for a region which is located in close distance to the light detector (x~-0.5, y~ +1.5).
Here, the average distance a photon travels before absorption is prolonged by the fact
that the solid angle the light detector covers initially is small and a significant number
of reflections on the surrounding foil is necessary to finally reach the light detector.
Therefore, the light collection efficiency at this position is smaller than the average.

For dark matter searches, an asymmetric deformation of the light yield population
requires an adaptation of the standard analysis methods. Hence, the parameterization
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described in section has to be modified accordingly. Nevertheless, based on the un-
derstanding acquired by the simulation, the adjustment of the band fit can be achieved
in so that the event distribution of certain event classes (i.e. electron recoils) is correctly
described.

Depending on the strength of the observed asymmetry in the recoil bands and the im-
provement achieved for light collection efficiency, the total improvement in discrimination
power varies. More precisely, since the leakage of events with small light yield is expected
to increase due to the asymmetric detector design, the improvements in discrimination
power achieved in by the better performing light channel is partially counterbalanced.
In the low energy region, though, the influence of position dependencies is expected to
be negligible as other detector effects dominate the light channel’s resolution. Hence, the
discrimination power in the ROI for dark matter searches is expected to be significantly
improved due to the better light collection efficiency.

Regardless of the asymmetric light yield distribution, the slice design provides a good
response to the problem of the small light collection efficiency in the conventional detec-
tor design. The potential to improve the light collection efficiency by 50% by rearranging
the detector components in the suggest way is a promising way to improve the discri-
mination power for background interactions in the target crystal and to increase the
sensitivity for dark matter searches.

6.2 Technical Description of the Detector Design

As mentioned before, the detector design of the slice detector is intended to investigate
the effect of the position of the light detector on the light collection efficiency. Therefore,
the detector layout is very similar to the detector layout of the standard CRESST-II
detector design. In the following, the major design features of the slice detector are
discussed.

The geometry of the target crystal is kept cylindrically and the dimensions are un-
changed remaining at 40 mm diameter and 40 mm height. The only change applied to
the geometry of the main absorber is the slit in which the light detector is positioned.
The slit has a width of 1.0 mm and extends over the full height of the target crystal from
the mantel to the center. The amount of material removed because of the cut is &~ 10 g in
case CaWOQy, is the target material. The thermometer structure used for reading out the
phonon channel is identical to the one used conventional CRESST-II detector design.
The TES is located on a small carrier crystal which is connected to the main absorber
using an EPOTEK glue spot [89).

The changes applied to the light detector are more substantial. The geometry is chan-
ged from round to a rectangular shape while the thickness of the absorber is identical.
The new dimensions are (50x30x0.4) mm?, resulting in an enlargement of the area for
light absorption by 25 %. The SOS wafers used as light absorbers in the conventional
detector modules show a difference in the absorption efficiency depending on which side
the wafer is irradiated [44]. In the conventional detector design, the position of the light
detector allows to neglect this material property because the light absorber is dominant-
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ly irradiated from one side (see figure[2.3). In the slice detector design, the light detector
is irradiated from both sides equally. Therefore, an absorber material is needed for the
light detector that shows no difference in the absorption efficiency for both surfaces.
Mono-crystalline silicon shows a generally slightly smaller absorber for the scintillation
light of CaWOy [44], but avoids the the introduction of this additional, design related
position dependency. Therefore, the light absorber is made of this material.

The TES structure used for the light channel of the slice detector module is changed
compared to the TES used standard CRESST-II light detector which was presented in
section [3.2.3] The tungsten part of the thermometer remains unchanged, but significant
changes are applied to the design of the phonon collectors. Based on the knowledge
gained with the setup for measuring the quasiparticle diffusion (see chapter , the size
of the phonon collectors is increased by a factor of five compared to the thermometer
design used for the standard CRESST-II light detector. This change enhances the col-
lection efficiency of non-thermal phonons in the thermometer without changing the time
constants since the area the TES covers is still sufficiently small to not influence the life
time of the non-thermal phonons in the absorber crystal (see section . No changes
are applied to the thermal link of the light detector system which keeps the combination
of absorber and TES in the calorimetric operation mode.

The light detector is mounted on a dedicated copper structure. This allows to esta-
blish the necessary electrical and thermal connections using bond wires in individual
mounting steps for phonon and light detector. The pairing of phonon and light detector
is performed after all connections are established.

The detector housing is almost completely lined by scintillating and reflective VM2002
foil. An opening in the mantel, extending over the full height of the detector module,
exists to allow the merging of phonon and light detector. This opening in the reflective
foil is designed to be as small as possible to avoid light losses and reduce the area not
covered by scintillating material. For the realized prototype detector, the opening in the
mantel surface is smaller than (55x5) mm? which corresponds to less than 3% of the
total area of the foil. As a consequence, the light collection efficiency is slightly reduced
in this prototype.

The opening for the light detector as well as the use of bronze and copper parts for
holding phonon and light detector prevents the establishment of a fully scintillating hou-
sing. Therefore, the slice design is not able to provide a full veto for surface backgrounds.
Though, for investigating the performance this detector geometry in regard of the EDL
a fully scintillating detector housing is not necessary.

Figure [6.4) shows a photograph of the prototype before the detector module is closed
for operation.
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Abbildung 6.4: Photograph pf the prototype of the slice detector design. The light de-
tector is placed in a slit created in the target crystal. The TES for rea-
ding out the phonon channel is evaporated on a carrier crystal, which
is connected to the main absorber using a EPOTEK glue spot. The de-
tector housing is completely lined by reflective and scintillation VM2002
foil except the opening necessary for mounting the light detector.

6.3 Testing and Results

Since the slice detector design features a large target crystal (= 300g), a stable opera-
tion of the detector above ground is not possible. The high rate induced by the direct
interaction of cosmic radiation in the target in combination with the generally slow re-
sponse of large cryogenic detectors demands that a reliable test of such a detector is
performed in an underground laboratory. For this purpose, the CRESST collaboration
operates such a test setup in the Gran Sasso Underground Laboratory (LNGS) which
allows the testing of new detector concepts in a low background environment (for more
information on the setup, see reference )

This setup is used to operate a prototype module of the slice concept. The main
goal of the measurement is the determination of the EDL. Since the acquired statistics
during this measurement is small compared to data sets recorded in the main setup of
CRESST, no dark matter analysis is performed. Nevertheless, the influence of the EDL
on the discrimination power for background interactions and, thus, on the sensitivity of
such a detector for dark matter is investigated. Additionally, a direct comparison to a
conventional detector module with average performance is made.
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6.3.1 Prototype Module and Data Sets

The first experimental test of the slice design was performed with a detector module
having a geometry as described in section [6.2] A significant change was applied to the
target crystal. Since a CaWQ, crystal was not available for this test measurement, a 280 g
ZnWOQy, single crystal was used as main absorber instead. This material has very similar
material and scintillation properties as CaWQ,. However, the scintillation efficiency is
reported to be ~ 10 % larger than in CaWO, [90] [91] which has to be considered during
the evaluation the prototype and during the comparison of this detector module with
other detector modules equipped with a CaWQy target crystals.

A direct calibration of the light detector was performed using *>Fe source mounted
in close proximity to the light detector. The characteristic X-ray emissions are used as
reference to determine the energy scale of the light detector for direct energy depositions.
For the determination of the EDL of the detector design the knowledge of this energy
scale is mandatory (see section [4.5]). The same source also illuminates the surface of the
main absorber and is used for calibrating the phonon detector in the low energy range.

For higher energies, the detector module is calibrated by using a ®>’Co-source emitting
122.06 keV and 136.46 keV ~-rays [67]. Radiation with this energy is able to penetrate
the dewar, to reach the experimental chamber and to deposit its energy in the target
crystal. Hence, the source can be placed outside the cryostat which allows to put and
remove the calibration source if necessary.

The scatter plots of the recorded data sets are shown as light vs. phonon energy plots
in figure (°"Co calibration data set, ~ 15h measurement time) and figure m
(background data set, ~ 19 h measurement time). The energy scale of the light detector
is given in electron equivalent units, i.e. in the scale for electron recoil events in the
target crystal. Thus, a slope of & 1 is expected for the electron recoil band in the chosen
presentation of the data.

In both data sets, the electron recoil band is strongly populated over the full energy
range. These events originate from internal contaminations (i.e. contamination of the
target crystal) and from external backgrounds introduces by the experimental setup. The
distinct, mono-energetic peaks in the recorded energy spectra can be attributed to certain
background processes. The prominent peak with an energy 238.63 keV is related to the
B~ -decay of 2'2Pb which correlates with the emission of a y-ray with this energy [67].
In the low energy range, the *°Fe source is identified in the phonon channel by its
characteristic X-ray lines at 5.89keV and 6.49keV in both data sets [67]. By comparing
the calibration and the background data, the 122.06 keV and 136.46 keV ~-ray lines of
the 5"Co-source [67] are identified which allows to set the energy range for events taking
place in the main absorber unambiguously.

As predicted by the simulation, a position dependent light signal is observed in the
data. Over the full energy range, an asymmetric event distribution is observed for events
having the same phonon energy.
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Abbildung 6.5: Scatter plots showing the light vs. phonon energy plane of the calibration
data set and background data set . Over full energy range,
the presence internal and external background sources is observed. A
prominent peak is visible in the spectrum at an energy 238.63 keV. It is
related to the 3~ -decay of 2'2Pb which is related to a v emission of this
energy . In the calibration set, the °"Co-source can be identified as
additional peaks with energies of 122.06 keV and 136.46 keV. Because of
geometric effects of the detector design, a leakage of events to smaller
light signals is observed over the full energy range in both data sets.
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6.3.2 Intrinsic Performance of the Phonon Detector

Although the dimensions and the global geometry of the target crystal are not changed,
the layout of the target crystal is changed significantly by the slit created for the light
detector. Therefore, an analysis of the phonon channel’s pulse shape is performed to
investigate if the phonon propagation in the absorber is influenced by the slit.

Two aspects are investigated:

First, the presence of a cut in the crystal could affect the phonon propagation in
the target crystal. As a consequence, the position where an event takes place might be
reflected in the pulse shape which yields to a position dependency in the phonon channel.
For the recorded data, this effect is not observed. The pulse shape of all events taking
place in the target crystal is homogeneous indicating no position dependency.

Second, the surface-to-volume ratio is increased to 126% in comparison to cylindrical
crystal without the slit. Thus, the observed pulse shape can differ from the pulse shape
normally observed in the phonon channel of a CRESST-II detector module because
the thermalization speed of the non-thermal phonon signal component is accelerated
(see section [3.1.2)). However, the comparison of the standard event obtained for the
phonon channel of the slice module prototype with a typical standard event obtained for
the phonon channel of a conventional detector module reveals no significant difference
between them. The pulse shape parameters which are derived by fitting the pulse model
(equation to the standard events indicate no variance above the normally observed
level of 10 — 20 % which is normally observed between cryogenic detectors of the same
kind.

Next to the influence of the detector design on the observed pulse shapes in the pho-
non channel, the performance as cryogenic detector is investigated using the methods
introduced in section Due to the fact that empty baseline samples are not available,
the baseline resolution o, and the trigger threshold Fyj,..; of the phonon channel are
determined using the smallest triggered test pulse. The energy of this test pulse ampli-
tude is 3.41keV. The detector resolution at this energy is opp = 241eV. For this test
pulse amplitude, the trigger efficiency shows no degradation in comparison to test pulses
with higher energy. This indicates that this pulse amplitude is well above the hardware
trigger threshold.

The energy resolution o(FE) of a cryogenic detector is expected to scale with energy
according to equation Based on this model, the energy dependent resolution opp(FE)
(e.g. for the smallest triggered test pulse) is expected to be larger than the baseline reso-
lution opp of the respective detector. Therefore, opp; = 0.241keV can be considered
as upper limit for the actual baseline resolution.

The hardware trigger system of the CRESST experiment allows trigger to reliably on
pulse heights which are 5 times bigger than opp ;. Using oppp = 0.241keV as value for
the baseline noise, a theoretical detector threshold of Ey,,..s ~ 1.2keV can be assumed
for the phonon channel of this prototype if operated in the main setup of the CRESST
experiment.

The estimated threshold as well as the baseline resolution of the detector prototype do
not show any negative influence introduced by the slit in the main absorber. The values
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obtained for the performance of the phonon channel are aligned with the performance
achieved in other CRESST-II detector modules with target crystals of the same size [71].

In summary, one can state that the creation of the slit in the target crystal for housing
the light detector, does not affect the performance of the phonon channel on a relevant
level. Furthermore, no negative effects are observed in the pulse development inside the
target crystal or in the energy resolution of the phonon channel due the change of the
surface-to-volume ratio of the target crystal.

6.3.3 Intrinsic Performance of the Light Detector

Significant changes were applied to the light detector setup. The absorber material is
changed from SOS wafer to a mono-crystalline silicon wafer. The exchange of absorber
material is not expected to affect the performance of the light detector to a large extend
since, in terms of phonon propagation, SOS wafers and mono-crystalline silicon show
similar behavior. The increase of the light detector’s dimensions is expected to influence
the performance as cryogenic detector negatively. The enlargement of the absorber vo-
lume by 25 % causes that a reduced phonon density is present in the absorber after a
given energy deposition (compared to a detector featuring a smaller absorber volume,
see discussion in chapter . Therefore, the temperature signal detected by the TES for
a given energy is expected to be smaller in the light detector used within the slice detec-
tor design. In addition, the enlargement of the surface available for the light collection
is expected to increase the influence of position dependencies in the detector response.
However, in regard of the overall performance of the light channel, the reduction of the
cryogenic performance is expected to be counterbalanced by the better light collection
efficiency for scintillation signals.

Figure shows the recorded spectrum of the *Fe-source which is used to calibrate
the light detector. The identification of this event class is achieved by applying pulse
shape cuts to the light channel. Direct energy depositions feature faster pulse shape
than energy depositions caused by a scintillation events. In addition, the phonon signal
is used as anti-coincidence veto to reject all events having an energy larger than 0 in the
target crystal.

The spectrum shown in figure can be fitted using the superposition of two Gaus-
sians. Since the statistics for the kg is small, the same o is used to fit both peaks. The
results of the fit are summarized in table [6.1]

| EcalkeV] | amplitude [V] | resolution [V] |
5.89 3.712 £0.006 | 0.082 £ 0.006
6.46 4.058 +0.022 | 0.082 £ 0.006

Tabelle 6.1: °Fe calibration of the light detector operated in the slice detector prototype.

For the **Mn K, X-ray line (5.89keV) a resolution of 1o = (0.13 £ 0.02) keV(2.2%)
is determined. This value is in good agreement with other CRESST-II light detectors
for which detector resolutions of ~2% are common for mono-energetic X-ray lines. The
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Abbildung 6.6: Isolated *Fe-source spectrum recorded with the light detector of the slice
detector prototype. By fitting the two peaks with Gaussian functions, an
energy resolution of ¢ = (0.13£0.02) keV@5.89 keV (2.2%) is determined.

relative position as well as the intensity ratio of the peaks is in agreement with the
expected spectrum of a **Fe-source.

Due to the lack of empty baseline samples, the baseline resolution o, of the light
detector cannot be derived with the standard method (see section [4.2). To give an
upper limit on this quantity, the smallest triggered test pulse is used to evaluate the
performance of the light detector (similar to the phonon channel, see section . The
energy of the smallest triggered test pulse is (0.16240.002) keV having a 1o detector
resolution of (5.44+0.8) eV (relative detector resolution 3.3 %). As discussed before (see
section , the use of the detector resolution for an energy > 0 can be considered as
conservative approach for determining the baseline resolution of a cryogenic detector.
Thus, the actual baseline resolution of the light detector used in this setup is expected
to be smaller than the derived value for the baseline resolution o}, using the smallest
triggered test pulse.

The upper limit on the baseline resolution of this light detector is in good agreement
with the average values achieved for conventional CRESST-II light detectors for which
o, = 5 — 7€V. Thus, the increased volume of the light absorber by 25% is not reflected
in the performance of the light detector as cryogenic device.

Since only a single detector of this type has been produced until now, a comparison
between different light detectors of this kind is not possible. Nevertheless, the performan-
ce of the light detector as cryogenic detector is on the same level as other CRESST-II
light detectors. Therefore, it can be assumed that the increase in light collection efficien-
cy is directly translated in a better relative performance of the light channel and, hence,
in a better discrimination power for backgrounds.

102



6.3. TESTING AND RESULTS

6.3.4 Energy Detected as Light

The fraction of energy detected as light (EDL) is derived for the slice detector design
using the method described in section [4.5.2]

The energy scale for direct energy depositions in the light detector is defined using an
%Fe source. For events taking place in the target crystal, the energy range is set using
the 57Co source. Since the 5°Fe source irradiates the main absorber as well, this source
is also used for measuring the EDL at small energies. In table the calibration values
are listed for direct energy depositions in the light detector.

The integral ratio of the normalized standard events of direct light detector hits and
scintillation events is determined to be 1.133 (derived by numerical integration). The
calibration factor (., determined for this light detector is

5.891 keV

Ceal = 3792V

-1.133 = 1.797keV V. (6.1)

Using this calibration factor, the EDL is derived for the slice detector prototype. The
results are summarized in table .21

E.q [keV] | PD amplitude [V] | LD amplitude [V] | detected energy | EDL [%]
in LD [keV]

5.89 0.019 £ 0.002 0.10 = 0.02 0.18 = 0.03 3.10 = 0.62
122.06 0.339 £ 0.007 2.18£0.11 3.88£0.24 3.18 £0.20
238.80 0.628 £0.011 3.90 £ 0.17 7,01 £0.41 2.93+0.17

’ \ \ \ average \ 3.07£0.19 ‘

Tabelle 6.2: Combined results of the measured EDL of the slice detector design. By using
three identified peaks in the energy spectrum, the EDL is determined for
different energies.

The averaged result of the light collection efficiency using different peaks in the spec-
trum is (3.07 £0.19) %. This value exceeds the typical values for the EDL achieved with
the conventional detector design by 50% [48] . This value is in agreement with the re-
sults for the light collection efficiency derived by the simulation where an improvement
of the light collection efficiency is predicted to be &~ 45 %, too. The improvement of the
measured EDL is large enough to rule out that the improvements are exclusively related
to the change of target crystal material. ZnWQ, is reported to have a =~ 10 % higher
scintillation yield than CaWO, [90] which is not sufficient to explain the observation.
Therefore, the improvements in the EDL can be related by the changes applied to the
detector design.

The results can be used to draw the following conclusions on the photon propagation
in a detector module.

In the slice detector, the amount of light which is trapped within a cylindrically shaped
crystal without the possibility to reach the light detector is able to significantly add to
the detected light signal. By positioning the light detector insidethe target crystal, this
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is exploited. According to the simulation, the loss of photons due to reabsorption in the
target crystal is reduced by a factor of ~ 2. However, the fraction of photons which is
lost in the target crystal of a conventional detector module is relatively small (11.5%).
Hence, the observed gains in the light collection efficiency are not sufficient to be solely
related to this effect.

Therefore, the losses in the detector housing (i.e. the scintillating and reflective foil,
TES, clamps) are confirmed to play significant role during the photon propagation. This
conclusion is additionally supported by the simulation of the light collection efficiency.
The number of necessary reflections on foil surfaces to guide a photon to the light detector
is reduced from & 11.2 to = 4.6 in the slice detector design. Accordingly, losses due to
absorption of light in the foil are reduced which is reflected in the strong improvement
of the EDL.

6.3.5 Particle ldentification

To illustrate the background discrimination capabilities of the phonon-light detectors,
the recorded data is presented in the light yield vs. energy plane. Figure shows the
calibration data set recorded by the slice detector prototype module after the application
of all cuts. Theses cuts aim to remove events from the data sets for which the precise
determination of the pulse parameters is not guaranteed. Disturbances (e.g. SQUID
artifacts) or pile up events are discarded from the analysis for this reason. Additionally,
all event classes not solely related to interactions in the main absorber are identified and
discarded, for example, all carrier related events.

In figure the red lines indicate the interval which contains 90% of the events, the
black line shows the median of the distribution.

Due to the improved EDL, it is expected that the width of the recoil bands is reduced
(see section . To quantify the improvements in the detector response, the parameters
of the electron recoil band are derived using the phenomenological model described in
section The parameters are derived by fitting the data using a binned likelihood
method (1-D approach) and not by 2-D maximum likelihood fit (see equation [4.10). The
reason for choosing this approach is related to the inhomogeneity of the light detector’s
response at energies between ~ 80 and 90keV. To extract the width of the electron
recoil band, i.e. ory, it is not necessary to describe the center of the electron recoil
band (LY,) in full detail. Thus, in order to avoid the complex adjustment of the 2-D
maximum likelihood function to describe the center of the event distribution correctly,
the following approach is used: The data is separated in energy bins with a defined
width. For each of them, the projection in the light yield plane is fitted with a function
describing the light yield distribution appropriately. By scanning the energy range using
a moving interval approach, the width of the electron recoil band oy (E) as well as the
center of the electron recoil band LY, are extracted from the data as a function of the
energy. The main advantage of this method is that it allows the extraction of oy (FE),
which is dominantly defined by the detector design and the performance of the light
channel, with high precision without the necessity to adapt LY, to the characteristics
of the target crystal (i.e. intrinsic contamination, non-proportionality effect) and of the
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Abbildung 6.7: Light yield vs. energy scatter plot showing the calibration data set after
all quality cuts. The §/vy-band is distorted by a inhomogeneity of the
transition of the light detector between 80-90 keV. The center of the light
yield band is indicated by the black solid line. Additionally, the interval
in which 90% of the events are located in shown (red lines). At energies
< 103keV, events related the (surface) a-decay of ?'°Po to 2°°Pb are
seen as population below the §/~-band with a light yield of ~ 0.2 — 0.3.
Additionally, towards smaller recoil energies, a population of excess light
events which is located above the §/v-band.

thermometers. For the evaluation of a detector design, which is the intention of this
analysis, only oy is needed.

For the data recorded with the prototype of the slice detector design, the bin size of
the energy range fitted as single interval is set to 10 keV. For moving the interval, a step
size of 1keV is used. This step size was found to be the best compromise between having
a sufficient number of events in an energy bin to allow the fit routine to converge and
a fine energy resolution. In data sets with more events, the interval can be reduced to
achieve a better energy resolution.

Like in other CRESST-II detector modules, the light yield distribution in an isolated
energy range is initially assumed to be normal distributed and is, therefore, fitted with
a single Gaussian. The band width oy is fitted using equation In addition, the
parameters describing center of the light yield distribution LY, are derived using equation
[4.5] However, due to the fact that the function describing LY, is not adapted to the target
crystal in full detail, the results of the fit are only given for the sake of completeness.
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’ parameter \ fit result ‘
So(f) 0.153 keV?
Sy (0.75 4+ 0.01) keV
S (2.40 £ 0.19) - 1074
Do 1.0440.03
1 (—5.02+0.53) - 10" keV !
D2 0.18 +£ 0.03
D3 (19.56 £ 3.67) keV

Tabelle 6.3: Parameters derived for describing the electron recoil band of the slice detec-
tor prototype (background data set). The given uncertainties are fit errors.

The fit results for the parameters describing o7y and LY. are summarized in table [6.3]

As mentioned before, the parameterization of the center of the light yield band using
equation , LY.(F) is not adapted to the characteristics of the target crystal and
the thermometer in full detail (i.e. inhomogeneity at 80-90keV is not implemented).
Therefore, the values derived for LY.(E) have a larger systematic uncertainty which
is an increased reflected in the fit uncertainty. Nevertheless, the values derived for the
paramtrization using equation show the expected features. No significant deviation
from other detectors is observed in comparison to the results presented in [23] [43]
and [65]. Thus, the use of ZnWOQ, target crystal has no significant impact on the band
description or on the expected leakage of background events into the ROI of dark matter
searches.

In the following, the parameters for describing oy (F) in the slice detector measure-
ment are compared with the average parameters obtained for the conventional module
(see table [4.1]).

The parameter Sy is not determined by fitting but is calculated with equation 4.7 using
the detector resolutions and the EDL determined in the previous sections. Therefore,
the parameter Sy is fixed during the fit routine (denoted in table with (f)). The Sy
value obtained for this measurement is competitive with the best detector modules of
CRESST-II. The main reason is the higher EDL which reduces the share the baseline
resolution of the light detector contributes to Sy significantly (see section [£.3)). The
S1 parameter, which dominantly accounts for the uncertainty introduced by photon
counting, is in agreement with the performance achieved with the conventional CRESST-
IT detector modules. However, the value of this parameter does not meet the expectations
for the slice detector design. Since S; o« EDL™', one expects a strong improvement of
the parameter based on the increased value of the EDL. The same behavior is observed
for the Sy parameter. Also this value is larger than it is observed in a conventional
CRESST-II detector module with average performance which reflects the influence of
the position dependencies on both parameters.

The following considerations are given to explain the observations. Over the full ener-
gy range, an asymmetry of the light yield distribution is observed which is, as mentioned
before, a response to the position dependencies of the light collection efficiency in the
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crystal. As shown by simulation (see section[6.1)), the detector design of the slice module
is expected to cause a light yield distribution which cannot be described with a Gaus-
sian. This expectation is confirmed experimentally by the observed leakage of a small
amount of events towards smaller light yields over the full energy range (see figure [6.7).
Position dependencies are usually reflected in the S, parameter. Though, the strong cor-
relation of the fit parameters causes that the S; parameter is influenced by the position
dependent light collection efficiency, too. Especially at low energies, S; provides the only
possibility to account for the increased width of the electron recoil band. Therefore, both
parameters, S; and S, are fitted to be larger than usually observed.

The asymmetry of the light yield band renders the established method used for de-
scribing the light yield distribution in a given energy interval with a single Gaussian
inadequate. Using the superposition of two Gaussians allows to describe the data in a
better way. In addition, the parameterization of the excess light events in the low energy
region improves the description of the light yield distribution.

Figure [6.8a] shows the data fitted with a single Gaussian in the energy range 150 and
170keV while figure shows the same data set being described by a fit function
composed of two Gaussians.

For recoil energies > 150keV, no excess light events are observed above the electron
recoil band. Reason for this is that the small amount of scintillation light which is
additionally created by the foil is negligible compared to the total amount of scintillation
light. Therefore, internal electron recoils cannot be disentangled from events with excess
light character. In addition, the number of events with excess light character is negligible
compared to the total background number being present in the electron recoil band. This
allows to investigate the asymmetry of the light yield distribution caused by the position
dependencies in the light collection efficiency in this energy range without the necessity
to account for the excess light events specifically.

The position dependencies in the light collection efficiency are assumed to be energy
independent which implies that the effect of events leaking to smaller light yields has
to be observed over the full energy range. This behavior is confirmed by the event
distribution shown in Figure [6.7]

By describing the position dependencies with a second Gaussian, an empirical ap-
proach is chosen. The simulation of the light propagation is able to reveal that the
strength of the asymmetry in light yield strongly depends on the individual crystal pa-
rameters (i.e. scattering, absorption, reflectivities). This concludes in the requirement
that the parameters and, in extreme cases, the model describing of the light yield dis-
tribution in a given energy interval has to be adjusted for each target crystal.

As mentioned before, the influence of position dependencies is best estimated in an
energy range in which the effect excess light events is not observed. Therefore, the
position dependence is investigated in the energy range between 150 and 170keV. The
parameters derived by fitting the data shown in figure are given in table [6.4]
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(a) Energy slice of in the light yield plane between 150 and 170 keV fitted
by a single Gaussian (red line).
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(b) Energy slice of in the light yield plane between 150 and 170 keV. To
the data, a superposition of two Gaussians is fitted (red line). While
one Gaussian describes the main event population (green line), the
second accounts asymmetric shape caused by position dependencies
(purple line).

Abbildung 6.8: Comparison between the different fit models to describe the observed
light yield distribution in a limited energy interval.
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’ fit parameter \ fit result ‘

Ter 9.86- 10!
o1 4.48-1072
Ten 0.89-10
09 9.29 - 1072
AL /A, 3.89
01/09 0.48

Tabelle 6.4: Fit parameters derived by using the two Gaussian model to figure W

Figure illustrates that the superposition of two Gaussian allows to describe the
data phenomenologically. By assuming that the position dependencies are energy inde-
pendent, the high energy range can be used to estimate the widening because of this
effect over the full energy range. To derive the parameters describing excess light event
population in the low energy region with a reduced set of free fit parameters, the ratios of
the amplitudes and the widths of the two Gaussians are fixed. This is done based on the
assumption that the strength of the effect causing the leakage of events towards smaller
light yields in energy independent and the width of the recoil band is dominantly defined
by the performance of the light channel. Figure shows the light yield distribution in
the energy range between 0 and 20 keV including the fit.

The fit routine is highly sensitive to the start parameters, which indicates that the
chosen model is over constrained and that the fit parameters are strongly correlated.
The low statistics in the low energy region hinders the precise determination of the
parameters further.

The comparison of the derived fit parameters using this method to the values obtained
for an average conventional detector module using the standard method is not straight
forward. Problematic is the fact that, in the conventional detector modules, position
dependencies are usually sufficiently small that the light yield band is well described
in the width derived using a single Gaussian for fitting. By adding a second Gaussian
to account for the asymmetric shape of the light yield distribution in the slice detector
module, the width of the parametrization cannot be related to the value derived by the
standard approach.

Hence, in order to compare different detector modules in performance, one has to find
quality parameters which are independent from the model used to describe the light
yield distribution of the recorded events. Therefore, the following approach is used.

Independent of the light yield distribution, one can determine the median and the
interval limits in which a certain percentage of the events are contained in for a given
energy range (see figure . The general approach is to derive the median of the light
yield distribution and to find an upper and lower limit based on the number of events
which chosen to be in the interval. This means, that half of the accepted events are
located above the median of the light yield distribution while the other half is located
below the median of the light yield distribution. Consequently, the upper limit and the
lower limit are able to have a different distance to the median of the event distribution
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Abbildung 6.9: Light yield distribution in the energy range between 0 and 20 keV. To
the data, a superposition of two Gaussian and equation is fitted (red
line). While the two Gaussian describe the main event population related
to main absorber hits (green and purple line), the second accounts for
excess light events (blue line).

in case the events are distributed asymmetrically.

In case of a normal distributed event distribution, the 90% interval is equal to 1.645-c.
In addition, the median of a normal distributed light yield distribution is identical to
its center value. Therefore, the method to derive the light yield parameters with the
2-D maximum likelihood fit and the integration method return the same results for the
conventional detector module.

For the slice module, though, the light yield is not normal distributed but follows
the model described in the previous paragraphs. However, the integral approach allows
to derive the limits in which a certain event fraction is located. Since for the slice
module the light yield distribution can be described analytically with the distribution
function discussed before, the analytical solution of the cumulative distribution function
is available. Hence, the median and the limits of the intervals can be calculated based on
the fit results. Since due to the asymmetrically distributed event population the upper
limit and lower limit are not equally far away from the median, the average value is used
instead.

To compare the performance of the slice module with other detectors, the width of the
electron recoil band oy is determined using the median and integral method. By fitting
the median and the average width in which the corresponding event number is contained
with the equations [£.5] and [4.6] the parameters describing the width of electron recoil
band are derived a second time (see table [6.5).
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’ parameter \ fit result ‘
So(f) 0.153 keV? (f)
S 0.46240.050
So 0.00640.002
Do 1.04+0.01
n 52810 T4+ 5.27-100 keV !
D2 0.180 £ 0.022
D3 19.56 + 3.67 keV

Tabelle 6.5: Parameters derived using the integral method to describe the width of the
electron recoil band.

The fit results derived with new parametrization of the light yield show a significant
difference to the fit results assuming that the events is normal distributed in the light
yield plane (see table [6.3)). Since the model describes the data in better way than the
initially used one, the fit parameters are not distorted. In comparison to an average
CRESST-II detector (see table , the detector performance of the slice design is now
confirmed to be positively influenced by the increased EDL.

The parameter S; scales according to 1/EDL as expected and confirms that the
performance of the light channel is improved by the better light collection efficiency.
Since the performance of the light detector as cryogenic device is not degraded by the
large size of the light absorber (see section[6.3.3), the improvements can be solely related
to detector design and the larger light collection efficiency. Additionally, the increased
influence of position dependencies is reflected in the value of Ss.

To illustrate this observations, figure depicts the light detector resolution o,p =
ory - E with the respective contributions for a conventional detector module with average
performance and the slice prototype detector. In addition, the relative contribution of
the respective terms to orp are shown.

Figure shows that the position dependencies in the light collection influence the
detector resolution only at large energies to an extend that a relevant change in the
light detector’s performance is observed (see red curves). In the energy range relevant
for dark matter searches, the improvements in light collection efficiency result in reduced
contribution of the S; term (see green curves) while the increased position dependencies,
reflected in S, term, are small. Consequently, the slice detector prototype is assumed
to provide a better discrimination power for backgrounds in the ROI of dark matter
searches than the average conventional detector module.

In section 1.3 two methods for quantifying the discrimination power of a detector
module were introduced: Either by defining an analysis threshold based on the para-
meters describing the recoil bands or by estimating the expected background leakage
in the ROI with a data driven simulation. Both methods can be applied for detector
modules in which the event distribution can be modeled using a data driven simulation.
In this case, a fair comparison between the the conventional detector design and the slice
detector design is possible because the event distributions can be modeled according to

111



KAPITEL 6. SLICE DETECTOR CONCEPT

---------- 0?2, (conventional)
< 8007 .oeneannns S, contribution (conventional)
g | -eeeeeeees S, contribution (conventional)
0700 =remrennns S, contribution (conventional)
°  H ——— 0, (slice)
600/ Sy contr_ibut_ion (sl_ice)
- S, contribution (slice)
-| ——— S, contribution (slice
500 2 ( ), S
400~ (o
300f-
200
100 s T
=T R RS ST BT
0 20 40 60 80 100
energy [keV]

(a) 02 as function of the energy E. In addition, the contributions the terms contai-
ning Sp, S1 and Sy add to 0% ;, are shown.

....... S,/0?, (conventional)
- ]..... sllcfD (conventional)
....... S,/a?, (conventional)
—— S,/0?, (slice)
—— S/a?, (slice)
—— S,/0?, (slice)

2
02, [keV?]
=

Y.
e,
LI
“ea,
.....
Yaa.
.....

0.8

0.6

0.4

0z e
O -
L Lol P PR L T
0 20 40 60 - L
energy [keV]

b) The relative contribution to o ,, of the terms containing Sy, S; and Ss.
LD g

Abbildung 6.10: Comparison of the light channel performance between conventional de-
tector module (averaged performance, dashed lines) and the slice de-
tector prototype (full lines).
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the experimentally acquired parameterization. For the simulation, the assumed target
crystal properties are identical for both detector geometries (i.e internal contaminati-
on, strength of the non-proportionality effect, scintillation efficiency). Additionally, it is
assumed that the acquired exposure is the same.

The simulation proofs the strong influence of the EDL on discrimination power in
the low energy region. Although the position dependencies in the slice module potenti-
ally increase the leakage of electron background into the ROI, the simulation predicts
that the number of misidentified events in the ROI above a common energy threshold
of 1keV is reduced by (75.40 £ 1.72) % compared to an average conventional detector
module. For the analysis threshold, a value (11.2 £ 1.5)keV is derived for a conven-
tional detector module with average performance. For the slice detector, this value is
lowered by a factor of ~ 2 to (6.4 £ 1.2) keV. Both methods confirm that the improved
light collection efficiency improves the background discrimination in the relevant energy
range for dark matter searches. Additionally, it can be shown that the influence of the
position dependencies in the light collection efficiency becomes negligible (see figures
and because the asymmetric shape of the light yield distribution is washed out. As
a consequence, the asymmetric shape of the light yield band becomes irrelevant in the
low energy range while the overall discrimination power is improved by the better light
collection efficiency.

6.4 Conclusive Comments on the Slice Design

The slice design proves that the performance of the light channel strongly depends on
the geometric layout of the detector. By breaking the symmetry of the cylindrical target
crystal and by putting the light absorber insidethe main absorber, the light collection
is significantly improved. The experimental test of this detector concept confirms that
the measured EDL exceeds the average value of a conventional CRESST-II detector
module (=~ 2%) by a factor 1.5 reaching 3.07 %. Main reason for the improvement is
that the average distance a photon travels before being collected by the light detector is
shortened by a factor of 3 while the number of necessary reflections to guide a photon
to the light detector reduced by a factor 2. Both effects lead to an improvement in the
light collection efficiency in the detector module and, thus, in the measured EDL.

The observed asymmetry in the light yield distribution requires an adjustment of
the standard method to derive the correct parameters for describing the recoil bands.
Because of the geometric arrangement, the light collection efficiency is inhomogeneous for
different regions of the crystal which is reflected in an asymmetric shape of the light yield
distribution. By including the asymmetric shape of the light yield band in the analysis,
the performance of the slice detector module can be described phenomenologically over
the full energy range. For dark matter searches the asymmetric shape of the light yield
has no negative impact. Compared to the other factors influencing the discrimination
power of a detector, the position dependencies are negligible in the relevant energy range
below 40 keV. More impact can be attributed to the gains achieved in the light collection
efficiency which improves the resolution in the low energy range significantly covering the
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increased position dependencies of the detector design. In direct comparison, the slice
detector concept is able to provide a better discrimination power than a conventional
detector module with average performance. The number of background events located
in the ROI above a common phonon detector threshold of 1keV can be reduced by
(75.40 + 1.72) % by the improved performance of the light detector. In case an analysis
threshold is used to determine the discrimination power, the slice detector is able to
provide a factor of 2 value lower analysis threshold. While the conventional detector
modules are able to provide an analysis threshold of (11.2 £ 1.5) keV, the slice prototype
provides an analysis threshold of (6.4 £+ 1.2) keV). Thus, compared to the conventional
detector design, the slice module is expected to exceed the sensitivity for dark matter of
an average CRESST-II detector having the same performance of the cryogenic detectors
used for phonon and light readout.

Never intended to be deployed in the CRESST main setup, the slice design does not
provide a fully scintillating detector housing. Nevertheless, it is able to illustrate the in-
fluence of the detector design on the performance of a dark matter detector. Specifically,
the positive influence of an improved light collection efficiency on discrimination power
of a detector module is shown.
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7 Beaker Detector Concept

In this chapter, the development and testing of the second newly developed detector
design is covered: The beaker detector'. Its development was started with the intention
to overcome the limitations of the conventional CRESST-II detector design in regard of
the identification of external background sources and the poor light collection efficiency
for scintillation light (see section [4.8)).

To achieve these goals, the commonly used detector layout of CRESST-II is changed
drastically. Main feature is a large scale, beaker shaped light detector which surrounds
the target crystal in almost every direction. Since the light detector covers a large solid
angle, the light collection efficiency is drastically improved because the losses occurring
during the propagation of the light are reduced. Additionally, this design establishes a
complete and active 4w veto system for external background sources by adapting the
composite design using a large TES carrier crystal [89).

A scheme of beaker detector design is given in figure [7.1]

_— scintillating and reflective foil
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£ £ | |
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Abbildung 7.1: Scheme of a CRESST-II detector module featuring a large scale, beaker
shaped light absorber.

Two detector prototypes of this design were operated for two years in the CRESST
main setup at Gran Sasso. Based on this long term measurement, a detailed analysis of
the system is performed in the following sections.
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7.1 Design Goals

The development of the beaker module takes into consideration the disadvantages iden-
tified for conventional detector design and addresses all points mentioned in section
These are:

1. the poor light collection efficiency limiting the capability to discriminate (3/v-
backgrounds from a possible signal. Especially towards detection threshold, the
number of background events leaking in the region of interest can be reduced
through an improved performance of the light channel.

2. the presence of éxcess light events"', namely events whose signals detected in the
light channel exceed the normally observed light signal for electron recoils in the
target crystal. The parametric band description of the recoil bands in the low
energy region is complicated by their presence.

3. the presence of non-active surfacesin line of sight to the target crystal. This introdu-
ces the possibility that degraded surface a-decays cause a background contribution
in the region of interest for dark matter searches.

To overcome the first limitation, the geometry provided by a beaker shaped light
absorber is ideal. By surrounding the target crystal in most directions with a light
absorber, the solid angle covered by the light detector is massively increased compared
to the detector layout of the conventional detector design. This minimizes the number
of reflections that are necessary to guide a photon to the light detector and reduces
the average distance a photon needs to travel inside the crystal before its detection.
Therefore, the losses due to (re-)absorption either in the crystal or the detector housing
are reduced.

To investigate the photon propagation inside the beaker detector design, the same
simulation code is used as for the detector designs discussed in the previous chapters.
The simulation estimates the light collection efficiency in the beaker design to be 80.6 %.
In comparison, the simulation estimates the light collection efficiency in the conventional
detector design to be 38.3 %. The main reason for the large gain in the light collection
efficiency is the reduction of the average path a photon travels before its detection by a
factor of 8 (compared to the conventional detector design) to 1.8 cm. Therefore, losses
inside the main absorber are reduced by (75-85) % and due to absorption in the foil by
(85-90) %, respectively. Due to the reduced propagation distance, position dependencies
in the light collection efficiency are as well reduced. Therefore, the light yield distribution
of the recoil bands is not expected to show any influence of position dependencies.

The larger amount of detected photons as well as the reduced influence of the initial
starting position of the photons on the light collection efficiency is illustrated in figure
which shows the output of the simulation in the light yield vs. energy plane.

Compared to other detector designs presented in previous chapters, the width of the
light yield band is reduced significantly. By applying the parametric band fit (see section
to fit the simulated data, the S; parameter is predicted to be improved by a factor
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Abbildung 7.2: Simulated light yield vs. recoil energy plot for the beaker detector mo-
dule. The black lines indicate the 2-D likelihood fit using equation [4.10
which is used to extract the parameters describing the electron recoil
band. The light collection efficiency is strongly improved compared to
the conventional module which yields in a smaller width if the electron
recoil band and, hence, in a better particle identification power (i.e. re-
duced width of the event bands).

of 3 compared to a conventional detector module. The S; parameter, accounting for
position dependencies, is massively reduced (< 107°) as position dependencies do not
play a relevant role in the beaker detector.

The second and third disadvantages of the conventional detector module are tackled
by replacing the indirectly read out detector parts of the detector housing by active-
ly read out surfaces. Surface a-decays and external (-backgrounds are identified and
discriminated by their unambiguous signal characteristics in the beaker or the carrier
crystal. In the conventional detector design, the identification of these events relies on
the scintillation mechanism of the detector housing (i.e. the foil) and the light collecti-
on efficiency of the detector design. Therefore, the additional light signal contribution,
which is used for the identification of these event classes, is small (EDL for as absorbed
in VM2002 foil ~ 0.8 % [74]) rendering the veto mechanism less reliable than the active
system used within the beaker design.

In this chapter, it will be demonstrated how the beaker design addresses all aspects
which are currently limiting the sensitivity of the conventional CRESST-II detector mo-
dule. In combination with a better understanding for external backgrounds, the beaker
detector module design promises a better sensitivity for dark matter searches.
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7.2 Technical Description of the Detector Design

Designed to be deployed in the CRESST-II setup at Gran Sasso, the beaker module is de-
veloped to match the outer dimensions of the conventional CRESST-II detector modules
(see section . The mass of the cylindrically shaped main absorber is reduced by 30 %
from ~ 300g (standard absorber size of CRESST-II detectors) to ~ 220g (diameter
38 mm, height 35 mm). This allows to mount the target crystal inside a beaker shaped
light absorber having the dimensions of target crystal of the conventional detector mo-
dule (diameter 40 mm, height 40 mm, wall thickness 0.4 mm). In this configuration, the
beaker provides an area of appropriately 60 cm? for collecting light which increases the
active area by a factor 5 compared to a standard light detector of CRESST-II.

To avoid any line of sight between the main absorber and non-active surfaces a cy-
lindrical carrier crystal with increased dimensions (diameter 42 mm, height 5 mm, mass
~ 38¢) is glued onto the main absorber. In combination with beaker shaped light de-
tector, a true 47 veto is achieved for the target crystal.

The composite detector design. i.e. the use a smaller crystal carrying the TES for the
main target crystal is adapted from the conventional design for which this concept was
tested intensively [89]. However, the dimensions of the carrier crystals are increased in
the beaker detector to allow the establishment of the 47 veto. The carrier crystal is also
used to hold the target crystal since the connection between the carrier crystal and the
detector housing is established with silver coated bronze clamps (see figure .

The TES structure used in the beaker detector design is identical to the one used
for the phonon channel readout in the conventional CRESST-II detectors (see section
. The same sensor is used for measuring energy depositions in the main absorber
as well as in the carrier crystal. A detailed discussion how events with different origin
are identified is found in section [7.3.1]

The carrier and main crystal are machined from the same raw crystal to match the
crystal orientation of the two absorbers. This reduces the appearance of thermal ten-
sions/stress in the glue and the crystal during the cooling process for which the veto
mechanism based on the light yield cannot be used. The glue spot connecting the two
crystals is designed to be as small as possible while providing enough force to ensure a
proper mechanical connection. Having a diameter of ~ 6 mm and a thickness < 10 um
(as derived from the number of Newton rings), the mass of the glue spot amounts to
about 300 ug. The thickness of the glue spot is mainly defined by the capillary forces
between the crystal’s polished surfaces.

As silicon provides good absorption efficiency at the wavelength of the scintillation
light of CaWO, (> 55 % [92]) and because it can be obtained as high quality crystal with
low contaminations, the beaker is manufactured from mono-crystalline silicon (<100>,
FZZ, undoped, 20 kOhm/cm). Despite the fragility of silicon, beakers can be manufac-
tured with a wall thickness of only 0.4 mm. For the performance of the light detector
as cryogenic calorimeter, a thinner wall is generally favored since the absorber volume
can be reduced while area available for light collection is kept constant. However, the
probability for a position dependent detector response is increased in thin absorbers due
to the influence of the phonon scattering length on the signal evolution in the absorber.

118



7.2. TECHNICAL DESCRIPTION OF THE DETECTOR DESIGN

Figure [7.3| shows the beaker shaped silicon light absorber during the TES production.

Abbildung 7.3: Photographs of a beaker shaped silicon light absorber during the TES
production in the clean room.

The beaker is read out by a tungsten TES (thickness 80nm) that is equipped by
phonon collectors made of aluminum (thickness of 1 um, (5 x 1) mm? (twice)). A further
increase in sensitivity is intended to be gained by partially covering the thermometer
by a thin Au layer at the area where the phonon collectors and the W-TES overlap.
In this region of the thermometer, the electronic band gap of the phonon collector is
reduced by normal conducting character of the gold film and the proximity effect. This
adaptation of the thermometer structure intends to increase the thermalization efficiency
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of quasiparticles reaching this part of the thermometer to enhance the sensitivity of the
sensor (for more information see section [3.3).

Due to the increased dimensions the beaker, improvements of signal height achieved by
the improved light collection compete with the larger volume of the absorber. Compared
to the absorber used for standard CRESST-II light detector, the beaker’s volume is
increased by a factor of 5. A larger volume of an absorber causes reduced phonon density
after a certain energy deposition and, consequently, a reduced energy entry into the TES.
In order to account for this reduction, the collection area of the TES is increased by a
factor of 10 compared to the thermometer structure used for the standard CRESST-II
light detector to match the reduced energy flow in the thermometer. Based on the pulse
model for the signal evolution in cryogenic detectors with TES readout (see section ,
the area of the TES has to scale linearly with absorber volume to maintain the same
collection time for a the TES (7, equation . Thus, a increase of the thermometer
area by a factor of 5 is justified with this argumentation. The remaining enlargement is
justified by the expected reduction of the life time of the non-thermal phonons in the
beaker (7.ys). Although the surface to volume ratio is identical for the beaker and a
standard CRESST-II light detector, the geometry is expected to reduce 7.5 as more
scattering processes are expected take place before a phonon is finally collected by the
TES. In order to keep the ratio between phonons thermalizing in the TES and phonons
thermalizing in the absorber on the same value (e, equation, an additional reduction
of T is necessary which is achieved with the increased area the thermometer covers.

To complete the module, the detector housing surrounding the absorbers is completely
lined by reflective and scintillating VM2002 foil (see figure[7.1]). At the top of the module
the foil enhances the light collection efficiency in the detector housing since this part of
the main absorber is not covered by the light detector. The rest of the detector housing
is lined with foil to prevent any direct line of sight between the beaker shaped light
detector and the surrounding setup.

7.3 Testing and Results

In the following section, the performance of the beaker detector concept is evaluated.
Two prototype modules with this design were deployed in CRESST-II (Phase 2). Next
to calibration data sets (°’Co-calibration and AmBe neutron calibration), an extensive
background data set was recorded. The data extends over ~1.4 years (12.000 h) for each
of the modules which corresponds to a raw exposure ~ 115 — 120kg - d (per module).
Due to the large size of the data sets, high statistics were achieved allowing a detailed
analysis and evaluation of the detector concept.

7.3.1 Intrinsic Performance of the Phonon Detector

In this section, the performance of the phonon/heat channel as cryogenic detectors is
evaluated. The methods applied for the evaluation were introduce in section
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The threshold of CRESST-II detector channels is directly measured by injecting ar-
tificial heat pulses via an integrated TES heater. The value given as FEjj,.s is defined as
the energy level where (heater) pulses achieve a trigger efficiency of 50 %. The measured
trigger efficiency is determined by fitting equation in the relevant energy range to
the recorded histogram of heater pulses. Using this procedure, the obtained values for
Eiphres and the baseline noise oppy are given in table The energy scale is set using
the ®”Co calibration.

’ ‘ Ethres ‘ OPD)b ‘
beaker module 1 | 11.223keV | 1.641 keV
beaker module 2 | 1.631keV | 0.325keV

Tabelle 7.1: Energy of the threshold and baseline noise of the two beaker type detector
modules operated during CRESST-II(Phase 2).

The baseline noise of the detectors, listed in the second column of table [7.I] are
in agreement with the peak width (1o) obtained for the smallest triggered test pulse
amplitude for which no degradation in the trigger efficiency is observed. As mentioned
before, the detector resolution of the smallest triggered test pulse amplitude can be
considered as conservative upper limit for the baseline noise (see section . For
module 1, the detector resolution of the smallest triggered test pulse is 1.400keV. For
module 2, a detector resolution 0.316 keV is determined using the same method.

The performance variations observed for phonon channels of different CRESST-II
detectors are generally large. Values for Eyj,..s between 0.3 and 5keV are commonly re-
ported for different CRESST-II detectors [69] [71]. For the baseline noise, values between
0.065 and 1keV are reported [69] [71].

The performance of the phonon channel in detector module 1 is below the level usually
observed for CRESST-II detectors. However, the poor performance of module 1 is most
probably not related to the detector design but to a poorly performing thermometer. In
this readout channel, an uncommon small signal-to-noise ratio is observed although the
noise of the baseline (i.e. baseline RMS) is of the same size. Compared to the beaker
module 2, the signal-to-noise ratio is one order of magnitude worse. A relation to the
glue connection between the main absorber and the carrier crystal is ruled out because
the performance level is poor for both event classes.

In beaker module 2, the detector threshold Ejj,.s as well as the baseline resolution oy
are able to compete with the best performing CRESST-II detectors. Thus, the general
performance of the phonon channel in beaker detectors shows no general performance
degradation, but with only two detector modules of this kind operated until now no
reliable statement can be given.

In the beaker detector design, main absorber and carrier crystal are read out with the
same temperature sensor. However, the TES is located on the carrier crystal. The two
detector components are connected with a glue interface which establishes a mechanical
connection and allows the signal propagation from one to the other detector part. The
glue interface between the two crystals is expected to introduce losses which are reflected

121



KAPITEL 7. BEAKER DETECTOR CONCEPT

in a reduced pulse height for events originating from the main absorber, therefore, in a
worsening of the detection threshold.

Compared to other CRESST-II detector designs also using a carrier crystal for the
TES, the mass of the carrier crystal used for the beaker detectors is increased. The
increased mass of the carrier crystal allows to collect sufficient statistics for a spectral
analysis of carrier events. Since main absorber and carrier crystal are machined from the
same crystal, the intrinsic contamination with radioisotopes, thus, the spectral shape of
the electron recoil band is identical. The spectral intensity scales according to the mass
ratio of the two absorbers. By comparing the detected pulse height for a certain energy,
performance differences are revealed (see figure [7.4)).
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Abbildung 7.4: Hlustration of the pulse shape and pulse height differences for a 46.5 keV
energy deposition in the main absorber and in the carrier crystal recorded
with the phonon channel of beaker module 2.

For module 1 and module 2, the pulse height of main absorber events is reduced by
51 % (module 1) and 48 % (module 2) compared to carrier events with the same energy.
The loss of pulse height causes, that for main absorber events, the detection threshold
is a factor 2 higher than for carrier events. Therefore, the use of a carrier system is
confirmed to have an impact on the sensitivity of a detector module for dark matter.
However, it is important to note, that the mass of the carrier is significantly smaller
and, therefore, performance gains are expected for carrier events. Since in the beaker
detector design a true 4m-veto is achieved using the carrier crystal to cover the surfaces
the beaker is not able to cover, the worsening of the detection threshold in the phonon
channel is accepted to achieve this design goal.
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7.3.2 Intrinsic Performance of the Light Detector

The realization of the design goals of the beaker detector module, especially the im-
provement of the discrimination power for background events, relies dominantly on the
performance of the light detector. Due to the increased dimensions of the light absorber,
the performance of the light detector as cryogenic detectors is expected to be reduced.
The mass as well as the surface area of the light absorber are increased by a factor 5
(from 12cm? to 60 cm?) compared to the SOS light absorber used for the conventio-
nal detector module. Thus, gains in signal height achieved by a larger light collection
efficiency compete with a reduction in intrinsic detector sensitivity. To account for the
increased absorber volume of the light detector, the thermometer structure of the beaker
is adapted (see section [7.2).

Furthermore, the possibility for position dependencies in the detector response is in-
creased for the beaker. Depending on the distance between the energy deposition and
the thermometer, the detected signal can experience additional losses which cause an
additional degradation of the detector resolution. Reason for this effect is reduced cross
section of the beaker, which affects the phonon propagation in the absorber and, there-
fore, the signal evolution.

In the following paragraphs, the performance of the light channel as cryogenic detector
is evaluated using the same methods as for the conventional modules (see section [4.2)).

The energy scale for direct energy depositions in to the beaker is set using *Fe X-
ray calibration sources which illuminate both beakers directly on the mantel area. The
calibration with an %°Fe X-ray calibration source produces two mono-energetic peaks
at 5.89keV (K, ) and 6.49keV(Kp, intensity ~ 11.7% of K,) [67]. Pulse shape analysis
allows to identify direct light absorber hits and allows to separate the direct energy
depositions unambiguously from scintillation events (more information will be given in
section . In addition, the signal in the phonon channel is used as anti-coincidence
veto to reject all events with an energy deposition in the main absorber.

The calibration spectra recorded with the two beaker shaped light detectors are are
shown in figure [7.5]

In both spectra, a position dependent detector response is observed which masks the
expected spectral shape of the calibration data. Since the recorded spectra differ strongly,
they are discussed in the following individually.

For the beaker shaped light detector operated in detector module 1 (figure , at
least four distinct peaks can be identified in the spectrum of the *>Fe calibration source.
The relative position as well as the relative intensities of the peaks suggest that the
spectrum of the source can be separated into two separate event populations. One that
is related to K, X-ray line and one that is related related to Kg X-ray line. By using
a fit model based on two Fermi-function like cut-off functions which are combined two
exponential rise/decay functions, each of the two event population can be described
empirically. Both event populations show a similar behavior which can be explained
with a position dependent detector response. Each event population consists of two
peaks which are connected by an asymmetrically shaped valley. The number of events
contributing to the K, and Kz population corresponds to the literature value of the
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Abbildung 7.5: Spectrum of the **Fe calibration sources illuminating the beaker shaped
light detectors. The recorded spectra are discussed in detail in the text.
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decay. However, the peaks in the respective on the left and right side do not have the
same height. The high energetic, falling edge as well as the low energetic, rising edge of
the spectrum represent the maximal/minimal detector response for a given energy. The
steep rise/decay of the local maxima at the edges indicate that the intrinsic detector
resolution for a certain event class with a defined position of absorption is much better
that the broad spectrum suggests. In between the minimum and the maximum of the
spectrum, the event distribution is broadly smeared, creating an asymmetric shaped
valley between the two peaks. This observation suggests that the spectral shape is related
to the specific detector response for a certain location of absorption. As a consequence,
a precise energy calibration of light detector in beaker module 1 cannot be performed
without further, very specific assumptions.

The effect of a position dependent detector response is confirmed by the second ca-
libration spectrum which is recorded by the beaker shaped light detector operated in
detector module 2 (figure . Here, the calibration spectrum shows two peaks with
the expected ratio in peak positions (i.e. energy) and intensities. The position dependent
detector response is less pronounced, but still visible as asymmetric broadening of the
two peaks to smaller pulse heights. Also here, the spectrum can be separated in two
event populations which are correlated to K, X-ray line and the Kz X-ray line of the
source. In this case, the model used for describing a single component of the spectrum
is composed by a single Fermi-like function and an exponential rise. In contrast to the
beaker shaped light detector operated in detector module 1, an energy calibration can
be performed using the identified peaks since the spectrum is in agreement with the
expectation.

For both beaker shaped light detectors, but especially for the beaker shaped light
detector operated in detector module 1, a significant variation in the detector response
is observed for X-ray interactions. Developed in the scope of the CRESST-II experiment,
though, the light detectors are intended for measuring a scintillation light signal and not
for measuring X-ray interactions.

In the following paragraphs, the influence of the position dependent detector respon-
se for mono-energetic X-rays on the capability to measure scintillation light signals is
investigated. The main difference between scintillation signals and X-ray interaction is
that an energy deposition is distributed over the full area the detector provides for
light absorption instead of a single, localized energy deposition. Hence, one can assume
that a scintillation based event sees the averaged effect of a position dependent detector
response which depends on the distribution of the photons detected in the light detector.

The investigation of these effects is difficult because the majority of the input parame-
ters necessary to describe the problem are generally unknown. Nevertheless, the X-ray
calibration spectra can be used to model the influence of the effects on the detected
pulse height for scintillation events using a simulation. The simulation has the following
approach:

1. Creation of a photon with a random energy according to the emission spectrum of
C&WO4.

2. Photon propagation in the detector and collection in the light detector.
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3. Response of the light detector for each photon as a function of the interaction
process (i.e. position dependent detector response (DR)).

4. Sum over all generated photons to compare the detected energy with the energy
of a X-ray absorbed at a certain position of the detector.

The emission spectrum of CaWOQy, is known [44]. Based on this knowledge, the energy
distribution of the photons connected to a scintillation event can be modeled precisely.
The photon propagation and collection in the light detector can be simulated realistical-
ly using the simulation code for estimating the light collection efficiency (see previous
chapters). Hence, the distribution of the absorption locations on the photons can be
modeled. The detector response for a given absorption point is usually not precisely
measured. For this, the light detector has to be illuminated with a known energy at
different locations of its surface which is usually not done during the detector characte-
rization. Nevertheless, the second and third point can be estimated by using the spectra
under the assumption that a single source illuminates the beaker homogeneously. In
this case, the recorded spectra, shown in figure can be understood as probability
distribution for the detector response. This allows to estimates the detector response for
a scintillation event in comparison to an X-ray interaction with the same energy at a
specific detector position.

The last assumption for the simulation is a simplification of the detector response
since it relates the recorded spectra solely to position dependent response while possible
influence of geometric effects is neglected.

Using the simulation approach outlined before, the detector response for scintillation
events is estimated. The procedure is explained in detail for the light detector operated
in detector module 1. The detected energy of scintillation signal with an energy FEg; is
calculated with

— n

Eget = X Ephoton,i . DR; . (7.1)

——— —— ~——
number of photons (Poisson distributed) \scintillation spectrum detector response

The relative detector resolution AFEge;/Eqet is calculated with

(AE) _ (ﬁ) N (o) . (ADR>2 72)
Edet n Ephoton DR . ‘
In equations and [7.2 n is used as the number of simulated photons, Ephoton,i) s
the individual photon energy, E,hoton as the average photon energy according to the
scintillation properties of the target crystal, oppoton is the variance introduced to the
photon energy Eppoton due to the scintillation process, DR the detector response function
and ADR the uncertainty of the detector response function DR.

To generate the same energy deposition in the light detector as for an X-ray with

an energy of 5.89keV an average number of 2031 photons is necessary. To account for
the intrinsic uncertainty of photon counting, the number of photons in a single event is
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Poisson distributed around this value. Each photon has an energy which is in agreement
to the scintillation spectrum of CaWQy,. Using the fitted spectrum of the >°Mn K, event
distribution as probability distribution for the detector response, each photon energy is
multiplied with a random detector response according. For the detector response, it is
assumed that the high energetic tail of the event distribution corresponds to a detector
response of 1. The distribution of the detector response for the photons generated to
simulate one event is shown in figure in blue. In addition, the average detector
response of a scintillation event is calculated. By repeating the calculation (i.e. 10000
events), a histogram of the average detector response is generated (figure , red line).

The result of the simulation shows that, for scintillation events with an energy of
5.89keV, the effect of the position dependent detector response is averaged and results
in a normal distributed event population for a large number of simulated events. Thus,
inhomogeneities in the detector response are averaged by the homogeneous distribution
of the events over the surface available for light collection. This finding is in agreement
with measurements made with standard CRESST-II light detectors. The usually obser-
ved detector response for scintillation events is normal distributed which is reflected in
the parametric band description (see section .

Nevertheless, the detector response for scintillation events is reduced compared to the
maximal detector response for X-rays. The average detector response for this event class
is 0.916 with a 1o of 0.0221 (2.24 %) (beaker 1) and 0.975 with a 1o of 0.0212 (2.17%)
(beaker 2), respectively.

For smaller photon numbers, thus, for smaller energies, the effect of the position
dependent detector response is investigated as well. In this case, the number of detected
photons becomes smaller and the averaging effect of the position dependencies is reduced.
This can be reflected in the relative detector resolution.

The investigated energies are 2keV and 100 eV[T] The simulation shows that the avera-
ge detector response is invariant for different energies. In addition, the simulation shows
no indication that the simulated light signals are not normal distributed around the
average detector response. Though, the 1o width of the simulated events increases to-
wards smaller energies. The results of the simulation applied to the beaker shaped are
summarized in table Based on the simulation, one can state that the influence of
the detector response on the final detector resolution for scintillation events is small
compared to other effects. The broadening of the detector response is dominated by the
uncertainty introduced by the photon counting statistics as this contribution is a factor
10 larger than the other uncertainties.

The energy calibration of the beaker shaped light detectors is determined using the
average detector response DR of the the beaker detectors. This means, the energy ca-
libration is corrected according to their detection efficiency for scintillation light which
is determined using the simulation code explained in the previous paragraphs. For the
light detector operated in detector module 1, the calibration factor (., ; is determined

IThese energies correspond to the expected scintillation signal for electron recoil events in energy range
of the ROI for dark matter searches (i.e. E =1 — 40keV).
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Abbildung 7.6: Simulated detector response of 10000 events (scintillation) with an ener-
gy of 5.89keV. The recorded *°Fe spectrum of the beaker light detec-
tor of module 1 is used as detector response function (black spectrum).
The high energetic peak is normalized to detector response of 1. The
red spectrum shows a histogram of the average detector response for a
scintillation event with an energy of 5.89keV. It can be shown that the
influence of the position dependent detector response is averaged by the
large number of detected photons per event. As a consequence of this
averaging effect, the events are normal distributed around an average
detector response (fit is indicated as green line). The average detector
response for the beaker shaped light detector of module 1 for scintilla-
tion events is 91.6 % while the relative detector resolution is 2.2% (1o

width).
to be 0.621V %
= ————.0.916 = 0.097 £0.0021 —— )
Ceal 1 5 S0 kaV 0.916 = 0.097 +0.00 ol (7.3)
and the calibration factor (. o for the light detector operated in detector module 2

0.780V \Y

ca. —_ << . == .].2 :l: . 2 — ,4

Geal,2 5 80kaV 0.975 = 0.129 4+ 0.029 oV (7.4)

The intrinsic detector resolution cannot be determined based on the calibration data
without further assumptions. Nevertheless, different options can be named to give an
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Eget avg. DR | AE e, / Ejer | AE e / Elget AEdet/ Eet AEdet/ Eger
DR DR+scin | DR+Poisson | DR+scin+Poisson
beaker 1
5.89 keV 0.916 0.0017 0.0017 0.0222 0.0223
2keV 0.915 0.0029 0.0040 0.0371 0.0380
100eV 0.907 0.0130 0.0178 0.1689 0.171
beaker 2
5.89 keV 0.975 0.0006 0.0016 0.0216 0.0217
2keV 0.978 0.001 0.0029 0.03671 0.0371
100eV 0.961 0.0043 0.0129 0.1602 0.1609

Tabelle 7.2: Summary of the simulation results for the average detector response and
the relative detector resolution AFEgy.;/Eqe for different energies Eye,; for the
beaker shaped light detectors operated in detector module 1 and 2. The
influence of the different uncertainties on the total uncertainty is given with
the values listed in the different columns.

estimate on this detector parameter.

For scintillation events, the intrinsic detector resolution can be assumed to be identical
to the total uncertainty the simulation derives. Thus, a 1o /E resolution of 2.24% (beaker
1) and 2.17% (beaker 2) can be estimated.

A less conservative approach is used if one estimates the detector resolution for a
limited area of the light detector. This eliminates the influence of the position dependence
and allows to investigate the intrinsic resolution of the thermometer used for the light
detector. The isolation of the events is achieved under the assumption that the steep
rise and decay of the two event populations represent the minimal/maximal detector
response to a given energy for the most distant and the closest absorption point. In this
case, the width of the flanks on the left and right side of the spectrum are defined by
the intrinsic resolution of the TES. By fitting the high energetic flanks with a Gaussian,
one can determine a o;p = 56.2 £ 1.2¢eV (0.8%) for beaker 1 and a o,p = 76.8 £ 1.3eV
(1.2%) for beaker 2. These values exceed the normally observed performance of standard
CRESST-II light detectors for which a relative detector resolution of 1-2 % is common.

The baseline noise of the beakers orpy is derived by fitting empty baseline samples
with the standard event and applying the standard energy reconstruction (see section
. The amplitudes returned are normal distributed around zero and allow the extract
the baseline noise o,p . Table summarizes the values obtained for the beaker shaped
light detectors. The values for o7p are in good agreement with other CRESST-II light
detectors. No significant influence of the increased light absorber dimensions is observed
in the baseline noise o,p p.

In summary, one can state that the performance of the beaker shaped light detectors
shows no major worsening due to the increased dimensions of the light absorber. Due to
the increased dimensions of the light absorber, a position dependent detector response for
X-ray interactions is observed. For scintillation light signals, theses position dependencies
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’ detector \ OLDb ‘

module 1 | 6.87eVE0.06eV
module 2 | 5.66eV+ 0.05eV

Tabelle 7.3: Baseline resolution o, of the beaker type light detectors operated during
CRESST-II (Phase 2).

are less relevant since the large number of detected photons help to cover this effect.
Nevertheless, a reduction of the average detector response of up to 10 % is observed for
scintillation signals detected in the beaker shaped light detectors. The relative detector
resolution is only marginally influenced by the increased light absorber dimensions.

The detector performance of the beaker shaped light detectors as cryogenic light de-
tectors is reduced in direct comparison to the standard light detectors of CRESST-II.
Main reason for the reduction is the increased influence of position dependencies on the
detected signal height. Nevertheless, the reduction in performance is on a moderate level
which allows to assume that it can be counterbalanced by the increased light collection
efficiency in the beaker detector design.

7.3.3 Energy Detected as Light

As stated in section [7.1], the beaker design aims to reduce the average distance scintilla-
tion photons travel before being absorbed in the light detector to reduce the number of
photons lost during propagation. The simulation of the light collection efficiency estima-
tes that for the beaker module the amount of energy detected as light can be improved
by a factor 2-2.5 compared to the conventional detector module.

The fraction of energy detected as light is determined using the method described
in section [£.5.2] It is based on comparing the detected energy for scintillation light
with direct energy depositions in the light detector. To set the energy scale of the light
detector for direct energy depositions, the ®Mn K, X-ray lines of the *Fe source directly
illuminating the light detectors is used (see calibration spectra in figure . The energy
scale for scintillation light events is determined using the 5"Co calibration data. Using
the normalized standard events for direct light detector hits and scintillation events, the
integral ratio is used to account for the pulse shape differences between the two event
classes. Table [7.4] lists the calibration values used for the determination of the EDL.

LD amplitude [V] average integral ratio Ceal
@5.89 keV det. response [keV/V]
beaker 1 0.620 0.914 £ 0.0221 | 1.218 £ 0.055 | 0.097 £+ 0.0021
beaker 2 0.780 0.975 £ 0.0217 | 1.221 £0.063 | 0.129 + 0.029

Tabelle 7.4: Summary of the parameters used for the calculation of the EDL.

Using these calibration parameters, the fraction of energy detected as light is derived.
The parameters used and the results are summarized in table [7.5]
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| Eca | LD amplitude [V] | detected energy in LD [keV] | EDL [%] |
module 1
122.06 keV 0.470£0.018 5.532+0.230 4.53£0.19
136.49 keV 0.535+0.018 6.236+0.235 4.55£0.17
module 2
122.06 keV 0.676+0.027 6.297+0.277 5.15£0.23
136.49 keV 0.762£0.028 7.094£0.289 5.194+0.21

| \ \ average [ 4.86 £ 0.09 |

Tabelle 7.5: Combined results of the determination of the fraction of energy detected as
light (EDL) in the beaker modules. The combined result is derived using
the 57Co calibration data set (y-ray lines 122.06 keV and 136.49keV). The
average value of the share of energy detected as light is (4.86 £ 0.09) %.

The measured EDL exceeds in both beaker modules the average values achieved by
conventional CRESST-II detector modules by a factor 2-2.5. The average value is (4.86+
0.09) % exceeding the EDL achieved in the conventional detector module ((1.9 £ 0.3) %
[48]) and the slice detector design ((3.08 + 0.21) %, section [6.3.4)).

The systematic uncertainty of the EDL value is dominated by the light detector reso-
lution for scintillation events. For direct energy depositions, the resolution of the light
channel is mainly defined by its performance as cryogenic detector (see section .
For events originating from the target crystal, i.e. scintillation signals, the performance
of the light channel experiences a further reduction which is not directly correlated to the
light detector. Local and intrinsic variations of the scintillation process in CaWO, [70]
and position dependencies in light collection efficiency worsen the resolution for events
originating from the main absorber. For the scintillation of the 122.08keV ~-ray (*"Co
source), a resolution of 3.9% (module 1) and 4.1 % (module 2) is measured. In compa-
rison with the resolution of the light channel for direct hits (see tables and [7.4), a
reduction of a factor 2 is observed. Other parameters (i.e. the intergral ratio) can be
determined with high precision (uncertainty < 1%) and influence the total uncertainty
marginally.

The difference between the measured EDLs of the beaker modules is too large to
be explained by the systematic uncertainty of the method used for its determination.
Variations in the scintillation efficiency of the target crystals as well as their optical
quality are able to explain the discrepancy of the results achieved in both detector
modules. In reference [48], the scintillating efficiency is measured for different CaWO,
crystals. There, variations in of O(10 %) are reported which is sufficient to explain the
observed differences.

The combined result of (4.79 £ 0.09) % is consistent with expected improvements
based on the simulation of the light collection efficiency. The measured values exceed
the average results achieved by the conventional detector modules and indicate that
the particle identification capabilities are improved for the beaker detector design. The
position dependencies in the detector response for X-ray interactions, which result in a
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reduction of the average detector response for scintillation light, are counterbalanced by
the increased light collection efficiency of the beaker detector design which implies that
the discrimination power for background can be improved according to the expectations.
The influence of the EDL on the discrimination capabilities is discussed in the next
section.

7.3.4 47-Veto System

One of the major design weaknesses of the conventional detector design is that it does
not provide fully vetoing detector housing. The beaker detector design overcomes this
limitation using a true active 47 veto system. Main intention of the veto system is to
reject all events which are not in agreement with the expected event signature of an
interaction occurring solely in the main absorber.

In the following sections, the working principle of the 47 veto system is explained in
detail using the better performing detector module (beaker module 2). In order to illu-
strate the discrimination power of this detector design in regard of external backgrounds
the raw data will be cleared step by step. Figure shows the data set of beaker module
2 before the 4m-veto is applied.
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Abbildung 7.7: Initial data set of beaker module 2 before the external backgrounds are
removed using the 4m-veto system.
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7.3.4.1 Discrimination of Carrier Events

In order to achieve a 47 veto, the identification of events related to the carrier crystal has
to be achieved with high efficiency down to the detection threshold of a detector module.
Since the carrier crystal is in direct contact with non-scintillating surfaces (e.g. bronze
clamps), the carrier itself experiences the same design flaws as the target crystal in the
conventional design in regard of external backgrounds. To assure that carrier related
backgrounds do not limit the sensitivity of the detector modules, all carrier events are
rejected.

In figure [7.8] the different event populations are marked to facilitated their identifica-
tion.
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Abbildung 7.8: Identified electron recoil event population originating from the main ab-
sorber and the carrier crystal. In addition, the surface a-decays in the
carrier are marked.

Next to the dominant event population related to the electron recoils occurring in
the main absorber crystal, a second prominent event population can be identified as
the election recoils taking place in the carrier crystal. In addition, the o band related
to surface decays can be identified as event population below the electron recoil band.
The reduced slope of the carrier related event population is related to the smaller light
yield of carrier events because of the geometric layout of the beaker detectors and the
incorrect pulse height determination of carrier events with the template fit.

The identification of events taking place in the carrier crystal is achieved by applying
pulse shape analysis to the signals recorded in the phonon channel. As mentioned in
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section [3.1.2] the pulse shape of an events is defined by the dimensions and geometry of
the cryogenic detector. The phonon propagation and thermalization reflect these detector
parameters and allows to disentangle events which occurred in the carrier from events
which occurred in the main absorber. The possibility to use this method is introduced by
the presence of the glue connection between the two detector parts. The glue interface
between the main target crystal and the carrier crystal affects the phonon transmission
in such a way that an absorber characteristic pulse shape can be developed.

A distinct pulse shape difference is observed between carrier and main absorber events
in both beaker modules operated during CRESST-II (Phase 2) (see figure [7.9). Using
the pulse model for describing the signal composition of an event (see section , the
time constants of the carrier events are determined (see table [7.6)).

| pulse parameter | carrier (B1) | main (B1) | carrier (B2) | main (B2) |

A, 1.219 2.036 1.22 1.36
Ay 0.175 0.249 0.114 0.151
Tin 0.79 3.74 0.44 1.06
Tn 13.92 16.10 8.44 13.25
Tt 80.11 89.40 98.15 130.91

Tabelle 7.6: Pulse parameters derived by fitting the normalized standard events for car-
rier and main absorber events of beaker 1 (B1) and beaker 2 (B2).

The rise time (7;,) of carrier events is significantly faster than the rise time of main
absorber events. The pulse shape parameters describing the decay of the pulses (7, 7;)
show only a small difference between the two event classes. The time constant describing
the decay of the non-thermal pulse component is reduced since it is related to the smaller
dimensions of the carrier. The time constant describing the decay of the thermal pulse
component is only affected on a small level as it is dominantly defined by the thermal
link of the thermometer system.

Given the presence of pulse shape differences, the rejection of carrier events using pulse
shape analysis is possible. The carrier cuts applied to the data are designed to achieve
an effective and complete background rejection while the reduction of the exposure due
to a reduced cut survival probability for main absorber events is intended to be as small
as possible.

To identify carrier events as such, different pulse shape parameters can be used like, for
example, the peak position of an event. In the analysis performed during this work, all
pulse shape parameters are used to achieve the best results in terms of rejection power.
In the following, the cut definition used for all pulse shape parameters is explained using
the peak position parameter as example. Figure [7.10| shows the peak position vs. energy
scatter plot using the data recorded with the phonon channel of beaker module 2 after
all energy independent data quality cuts were applied. These include the cuts on the
RMS of the baseline, the multiplicity, the left-right baseline value and an energy > 0.
Thus, the events in the remaining data set can be assumed to be valid events while
events showing artifacts are removed.
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Abbildung 7.9: Comparison of the normalized standard events of carrier and main ab-
sorber events in the two beaker modules. In both cases, the carrier events
reach the peak of a pulse ~ 5 times faster.
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Abbildung 7.10: Scatter plot showing the peak position vs. energy plane (beaker module
2). Events with a peak position of &~ 100 are identified as main absorber
events while carrier events are centered around a peak position of &~ 20.
The boundary in which 90 % of the events with a certain origin are
expected are indicated with red lines. The center of the respective event
populations are shown as green line.

In the chosen presentation, the events form bands which can be correlated to a certain
event class. Two major event populations are identified. Events with a peak position of
~ 100 are identified as main absorber events while carrier events are identified with
a peak position of ~ 20. For each event class, the events are expected to be normal
distributed around an average value as the widening is expected to be dominantly caused
by the detector resolution. Thus, the interval in which the events from a certain event
class are located can be derived for a limited energy interval by fitting a Gaussian to
the respective population (90% interval is indicated by the red lines).

Towards smaller energies, the reduced signal-to-noise ratio causes the event populati-
ons to overlap because the pulse shape parameters become more and more influenced by
the baseline noise. In figure this behavior is observed as broadening of the respecti-
ve event bands. For events with small energy, the pulse shape parameters cannot be used
to disentangle main absorber events from other event classes. The pulse parameters are
determined with an uncertainty too large to a assure an unambiguous assignment. In or-
der to remove carrier events down to detector threshold, the cuts are made in such a way
that an effective background removal is assured. To keep the contamination with carrier
events at the desired level, two approaches are available to define the cut acceptance
region at small energies.

1. The definition of an energy independent cut limit (shown in figure as solid
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purple line). The limit is defined by the total amount of expected leakage of carrier
events in the cut acceptance region over the full energy range. In this case, the cut
limit is set to allow less than one carrier event is expected to survive the carrier cut
on the peak position. The accepted events are marked in purple as well. Since the
highest probability for leakage is given by the first bin above detector threshold,
the impact of the latter is large on the cut limit. In bins at higher energies, the
amount of events leaking into the acceptance region is smaller.

. The definition of an energy dependent cut limit (see figure . The events lo-
cated in the acceptance region are marked in in purple. Since distribution of events
can be estimated for energy bin individually, it is also possible to set a cut limit
for each bin based on this distribution. By integrating the estimated leakage over
the full energy range one can achieve an energy dependent cut definition based
on the data. In this case, less than one carrier event is expected to survive the
carrier cut on the peak position. As long the band do not overlap, the acceptance
region corresponds to the main absorber band with the chosen acceptance limits.
At lower recoil energies, where main absorber and carrier bands start to overlap,
the acceptance region is reduced by the area the carrier band and the main absor-
ber band cover simultaneously. This method distributes the possibility for carrier
events leaking into the cut acceptance region equally over the full energy range
and minimizes the number of main absorber events falsely removed from the data.
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Abbildung 7.11: Comparison of the different methods for the cut definition.

For the data set recorded for the two beaker modules, the energy independent cut
definition was used. Although the cut survival probability is reduced at lower energies
to a larger extend using this method, the amount of carrier events surviving the cuts is
expected to be smaller. Therefore, this approach can be considered as more conservative.

To validate the efficiency of the applied cuts to the data a simulation is used. By su-
perimposing standard events with randomly sampled baselines, it is possible to generate
artificial events of a certain event class with the characteristic noise level of the respective
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detector channel (method described in reference [69]). By scaling the amplitude of the
superimposed standard event, the cut survival probability can be derived as a function
of energy. The cut survival probabilities for the beaker modules 1 and 2 are given in
figure [7.12]

The lines shown in figure represent the final cut survival probability after all cuts
are applied to the data. Thus, a general reduction of the survival probability by 10 % due
to the stability cut and the removal of signal artifacts is introduced for main absorber
events and carrier events.

For both modules, the final cut survival probability is derived down to the threshold
of the phonon channel. For energies well above the threshold (> 5 - Ejpes), the cuts
applied are highly effective to remove the carrier events. Above this energy, the survival
probability for carrier events is negligible (i.e. no artificially generated events survives
the applied cuts) while the cut survival probability for main absorber events is above
90%. However, for lower energies, the influence of the baseline noise is reflected in the cut
survival probability for main absorber events and carrier events. In order to maintain
a efficient veto mechanism, the decreasing signal quality requires to remove a larger
fraction of main absorber events. This is reflected in the reduced cut survival probability
for main absorber events. On the other hand, the probability that a carrier event survives
the cuts increases towards smaller energies due to the choice of a energy independent cut
definition. This is reflected in the increasing survival proportionality for carrier events
towards small energies.

For beaker module 2 (figure [7.12b)), the derived cut efficiency meets the expectation
in regard of its shape and efficiency.

Due to the poor performance of the phonon channel of beaker module 1, which is
also reflected in the bad detector threshold of this phonon channel (see section [7.3.1]), a
proper cut definition is impeded for this detector module. The baseline noise affects the
observed pulse shape for events with an energy < 50keV to such a level that a complete
removal of all events is would be necessary to achieve desired cut efficiency for carrier
events. Consequently, the performance of beaker module 1 is not sufficient to allow a
reliable statement on the performance carrier system in this energy range.

The efficiency of the carrier cuts can be illustrated with the data (see figure [7.13).
After the application of all carrier cuts, the region below the electron recoil band of the
main absorber is cleaned from electron recoils and a-interactions taking place inside or
on the surface of the carrier crystal.

The removal of carrier events is not only necessary for the data recorded with detector
modules of the beaker design. Establishing the appropriate cuts to remove them is also
necessary in the data sets obtained with detector modules of the conventional design
using the composite carrier concept [89]. The data of conventional detector modules
has been analyzed in several works (see references [43] [65] [69]). The findings in these
references confirm the behavior observed for the two beaker modules in regard of the
carrier cut efficiency and the general cut survival probability. For energies five times
larger than FEy..s, the cuts designed to remove carrier events work highly efficient while
the cut survival probability for main absorber events remains unaffected. Towards the
threshold of the phonon detectors, the veto mechanism using pulse shape differences
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Abbildung 7.12: Cut survival probability for main absorber and carrier events. The
shown energy scale is adapted to the individual performance of the
phonon channels. For more information, see text.
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Abbildung 7.13: Remaining data set after the application of the carrier cuts

fails due to the fact that no differences can be extracted. The increased dimensions of
the carrier used in the beaker detector design cause that the pulse shape differences
are less pronounced and the veto of carrier events is more difficult. However, the pulse
shape differences developed in the tested detector modules are sufficiently strong to
achieve a discrimination power which is on the same level as the discrimination power
achieved in other CRESST-II detector designs. Even in direct comparison with the best
performing phonon channel of CRESST-II (Phase 2) equipped with a carrier crystal ,
the enlargement of the carrier crystal used for the beaker modules shows no negative
impact on the final cut survival probability. Also in this module, the cut efficiency begins
to be affected by the carrier cuts at energies below an energy which is 5 times larger
than the reported detector threshold.

In summary, one can state that the rejection of carrier events is achieved with high
efficiency if the performance of the phonon channel allows a pulse shape analysis with the
usual accuracy obtained in CRESST-II phonon detectors. The identification of carrier
events can be achieved down to the detection threshold of the detector module while
the reduction of the exposure is not significantly increased in comparison with other
detector designs using a carrier crystal for the TES readout. There is also no indication
that the enlarged dimensions of the carrier crystal hinder the pulse shape analysis and
affect the sensitivity of the beaker detector on an increased level because of surviving
carrier events in the ROI.
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7.3.4.2 Discrimination of Excess Light Events

The term éxcess light eventrefers to all events whose light signals exceeds the normal-
ly observed scintillation signal of electron recoils in the main absorber crystal. In the
conventional detectors, the reason for the events to have an increased light signal is the
production of scintillation light in the detector housing (see section . In the bea-
ker detectors, excess light events are dominantly caused by an additional, direct energy
deposition in beaker (i.e. in the light channel).

Since this event class is considered as background, the 4rw-veto system is intended
to reject all events of this type. In figure (i.e. after the application of the carrier
cuts), the events with excess light character can be found as event population located
above the event population which is related to electron recoils taking place in the main
absorber.

Different kinds of particle interactions can lead to a light signal which exceeds the
normally observed scintillation light signal of an electron recoil occurring in the target
crystal. In CRESST-II detectors, excess light events are dominantly caused by external
f backgrounds originating from the experimental setup (i.e. cryostat/shielding) or by «
decays which take place on the surfaces of the target crystal or the detector housing. In
the following, the mechanisms behind the excess light event signature is explained for
external J-backgrounds and surface a-decays suing the schemes shown in figure [7.14]

Before being absorbed in the target crystal, a S-particle originating from the detector
environment, is able to interact with the material surrounding the target crystal and
deposit a part of its energy therein. Afterwards, these (s are absorbed in the main
absorber in which they create a phonon and light signal corresponding to their energy
and nature. In the conventional detector module, the scintillating foil lines the main
absorber in almost every direction. Incoming (-particles are able deposit part of their
energy to the foil which transforms this energy into scintillation light. Thus, the signal
recorded by the light channel is the superposition of scintillation light created by the
main absorber and a small amount scintillation light created by the surrounding foil
(scintillation efficiency of the foil 0.8 % [93]). Compared to an event from the bulk of the
target crystal, events with external origin have a larger light signal which shifts these
events in the light vs. recoil energy scatter plots above the electron recoil band (see
figure . This process is illustrated in figure In the beaker detector design, the
detected event behind this background process is similar. Also here, part of the energy is
not deposited in the target crystal but in the detector surrounding where additional light
is created (see figure . Intermediate, lossy processes like the scintillation process
in the foil and the light propagation in the detector housing are avoided which results
in larger additional light signal and facilitated identification of these events.

For a-decays that take place on a surface in direct line of sight to the target crystal
or on the target crystal itself, the underlying physical interaction processes are different
but the event signature in the detector channels is identical. During an a-decay, an a-
particle and a daughter nucleus are created. One of two decay products is absorbed in
the target crystal while the other one is absorbed in the detector surrounding (i.e. foil
or light detector). Also here, the energy deposited in the detector surrounding causes
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Abbildung 7.14: Interaction mechanism behind the excess light events in different detec-
tor housings.
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an additional signal in the light channel and allows to veto these events. In general,
the a-particles and nuclear recoils are detected with an reduced light signal in phonon-
light detectors. However, the additional light signal caused by absorption of the escaping
particle in the beaker, causes that the event related to a-decays are located above the
electron recoil band.

In detector designs which rely on a scintillating detector housing, excess light events
cannot be disentangled from main absorber events by applying pulse shape analysis
to the light channel. Although the scintillation mechanism of the foil VM2002 foil is
significantly faster than the scintillation mechanism of CaWQy, no significant pulse shape
difference is observed for excess light events because the signal contribution of the foil
to the total light signal is small.

For the beaker design, the situation changes. Since the beaker is actively read out,
pulse shape differences between direct energy depositions in the beaker and scintillati-
on light signals are more pronounced. Reason for this is the larger fraction the direct
energy deposition contributes to the signal seen in the light detector and the fact that
the energy is directly deposited in the light detector avoiding any intermediate process
(i.e. scintillation process, photon propagation). To illustrate the pulse shape differences
between scintillation signals and direct hits, the respective standard events of the light
channel of beaker module 2 are shown in figure [7.15]
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Abbildung 7.15: Comparison of the standard events derived for the beaker light detec-
tor. In black, the standard event for light signal of scintillation signal
originating from the CaWOQO, crystal is shown, in red the standard event
for direct light detector hits.
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By applying pulse shape cuts on the light channel, the excess light events are removed
from the data. Main goal of the cuts is to reject all events whose light signal differs from
a scintillation signal originating from the target crystal.

Since the light signal of excess light events is significantly larger than the light si-
gnal of scintillation based events with same energy (i.e. in the phonon channel), their
discrimination using pulse shape analysis is massively facilitated. The cut definition for
removing the light excess events can be done without any energy dependence. The cut
survival probability for main absorber events after the application of the pulse shape
cuts on the light channel is already included in the final cut survival probability shown
in figure for both beaker modules. No significant reduction of the cut survival pro-
portionality is introduced by the cuts designed to remove the excess light events (i.e.
<1%).

In both detector modules, the number of events located in this excess light event re-
gion makes up &~ 5% of the total number of events in the shown energy range. Excess
light events are found over the full energy range, nevertheless, there are clustered event
populations which can be related to distinct background processes. Two of these back-
grounds are discussed in detail in the following to illustrate that the 47 veto system
allows a better understanding of the backgrounds seen in the detector module.

In figure[7.16}, a cluster of events can be related to the S-decay of !°Pb taking place on
the surface of the beaker facing the target crystal or on the target crystal itself.

The discussed event population starts from the electron recoil band of the main ab-
sorber with a recoil energy of 46.5keV and continues on the isoenergetic lineE] until the
full energy is detected in the light detector. Consequently, the light signal is not only
caused by scintillation but also by a direct energy deposition in the light absorber which
allows its identification via pulse shape analysis.

The B-decay of ?!°Pb has to branches (see figure [67]. With a branching of 84%,
the B carries an maximum energy of 17.0keV. Additionally, the excited 2'°Bi nucleus is
created which emits a y-ray with an energy of 46.5keV. In the second branch (remaining
16%), the ( is able to carry up to the full Q-value of the decay (63.5keV).

The fact that the event population is located on the 46.5 keV isoenergetic line implies
that the dominating branch is responsible for the observed event population. The event
population is smeared towards larger energies by up to 17keV indicating that the
is absorbed in the target crystal. This behavior is observed over the full range of the
isoenergetic line. Both observations suggests that the «-ray is responsible for the energy
sharing between the phonon channel and the light channel. Therefore, one has to assume
that the observed event signature is related to a secondary process in which the y-ray
creates a photo-electron on the surface of the target crystal. This electron is able to
escape the main crystal and to distribute its energy between main crystal and light
detector which allows to explain the observed event signature.

This event population is only observed in the beaker detectors. Therefore, the origin

2An isoenergetic line is observed if a process is able to distribute a defined energy freely between the
phonon and light channel.
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Abbildung 7.16: Light signal vs. energy scatter plot of beaker module 2, showing the
event population related to the B-decay of 2'Pb taking place in the
surrounding setup. The events are located on an isoenergetic line of
46.5keV are smeared towards larger energies by the additional energy
energy the 5 deposits in the main absorber.
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Abbildung 7.17: Decay scheme of 2!°Pb.

of this event class is either related to the design of the beaker detectors or, more likely,
the conventional module is not able to disentangle these events from the other /3/7-
background observed in the target crystal.

The discussed event population allows to determine the EDL (see section [7.3.3]) of the
detectors using a second, completely independent approach. The energy calibration of
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the light channel, which is given in keV., is not correct for these events since the signal
in the light detector is dominantly caused by the direct energy absorption. In case the
light detector see the full energy of such an event, 46.5keV are detected. According to
the data shown in figure [7.13] this corresponds to an energy of ~ 800 4 20 keV,, which
can be translated to an EDL of (46.5 keV /800 keV.)/integral ratio ~ (5.14£0.15) %. In
both detector modules, the measured EDL is confirmed using this second method.

Next to event population related to the -decay of 2!°Pb, several event cluster can
be related in the data to the surface a-decay of 2!°Po. This background is introduced by
the contamination of the target crystal and the surrounding detector surfaces with ??2Rn
during the production and mounting process of the modules. The following a-decay of
20Pg to 2%Pb is observed in all CRESST-II detectors [71] [69] [94]. In the following, the
event signatures related to this decay process are explained.

In case an a-decay takes place on a surface, an a-particle and the daughter nucleus
are produced from which only one is absorbed in the CaWO, target (see figure [7.18)).
Independent whether the a or daughter nucleus is detected in the main absorber, the
scintillation signal from the main absorber is quenched compared to electron recoils
(see table 2.1)). For a-interactions, the scintillation light created in the target crystal is
generally sufficient to allow the unambiguous assignment as background event. However,
due to the reduced discrimination power of the detector modules in the low energy region,
the background leakage of a-events into the ROI of dark matter searches is enhanced
compared to electron recoils with the same energy. For nuclear recoils, the light yield
veto fails to identify the event as background. Thus, the discrimination power for these
events via the light yield veto is reduced or not possible if only the scintillation light
signal created in the CaWQ, target crystal is used for discrimination.

In general, the energy an a-decay deposits in the target crystal is well above the
acceptance region for dark matter searches. Though, the full deposition of the energy
into the phonon channel is not guaranteed. Due to surface scattering or in case the «
emitters are embedded in the bulk of the surrounding materials, a degraded energy entry
to the CaWQy crystal becomes possible which allows these events to appear in the region
of interest for dark matter searches [73]. Therefore, the detection of the escaping particle
via its absorption in a vetoed surface is crucial for the identification of surface a-decays.

In the following, the event signatures observed in the beaker module 2 related to the
a-decay of ?'Po —2%¢ Ph(103keV) + a(5304keV) are explained. The contamination of
the detector surfaces is high enough to assign some of the event populations visible in
the data to this specific background source. In general, the following event signatures
are expected for a-decays occuring on detector surfaces.

1. Undegraded surface events (I): a-particle is detected in the beaker light detector
(5304 keV), 2°°Pb-nucleus is detected in phonon channel (103keV).
Since the energy deposited in the phonon channel is well defined (103 keV), an iden-
tification of these events is achieved using this information. When the a-particle
is absorbed in the beaker, the size of the energy entry exceeds the dynamic ran-
ge of the light channels. In addition, the electronics of SQUID amplifier is too
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Abbildung 7.18: Illustration of surface a-decays showing the energy sharing between

main absorber and detector housing.

slow to follow the signal. As a result, the recorded signal is flatend at top and
the SQUID amplifier looses one or more flux-quanta, which is expressed in the to
a new baseline. Both effects cause a strong deformation of the signal (see figure

7.19).
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Abbildung 7.19: Typical event signature for a surface a-decay having the event signature
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of Undegraded surface events (I).

For events having this pulse shape, the energy cannot be determined correctly using
the template fit method. Though, the observed events show a characteristic and
defined pulse height which is related to number flux-quantum losses the SQUID
amplifier experiences. Depending on this number, the fitted pulse amplitudes have
discrete values, meaning the derived pulse amplitudes are quantified. Therefore,
these events are located at fixed positions in the light vs. energy scatter plots. In
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figure [7.20] this behavior is used to identify this event population.
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Abbildung 7.20: Event populations related to Undegraded event signature (I).

In case the Pb-recoil deposits its energy in the carrier crystal, the « is able to
deposit its energy in the beaker, in a scintillating part of the detector housing or
in a non-scintillating clamp. These events are efficiently removed by the carrier
cuts. In figure [7.7] thus, before the carrier cuts are applied, a clustering of these
events is observed at an energy of 120keV and a light signal of 40keV... These
events are paired with a reduced light signal because the « is either absorbed in
the foil or in a non-scintillating part of the detector housing. A clear separation
between these two sub-classes is not possible.

2. Undegraded surface events (II): a-particle is detected in main absorber (5304 keV
phonon signal+1000 keV, light signal due to the quenched scintillation response
of CaWQy to as), 2%Pb-nucleus is detected in the beaker(103keV as direct energy
deposition which adds to the scintillation signal).

This event signature creates in both detector channels a signal which is well above
the energy scale relevant for dark matter searches. Nevertheless, intrinsic and ex-
ternal a-decays can be identified in the high energy region which is shown in figure
[[.21l Next to the intrinsic contamination of the main absorber and the carrier
crysta]ﬂ with « emitters, an event class related to surface a-decays is identified
at 5304 keV. Due to the additional energy deposition in the beaker caused by the

3Due to the large size of energy entry to the phonon channel, the use of pulse shape analysis to
discriminate carrier events is not applied.
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the intrinsic a contaminations of the main absorber and carrier cry-
stal appear. In addition, the event signature of surface a-decays are

identified.

absorption of the Pb-nucleus therein, the light signal of these events is shifted from
the event band caused by intrinsic o contamination of the target crystal to lar-
ger values. The energy of Pb-nucleus (103 keV) is directly deposited in the beaker
causing that the detected signal in the light channel is increased by a factor of 3
to &~ 3250 keVe.. The energy detected in the phonon channel is reduced by this
amount of energy which is expressed by a shift of this event population from the
Q-value of the decay (5407keV) to the observed energy.

Degraded surface events (I): a-particle is detected in the phonon channel (5304 keV
phonon signal+1000 keV,, light signal), the energy of the 2°Pb-nucleus is partially
deposited in the beaker, the remaining energy is deposited in the phonon channel.
Between the event population assigned to Undegraded surface events (II) and the
intrinsic a-contamination of the main absorber, a connecting event band is ob-
served (see figure [7.21)). Due to elastic scattering on the surface the Pb-nucleus
distributes its energy between phonon and light channel freely. Depending on the
ratio of this energy sharing, the signal in the phonon and light channel is located
on the isoenergetic line of the Q-value of the decay.

Degraded surface events (II): The energy of « is partially detected in the bea-
ker (=> saturated light signal) or in the detector housing (i.e. carrier surface),
206Ph-nucleus is detected in the main absorber(103keV phonon signal)+ remai-
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ning energy of the a-particle (0-5203keV).

This event signature is not unambiguously identified for surface a-decays taking
place on the main absorber or the inner beaker surface. Though, before the appli-
cation of the cuts to remove all carrier related events, an event population related
to this signature is observed in figure [7.7] The event population located below
the electron recoil band of the carrier starting from an energy of ~ 120 keV[T and
extending from this energy in parallel to larger energies is related to as depositing
part of their energy in the carrier before escaping to the detector housing.

5. Degraded surface events (I11): a-particle is detected in the beaker (=> saturated
light signal), the energy of the 2°Pb-nucleus is partially detected in the main
absorber (<103 keV phonon signal), the remaining energy is detected in the beaker
but remains unnoticed (saturated light signal).

This event signature is not unambiguously identified in the data but is vetoed
based on the signal in the light detector.

The identification of the event signatures 1-3 is achieved using the characteristic energy
deposition of the decay process to the phonon channel. Therefore, the missing informa-
tion on the total energy detected in the light channel is irrelevant. Nevertheless, these
events are vetoed based on the deformed light signal. Since the other event signatures
(4-5) have neither in the phonon channel nor in the light channel a defined energy entry,
these cannot be identified unambiguously in the data. However, both event signatures are
paired with a large energy entry to the light channel causing a deformed and undefined
signal trace therein which allows their discrimination.

Surface decays related to a-decay of 2!°Po are not the only background process which is
paired with an undefined, deformed light signal. However, it is the only background which
provides sufficient statistics to allow the unambiguous assignment of event populations to
a specific decay process. Nevertheless, any other high-energetic interaction in the beaker
is able to cause a reset of the SQUID amplifier, too. All events with this characteristics are
located on the horizontal event clusters with an light signal of 450 keV .. and 560 kev.,
(see figure are rejected as background based on their pulse shape in the light
detector.

7.3.4.3 Data Set after the Use of the 47-Veto System

The 4m-veto system relies on the pulse shape analysis of phonon and light channel.
Carrier events as well as all events not having pure scintillation light signal are removed
from the data using this method. After the application of the pulse shape cuts, the
remaining events are assumed to be related to interactions solely taking place in the
target crystal. The final data set, used in the following sections for further analysis, is

shown in figure [7.22]

4The energy is shifted from 103keV to a larger energy because of the incapacity of the standard event
fit to account for pulse shape differences.
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Abbildung 7.22: Final data set after the removal of the external backgrounds using the
active 4m-veto system of the beaker module 2.

7.3.5 Particle ldentification

To determine the particle discrimination capabilities of the beaker modules operated
during CRESST-II (Phase 2), the data is analyzed in the light yield vs. energy plane.
Using the 122keV ~-rays of a *"Co-source, the light yield of the electron recoil band is
calibrated to unity. According to their quenching factors, the nuclear recoil bands are
expected to arise at 11.2% (oxygen), 5.9%(calcium) and 1.7% (tungsten) [51].

The data sets of the beaker modules 1 and 2 are shown in the light yield vs. energy
plane in the figures [7.23a] and [7.235] after all cuts described before are applied. The red
lines indicate the interval in which 90 % of the electron recoils are observed while the
black line indicates the center of the electron recoil band.

In both detector modules, no indication is seen that external events survived the cuts.
Neither excess light events nor surface a-decays are present in the data as it is expected
after the use of the 4m-veto system.

Towards smaller recoil energies, the light detectors resolution decreases which is ob-
served as a widening of the electron recoil bands. To quantify the width of the recoil
band and the capability of the beaker modules to discriminate [/y-background from
nuclear recoils, the parametric band fit discussed in section [4.3|is applied to the data.

The data is fitted using the same approach like for the slice detector prototype. Instead
of a 2-D likelihood fit, binned 1-D approach is chosen to fit the data. This method was
already used for the analysis of the slice detector prototype (see section for a
detailed explanation).

In case of detectors using CaWO, target crystal, the model describing LY. has to
account for the material’s particle dependent scintillation response for § and  radiation.
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Abbildung 7.23: Light yield vs. energy scatter plot of the final data sets obtained with
the beaker modules.
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This is reflected in the bending of the electron recoil band, at certain energies, to smaller
light yields (see figures [7.23a] and [7.23b]). The reason for this behavior is the different
interaction mechanisms behind the respective particle events which cause that § spectra
have a reduced light yield. For more information on the particle dependent scintillation
response and the related non-proportionality effect see reference [95].

The spectral features in the electron recoil band can be related to intrinsic contami-
nation of the target crystals. In the energy spectra of the phonon channels (see figure
, the B-decay spectra of 22Ra (start energy 6.7keV), 22"Ac (start energy 9.3 keV
and 24.6keV) and *'°Pb (start energy 46.5keV) can be identified [67]. The contributions
of the respective backgrounds are also visible in the figures [7.23al and [7.23a] as tear off
edges where the bending of events towards smaller light yields stops abruptly and the
electron recoil band returns to a center value of ~ 1.

Using 1keV intervals, the width of the light yield distribution of electron recoils is
determined by fitting a single Gaussian to the electron recoil population. The derived
width is fitted using equation [4.0] to extract the parameters Sy, S; and Sy which allow
a direct comparison to other detector modules. In case a second event population arises
(i.e. nuclear recoils), an additional Gaussian is added to the fit function to describe the
light yield distribution. In order to limit the number of free fit parameters, the width of
the second Gaussian is defined by the width of the electron recoil band and respective
quenching factor QF, of the additional event population (equation 4.9)).

In beaker module 2, an additional event population with a reduced light yield is
visible for energies below 14 keV (see ﬁgure, growing exponentially towards smaller
energies (contribution indicated in figure as red line). In beaker module 1, no
statement can be given concerning this event population since the the poor performance
of the phonon channel prevents the investigation of the energy range below 10keV.
However, a discussion on the possible origin of this event population will be given later
in a dedicated section [7.3.6l

If this event population is not considered in the likelihood analysis, the description
of the electron recoil band is influenced and the width as well as the center of the
population is not determined correctly. Therefore, a second event population is added
to the likelihood function describing the data of beaker module 2 meaning the low
energy region is fitted using two Gaussian which are centered around a light yield of 0
and O.aﬂ. The small amount of events in the low energy range limits the possibility to
precisely determine the fit parameters. Additionally, a strong correlation between the
model parameters is observed.

To parameterize the center (LY,) and the width of the electron recoil band (oy) as
function of the energy, the equations and are used. In table [7.7] the results of
the fit are given. For comparison, the average values of detectors with the conventional
design are given.

The description of the center of the electron recoil band LY.(FE,) does not show any
significant differences compared to other detector modules. This is expected since these

5Due to the non-proportionality effect, the center of the electron recoil band is located below the
calibration value of 1.
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Abbildung 7.24: Spectra of the phonon channels recorded by the the beaker modules.
The final data sets are shown. In addition, the fit of the spectrum is
given (green line). For module 2, the event contribution caused by the
events with light yield zero is shown (red line).
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’ parameter \ module 1 \ module 2 \ avg. CRESST-11 ‘
Do 1.04 1.02
D 5.182-10 2 8.088 10~
Do 0.439 0.213
D3 7.997 23.661
So 2.675 kev? (fixed) | 0.103 kev?, (fixed) | 0.61240.210 kev?,
St 0.328 £0.014keV | 0.256 + 0.010keV | 0.58040.025 keV
S <1-107° <1-107° 0.0003+0.0002

Tabelle 7.7: Results of the parametric band fit to describe the electron recoil bands in
the beaker module 1 and 2. The given uncertainties are fit errors (beaker
modules) or statistical uncertainties (avg. CRESST-II module). For the dis-
cussion of the results see text.

parameters are defined by the intrinsic crystal properties of the target and not dependent
on the detector design. In both beaker modules, the shape of the electron recoil band is
similar to the observations made with other detectors, including the strength of the non-
proportionality effect. For a comparison with other CRESST-II detectors, see references
[43], 193] or [|22].

The resolution oy obtained for the beaker modules reflects the impact of the EDL.
Based on the gains acheived for the EDL by the improved light collection, Sy and S; are
expected to show a smaller value. This is especially the case, since the performance of the
beaker shaped light detectors as cryogenic devices show no degradation in comparison
to other CRESST-II light detectors.

As discussed before, Sy accounts for the baseline noise (i.e. the detector resolution for
zero energy) of the two readout channels and is calculated using equation . During the
fit of the data Sy is fixed as it can be calculated with the independently derived detector
resolutions for the respective readout channels and the measured EDL. Depending on the
baseline resolution of phonon and light detector the influence of the EDL on S; varies.
In case of the beaker modules, the light detector’s contribution to Sy becomes negligible
since oy, . p/EDL becomes small compared to the phonon detector’s baseline resolution
oy, pp- This is especially the case for beaker module 1, given that the performance of the
phonon channel is extremely poor. The baseline resolution o, pp of module 1 is eight
times larger than the baseline resolution o}, pp of module 2 (see section . Therefore,
the impact of the good performance of the light channel on S is insignificant in beaker
module 1.

The fit parameter S} accounts for the energy dependence in the detector resolution
of the light detector. Two main aspects influence this parameter. First, S; accounts for
the intrinsic increase of the relative resolution of the light detector as cryogenic detector
(see section . Second, and more dominantly, S; reflects the uncertainties which
are introduced per detected photon. Therefore, the S scales according to the Poisson
statistics (y/number of detected photons) and is proportional to (1/EDL). The perfor-
mance of the phonon detector has no influence on S;. Therefore, S; can be considered
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as the best quantity to evaluate the influence of the light channel’s performance on the
discrimination power. Since S contributes dominantly to the total o7y in the ROI, it is
the defining quantity for the discrimination power in this energy range.

In both beaker modules analyzed in this work, the value obtained for S; fulfills the
expectation of being significantly smaller than the S; values derived for the average
CRESST-II detector (see table[7.7)). The measured values align with the values obtained
with simulation which was carried out to investigate the light collection efficiency in the
beaker detector.

The S, parameter behaves for the beaker modules in a similar way as it is observed in
other detector modules. The values for Sy are < 1-107°. Thus, S, does not contribute
significantly to oy in the relevant energy range for dark matter searches. The parameter
is fitted smaller than in other detectors indicating that position dependencies are reduced
for the beaker detector design. This observation is in agreement with the improved
EDL and the simulation which relates the better light collection efficiency to a shorter
traveled distance of photons inside the detector housing. At same time, losses related
to reabsorption in the crystal and, consequently, the uncertainties introduced by these
losses are reduced.

Based on the improved EDL achieved in the beaker detector design, the rejection
efficiency for electron recoils is expected to be significantly improved compared to other
detector designs. As mentioned before, two methods are available for evaluating the
discrimination efficiency of a detector (see section [.4): The definition of an analysis
threshold, thus, the energy above which no electron recoil event is observed in the ROI
with a probability of 50 or the number of expected background in the ROI for a certain
amount of contamination in the target crystal. Both methods are used to compare the
performance of beaker module 2 with the average performance of a standard CRESST-
IT detector. Using the values of the parametric band fit derived for module 2 and the
same assumption set as used in section m (i.e. analysis threshold: Eyp.es = 1.5keV,
background contamination: 100 events/(0.1keV)) the data driven simulation is repeated
20 times for each detector geometry. According to the simulation, the expected number
of electron recoil events leaking into the ROI for dark matter searches is expected to be
reduced by (85.69 £ 0.64) % compared to an average conventional detector module with
the same amount of contamination. Also the average analysis threshold is reduced from
a value of (11.15 £ 1.51) keV (conventional detector design) to (4.41 £ 0.92) keV (beaker
detector design). Both numbers show, that the discrimination efficiency of detectors with
the beaker detector design is improved compared to other CRESST-II detector designs.
Main reason for this is the improved EDL due to the changed detector geometry, which
is reflected in a significantly smaller value of Sj.

7.3.6 Event Population with Reduced Light Yield

In beaker module 2, an unexpected event population with light yield of approximately
zero can be identified (see figure . This event population is not in agreement with
known backgrounds. This population has an upper boundary at an energy of 14 keV and
increases exponentially in intensity towards smaller energies. In the ROI, 160 events are
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observed. The light yield of this event population is centered at a value of 0.12. Figure
shows a projection into the light yield plane of detector module 2 for recoil energies
0-15keV, thus, into the energy range in which the excess event population is observed.
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Abbildung 7.25: Light yield distribution of the energy range < 15keV of the data re-
corded with module 2. Next to the expected electron recoil population
with a light yield of 0.9 and second population with reduced light yields
is observed. Additional to the data, the best fit using two Gaussian is
given (red line).

The observed number of events is too large to be explained by carrier events surviving
the pulse shape cuts (see section . Based on the simulation performed to test the
discrimination power of the cuts for carrier events, less than 1 carrier event is expected
to survive the carrier cuts. Since these events with light yield zero survive the carrier
cuts, no significant pulse shape difference to main absorber events exists. This suggests
that their origin is in the main absorber or closely related to this absorber. In addition,
no time variation of the rate of these events is observed.

Unfortunately, the performance of beaker module 1 is insufficient to observe this event
population in this detector. Therefore, it is not possible to relate the detector design to
these event class. Still, as the excess of events is only observed in a single module which
is of new design, a relation to the detector design is the most conservative approach to
explain this phenomenon.
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In the following, two possible explanations are discussed:

¢ One possible explanation relates the excess to the non-scintillation glue spot used
to establish the connection between main absorber and carrier crystal. Despite
the fact that the amount of glue is small (< 40 ul), energy depositions in the
glue spot (contamination of the glue, interaction of external backgrounds with the
glue) are able to induce a phonon signal. Since the glue is not scintillating, these
events generally create no light signal which can be used to identify these events
as background. Additionally, thermal stress relaxation at the interface between the
glue and crystal (main absorber and carrier) can cause zero light events.

In case the discrimination via the light yield of an events is not possible, pulse
shape analysis of the phonon channel could be used alternatively. Nevertheless,
depending where inside the glue the signal is created and in which absorber most
of the energy/phonons are transmitted, the pulse shape of an events changes from
(pure) carrier like to (pure) main absorber like. Hence, pulse shape analysis might
not be able to identify all of these events which can be the reason why a small
number of glue related events are able to survive the cuts designed to remove
carrier events.

In case of the beaker module, the probability that stress related events are created
is enhanced due to the geometry of the glue connection. The connection between
the main absorber and the carrier crystal is designed as depicted in figure [7.26]

glue

Abbildung 7.26: Hlustration of the design of the glue interface connecting main absorber
and carrier crystal

The carrier crystal is machined with a nose which is used to define the area and
shape of the glue interface. While the amount of glue is small between the flat
crystal interfaces, this setup causes that a belt of glue is created where the indent
ends. At this location, thermal stress may play an increased role due to the tensions
the glue introduces to this location.

e The second explanation aims to relate the events with light yield zero to the
remaining non-scintillating part within the detector housing which is the TES
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(including its thermal links) of the phonon channel. For events depositing energy
in the TES or its thermal link no light is produced. Additionally, the pulse shape
of these events is unknown. In case direct TES hits or energy depositions in the
thermal link are able to mimic the pulse shape of events originating from the
main absorber, they are able to survive the cuts intended to reject these events.
However, an intrinsic contamination of the metals used for the thermometer is
unlikely because the level of radioactivity has to be high to explain the observed
number events with the small amount of material contained in the thermometer.

A clear confirmation that the excess of events observed in the ROI for dark matter
searches is related to the detector design is not possible due to the fact that only one of
the two beaker modules is sensitive in the relevant energy range. Nevertheless, it is most
probable that this event population is related to the detector design (i.e. the carrier
system) because no other detector module ever operated within CRESST-II observes
this excess.

7.4 Conclusive Comments on the Beaker Design

An analysis was performed on the two beaker modules operated during CRESST-II (Pha-
se 2). The detectors collected a raw exposure of 120.3kg-d (module 1) and 114.3kg-d
(module 2) which provides enough statistics for a detailed analysis of the detector per-
formance. Through this analysis, it is possible to obtain a reliable characterization of
the general performance of this detector design. Unfortunately, the performance of one
detector module was degraded due to problems in the phonon channel which were not
related to the detector design. Therefore, the in-depth evaluation of the detector per-
formance in the relevant energy range of dark matter searches (i.e. < 40keV) was only
possible using one detector module.

The first major design goal of the beaker detector design is the improvement of the
light channel’s performance by increasing the light collection efficiency in the detector
module. This is achieved by the large area light detector surrounding the target crystal
in most directions.

The investigation of the performance of the beaker shaped light detectors as cryoge-
nic light detectors reveals that, due to the larger dimensions of the light absorber, a
increased influence of position dependencies is observed for the detector response. This
is reflected in an unexpected spectral shape of the *°Fe calibration data (see figure .
While for X-ray interactions the effect of the position dependent detector response cau-
ses a signal variation of to +20 %, the effect is averaged for scintillation light signals.
Nevertheless, a reduction of the average detector response of up to 10 % is observed for
scintillation signals. In terms of detector resolution, the increased influence of the posi-
tion dependencies is covered by other, significantly larger effects (e.g. photon counting
statistics).

Due to the improved geometry of the detector design, the light collection efficiency
is increased by a factor 2.5 compared to the conventional detector design. The share of
energy detected as light (EDL) is increased from an average value of ~ (2 £+ 0.4) % [4§]
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to (4.79 £ 0.09) %. The improvements can be completely related to the design changes
applied to the detector module and are able to counterbalance the performance reduction
due to the larger dimensions of the light detector.

As a consequence of the improved EDL; the discrimination power for /3 /v-backgrounds
is significantly improved. The expected leakage of internal /3/y-contaminations into the
acceptance region for dark matter above an energy of 1keV is reduced by (85.6940.64) %
if the same crystal is operated in a beaker detector module instead of a conventional
detector module. In case an analysis threshold is defined, the beaker module is expected
to achieve a threshold value of (4.41 4+ 0.92) keV) exceeding clearly the values achieved
with the conventional modules operated in the CRESST-II measurement campaigns
which vary between (9.2-19.8)keV [71]. Thus, a better sensitivity for dark matter is
expected solely based on the design related improvement of the light collection efficiency.

The second major design goal of the beaker detectors is the establishment of a true
47 veto system. The removal of external backgrounds of any kind is achieved with high
efficiency. In the final data set all excess light events, as well as all surface o decays
are removed. Accordingly, the sensitivity limitations of the conventional modules due to
degraded surface a-decays are resolved.

The use of an actively read out detector surrounding proves to be an effective tool for
the understanding of the detector modules in regard of backgrounds and event classes
with unknown origin. Since the beaker as well as the carrier are able to identify events not
originating from the solely bulk of the main absorber, event classes which are considered
as background are identified unambiguously as such.

The identification of these events can be generally achieved using a fully scintillating
housing, too. Especially for energies well above threshold, the veto of external back-
grounds with the help of a fully scintillating detector housing is achieved with high
efficiency rendering the beaker concept too complicated for the task. [74] Though, in the
scope of the current generation of detectors aiming at lowest thresholds, the rejection of
external backgrounds becomes more and more challenging. Since the energy conversion
into photons via the scintillation process is usually inefficient, the veto signal is small
which hinders the unambiguous identification of background events. In case the veto
is achieved without relying on the scintillation mechanism of the foil, the background
identification can be achieved with better precision in the low energy region. Thus, the
leakage of background events into the ROI is expected to be reduced which results in a
higher sensitivity of the detector module.

The establishment of a fully vetoing detector housing can be also applied for non-
scintillating targets. There, the identification of particles interacting within the target
cannot be granted by the light yield mechanism. Though, in case these materials are
available with very small amounts of internal contaminations (e.g. silicon, germanium),
the dominant background seen by the detectors is usually of external origin. If the beaker
concept is used, these remaining backgrounds are identified by their interaction with the
surrounding veto which allows to isolate the events which solely originate from the target
crystal. Thus, the beaker concepts provides the possibility to operate any target crystal
in a fully vetoing detector environment.
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7.5 Second Generation of Beaker Modules

To overcome the limitations of the concept in regard of the dark counts arising in the
region of interest different approaches can be followed. Assuming that these events are
correlated with the carrier system and the glue interface establishing the connection
between main absorber and carrier, changes to this part of the detectors are necessary.

A way to overcome this problem is to use two carrier crystals. If each carrier crystal
is read out with a separate thermometer, the ratio of the signals in the two phonon
channels can be used to identify events not originating from the main absorber. The
new carrier system is depicted in figure

carrier ring TES

carrier disk copper holding structure

Epotek glue spots

silicon oil

/

silicon light
absorber

TES

Abbildung 7.27: Scheme of the second generation of beaker detector modules. Two pho-
non readouts are used. The ratio between both readout channels is

expected to reveal events not originating solely from the main absor-
ber.

The thermal coupling between the main absorber and the carrier crystals, is intended
to be weak for the ring and strong for the disk. By using tiny glue spots for the ring
and a large silicon oil spot for the disk, the energy sharing is intended to be shifted
to the TES readout of the disk. Nevertheless, both phonon channels have to provide a
convincing threshold to allow the identification of events with ambiguous character in
the low energy region since otherwise a rejection of pulses solely based on pulse shape
analysis becomes ineffective in the relevant energy range.

Three beaker detector modules of this type are currently operated in the CRESST
main setup at the LNGS taking data since mid of 2016 (CRESST-III (Phase 1)).
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8 Summary and Discussion

In the field of direct dark matter searches, the CRESST-II experiment is the only remai-
ning experiment using detectors based on the “phonon-light”-technique. Detectors of this
type consist of scintillating CaWOQO, target crystal which energy depositions are quanti-
fied as temperature rise using a highly sensitive thermometer. Particle discrimination is
achieved via the measurement of the simultaneously created scintillation light using a
spatially separated light detector. This detector technology allows the CRESST-II ex-
periment to have the detectors with the lowest energy threshold in the field, however, a
perfect background discrimination in combination with large target masses is not achie-
ved. Since the competing experiments using liquid noble gas detectors are able collect
larger amounts of exposure in combination with very low background rates in the same
measurement time, they set currently the best exclusion limits above a dark matter mass
of m, >5GeV/c?

In this work, the development of new detector concepts for the CRESST-II experiment
is presented. These are intended to succeed the detector modules used during CRESST-
IT (Phase 1&2) (i.e. conventional design") while providing a better sensitivity in the
mass range currently dominated by the liquid noble gas experiments. Main limitation
of the conventional CRESST-II detector modules is their incapability to distinguish
between electron recoils and nuclear recoils in the low energy range (E < 10keV), hence,
the limited discrimination power for intrinsic background interactions. Additionally, the
detectors are subject to accept external backgrounds as valid events due to design related
detector features.

The discrimination power of “phonon-light”-detector module relies dominantly on the
relative performance of the light channel. In the low energy range, the signal-to-noise
ratio of the light detector degrades which impedes the unambiguous assignment of an
interaction as background or valid event event. Main reason for this is the small amount
of energy that is detected in the light detector after an interaction in the target crystal.
In order to improve the discrimination power of these detectors, the performance of
the light channel has to be improved. Two approaches are followed during this work to
achieve this goal.

First, the efficiency of the superconducting phonon collectors is investigated in order
to evaluate, if the the performance of the low temperature thermometers can be further
improved by optimizing the dimensions of the phonon collector films. Phonon collectors
are superconducting thin films which replace parts of the existing thermometer structure
to reduce the heat capacity of the structure while keeping the collection area for photons
constant. A positive signal contribution is generated by this system if the generated
quasiparticles have a diffusion length that allows them to diffuse in the phonon collector
over a distance that an interaction in the tungsten TES becomes likely.
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Using a dedicated setup, the diffusion of quasiparticles is investigated in thin film
systems that are identical to the phonon collectors used in current thermometer structu-
res. The measurement campaign revealed, that created quasiparticle are able to achieve
diffusion lengths of O(2mm) while the life time of the quasiparticles is sufficently long to
guarantee a complete collection in the TES (7, oc O(0.5ms)). Based on these findings,
the dimensions of the phonon collectors are chosen too conservatively in the currently
used thermometer structures of the light detectors. Additionally, the testing of the large
area phonon collectors indicates the diffusion is currently limited by the film thickness
of the phonon collectors, meaning that an increase of this film parameter enhances the
efficiency of the system further. For future thermometer designs, larger and thicker pho-
non collectors are able to increase the sensitivity of the thermometer by up to 30 % if
the dimensions are adapted accordingly to the measured diffusion length.

The second approach intends to increase the light collection efficiency in the detector
modules by reducing the losses of the scintillation light experience after creation. Using
a Monte-Carlo simulation, the propagation of photons in the conventional CRESST-II
detector design is investigated. The simulation reveals, that the average path a photon
travels inside the detector housing before being absorbed in the light detector is long
enough to loose a significant fraction of the photons during the propagation process
(~ 75%). Based on the simulation, two new detector concepts were developed with
intention to reduce the light losses inside the detectors.

The first detector design aims to investigate the influence of light trapping inside the
target crystal on the light collection efficiency of a detector module. In the so called slice
detector design, the light detector is place in narrow opening insidethe target crystal.
Based on the ray tracing simulation of the detector design, the light collection efficiency
is predicted to improve by 50 % as light trapping is used positively to detect more pho-
tons in the light detector. This expectation is confirmed by measurement. The amount
of energy detected as light is increased from ~ 2% (average value achieved by the con-
ventional detector design) to 3.07 %. The increased light collection efficiency affects the
discrimination capability for internal contaminations significantly. In case the same cry-
stal is operated in the slice detector instead of the a conventional detector, the lower
energy boundary of a background free acceptance region for dark matter interactions is
lowered by a factor of 2 from 11.15keV to 6.40keV.

The second detector design uses a large scale, beaker shaped light detector to shorten
the average distance the scintillation light travels inside the detector housing before being
detected in the light detector. This reduces the losses the scintillation light experiences
after creation and enhances the ratio of detected photons in the light detector. The ray
tracing simulation of this detector design predicts an increase in light collection efficiency
by a factor of 2-2.5. This expectation is confirmed experimentally by two prototype
detector modules. The fraction of energy which is detected as light by the light detector is
measured in this detector design with 4.79 %. Therefore, the background discrimination
is significantly improved as the energy range in which particle discrimination can be
achieved unambiguously is lowered to 4.42keV.

Next to an improved light collection, the beaker detector design is the first CRESST-
IT detector ever to provide a active and true 4m-veto system for external backgrounds.
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Since all surfaces with direct line of sight to target crystal are instrumented, external
backgrounds are unambiguously identified by their unique event signature. In contrast
to previous realizations of surface veto systems, the beaker detector concept is able to
provide an veto system that identifies external backgrounds efficiently over the full energy
range. Based on a detailed background analysis, the 47-veto system is confirmed to
provide a unprecedented understanding for different background sources and, therefore,
to be a powerful tool to veto backgrounds.

The findings of this work show, that the detector design has a significant influence
on the performance of the light channel and, hence, on the background discrimination
power of a “phonon-light”detector. Based on the insights gained with the prototype
measurements carried out for this work, the design of future CRESST detectors can
be adapted. This is especially important in the scope of the CRESST-III dark matter
search. Aiming at the lowest energy thresholds possible, particle discrimination in the low
energy range becomes a crucial aspect for the sensitivity of the experiment. Compared
to previous CRESST detector modules, the beaker detector concept is proved to provide
the best rejection power for backgrounds with intrinsic and external origin.

Lastly, it is worth mentioning that the beaker detector concept, hence, the establis-
hment of an active and true 4m-veto system, can be applied in numerous experiments
in the field of astroparticle physics and rare event searches (i.e. coherent neutrino scat-
tering, OvBf). Since the beaker detector concept can be applied to scintillating and
non-scintillating targets, a 4m-veto system can be implemented in different experiments
that are subject of being limited by external backgrounds.
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