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Uberblick

Seit Beginn des zwanzigsten Jahrhunderts gibt es Indizien, die auf die Exis-
tenz von Dunkler Materie hindeuten. Kapitel [1] stellt einige dieser Hinwei-
se sowie Annahmen {iiber die Beschaffenheit der Dunklen Materie vor. Ein
Uberblick iiber mogliche Nachweismethoden bildet den Abschluss dieses
Kapitels.

Das CRESST-Experiment zielt darauf ab, Teilchen der Dunklen Materie
durch Streuung an den Atomkernen eines szintillierenden Kristalls bei tie-
fen Temperaturen nachzuweisen. Gemessen werden sowohl die dadurch an-
geregten Phononen als auch das Szintillationslicht. Der Aufbau des Experi-
ments sowie Techniken zur Datenaufbereitung und -analyse werden in Ka-
pitel [2| beschrieben. Dies betrifft insbesondere zwei fiir den weiteren Inhalt
dieser Arbeit wichtigen Aspekte, die Untergrundunterdriickung mit Hilfe
des Szintillationslichts und die Energiekalibration der Detektoren.

Um auch bei geringen Energieeintrdgen eine Untergrundunterdriickung
zu gewdhrleisten, ist eine hohe Lichtausbeute notwendig. Die in Kapitel
vorgestellten Komposit-Detektoren werden mit einem Verfahren produziert,
das im Vergleich zum herkdmmlichen schonender fiir die Szintillatorkristal-
le ist. Dabei wird der Sensor separat produzidert und auf den Szintillator-
kristall aufgeklebt. Nach der Vorstellung dieses Produktionsverfahrens er-
folgt ein Vergleich der Energieauflosung der Komposit- und der herkémm-
lichen Detektoren. Die Komposit-Detektoren stellen einen Verbund zweier
unterschiedlicher Materialien dar. Durch Simulationen mit der Methode der
finiten Elemente ist es moglich, einen Eindruck von den beim Abkiihlen
auftretenden mechanischen Spannungsverhiltnissen zu bekommen.

Kapitel [4] beschreibt verschiedene Wege zur Bestimmung der Leistungs-
fahigkeit des Lichtkanals einzelner Detektoren. Die bisher praktizierte Me-
thode wird dabei zwei neu entwickelten gegentiber gestellt. Anhand dieser
Verfahren konnen die Lichtausbeuten der Komposit-Detektoren mit denen
der herkommlichen verglichen werden. Die Untersuchung der Daten eines
weiteren, modifizierten Moduls gibt Aufschluss iiber die Ausbreitung des
Lichts im Inneren eines Detektors.

Die Qualitiat der Detektorkristalle in Hinblick auf den Lichtkanal ist auch
innerhalb eines einzelnen Kristalls nicht zwangsldufig unabhangig vom Ort
des Energieeintrags. Durch die Analyse des Lichtsignals das durch den Zer-
fall eines Spurenisotops und dessen Tochterprodukts im Kristall verursacht
wird, kann man einen Einblick tiber das Ausmaf$ dieser Qualitdtsunterschie-
de gewinnen. Die Ergebnisse dieser Untersuchung in Kapitel 5| bilden den
Abschluss dieser Arbeit.
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Abstract

Since the beginning of the twentieth century, there is evidence for the exis-
tence of Dark Matter. Chapter 1| presents some of these observations as well
as the current assumptions about the nature of Dark Matter. The chapter
concludes by showing some possible methods of detecting Dark Matter.

The CRESST experiment aims at the detection of Dark Matter particles
via scattering processes on the atomic nuclei of a scintillating crystal detec-
tor at low temperatures. The particle interactions in the crystal are measured
via their excitation of phonons and scintillation light. The setup of the ex-
periment, as well as techniques of data preparation and analysis are the
subjects of Chapter|2l This includes the introduction of two concepts which
are important for the further contents of this work, namely the background
discrimination with the help of scintillation light and the energy calibration
of the detectors.

In order to provide a background discrimination, even for low energies, a
highly efficient light production is necessary. The composite detectors pre-
sented in Chapter 3] are produced in a way that is more protective to the
scintillating crystals than the conventional method: For a composite detec-
tor, the sensor is produced apart from the scintillator crystal and then glued
to it. After describing the production method, the chapter continues with a
comparison of the energy resolution of composite and conventional detec-
tors. A composite detector is a compound of two different materials with
different mechanical properties. Using the finite element method, it is pos-
sible to gain an impression of how the thermo-mechanical stresses affect the
materials during the detector cool-down.

Chapter [4] describes several ways of determining the performance of the
light channel of individual detectors. Together with the method which is
currently used, the chapter presents two newly developed methods. With
these methods, it is possible to compare the light channel parameters of the
composite and the conventional detectors. The data of another modified
module make it possible to obtain information on the propagation of light
within a detector module.

The quality of the detector crystals with respect to the light channel is not
necessarily constant, even within a single crystal. By analyzing the light sig-
nal caused by the decay of a certain trace isotope and its daughter product,
one can get an impression on the magnitude of these variations. The results
of this investigation in Chapter [5|conclude this thesis.
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1. Dark Matter

Since the 1930s, more and more evidence has been found that our Universe
does not solely consist of stars, planets and nebulee.

Some of the observations will be shown in the first part of this chapter.
The second part will present the role of Dark Matter in the standard model
of cosmology, and additional evidence for its existence. As such evidence
was found in more and more fields of physics using different methods, the
number of theories about the nature of Dark Matter grew as well. The third
part will introduce a few of them, focusing especially on the Weakly Inter-
acting Massive Particle (WIMP), the particle the CRESST["}collaboration is
searching for. The chapter will continue showing different methods of de-
tection of Dark Matter and conclude with considerations on the feasibility of
an experiment which takes the approach of measuring the direct interaction
of Dark Matter with a detector.

1.1. Evidence for the Existence of Dark Matter

Historically, the first evidence for Dark Matter was found in 1933 by Fritz
Zwicky. Performing Doppler measurements on spectral lines of galaxies in
the Coma Cluster, he concluded on the velocities of the individual galaxies.
Using the virial theorem, he could then calculate the mass of the cluster
components. Comparing this to the mass obtained by estimating the number
and mass of the stars in the cluster, he found the two masses to differ by a
factor of 400. As a solution, he postulated an invisible form of matter which
contributes the missing mass of the cluster [Zwi33].

1.1.1. Rotational Curves of Galaxies

Newtonian mechanics can describe the motion of stars in a spiral galaxy
in a fairly good approximation. In this description, the velocity v of a star

'Cryogenic Rare Event Search with Superconducting Thermometers
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Figure 1.1.: The observed rotational curve of the galaxy M33 (points) and its
theoretical counterpart, calculated according to the luminous mat-
ter distribution in the bulge alone (yellow), and with gas (red).
Adding a Dark Matter halo contribution (blue) results in a curve
(white) fitting well to the observation[Lan08].

orbiting the center of a spiral galaxy at a distance r is

o(r) =/ 4. (1)

M(r) is the total mass inside the orbit of the star. Masses outside the orbit
do not contribute to the overall gravitational force. Assuming a mass dis-
tribution following the distribution of luminous matter in the galaxy, one
can compare the velocities calculated by this model to those observed by
Doppler measurements, e.g. in the galaxy cluster M33 (see Figure [1.1). This
clearly suggests that either Newtonian mechanics or the assumption leading
to the matter distribution is not valid.

Staying confident to Newton, one must assume that a spiral galaxy con-
sists of more matter than only the visible parts. This matter is distributed in
the form of a spherical halo, by far larger than the galaxy itself [CSgg].

1.1.2. Mass Distribution in Galaxy Clusters

The mass distribution of galaxy clusters can also be determined by their
gravitational lensing effect: According to Albert Einstein’s theory of gen-
eral relativity, the presence of mass distorts space and thus also distorts the
path along which a beam of light propagates. This was first observed in
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(a) Visible (b) X-Ray

Figure 1.2.: These images of the Bullet cluster were taken in the visible (left)
and in the X-ray spectrum (right). The visible image shows
the stars, the X-ray image shows the gas of the clusters. The
green lines superimposed to the pictures indicate the mass dis-
tribution according to an analysis of the gravitational lensing ef-
fect [Clo+06].

1919, during a solar eclipse, contributing significantly to Einstein’s popular-
ity even among laypersons [Segg7l.

A massive object, as for example a galaxy cluster in the line of sight be-
tween Earth and distant objects, can deflect the light coming from the objects
in the background. In the case of strong gravitational lensing, the effect con-
cerns single objects and can lead to ring-shaped distortions. For Dark Mat-
ter search, the weak gravitational lensing effect is more important. Here,
the lensing effect concerns a background of galaxies. With no gravitational
lensing, the shapes and orientations of these galaxies follow a certain statis-
tical distribution. If there is a lensing object in the line of sight, the statistical
distribution deviates from the observation without lensing.

A strong evidence for Dark Matter was discovered in 2006, in the so-called
Bullet cluster: a collision of two galaxy clusters separated the components of
the clusters, namely stars and gas clouds. This can be seen when comparing
images taken in the visible spectrum to those taken by the Chandra X-Ray
satellite (see Figure[1.2). This separation happens because the stars of the
cluster hardly interact with each other in contrast to the gas clouds which
experience a friction.

Thus, the stars leave the center of the system faster than the gas clouds
do. In typical galaxy clusters, the gas contributes to the total mass much
more than the stars. Therefore, the gravitational lensing effect should be
much higher in the region where the gas resides than in the outer parts
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Figure 1.3.: Temperature fluctuations in the Cosmic Microwave Background ra-
diation, recorded by WMAP, the Wilkinson Microwave Anisotropy
Probe [NASO7]. The fluctuations are shown in color code ranging
from 200 pK below (violet) to 200 pK above (red) average.

containing the stars. When calculating the mass distribution according to
the gravitational lensing, the opposite was found to be true [Clo+06]. The
major part of the matter endured the collision without any effects of friction.
This observation is a strong evidence that a significant part of the galaxy
clusters consists of Dark Matter which is not affected by frictional processes
during the collision.

1.1.3. Cosmic Microwave Background

Besides evidence on galactic and cluster scales, there are also measurements
on cosmic scale that indicate the existence of Dark Matter: The Cosmic Mi-
crowave Background (CMB) is electromagnetic radiation that has been emit-
ted when the cosmic plasma became transparent to electromagnetic radia-
tion 400,000 years after the Big Bang. Before that, the electromagnetic radi-
ation was coupled to the cosmic plasma. This fact makes the background
radiation a snapshot of the cosmic plasma at the time of decoupling. Due
to red shift, the cosmic background radiation has shifted to the microwave
band.

The WMAP collaboration has performed a precise measurement of the
cosmic microwave background radiation (see Figure[r.3). From this mea-
surement, they concluded on the angular variations of the temperature and
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therefore the density of the early Universe. This allowed to extract informa-
tion on the amount of Dark Matter in the overall composition of the Universe
(see Section [1.2.2)).

1.2. The Role of Dark Matter in the Universe

1.2.1. The Standard Model of Cosmology

The discovery of Dark matter would not only solve the missing mass prob-
lem in galaxy and cluster dynamics. Providing it exists, Dark Matter plays
a significant role in cosmic evolution too.

The Friedman equation connects the expansion of the Universe to its cur-
vature and density:

2 2
c°K 87 A
H2(t) + =—Gp + —_. 1.2
——" N~ N—— ——
Expansion  Curvature Matter Vacuum energy

The scale factor a(t) describes the increase of the distance L between two
points. As space expands, these points drift apart. If two points have a
distance Ly at present time t = ¢y, their distance increases as

L(t) =a(t)Lp. (1.3)

One cannot measure the scale factor itself, but only its normalized temporal
development, represented by the Hubble parameter:

H(t) = F0) (1.4)

Similar to the distance Ly, one can define the Hubble constant Hy as today’s
value of the Hubble parameter:

Hoy = H (t = to) (1.5)

The cosmological constant A describes a vacuum energy (Dark Energy)
which increases the speed at which the Universe expands.

The curvature « is a property of space itself. It can have values of —1,
0 or 1. In a flat space with xk = 0, two parallel lines will stay parallel at
infinity. If space is positively curved (open), such parallel lines will intersect
like the meridians on a globe, which are parallel in the equatorial region
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but intersect at the poles. A space with negative curvature would feature
parallel lines which drift apart.

Assuming a cosmological constant of A = 0 and a flat space (x = 0), one
can define a critical density p. fulfilling the Friedman equation at present
time:

3Hy?
Pc = 871G (1.6)
Dividing by Hy?, one can rewrite the Friedman equation as
2 2
oM c°K c“A
= — -5t T3 1.

P a?(t) Hy? 3Hy? @.7)
~ —— ——
Matter Curvature Vacuum energy

One defines the ratio between matter density pp; and critical density p. as
matter density parameter

Q=™ (1.8)

Then the remaining terms can be defined as density parameters as well,
adding up to the density ) of the entire Universe:

Q:QM—QK+QA. (1.9)

This equation shows the connection between the different components of
the Universe and its future development in form of the Hubble parameter.

1.2.2. Composition of the Universe

By analyzing [Kom+11] the Cosmic Microwave Background from the data
of WMAP, it was possible to deduce values for the Hubble parameter Hy =
70.42:2 kms~! Mpc~! as well as for the different components of the density
parameter listed above. The component () related to the Matter is even
specified further in terms of Non-Baryonic Dark Matter (). and Baryons (),
as follows:

e —0.0133 < Q) < 0.0084: The Universe is flat.

e O = 0.7281'8:8%2: The major component in the Universe is Dark En-
ergy.

e (). = 0.227 £ 0.014: Most of the matter in the Universe is non-baryonic
Dark Matter.
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), = 0.0456 & 0.0016: Less than 5% of the Universe consists of bary-
onic matter.

For galaxies, the contribution of luminous matter to the total density is in
the range of Oy, =~ 0.01 [BGo6]. This means that among the baryonic com-
ponent, the luminous part is only about one fourth. Among the candidates
for the dark baryonic part are Massive Compact Halo Objects (MACHO:s)
and galactic filaments. MACHOSs could be brown dwarfs, neutron stars and
black holes [Narg3]. As described in [FPL11], the galactic filaments contain
most of the baryons in the Universe.

1.3. Candidates for Non-Baryonic Dark Matter

The considerations concerning a Dark Matter candidate have to include cer-
tain prerequisites in order to comply with the current observations:

By definition, Dark Matter cannot not interact with light, so it has to
be electrically neutral.

Since all evidence relies on gravitational interaction, Dark Matter must
have a mass.

No unexplained interaction involving the strong nuclear force has been
observed, so the particles have to be color neutral as well.

Dark Matter must be stable on cosmological time scale, since its current
impact on celestial mechanics can be observed as well as its influence
on the early Universe.

Simulations of structure formation in the early Universe indicate that
at that time, the Dark matter particles had to be non-relativistic (so
called Cold Dark Matter). The opposite, Hot Dark Matter could not have
created small structures like galactic halos first, before accumulating
to larger structures like galaxy clusters and super clusters.

The properties of the candidate have to be compliant with current
models and observations of the Big Bang Nucleosynthesis and stellar
evolution.

In order for the theory to be falsifiable in a direct detection experiment
(see Section , there has to be a rare but measurable interaction of
Dark Matter with normal matter. This is possible if Dark Matter par-
ticipates in the weak nuclear interaction.
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1.3.1. Standard Model Particles

The only particle described by the Standard Model of particle physics, which
partially features the properties needed for Dark matter is the neutrino.
However, as neutrinos are relativistic, they cannot be responsible for struc-
ture formation according to the current state of knowledge. Furthermore,
upper limits for neutrino abundance and mass today indicate that neutrinos
can only contribute with %1.3 to the overall density of the Universe, so they
cannot be the only candidate [NG1o0]. Since no Standard Model particles can
fully explain Dark Matter, current searches focus on particles beyond the
Standard Model.

1.3.2. WIMPs

The candidate on which the CRESST-II Dark Matter search and other ex-
periments focus, the Weakly Interacting Massive Particle (WIMP), is a hy-
pothetical generic type of particle. This candidate is supposed to fulfill the
prerequisites described above.

In the theory of Supersymmetry (SUSY), several such particles exist. The
basis of this theory is the concept that each standard model particle has a
supersymmetric partner. The difference between normal and supersymmet-
ric particles is the spin; the superpartners of bosons are fermions and vice
versa. The conservation of a quantum number called R-parity prevents the
decay of the lightest SUSY particle into Standard Model particles as well.
This makes the Lightest Supersymmetric Particle (LSP) a stable particle and
thus a candidate for Dark Matter. In the Minimal Supersymmetric Standard
Model (MSSM), there are two electrically neutral LSP candidates [BGo6]:

The Gravitino: The superpartner of the graviton. As it interacts only grav-
itationally, chances of its discovery are extremely feeble. This renders
a theory of Dark Matter involving gravitinos as hardly falsifiable and
thus of low scientific value.

The Neutralino: A superposition of the superpartners of W, Z, y, and Higgs
boson.

1.3.3. Axions

SUSY is one theory among others, which extend the Standard Model and
include candidates which could serve as Dark Matter candidates.
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One of these candidates is the Axion, which was originally postulated
in order to explain why CP violations only exist in weak but not in strong
interactions. It turns out that axions would be a Cold Dark Matter candi-
date as well [NG10]. If the mass of the axion was in a range between 10
and 1073 eV, it could contribute significantly to Dark Matter. Several experi-
ments try to detect axions, as they are supposed to be convertible to photons
inside a strong magnetic field [BGo6].

Since the CRESST experiment aims for the detection of Dark Matter in the
form of WIMPs, the following considerations are focused only on WIMP
Dark Matter.

1.4. Overview on the Different Methods for the
Detection of WIMPs

There are several methods which one could use to gather information on
WIMPs:

Collider experiments try to produce color-charged SUSY particles in high
energy collisions, for example at the Large Hadron Collider (LHC).
If R-Parity is conserved, these particles can only decay to the color-
neutral LSP if they dispose their color charge. This results in events
with high-jet multiplicity. The escaping LSP could be noticed as a
missing transverse energy [Ber+10].

The indirect method aims at the possibility that already existing particles
of Dark Matter could either decay or annihilate each other. The result-
ing secondary particles, preferably y-rays could be detected using for
example air Cerenkov telescopes [Ber+10].

Direct detection experiments on the other hand are based on the assump-
tion that the WIMP density in the galactic Dark Matter halo is suf-
ficiently high, allowing to detect WIMP-nucleon scattering events in
low-background experiments. The scatterings are supposed to cause
measurable nuclear recoils in the detector.

The WIMP energy spectrum is not supposed to show any characteristic
features as e.g. lines. The energy and the rate of the signal are expected to be
low. For example in [Schio|, the energy transfer of a WIMP-nucleaon scat-
tering is estimated to be of O(10keV) and the rate of 0.1 kg~ d ! respective
to the detector mass and the measurement time.
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In order to still have a possibility to identify a WIMP spectrum, one needs
to distinguish the WIMP part of a signal from possible backgrounds. Two
methods for rejecting background are

Signal discrimination: WIMPs are expected to scatter off atomic nuclei.
The background has a significantly high component of electrically
charged particles. These interact mainly with the electrons in the de-
tector material. A method of discrimination between electron and nu-
clear recoil signals could reduce the background.

Signal multiplicity: As they are not electrically charged, neutrons do not
scatter off the electrons, but also off the nuclei. This means that giving
a similar signal, a neutron background could not be separated from
the WIMP signal that easily, especially in the range of low energies.
On the other hand, the probability of a WIMP scattering twice or even
more often in the same detector is extremely low, whereas neutrons
can scatter multiple times.

Once the background is removed, one could try to circumstantiate the hy-
pothesis of having found a WIMP signal by further criteria as e.g.:

Multi-target approach: The scattering cross section depends on the mass
of the nucleus involved. Since the form of this dependence is known,
the comparison of signal rates obtained with two or more different
nuclei provides a way of identifying a WIMP signal.

Temporal modulation: Since the WIMP velocity relative to the detector in-
fluences the signal rate, there is a possibility to identify WIMPs by this
variation. In an Earth-bound detector, the velocity of the detector rel-
ative to the WIMP halo changes periodically twice: Each day, as Earth
rotates around itself and each year as Earth revolves around the sun,
while the solar system is moving through the WIMP halo. These veloc-
ities periodically add up constructively or destructively. Determining
the amplitude, phase and periodicity of the signal and comparing this
to the model gives a possibility to identify a WIMP signal. However,
for this method to work one needs relatively high signal rates in order
to produce a statistically reliable result.

Directional information: If a detector could determine the direction of in-

coming particles, the same periodicity should be visible in a signature
of the direction as well.

10



1.5. Direct detection of WIMPs

1.5. Direct detection of WIMPs

1.5.1. Event rate

In order to produce valuable results, an experiment needs to be constructed
such, that the rate of WIMP events is statistically significant. The WIMP
detection rate R’ rate depends on the flux ®, through the target, the number
of target nuclei n,s and the cross section ¢ for WIMPs scattering off nuclei:

R' =@, 0ny. (1.10)

In order to compare different experiments, one can normalize the rate by
the detector mass mp which is a product of the number n,s and mass m s

of the target nuclei
R ®u0
R=— =2, (1.11)
mp MmMar

1.5.2. Differential recoil spectrum

This rate is only a rough value. In reality, not all WIMPs have the same
velocity, but the velocity follows a certain distribution f (v). Furthermore,
the cross section might be depending of the velocity and the transferred

energy.
In order to obtain a more realistic picture, it is necessary to estimate the
recoil spectrum. For this, one must calculate the differential event rate %:
dR d o0
= X (1.12)
dER dER mpas
1 do
=—o, — .
P dES (1.13)
o[ g3 do(9y, Er)
= d — .
o [ dof() =gt (1.14)

This includes the flux of WIMPs @, depending on their velocity v and
number density 7, as:
D, = ny0. (1.15)

The velocity vmin is the minimal value above which the energy Er can be
transferred in an elastic scattering process:

[ ERmipys
e , .16
Umin 2,“)(]\/2 (1 1 )
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1. Dark Matter
where the value y, nr denotes the reduced mass of WIMP and nucleus

(1.17)

Scattering cross section

The cross section ¢ in general has two contributions, one spin-independent
with the index SI and the other spin-dependent with the index SD:

0 = 0g] + Osp. (1.18)
The target nuclei used in CRESST have a net spin of zero, except for some

rare isotopes [Son10]. Thus, the spin-dependent part is negligible. The dif-
ferential spin-independent cross section is specified, for example in [Ber+10]:

dO'SI o THNO'FZ (ER)

dER 2N 20 (1.19)

The nuclear form factor F (Eg) contains information about the nucleon den-
sity in the target nuclei. With this cross section, equation states

dR M (TFZ / d% f (1.20)
dER znu)(N Umin

There are experiments with various target materials and therefore various
target nuclei with different . In order to compare them, a normalized cross
section for coherent elastic WIMP-nucleon scattering oy is used [Bot+97]:

14 my
_ iy | O

ow =1 | (1.21)
P
with the atomic mass number of the target as A and the proton mass m,,.
The current limit for the cross section oyy is in the range of 102 pb for
WIMPs with m, = 10 GCLZV [Apr+11]. If the target nuclei have a similar mass
than the WIMPs, this means a WIMP-nucleus cross section of

oc~Q0 (1079 pb) (1.22)

12



1.5. Direct detection of WIMPs

Velocity distribution

The next step is the velocity distribution, which is of Maxwell-Boltzmann
type in the simplest realistic case. Such a model, called an isothermal sphere,
describes particles which are gravitationally bound and in thermal equilib-
rium. With a cutoff at the escape velocity, according to [DFSg8], the velocity

distribution is s
. 3 \2 302
£ =5z ) exp (203 ) | (1.2

Here, w specifies the root means square of the WIMP velocities in the galactic

I'est frame:
2 )

with the asymptotic value vo, for the rotational velocity. In our galaxy, over
large ranges, the rotational velocity is similar to that of our solar system
ve = 220km s~ L. Therefore,

w = 270kms ™! (1.25)

The normalization factor 9 is explicitly written as

-1

N = (erf (z) — \/ZEZ exp (—zz)> (1.26)
with )
2 3v

2= a‘;szc (1.27)

The term vesc stands for the galactic escape velocity. Its current [Smi+o7|
values is
Vesc = 544kms™ L. (1.28)

Form factor

The last term which is missing in equation is the form factor F. It
describes the spatial distribution of matter in an atomic nucleus. Particles
with sufficiently high energies can “see” the scattering nucleus as an object
with a substructure instead of point-like. Mathematically this is represented
as a Fourier transform of the matter density of the nucleus.

The most common form factor model in Dark Matter search was devel-
oped by Richard Helm [Hels6|, modeling the nuclear density p (1) as a con-
volution of two density functions [Engog1]:

13



1. Dark Matter

/drpo o1 (F—7) (1.29)
The first term represents a sphere of constant density:
. const. |r2 < R%,
) = 1.30
PO() {0 |1’2>R%. (3)

The radius of the sphere is the text-book nuclear radius with a subtraction
due to skin effects.

An exponential decay called the skin function describes the edge of the
sphere:

(7) = ex —lﬁ (1.31)
f1 = Xp 242 )" 3
The dimension s ~ 1fm denotes the skin thickness:

Ro?> = R? — 552, (1.32)

The Fourier transform of the density p (7) yields

F) = [p0emar L0 o (Ge2). )

with the momentum q = /2m ER transferred in the scattering process. The
function j; (qRp) is the first spherical Bessel Function.

Spectrum

With all information provided, it is possible to compute and plot the ex-
pected differential event rate (see Figure[1.4). The plot shows spectra for
three different WIMP masses from 10 GeV to 100 GeV. Each individual spec-
trum is the sum of the spectra of the chemical components of CaWOQ;, the
default target material in CRESST. The contribution of the different elements
to the sum is weighted according to their stoichiometric quantities in the
compound.

Overall, one can see that the differential spectrum is dominated by ener-
gies below 100keV and that for cross-sections of O (10-°pb), the rates are
very low as well. The differential cross section drops exponentially with the
recoil energy. In addition to this drop, the spectra for 100 GeV and 1000 GeV
show a dip in the range of 50keV to 60keV. This dip is an effect of the
nuclear form factor of tungsten.
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Figure 1.4.: The differential event rate of WIMPs with energies of 10GeV,

100GeV and 1000 GeV scattering off different nuclei, using the
model of equation (I:20), with a Helm form factor. The dips around
50 keV are an effect of the nuclear form factor of tungsten.
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1. Dark Matter

The consequence of such a spectrum is that for finding a WIMP-signal,
one needs a detector which is sensitive to low energy signals. The low
signal rate is also an issue: There is a background of natural and artificial
radioactivity whose rate exceeds the signal by many orders of magnitude.
Thus, a detector has to be designed such, that it can filter the signal from
the background.

1.6. Summary

Since the early 20th century, observations show that the Universe does not
solely consist of visible matter. Today, observations ranging from dynam-
ics on galactic scale to the anisotropy of the cosmic microwave background
indicate that Dark Matter exists.

Extensions to the Standard Model of particle physics postulate particles
which are suitable candidates for explaining the evidence for Dark Matter.
These so-called WIMPs are particles which interact with baryonic matter
only at extremely low cross sections.

A Dark Matter experiment is thus confronted with low signal rates, low
energies and a featureless energy spectrum. This requires detectors of high
sensitivity and good methods of identifying a weak signal in a strong back-
ground.
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2. The CRESST-1l Experiment

The CRESST (Cryogenic Rare Event Search with Superconducting Ther-
mometers) collaboration maintains a WIMP Dark Matter search experiment
in the Laboratori Nazionali del Gran Sasso (LNGS). This underground lab-
oratory is located within the mountain of the same name in central Italy.

The experiment name CRESST-II comes from the fact that the experiment
itself is already in its second phase. This phase includes the active back-
ground discrimination technique explained below. For reasons of simplicity,
the name CRESST stands for the CRESST-II experiment in the following text.

Data taking sessions in CRESST are called runs. The data used in this
thesis are from Run 31 and Run 32 which took place from April 2008 until
February 2009 and from April 2009 until March 2011, respectively.

The first section of this chapter will introduce the different sources of noise
and background that the experiment has to deal with. The detector modules
and the physics behind them are the topic of Section A description of the
data acquisition system follows in Section The last section will introduce
the issues which have been addressed in this work.

2.1. Noise and Background

In principle, there are two sources of bad signal: there is a background of
unwanted particles triggering a signal in the detector. In addition, there are
electrical disturbances and mechanical vibrations. Exposing the detectors to
these sources of false signal results in a trigger rate much higher than the
rate of expected signal events. In this way, it would be impossible to discover
a Dark Matter signal. One major problem in a Dark Matter experiment is
therefore the reduction of noise and background signal.

2.1.1. Infrastructure and Noise Reduction

As shown in Chapter |1} Dark Matter experiments need to be extremely sen-
sitive to energy and signal rate. The CRESST experiment achieves this
sensitivity by using cryogenic detectors and transition-edge sensors (see
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2.1. Noise and Background

Section2.2.4). A 3He-*He dilution refrigerator provides the necessary cool-
ing power and is capable of cooling the modularly designed detector down
to ~ 6 mK. The cryostat including its supply of cryogenic liquids dominates
the upper part of Figure The detector holder is in the center. It is capa-
ble of housing up to 33 detector modules. Various shields cover the detector
from radioactivity and thermal radiation.

The pumps of the cryostat and the activities outside the experimental site
cause vibrations. These vibrations are a source of mechanical noise for the
experiment. In order to decouple the detector modules from this noise, they
have no rigid contact to the outside world. Pneumatic dampers carry the
weight of the cryostat and the detector modules. In order to avoid exces-
sive coupling to the pumps, a heavy tube suspended by a double-gimbal
structure and damped by two metallic bellows connects the cryostat to the
pumping system.

The electrical signals of the detector modules pass strong amplifiers (so-
called SQUIDs, see Section[2.3.1) before entering the readout electronics.
This amplification does not only apply to the real detector signal but also
to every electrical noise that the wires could pick up, e.g. from the power
lines or from HF emitting devices. In order to keep the readout electronics
from picking up noise from the outside world, the detectors and the SQUID
system are located inside a Faraday cage.

2.1.2. Background Reduction

The detector modules are exposed to various sources of radioactivity. A
passive shielding can reduce the radiation which comes from outside the
experiment. An additional active discrimination technique removes the
background originating from inside the shielding and from the detectors
themselves.

Cosmic Rays

Earth is exposed to a radiation of high energy particles which are called cos-
mic rays. Absorptions of these particles in the upper atmosphere produce
high energetic muons. This secondary radiation can penetrate the atmo-
sphere down to ground level and even reaches into Earth’s crust. When
interacting with the material of the experiment, muons are capable of in-
ducing neutron radiation, to which the detector is sensitive.

The bombardment with background particles makes a low-background
experiment on the surface impossible. Instead, the CRESST experiment re-
sides in the underground laboratory LNGS. The LNGS is a part of INFN, the
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2. The CRESST-II Experiment

Italian national institute for nuclear physics. The facility itself, currently one
of the largest underground laboratories operated world-wide, is located in a
side cavern of a highway tunnel leading through the Abruzzese mountains.
The rock surrounding the cavern extends at least 1400 m in every direction.
This natural shielding reduces the muon flux to O (1h~'m~2), which is six
orders of magnitude less than the level above ground [Arpg2].

This natural shielding is necessary but not sufficient to make a low-back-
ground experiment possible. The remaining muons could trigger the de-
tectors by themselves or generate secondary particles in the detector or the
surrounding material. A dedicated muon detector around the actual exper-
iment identifies them and thus provides a veto signal in order to reject time
periods in which a muon has passed the detector.

The CRESST muon veto consists of 20 plastic scintillator panels, covering
completely the sides of the detector, the bottom and, except for the cryostat
pass-through, the top as well. The scintillation light of each panel is detected
by an individual photomultiplier.

External Contamination

v-Radiation The rock that surrounds the cavern is the main y-background
source in the laboratory. The rock contains various elements of the natural
238U- and?*?Th-decay chains and the radioactive 4°K isotope. In total, the
y-flux at the Gran Sasso laboratory is in the order of 10" h~! m~2 [Arpgz2].

An effective shielding against y-rays is lead. Its heavy atoms provide high
stopping power against y-radiation. On the other hand, lead is not a clean
material in terms of radio-purity. Especially its isotope 2!°Pb can be a severe
problem. This lead isotope is a part of the 28U chain. With Ty, = 22.3yr
it is the most long-lived unstable lead isotope and it produces a-, f- and
y-radiation along its further decay.

Smelting the lead from its ore removes the parent nuclei of 2'°Pb. Thus
after smelting, the intrinsic radioactivity reduces as the content of *°Pb
decays. In ancient lead, for example from ingots found in the wreck of a
Roman cargo vessel, the amount of 2!°Pb has reduced by a factor of 10~%7.
Such lead is suited even better for shielding than newly produced lead,
but only small amounts exist. Therefore, the lead parts inside the cryostat
consist of this ancient lead. This innermost shield protects the detectors
from radiation emanating from the cryo equipment above.

Within the outer lead shield layer, there are 10t of copper which shield
the detectors against the residual y-radiation from the lead. The issue of
natural radioactivity does not occur with copper, as the decay times of its
radioactive isotopes are so short that intrinsic radioactivity is not relevant
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on the time scale of a CRESST run. Highly pure copper is commercially
available, since it is an important feedstock in electrics industry.

The occurrence of radioactive 2!°Pb is not solely limited to the shielding.
One of its ancestors in the radioactive decay chain is ?Rn. This noble gas
emanates permanently from the walls of the cavern and if it adheres to a
surface before decaying, the successor isotopes can be implanted into the
surface and thereby contaminate it. In CRESST, the sensitive part of the
experiment is therefore encased in a box flushed with pure nitrogen gas as
means to displace the radon.

When producing, transporting and setting up the detectors, they are in
danger of being contaminated by radioactive trace materials from dust, hu-
man sweat and radon from the air. In order to minimize these contami-
nations, the detector assembly takes place in a clean room. Transport and
installation into the experimental setup happen under clean room conditions
as well.

Neutrons A very dangerous kind of background are neutrons, as their
signal is difficult to discriminate from a WIMP signal. In the Gran Sasso
laboratory, there are four main sources for neutrons: Radioactive decays in
the cavern walls can induce (a,n) reactions on light elements. Some isotopes
can also be subject to spontaneous fission. High energetic neutrons can oc-
cur when nuclei are irradiated with muons. In addition, secondary neutrons
can be released in spallation reactions of fast neutrons.

Light nuclei, as for example hydrogen, are the scattering partners to which
neutrons can transfer their energy most efficiently. The CRESST experiment
is equipped with a polyethylene (PE) neutron shield, a material that is rich
in hydrogen. The shield has a total mass of 10t and is up to 45cm thick.
Similar to the y-shield, this neutron shield is mostly made out of bricks.
Small PE pellets and water-filled volumes cover the areas which are more
delicate and where PE bricks do not fit in.

2.1.3. Active Background Discrimination

With the shields and the Faraday cage closed, the trigger rate drops typi-
cally well below 0.1s~! per detector module. While this is a rate the DAQ
system can cope with, the signal is still dominated by background. This
background comes from remaining radioactive impurities in the detector
holding structure or the detectors themselves.

The final step is to discriminate the background from the possible WIMP
signal. As shown in Figure the detector materials used in CRESST are
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Figure 2.2.: A CaWO, detector crystal scintillating in UV light. The wave-
length spectrum of the emitted light has its maximum at ~
420 nm [Zde+05].

scintillator crystals. The light yield, a measure for the proportion at which
the scintillator transfers energy into light depends on the nature of the im-
pinging particles.

This difference in light production is described as a quenching factor QF.
The quenching factor is a characteristic quantity for each particle of type X.
It is defined as the amount of scintillation light Ly produced by this particle
compared to the amount of scintillation light L., produced by a y-ray of the
same energy:

QFx (Eaep) = I:EZ;’; (2.1)

The quenching factor is not necessarily constant for all given energy depo-
sitions Egep. However, in standard CRESST data analyses the quenching
factors are assumed to be constant. Table[2.1] contains an example of the
values used in the recent CRESST Dark Matter analysis. An explanation of
the physics behind the quenching factors can be found e.g. in [Huf10].

The criterion for the active background discrimination is the light yield.
As indicated in Figure[1.4} the expected WIMP event rate has its highest
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type 1/0F
electron 1

a-particle 4.5
oxygen 9.6
calcium 15.7

tungsten 25.6

Table 2.1.: The quenching factors used in the CRESST data analyses. Data are
taken from [Ang+11].

values at low energies. Therefore, a high discrimination power is especially
important in the region of low energies. For CRESST analyses it is crucial
to precisely measure the light yields at low energies as this is the most
interesting range for Dark Matter search.

2.2. Detector Modules

The CRESST detector modules have to be sensitive to energies in the keV
range. Due to the remaining background, they need to individually identify
each detected particle.

Each standard detector module in CRESST consists of two individual de-
tectors. The phonon detector measures the energy of the particle, while the
additional information of the light detector indicates the nature of the par-
ticle. Figure shows the two detectors that constitute one module. The
CRESST experiment has room for up to 33 detector modules. Recently, in
March 2011, CRESST finished Run 32. In this run, there were 18 detector
modules installed.

2.2.1. Module Holder

The outer case of the detector modules, called the detector holder, is made
out of high-purity copper. It consists of two separate parts for the light and
the phonon detector crystals. In Figure the module is opened. The light
detector is the disk-shaped object on the left side. The phonon detector is the
cylindrical object on the right. Six pairs of clamps keep the phonon detector
in place, whereas the light detector is held by three singular clamps. The
material for these clamps is spring bronze. This renders them more elastic
than pure copper.
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Sensors

Figure 2.3.: A standard CRESST detector module before closing. The light de-
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tector is the disk-like object on the left side. The phonon detector
with the big scintillator crystal is on the right side. On the surface
of the crystals, one can see the sensor film structure. A reflecting
foil keeps the scintillation light inside the module.
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Figure 2.4.: Background events due to surface contaminations with 210pg. In
the first case, the event can be clearly identified as an a-particle.
Without a scintillating housing, the second and third cases do not
give scintillation light. There is also no characteristic energy; ev-
erything from O up to 103 keV is possible.
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It is important for the discrimination capability of the detectors to gather
the scintillation light as efficient as possible. For this purpose, a multi-layer
polymeric foil covers the inside of the holder. It reflects the scintillation light
and thus increases the light collection efficiency of the detector module.

The foil also serves another purpose, namely the discrimination of events
due to surface contaminations with a-emitters. These contaminations could
mimic WIMP events in the following way:

During the production and mounting in the cryostat, the detectors are
exposed to air. As already mentioned, this air contains a fraction of 222Rn,
which decays to the relatively long-lived 2'°Po. This polonium isotope is an
a-emitter:

20py » 206pp 40, Q = 5407.46 keV (2.2)

The energy is distributed between the a-particle and the 2°°Pb-nucleus. The
a-particle leaves the center of mass with an energy of 5304.38 keV [CEFq9|
and the nucleus recoils with the remaining energy.

The lead nucleus leaves the center of mass in the opposite direction as the
a-particle (see Figure[2.4). If the a-particle hits the crystal, the high energy
deposited in the crystal and the scintillation light lead to a clear identifica-
tion. In the more unfavorable case, the nucleus flies towards the detector
crystal while the a-particle heads outwards. A lead nucleus impinging on
the crystal gives a similar signal as a tungsten recoil inside, since the mass
of the nuclei are in the same order of magnitude. Additionally, the parent
nucleus can be implanted in the foil. In this case, the lead nucleus loses a
part of its kinetic energy while leaving the foil material.

As it was shown in Figure tungsten recoils between 0 and ~ 100 keV
are a possible WIMP signal in CRESST. Thus, the impinging lead nuclei are
dangerous, as they can easily be mistaken for WIMPs.

The confusion of a-induced Pb recoils with WIMP scattering can be com-
pletely avoided with a scintillating reflective foil. The a-particle from the
210po decay enters the foil and the scintillation light from the foil permits an
event discrimination.

2.2.2. Phonon Detectors
Choice of Materials

As one can see in the schematic view of Figure[2.5| the largest part of a
CRESST detector module is the phonon detector. Its main part is the scintil-
lating target crystal already shown in Figure A standard target crystal
is cylindrical and has a height of 40 mm and measures 40 mm in diameter.
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Figure 2.5.: Schematic view of a CRESST detector module.

The standard material for these crystals is CaWO,, which has an emission
spectrum peaked at ~ 420nm [Zde+o5], in the blue region of visible light.
Since Run 31, CRESST is testing ZnWO, as an alternative material as well.
ZnWOy has two advantages over CaWOy: it emits more light at the same
deposited energy in the crystal and its overall intrinsic radioactivity is low
compared to CaWO;. The light emitted by ZnWOj is greenish, in the range
of ~ 510nm [OTF80].

Having a different crystal structure and different components, ZnWQO;,-
crystals have a higher density. Their weight is about 400 g while standard
CaWO; crystals have 300 g.

Principle of Operation

The following description is a simplified explanation of the CRESST detec-
tors working as cryogenic calorimeters. In the case of phonon detectors, they
consist of a cylindrical target crystal which has a sensor attached. Neglect-
ing the scintillation, the energy deposited in the target crystal is converted
to heat. The resulting change of temperature is the signal which is measured
with a highly sensitive thermometer.

In this very basic explanation, the energy deposition AE results in a tem-
perature rise AT depending on the heat capacity C:

_aE

AT
C

(2.3)

For sufficiently small heat capacities and extremely sensitive thermometers,
this temperature rise becomes measurable, even if the energy deposition is
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in the order of 10keV. In the case of inorganic insulators as CaWQy, the heat
capacity of the material follows Debye’s T® law. For temperatures around
10mK, this means that the heat capacity drops by 13 orders of magnitude
compared to room temperature. Hence, the resulting rise of temperature
is in the range of pK. Transition edge sensors (TES, see Section [2.2.4) can
measure such low temperature variations. In Figure [2.3| the TES can be seen
as a metallic structure of 6 x 8mm? on top of the target crystal.

As this description of the signal formation is very basic, a more detailed
consideration will follow in Section [2.2.5

2.2.3. Light Detectors

The light detectors in CRESST follow the same principle of operation as
the phonon detectors. The scintillation light is absobed by a crystal which
converts the energy into phonons. The phonon energy is then measured by
a TES.

The target crystal of a light detector is either a pure silicon wafer or a
silicon-coated sapphire wafer. The diameter of the wafer is 40 mm and its
thickness ~ 0.4 mm. The TES has a size of 0.3 x 0.45 mm?.

2.2.4. Transition-Edge Sensor

As mentioned before, the temperature changes that a scattering particle pro-
vokes, are in the pK range. A transition-edge sensor (TES) has an extreme
temperature sensitivity, even though only over a small range. The principle
of operation is illustrated in Figure The sensor is kept at a temperature
in the phase transition between normal conductivity and superconductivity.
In this range, the response of the sensor’s resistance to temperature changes
is extremely high, allowing to detect even tiny changes.

An active feedback circuit performs the actual stabilization at the temper-
ature called the operating point of the sensor. In CRESST, each sensor can
be stabilized at its individually optimal operating point. At the operating
point, the resistive response to sufficiently small variations of temperature
is linear. For the superconducting tungsten thin-film structures in CRESST,
the operating point is in the range of 10 mKdash30 mK.

The phonon detector TES sketched in Figure [2.7] consists of the following
parts:

Tungsten film This is the actual sensitive part of the detector. The film has
a thickness of 2kA and an area of 6 x 8mm?. When the film absorbs
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Figure 2.6.: Temperature measurement with the help of the change of resis-
tance in the phase transition between normal and superconductiv-
ity. A slight change in temperature results in a remarkable change

in resistance due to the high gradient of the resistance around the
operating point.
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Figure 2.7.: Schematic view of the phonon detector TES.
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phonons, their energy is transferred to the electron system in the film.
This rise of the temperature results in an increase of the resistance.

Contact pads The electrical connection to the bias current supply is real-
ized as a wire bond. The pads are the contact area for the bond wires
on the sensor side.

Heater structure The temperature of the sensor is stabilized actively: an
electrical heater keeps the temperature slightly above the base temper-
ature of the cryostat. The heater is a gold wire stitch bond. Gold stays
normal conducting and thus always dissipates heat when a current
runs through. As all normal conductors, gold also has a thermal con-
ductivity in contrast to a superconducting material. Therefore, a gold
strip distributes the heat over the sensor film.

Thermal link The thermal excitation relaxes to a heat bath via a bond wire
that is made of gold.

The actual fabrication of a phonon detector TES consists of the following
steps: First a tungsten film is evaporated onto the crystal. The shape of the
sensor is etched in a photolithographic process. Then, the aluminum contact
pads are evaporated on top of the tungsten film. In the last step, the gold
strip is sputtered onto the tungsten. The phonon detector TES which are
produced in this configurations can reach energy resolutions below 1keV.
The TES for the light detectors operate by the same principle. However,
their shape is different to better suit the properties of the light detector.

2.2.5. Pulse Shape Formation

Equation explains the signal development in a CRESST detector in an
extremely simplified way. A more precise, quantitative description [Pro+95]
(see Figure works under the following assumptions:

An energy deposition in the crystal excites optical phonons of high fre-
quencies. Within nanoseconds, these phonons decay to acoustical phonons
with frequencies in the order of half the Debye frequency [Mar8o]. These
acoustical phonons decay further due to crystal lattice anharmonicities. The
frequency of the population declines further but stays in the 100 GHz range
for the time scale of the detector response.

In contrast to phonons near the thermal equilibrium, these phonons still
have a high frequency. This is why they are called non-thermal phonons.
They spread ballistically through the target crystal and couple to the electron
system of the thermometer film. Inside the thermometer film, the electrons
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Figure 2.8.: Thermal model of the detector. T,, T, and T, represent the tem-
peratures of the heat bath, the electron system in the thermome-
ter and the thermal phonon system in the crystal. The heat ca-
pacities of these systems are C, and C.. The thermal conduc-
tivities between the different parts are denoted by the various G
values. P, (t) and P, (t) represent the energy transfer from the
non-thermal phonons.

31



2. The CRESST-II Experiment

excite thermal phonons. At the end of the process, the energy of these
phonons relaxes to the heat bath. This relaxation can take place along two
paths: either directly via the thermal link on the thermometer or by coupling
back to thermal phonons in the target crystal and then via the metal clamps
that keep the crystal in position.

The thermalization of high-frequency-phonons feeds the power Py into the
system. A fraction ¢ thermalizes in the thermometer and the rest (1 — ¢)
thermalizes at the surfaces of the target crystal, probably due to surface
impurities. These power inputs are P, for the crystal, and P, for the ther-
mometer. They start immediately after the particle interaction which is rep-
resented by the step function © (t). Their amplitude decays exponentially
with the time constant 7;;, as the number of non-thermal phonons reduces.

P(t)=0©(t) ¢ P /™ (2.4)
P.(H)y=0()(1- cp)POe*t/T” (2.5)

For the input power P one can assume that the impinging particle deposits
the energy AE during the time 7,. This is the time constant with which
non-thermal phonons from the crystal thermalize in the system

_aE

P
0=

(2.6)
As the overall thermalization is a concurrent process between thermaliza-
tions on the surfaces of the target crystal and in the electron system of the
thermometer, the overall time constant is one over the reciprocal sum of the
individual time constants:

Ty = 1 + 1 o (2.7)
L 7
The thermalization in the electron system is described as follows:
- ZVC
Te = 7A (0, @) (2.8)

It depends on the probability of transmission between the crystal and the
sensor «, and the phonon group velocity v, normal to the surface. The
phonons are averaged over incidence angles and phonon modes. The prob-
ability for an absorption in the electron system is 77. The fact that the decay
time depends on the target crystal volume V. is important for pulse-shape
analyses:

T, & a (2.9)
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The time constants 7, and 7. determine the fractions ¢ and (1 — ¢) according
to which the phonons thermalize:

P =(1—-9¢) (2.10)

Te
Te + Te

= ¢ = (2.11)
The energy flows between the systems cause variations of their tempera-
tures. These variations can be expressed as two differential equations for the
temperatures T, of the electrons in the thermometer and T, of the phonons
in the target crystal. The changes of temperature are a result of energy de-
positions in the respective systems and subsequent energy transfers via the
various couplings, either between the systems or to the heat bath:

dT,

Cchte 4+ (To — T2) Gee + (To — Tp) Gep = Pe (t) (2.12)
drT,

CCT; + (Tc - Te) Gec + (Tc - Tb) G = P (t) (2.13)

The thermometer and the target crystal have heat capacities denoted as C,
and C.. The thermal coupling between the target crystal and the heat bath
is Ggp. Ggp is the coupling between the thermometer and the heat bath. The
couplings between the heat bath phonons, the thermometer phonons Gg
and the thermometer electrons G,, can be added up reciprocally to Ge.
Initially, the whole system is in thermal equilibrium with the heat bath:

T.(t=0)=T. (t=0) =T, (2.14)
The thermometer signal is the change of temperature in the thermometer:
AT () =T, (1) - T, (2.15)

The solution to the two differential equations and has a form of
AT, () = © (f) (A,1 (e—f/rn - e—f/ffn) + A (e_t/T’ - e—f/Tn)) . (2.16)

This solution is the superposition of two exponential pulses: the first one is
caused by the thermalization of high frequency phonons in the thermometer,
the second by thermal phonons from the target crystal coupling back to the
thermometer. The amplitudes of these pulses are denoted by A, and A;.

In this notation, the intrinsic thermal relaxation time constant of the ther-
mometer is called Tj,, the life time of the non-thermal phonons is 7,, and
the thermal relaxation time of the whole system is 7;. The explicit values of
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2. The CRESST-II Experiment

these time constants and amplitudes in terms of the thermal couplings and
heat capacities can be found in [Pro+95].

The non-thermal component of this pulse can behave in two different
ways, depending on the ratio between T, and T;:

Calorimetric mode If 7, < T, this means that phonons thermalize faster
in the thermometer than they can relax to the heat bath. Thus, the
thermometer integrates the input power. Then, the amplitude of the
non-thermal component A, corresponds to the energy deposition in
the detector. This mode of operation is called calorimetric mode. In
the calorimetric mode, the decay of the non-thermal phonons deter-
mines the rise time of both signal components. The decay times are
determined by T, for the non-thermal and by 1; for the thermal com-
ponent.

Bolometric mode If 7, > T, the thermometer can dispose the energy
faster than it is incoming. The result is that the amplitude of the non-
thermal component does not correspond to the integrated energy but
to the power flowing through the thermometer. This mode of opera-
tion is called bolometric mode. In the bolometric mode, 7,, determines
the decay time of the non-thermal and the rise time of the thermal
component.

CRESST phonon detectors work in bolometric mode while the light detec-
tors are optimized to work as calorimeters. This is due to the fact that the
energies in the light channel are extremely small, as only a small fraction of
the deposited energy is converted to scintillation light.

2.3. Data Acquisition System

The DAQ system of CRESST registers the changes of resistance occurring
due to energy deposition in the crystals. In order to do this, the sensors
need a bias current for the resistance measurement. At the same time, a
voltage-controlled heater current stabilizes the detectors in their individual
operating points. The signal processing chain amplifies the signal coming
from the detectors and triggers the digitizers which read out the signal.
Figure 2. is an overview of the DAQ system. The following sections will
treat the individual components.
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Figure 2.9.: Simplified schematics of the CRESST DAQ system. The readout cir-

cuit containing the SQUID amplification and the trigger electronics
is shown in blue, the detector bias in black and the heater supply
and test pulse generation system in red.
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Figure 2.10.: SQUID-based resistance measurement. The change of the volt-
age V,: reflects the change of the resistance of the sensor film.

2.3.1. SQUIDs

A conventional method for measuring a resistance signal is to provide the
detector with a bias current and then to digitize the voltage drop occurring
over the detector. This simple method is not suitable for small signals as
the ones from a TES. A SQUID (Superconducting Quantum Interference
Device) provides a much better method for measuring small variations of
the current.

A technical realization of a resistance measurement with a SQUID works
as shown in Figure In parallel to the resistance (the sensor film), there
is a superconducting coil (input coil) and two shunt resistors whose values
are 1/2Rg each. The bias current Ip;,s splits up between the sensor branch
and the coil branch. The ratio depends on the resistances in the branches.
The input coil generates the variable magnetic field which passes through
the SQUID.

A FLL (Flux-Locked-Loop) keeps the magnetic flux inside the SQUID coil
at a constant level. In order to do this, there is a second coil called feedback
coil which is connected to the output of the FLL electronics. Since this
feedback has to compensate for the change of flux, it depends on the signal
fed into the SQUID. Therefore, the output of the FLL carries information on
the change of resistance in the thermometer film.

As already indicated by its name, the magnetic flux inside the SQUID is
quantized. This and the properties of the FLL bear two possible sources of
bad signals:
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2.3. Data Acquisition System

SQUID resets: The amplitude of the FLL output is limited to +10V. If the
output transgresses this value, the FLL resets. The dynamical range of
the FLL must be big enough to follow a detector pulse completely in
order to avoid this.

Flux quantum losses: The change in the magnetic field can be too fast for
the FLL to cope with. In this case, the FLL locks onto the following
quantum state. This results in a harsh change in the output voltage
of the FLL. A detector signal contaminated with such a flux quantum
loss is not well-defined.

To recapitulate, the variation of the temperature in the sensor results in a
variable voltage at the output of the SQUID FLL. In the overview picture
(Figure [2.9), the circuit providing the bias supply is drawn in black and the
circuit reading out the signal in blue.

2.3.2. Data Taking Chain

The signal which leaves the FLL is continuously digitized and the readings
are written to a buffer. The digitizer resolution is 16 bits and the time base
in Run 32 is 40 ps. In parallel to the digitizer, a triggering module surveys
whether the signal exceeds a pre-defined level. When the trigger is activated,
the digitizer buffer is written to the hard disk.

In the data of Run 32, such a record consists of 8192 samples. A fraction
of 2048 of these samples are the ones, which have been buffered in the time
before the trigger was activated. This part of the pulse is called the pre-
trigger region. A full module record contains the records of the phonon
detector and its light detector(sf7} independent on which of the individual
detectors has triggered.

After the record has been written, it makes no sense to immediately arm
the trigger again. It is necessary to wait for the pre-trigger buffer to fill
again.

2.3.3. Heater Chain

In Figure 2.9 red color denotes the circuits that are responsible for the ther-
mal stabilization of a detector. The heater chain is controlled by the DAQ
system and its output is fed into the sensor heater. The heater signal is a

'In Run 32, there is one special module which has two light detectors.

37



2. The CRESST-II Experiment

superposition of two different signals: A quasi-constant heater current stabi-
lizes the sensors at their operating points and a pulse-shaped signal is used
to probe the response of the sensor.

The DAQ outputs both in the form of voltages: the artificial pulses and
the nearly constant heater signal. The sum of these voltages is sent through
an analog square-rooter and controls a current source which is connected to
the sensor heater.

Without the square-rooter, the heater power would be proportional to the
square of the sum of the input signals, since the power is proportional to
the square of the current. Consequently, the response to the heater pulses
would change with the power which is currently necessary to stabilize the
sensor temperature. The square-rooter linearizes the relation between con-
trol voltage and heater power.

Probing the response of the sensors with artificially injected heater pulses
serves two purposes:

Control pulses for temperature control The temperature changes result-
ing from a particle interaction are in the range of pK. The sensor must
have a temperature which is stable at this precision. For this aim, the
heater sends high-energy pulses in fixed time intervals of 3s to 6s.
These so-called control pulses are energetic enough to drive the sensor
into normal conductivity. The height of the response thus corresponds
to the distance between the current operating point and the top of
the transition curve. A PIDP|software control loop adjusts the heater
current according to this value.

Test pulses as an energy gauge Every 30 seconds, the DAQ launches a
pulse of a pre-defined sequence. The amplitude of these pulses varies,
but usually they are all smaller than the control pulse. As the relation
between the injected pulses is known, the different input amplitudes
serve as a gauge for the response of the sensor. In combination with
the response of the detector to a y-source of known energy, this gauge
allows to do an energy calibration of the detector. In Run 32, the
calibration reaches from 5keV to 2000 keV.

The DAQ system assigns a special flag to the injected heater pulses and
records them together with the value controlling the Pulse generator. The
injected energy and the response amplitude are later used for the energy
calibration.

2PID stands for Proportional Integral Differential, meaning that the control loop reacts on the
present, the historical and the extrapolated future value of the signal.
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Figure 2.11.: A pulse recorded with the detector module Rita/Steven (D51/D52)
in Run 32. Rita is the phonon detector and Steven the correspond-
ing light detector of the module.

2.4. Data Treatment

The records (see Figure which are written to disk by the DAQ system
can be analyzed using a software developed in-house. Before the actual
analysis starts, the software determines several fundamental parameters of
each pulse.

Since a detector module contains a phonon and a light detector, the full
signal of a module consists of two pulses. Furthermore, it is possible that
more detectors than the one of a module see a pulses. This is the case for the
test pulses and for coincident particle signals. The ensemble pulses which
happen within a certain time interval are called events.

Elementary parameters, as for example the timing of the measurement,
have to be registered already by the DAQ systems. Some simple parame-
ters can be calculated with fixed algorithms that do not need any further
assumptions. Such parameters are for example rise and decay times, pulse
height etc. calculated from the pulse after a moving average filtering.

In contrast, there are several algorithms for determining the pulse height.
The final step, the conversion of pulse height values to deposited energies
uses the test pulses and data of a calibration source.
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2. The CRESST-II Experiment

2.4.1. Determination of Main Parameters

Each pulse has some characteristic properties which for example describe
the shape of the pulse and the timing. Some of these parameters can already
be determined by the DAQ system, for example:

Time since start This is the difference between the time when the data file
has been created and the time at which the trigger occurs. If several
files are analyzed simultaneously, the value refers to the start of the
first file.

Amplitude of test pulse This parameter is only meaningful for test pulses.
It represents the voltage which was used to generate the artificial
heater pulse. Since the voltage is related to the energy of the pulse,
this value is necessary in order to calibrate the detector.

Onset delay in event This is the time difference between the first pulse
trigger in an event and subsequent triggers of different detectors in
the same event.

The first step of a data analysis is to calculate the so-called “main parame-
ters” from the sample data of the record. The sub-program which performs
this task is called CMP. The most important main parameters for this work
are:

Base line This is the average level of the SQUID output without a pulse.
Its value in a record is determined by averaging samples in the pre-
trigger region. For displaying a pulse or for calculating its height, the
base line level is subtracted from the readings so that each pulse is
shown with a base line of 0.

RMS in base line This is the root-mean-square of the samples in the region
which was used for the baseline calculation. Besides being necessary
for the determination of the pulse onset, this parameter gives a coarse
hint on the signal quality of the record.

Pulse height The pulse height is determined with a 50-sample average
moving over the whole record. The maximum value minus the 50-
sample baseline average determines the Pulse height parameter.

Peak position This is the sample number at which the maximum for the
pulse height determination occurred.

Onset channel The pulse onset is the first sample which exceeds 10 % of
the pulse height value. The parameter itself is the sample number of
the pulse onset.
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Rise time The rise time is the time difference between the onset of the pulse
and the time at which the pulse has reached 50 % of its maximal height.

Decay time The time calculated by subtracting the onset time from the
time at which the pulse has decayed to 1/e of its height. This value
does not directly correspond to any of the decay times mentioned in
Section [2.2.5 since the pulse height does not correspond to the ampli-
tudes mentioned there.

2.4.2. Algorithms for Amplitude Determination

The algorithm for finding the pulse height by using a moving average over
the whole record is very simple and fast. On the downside, it has a number
of drawbacks and often its results are not reliable.

For example, noise can easily cause the algorithm to produce bad results:
since the algorithm searches for maxima, it is biased towards finding the
maximum in places where the noise and the signal add up constructively.

The second, more severe weakness of this algorithm is related to the non-
linearity of the transition curve. In the analysis, one assumes a correlation
between the pulse height and the energy. This is true if all pulses have
the same shape. But the shape of a pulse is determined by the transition
curve of the thermometer. The pulses have the same shape only as long as
the deposited energy does not excite the sensor above the region where the
relation between temperature and resistance is linear. Especially for higher
energies this is not necessarily the case and pulse heights are systematically
too small.

In all these cases, one needs to use a more sophisticated algorithm to
determine the response of the detector. In the CRESST data analysis, there
are two methods for this task. Both make use of the shape of a pulse in order
to conclude on its height. In order to prevent confusion, the term pulse height
is only used for the basic moving-average algorithm while in the case of the
algorithms mentioned below, the term amplitude is used.

Standard Event Fit

The standard event fit works by scaling and shifting a template pulse so
that it fits best to the recorded data (see Figure[2.12). In order to build such
a so-called standard event, one needs to calculate the average over several
hundred pulses from a narrow energy range. The set of these pulses has to
be cleaned from undesired records containing for example SQUID resets or
periodic noise. In addition, the pulses which form the template need to stem

41



2. The CRESST-II Experiment

Amplitude (V)
o
w
I
Amplitude

-

o

N

I
Baseline Offset

0 1000 2000 3000 4000 5000 6000 7000 8000
Channels

Figure 2.12.: Principle of operation for the standard event fit. The standard
event (red) is fitted to the data (black). The green arrows repre-
sent the free parameters of the fit.

from the linear regime of the sensor. Averaging over these cleaned samples
yields the standard event. A standard event obtained in this way has the
archetypal shape of all pulses in the linear regime.

There are three free parameters for fitting the standard event to the pulses:
the onset of the pulse can vary in time, the baseline can have an offset and
the whole standard event can be scaled in order to reproduce the size of
the pulse. This scaling is the most important parameter as it determines the
amplitude of the pulse.

For comparison, the RMS value of the deviation between the fitted stan-
dard event and the original pulse is calculated. This RMS value is minimized
for each parameter in order to find the best fit.

Truncated Standard Event Fit

If the excitation of the sensor is sufficiently high, the top of the pulses be-
comes flat. This saturation occurs because the sensor becomes normal con-
ducting and its response to temperature changes in the normal conducting
regime is very low. In this case, the deposited energy and the pulse height
of the response are not correlated any more.
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Figure 2.13.: The amplitudes of injected test pulses and the corresponding am-
plitudes of a standard event fit of the detector responses. In pic-
ture[(a)] the fit considers all data points of a pulse. Consequently,
the response becomes non-linear if the pulses are too high in en-
ergy. With a truncated fit as in the response can be linearized.

This effect is illustrated in Figure Here, the test pulses of the
detector Steven are plotted. The abscissa represents the energy of the injected
pulses and the ordinate shows the response in terms of pulse amplitude. As
soon as the voltage determining the height of the injected test pulse exceeds
2V, the response behavior changes drastically. Above 4V, the amplitude
hardly increases any more. A normal standard event fit generates false
results, since it relies on the correlation of pulse shape and pulse amplitude.

The solution for this problem is to truncate the data for the fit, for exam-
ple as shown in Figure Truncation means that samples above a certain
height are ignored in the RMS summation which serves as an indicator for
the fit quality. If only the samples from the linear range are taken into
account, the energy-dependent deviance of the pulse amplitude does not
influence the fit any more. This method works as long as the pulse sam-
ples below the truncation level are sufficient for concluding on the injected
energy.

This truncated fit can produce amplitudes which are linearized up to a
value which is much larger than the maximal pulse height. For example
with Steven, after the truncated fit, the amplitudes of the test pulses have
a linear response over the whole range of injected test pulse energies (see

Figure [2.13(b)).
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Figure 2.14.: Truncation of pulses in a standard event fit. Of the entire pulse
(black), only the linear regime (red) reaching up to 0.7V is con-
sidered for the fit (red).

Exponential Fit

Alternatively, one can fit the model described in equation to the data.
High-energy pulses have to be truncated for this method as well. This fit
algorithm is much slower and less stable than the standard event fit. Usually,
it is not suitable for fitting large numbers of pulses. The exponential fit is
applied for the precise determination of pulse parameters such as the rise
time or the decay times.

2.4.3. Energy Calibration

The pulse amplitudes which have been reconstructed by the standard event
fit are responses to the energy depositions in the phonon and light detectors.
After fitting, it is possible to calculate the relative difference between energies
which excited the detectors, e.g. whether one energy deposition was twice
as strong as the deposition before.

However, in order to set an absolute energy scale, one needs the response
of the detector to at least one known energy. Then, one knew that the depo-
sitions were 100keV and 50 keV respectively. Additionally, it is possible to

44



2.4. Data Treatment

1000 [~ -

Counts

500 [~ N

0 | | | ! .

0 0.1 0.2 0.3 0.4
Amplitude (V)

Figure 2.15.: The calibration peak of >7Co in the detector Rita. The biggest line
corresponds to 122 keV, the line right to it to 136keV. The lines
which have an amplitude of &~ 0.15V are escape lines of tungsten.

refine the energy scale by gauging the response of the detector over a range
of energies and over time.

Calibration

The calibration is done by exposing the detectors to a known radioactive
source. For the Dark Matter search in CRESST, this is usually a %’Co y-
source. The main emission lines of this isotope are at 122 keV and at 136 keV.
As a y-photon in this energy range is capable of penetrating copper of a few
mm thickness, it is possible to place the calibration source outside of the
cryostat and to remove it when the calibration is finished. This method
allows for a relatively intense calibration source, so the time necessary for
the calibration can be kept short.

For phonon detectors, the two peaks are distinct, while most light detec-
tors cannot resolve the difference in the amount of scintillation light between
the 122 keV and 136 keV-lines. In the calibration that precedes a Dark Matter
analysis, the phonon detector amplitude which corresponds to the 122 keV
peak is interpreted as the response to an energy deposition of 122 keV in the
target crystal.
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Figure 2.16.: The temporal evolution of the test pulse responses in Rita. Each
vertical line represents pulses of one injected amplitude.

The fact that a part of the energy leaves the crystal in the form of scintil-
lation light is neglected. In consequence, this means that other particles, e.g.
a-particles, produce phonon energy readings that are slightly off scale.

As already mentioned in Section the situation is more delicate con-
cerning the light detector. The calibration peak corresponds to the scintilla-
tion light which has been generated by 122 keV y-photons absorbed in the
target. For a-particles of the same energy, the response would be lowered
by the quenching factor.

In order to emphasize the particle-dependent behavior, the energy cali-
bration of the light detector is denoted as keVee, where the index stands
for “electron equivalent”. This name indicates that the energy scale is only
correct under the assumption that the scintillation light was generated by
electron recoils. For particle interactions which have quenching factors # 1,
the energy reading of the light detector does not correspond to the deposited
energy.

Gauging

Strictly speaking, the energy calibration obtained with the >Co source is
only valid at 122keVand during the time when the detector was exposed
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Figure 2.17.: Test pulse amplitudes versus the energy of the calibration. The
green line represents the polynomial fit used to evaluate interme-
diate pulse heights.

to the calibration source. The test pulses provide the gauge for extending
the calibration to a wider range of energies. Since they are sent over the
whole duration of the measurement, they can also reveal an eventual time-
dependent change of the detector response.

As already indicated in Figure[2.13] some of the test pulses saturate the
detectors, so they need to be fitted using the truncated standard event. Since
test pulses have different shapes than particle pulses, a dedicated test pulse
standard event is required.

The temporal evolution of the test pulses of the detector Rita during Run
32 is shown in Figure[2.16] For the gauging, the time-dependence of the
test pulse response amplitudes is modeled using splines. This is necessary
in order to have a gauge in the time between two test pulses of the same
injected amplitude.

The values of the splines at a given time are the response of the detector to
depositions of discrete energies at that time. Values between these discrete
energies can be interpolated with a polynomial of low order, nearly linear
(see Figure[2.17). Since the energies are only known in terms of injected
heater pulse height, one needs a relation between the injected pulse height
and energy deposition by a particle.
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The assumption is that in both cases, a heater and a particle pulse, the re-
sponse of the detector is similar since in both cases the sensor of the detector
reacts to thermal phonons. In the case of a particle interaction, the thermal
phonons come from the thermalization processes described in [Pro+95], in
the case of the test pulses they are created by the electrical current flowing
through the heater wire.

Thus, if one of the test pulses had the same response amplitude as the
pulses of the 122 keV y-absorption one would know the relation between the
injected heater pulse heights and the resulting energy depositions. Usually,
there is no heater pulse which exactly produces a response of the same
amplitude as the 122 keV peak.

Fortunately, in such a low energy range on can consider the detector re-
sponse to be linear and therefore, one can linearly approximate the test pulse
response using two test pulses which have a lower and a higher response
than the 122 keV y-line.

2.5. Summary

The CRESST experiment aims to detect Dark Matter by the scattering off
atomic nuclei. In order to overcome the high rate of background radiation,
the detectors are heavily shielded. An active background discrimination
technique provides the possibility to discriminate between individual parti-
cle types.

This active discrimination technique relies on the fact that the detectors
have two measurement channels: Energy and scintillation light. The scintil-
lation light is the criterion for discrimination. It is therefore important for
the sensitivity of the experiment to precisely measure the light yield of the
events.

For the analysis, the detectors can be calibrated over a certain energy
range with the help of a y-source. This procedure provides a calibration
which is normalized to the response to y-events. An additional calibration,
for example with a-particles will result in a slightly different energy scale
and might yield additional knowledge of the detectors.
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This chapter describes the newly-developed detector modules which have
been first used in Run 31 of the CRESST experiment. The motivation for
developing alternative modules will be discussed in Section

Subsequently, Section|[3.2] will describe the manufacturing of composite
detectors with different types of glue.

The modified detectors produce pulse shapes which are different from
those which conventional detectors produce. The difference is explained in
Section [3.3} while Section [3.4] describes the impact of these changes to the
recorded spectra.

The composite detectors consist of at least two different materials, a glue
and one or two different types of crystals. Since the glue and the crystals
have different thermo-mechanical properties, the cool-down creates stresses
in the detector. Section [3.5] presents simulations of the stress which occurs
in different detector geometries.

3.1. Motivation

3.1.1. Influence of the High Temperature Process on the
Scintillation Efficiency

During the production of the detectors, the aluminum and tungsten layers
for the sensors are evaporated onto the crystal substrate. The tungsten pro-
cess temperature has an influence on the shape of the transition curve of
the film. A process temperature of 450 °C has turned out to produce good
thermometers.

In order to create pure films, the pressure in the evaporation system is
kept at 10-8 mbar. This low pressure, together with the heat, changes the
chemical composition of the crystal, namely by outgassing of oxygen from
the CaWO, compound. A crystal with a reduced oxygen content is a less
efficient scintillator [Ninos].

In order to preemptively compensate for this effect, one can anneal the
crystal in an oxygen atmosphere. This oxygen enrichment can drastically
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Figure 3.1.: The evolution of light output of three different crystals after dif-
ferent steps of the detector production. The values [Pet06] of
each crystal are normalized to its respective light output at de-
livery time.

increase the scintillation efficiency. After the tungsten deposition, the scin-
tillation efficiency drops again, but not as low as if the crystal had not been
annealed before. Annealing the crystal after the deposition is not an option,
because the hot oxygen atmosphere would compromise the quality of the
sensor film.

Figure[3.1 shows this behavior using the three crystals VK-29, VK-32 and
VK-33 as examples. After delivery, each crystal was irradiated with a 13Cs
source and the amount of scintillation light was measured with a photomul-
tiplier. After annealing and after sensor deposition, the light output was
measured again. The initial value serves as the reference for normalizing
the second and third values.

In the cases of all three crystals, the annealing treatment raised the scin-
tillation efficiency high above the initial value. For crystals which have been
bought at a later time, the rise is not as high (compare Table [4.1). This hap-
pens due to the fact that crystals which have been bought more recently are
already annealed by the manufacturer.

The evaporation process for producing the sensor film caused the scintil-
lation efficiency to drop again. The high temperatures are inevitable for the
evaporation of the sensor films. Nonetheless, since they reduce the scintilla-
tion efficiency, the goal is to minimize their influence on the scintillators.
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3.1. Motivation

(@) A thermometer carrier mounted in a (b) The complete composite detector with
test sample hoder the symmetry axes of CaWO,

Figure 3.2.: The composite detector design: The sensor is produced separately
on a small crystal. This thermometer carrier is glued to the target
crystal. The crystal does not suffer the high-temperature treat-
ment, keeping its good scintillation capabilities. In Run 32, the
axes of the crystals were oriented according to picture
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A promising way is to produce the thermometer on a separate small crys-
tal as in Figure [3.2(a)} henceforth called the thermometer carrier crystal and
to glue this carrier to the big target crystal. In this way, the corruptive ef-
fects of the high temperature treatment affect only the small carrier crystal.
Figure shows an example of such a composite detector.

3.1.2. Alternative Scintillator Materials

The default target material for CRESST is currently CaWQ;. For future runs,
other materials might be interesting as well. However, their properties make
it difficult to use them in conventional detectors. A composite detector on
the other hand might still allow for such materials:

ZnWO,: This material is easier to purchase than CaWOQy, since production
and demand for it are higher. According to [Bavog] it also produces
more scintillation light at a given energy deposition. On the downside,
the ZnWOjy crystals are more brittle, they crack easily under mechan-
ical stress. This includes thermomechanical deformations which hap-
pen during the thermometer deposition. In addition, the transparency
of ZnWOy heavily decreases after a thermometer deposition.

lodides: These materials are supposed to scintillate better than CaWOQO;, as
well. Some iodide crystals are very delicate to handle. The materials
can be hygroscopic and an exposition to the atmosphere of more than
a few hours turns the surface of these crystals hazy.

3.2. Manufacturing

The thermometer carriers have a size of 20 x 10 x 1 mm?3. They consist of the
same material as the target crystals, CaWO,4 or ZnWOy. In order to reduce
thermal deformation stress, the CaWQ, thermometer carriers are cut such,
that their crystal axes match those of the target crystal. Since CaWOy is a
crystal of Scheelite structure, the crystal axes in the (010) and (100) direction
are equivalent [YBy1]. The target crystals are fabricated such, that the (001)-
plane corresponds to the axial faces of the cylinder. A rotation of the carrier
crystal along the axis of the cylinder therefore has no effect on the thermal
deformation stress.

In the previous run, there were four composite detectors. Their targets
were the CaWOy crystals Hanna, Maja, and Rita, as well as the fourth crystal
named ZnWOy-4. All four were assembled using commercially available
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Figure 3.3.: The phonon detector Hanna after Run 31. The stress caused by the
different thermal expansions of Araldite and CaWO, has destroyed
the target crystal.

glues. The glues were Araldite®—2011 in the case of Hanna and EpoTek®
301-2 in the case of Maja, Rita and the ZnWO;,-crystal.

3.2.1. Araldite

Araldite 2011 is a scintillating epoxy resin glue. In the proof-of-principle
experiment described in [Kieoy], an Araldite-glued detector gave promising
results. The experiment took place in a laboratory above the Earth’s surface,
so the detector had to be of smaller size than the Gran Sasso detectors in or-
der to keep the background-related triggering rate low. This model detector
had a cuboid shape of 20 x 10 x 5mm>.

In contrast, in the Gran Sasso setup, the Araldite-glued detector Hanna
never produced usable signals. After dismounting, one could see that the
thermal stress of cooling the detector had caused a crack in the target crystal
(Figure[3.3). It starts at the adhesive joint and extends into the bulk of the
target crystal. The carrier crystal did not seem to be affected. Consequently,
the setup for Run 32 did not include Araldite-glued detectors any more.
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After Run 31, the module Hanna was disassembled in order to determine
the thickness of the glue layer. The glue had a thickness of < 20pum at the
thinnest point and between 30 um and 40 pm at the thickest point. Most of
it was of a thickness around 30 pm.

3.2.2. EpoTek

EpoTek® 301-2 is a two-component epoxy resin glue, similar to Araldite®-
2011. Handling EpoTek® 301-2 is more easy since the mixed glue is much
more liquid in comparison to Araldite®-2011. On the one hand, the pro-
duction of thin adhesive joints is much easier with EpoTek® 3012, since it
spreads better between the two crystals, behaving similar to a drop of water.

On the other hand, this means that the shape of the adhesive area can
change after the glue has been deployed on the surface. Before hardening,
the glue re-arranges itself due to capillary forces in the thin gap between the
two crystals.

In Run 32, a second ZnWO,-detector glued with EpoTek® 301-2 replaced
the module containing Hanna. Up to now, all EpoTek-glued detectors have
survived the cooling cycles.

3.3. Pulse Shapes

In a composite detector, there are two possible crystals in which an energy
deposition can happen. Looking at the volumes of the parts, it is evident that
most of the events happen in the target. The different crystal volumes cause
different pulse shapes which permits determining where the deposition took
place.

Spikes If the energy deposition takes place in the thermometer carrier, the
pulse shape changes drastically, compared to a pulse from the target: As
one can see in Figure the pulses rise much faster and the time constant
for their decays are much shorter than normal. This is due to the fact that
the time constants depend on the volume in which the energy deposition
takes place (see equation (2.9)). The volume of the carrier is much smaller
than the volume of the target. Therefore, the carrier pulses are much faster.

Normal Pulses In the target crystal, the phonons that have been created
due to an energy deposition cannot directly couple to the electrons of the
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Figure 3.4.: Comparison between the signals of particle interactions in the tar-
get crystal and thermometer carrier parts of a composite detector.
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Figure 3.5.: Comparison between the signals of a conventional (Verena) and a
composite detector (Rita).
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Figure 3.6.: Calibration spectrum recorded with the conventional detector Julia.

sensor. Instead, they first have to couple to the phonons in the glue which
then couple to the phonons in the thermometer carrier crystal.

Although the intermediate steps cause a slight deformation in the pulse
shapes, the resulting signal of a composite detector is not significantly dif-
ferent from the signal of a conventional detector: in Figure[3.5} there is a
comparison between the standard events of the conventional detector Verena
and the composite detector Rita from that run. The signal of Rita has a
longer decay time than the one of Verena but the record length is sufficient
to observe the interesting part of the pulse.

3.4. Spectral Quality

The main information which is extracted from the detector data are energy
spectra. Thus, one has to compare the conventional and the composite de-
tectors with regard to the quality of the spectra as e.g. the resolution of
spectral lines. The data from the calibration of Run 31 with the ’Co calibra-
tion source are a suitable reference.

The Figures|3.6|and [3.7]are calibration spectra recorded with the detectors
Julia and Maja. One can see the 122keV and 136keV peaks from the >’Co
source. The escape peaks of y-photons from the > Co are visible as well.
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Figure 3.7.: Calibration spectrum recorded with the composite detector Maja.

Name FWHM (keV) Comment
122 keV-Peak Baseline
Julia 1.92 0.99 standard
Maja 1.98 0.80 EpoTek
Rita 1.98 0.41 EpoTek
Hanna 2.62 0.44 Araldite, broken
ZnWO, 1.81 EpoTek, Measurement by [Bav09]

Table 3.1.: Comparison of the FWHMs of the 122 keV calibration line. The mod-
ule Julia has a standard phonon detector while the others have com-
posite detectors.
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Carrier —»

Figure 3.8.: Design for a modified target crystal. The idea is to reduce the
stress and thereby fake signals created due to thermal relaxation
by adding a “nose”-like structure to the target crystal. If the glue
and the nose have the same dimensions, there should be less
thermo-mechanical stress in the target crystal because the nose
provides less material that can exercise a force in the glue.

These peaks are due to excitation of tungsten atoms where the incoming y-
ray loses a part of its energy by exciting X-ray fluorescence in the tungsten.
If then the X-ray is not seen by the detector, its energy does not show up in
the measurement.

When visually compared, the two spectra do not bear a remarkable dif-
ference. The spectrum recorded with Rita has a bit less statistics which is
due to the position of the calibration source relative to the two detectors.
The resolutions of the two detectors can be determined via the FWHM of
the 122 keV peak. Table 3.1 shows the values for all composite detectors of
Run 31 and the detector Julia for comparison. The resolution of the EpoTek®
301—2-glued composite detectors is in the same range as the resolution of
conventional detectors. The detector which was glued with Araldite®—2011
has a worse resolution. The reason might be the cracks which disturb the
propagation of phonons in the crystal.

3.5. Stress Simulations

Apart from the sensor film, a composite detector consists of at least two dif-
ferent materials, namely the glue and the crystals. Having different thermo-
mechanical characteristics, they contract to a different extent when cooling
down. Since both materials are connected, the different contraction rates
cause mechanical stress. If this thermo-mechanical stress exceeds the value
which a material can maximally sustain, the material cracks.

Each of these cracks is an energy deposition in the detector. Since cracks
do not ionize the material, they do not excite any scintillation center. There-
fore, the crack formation could fake signals of particles with a high quench-
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ing factor. This means that depending on the model implications, the cracks
could be falsely interpreted as WIMPs. Even more severe cracks can destroy
the whole crystal as in the case of Hanna.

The thermo-mechanical stress depends on the material characteristics as
well as on the geometry of the detector. With a good choice of these prop-
erties, it could be possible to reduce the risk of producing cracks in the
crystal. Geometrical modifications as the one shown in Figure 3.8 could
possibly also influence the stress. Such a nose might help to avoid areas of
large thermo-mechanical stress in the target crystal.

The rest of this chapter shows simulations of the composite detector dur-
ing cool-down. The simulations address the following questions:

¢ [s there a need for aligning the target crystal and thermometer carrier
axes?

¢ Do flat glue spots reduce the stress?
¢ [s it beneficial to limit the diameter of the glue spot?
* Could an additional nose reduce the stress?

Before presenting the results of the simulation, some basic parameters of a
thermo-mechanical problem will be discussed.

3.5.1. Theory of Elasticity of Materials
Stress

In solid state physics, the force F which acts on a material is usually nor-
malized to the surface A. This yields the so-called stress o

o= (1)

In a three-dimensional space, there are three possible directions for the
stress: One normal to a surface and two in parallel to it. The parallel stresses
are commonly called shear stress.

In order to investigate the load of a material, one considers the stress on
three cut planes normal to the unit vectors ¥; (see Figure[3.9). The three
stresses (one normal, two shear) on each cutting plane are named ¢;; accord-
ing to the direction of the plane normal X; and the direction of the force ¥;.
This results in a 3 x 3 stress tensor ¢. This general case can be simplified by
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Figure 3.9.: Components of the stress tensor o.

assuming that no angular momentum transfer occurs. Then, always two of
the components are related such that

vij = 0ji (3-2)

which makes the stress tensor symmetrical.

It is always possible to choose a coordinate system in which the surfaces
are aligned such that no shear but only normal stress components occur.
This coordinate system is called the system of the principal axes. The three
remaining stress components are accordingly called principal stresses. The
principal stresses have only one index number, usually in Roman style. They
are named o7 to oy where oy is the biggest and o7 the smallest compo-
nent [RHBo§].

Deformation

When being exposed to a force, a solid can change its shape in different
ways, depending on the force and the material properties:

Elastic Strains Similar to the stress, there are two types of deformation:
normal strain (orthogonal) and shear strain (in parallel). Figure de-
picts the deformation of a rod which is exposed to a force Fy that is pulling
in the x-direction. Without a load, the rod has a length Iy. When applying
the load, the rod elongates to a length of I; = Iy + Al
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(@) Normal strain (b) Shear strain

Figure 3.10.: Normal and shear strain

The strain € in x-direction is defined as the change in length over the
original length:

Al
€= T (3-3)
0

The concept of shear deformation is illustrated in Figure[3.10(b), where a
force F, is pulling the material in x-direction. However, in this case the
material is not fixed on a surface that is perpendicular to the force but in
parallel to it. The reaction of the material is called shearing. In this example,
the shear 7 is defined as the displacement in x-direction depending on the
position in y-direction.
_ Ax
Yy

The general case of a three dimensional deformation including both shear
and strain is described by a symmetrical 3 x 3-tensor &:

Y (3-4)

&ij = &ji (3-5)

As in the case of the stress tensor, the index i corresponds to the surface
that is normal to the deformation. The index j indicates the direction of the
deformation again. This so-called strain matrix contains all possible normal
and shear strains occurring in a unit volume.

Poisson’s Ratio When stretching an object like e.g. a rubber tape in x-
direction, the material contracts along the y- and z-axes. Figure [3.11]illus-
trates this behavior in a simplified two-dimensional case:

A force F pulls at a quadrangular body along the x-axis and elongates
it by Aly. At the same time, it becomes thinner by Al in the y-direction.
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Figure 3.11.: The deformation described by Poisson’s ratio.

The relation between deformations in different directions is described by
Poisson’s ratio v. It is the relation of the relative changes in length:

Aly

T
V= aly (3.6)

Ly

The general case for three-dimensional objects requires a set of three dif-
ferent Poisson’s ratios vy, vzx, and vy, which relate the deformations in all
three directions.

Elasticity

In the one-dimensional case of a spring with an elasticity D, the force F
depends linearly on the excursion Al. This behavior is known as Hooke’s
law:

F=DAI (7)

Generalized to three dimensions and anisotropic materials, Hooke’s law,
instead of relating the force and the excursion of a rod, describes the stress
depending on the strain:

0ij = Cijxi€n (3-8)

The counterpart of the spring constant D is the compliance matrix C, or
Cijx; in component notation. It describes the specific elastic properties of the
material. Due to symmetry reasons only 36 of its 3* = 81 initial components
are independent. Making use of this fact, the compliance matrix is usually
written in the so-called Voigt notation, turning it into a 6 x 6 matrix. In a
cartesian coordinate system with the directions x, y and z, the Voigt notation
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abbreviates pairs of indices in the following way:
1=xx; 2=yy; 3=2zz; 4=yz; 5=zx; 6 =xy (3.9)

With the strain and stress tensors in vectorial form, Hooke’s law yields:

51 Cii Cn G Cyu G5 Cg €1

053 Co Cn G Cp Csun Cs €

o3 | _ | Ci3 Cs3 Gz Ci3 Gz Ces €3 (3.10)
0y Ciy Coyp Cap Cy Csy Cay €4 ’

s Cis Cs G5 Cy5 Css5 Ces €5

06 Ci6 Cos Cs6 Cas Cs6 Ces €6

The elastic properties of CaWOy are given in the form of a such a compliance
matrix [GHJ73]. However, the simulation software requires material data in
the form of the so-called Young’s and shear moduli E and G and the Poisson
ratio v.

Therefore, one needs to convert the values from one form into the other.
The equations in [PWo7] help to state the relations between the two different
notations, using a third form, the stiffness matrix $. This matrix describes
the inverse of Hooke’s law:

€ij = Sijk10ki (3.11)
With this information, one can transfer the stiffness matrix into the compli-
ance matrix and vice versa by using the relation

§=C¢"1 (3.12)

Young’s moduli E(#) describe the connection between the normal stresses and
strains along the unity vector 7i:

1

@) nin;Siji gy (3.13)

The components parallel to a surface are handled by the shear moduli G(ii, i)
1

G min;Sijxmyn, (3.14)

The connections between the stiffness matrix and Poisson’s ratios are given
as .
Lo Mimjoijk NNy
v(m, i) = ————"———— (3.15)
1pNgSpquonuy
In the case of EpoTek® 301-2, the material characteristics are given in the E,
v form directly [Cea+06|]. With these parameters, one can model the reaction
of a material which is exposed to certain forces and displacements. The fol-

lowing step is a description of the cause for these forces and displacements.
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Thermal Expansion Coefficient

The fact that rising temperatures make most objects expand, while falling
temperatures make them contract, is common knowledge. Assuming a lin-
ear relation between the change of length Al and the temperature AT leads
to the thermal expansion coefficient «.
For an object with a length I, the change of length goes with the tempera-
ture as follows:
Al = laAT (3.16)

The thermal expansion coefficient is thus:

uc—lA—l (3.17)
T IAT 317

The glue as an amorphous material has only a single value valid for all
directions. However, CaWQ, is a material with an anisotropic expansion
behavior, having one expansion coefficient for the a-axes and another one
for the c-axis.

When extending the description from a one-dimensional to a three-di-
mensional case, one has to take into account such a behavior by defining
different expansion coefficients for the different spatial directions i:

o 1dy

(3.18)

In addition to this, « must not necessarily describe a thermal expansion
constant but the values «; themselves can depend on the temperature:

;= Oél'(T). (319)

The thermal expansion coefficients used for the simulation were measured
by [YB71] in the case of CaWQ, and by [Cea+06] for EpoTek® 301-2.

Criterion for Damage

With these characteristics of the material known, it is in principle possible to
calculate the reaction of a composite detector to a cool-down. However, this
does not necessarily mean that one can decide whether geometrical config-
urations of the detector are good or even possibly destructive. A cool-down
always creates strains and related stresses in the material. As long as the
displacements are within the limits of elasticity, these effects are reversible
and therefore do not cause permanent damage in the form of cracks.
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One way of investigating whether a material suffers permanent damage
is to determine if its deformations change from elastic to becoming plas-
tic. The transition occurs when the so-called stress criterion o, exceeds the
characteristic yield stress R, of the material

0c 2 Ry. (3.20)

The quantities 0y, and Ry are scalars. While R, is a material-dependent
quantity which one can measure, there are different possible assumptions
for oc.. The decision which assumption to make is purely empirical. For
ductile materials as metals, there are stress theories as e.g. the von-Mises-
hypothesis in which the stress criterion contains all the components of the
stress tensor:

oy = \/; ((lfn —00)? + (02 — 033) + (011 — 033)> +3 (035 + 02 + (7122))
(3.21)
Such a criterion respects the fact that deformations of the material in differ-
ent directions might compensate for each other. Then, the plastic deforma-
tions might prevent the material from breaking.

When pulling a wire for example, the wire at first is only deformed elas-
tically. When the force becomes stronger and starts to deform the material
beyond its limits of elasticity, the wire will become irreversibly longer and
thinner. However, the wire is not completely destroyed. Only as soon as the
deformations become too big or too fast for the material to cope with, the
wire will rip.

CaWOy on the other hand is brittle and not ductile, at least at room tem-
perature and below. Therefore, one can assume that sufficiently high de-
formations will not result in a plastic deformation of the material but will
break the crystal instead. In such a case, the stress criterion is much simpler
than in the case of ductile materials. The stress criterion is simply the largest
primary stress [Wit10]:

O = 0711 (3-22)

Since no measurement of the temperature-dependent yield stress R, for
CaWO; exists, one cannot determine whether the crystal actually cracks un-
der the conditions occurring in the simulations. However, one can assume
that the crystal will not crack if the stress criterion is not too high. Thus, the
investigation within this work aims at finding configurations which keep
the greatest principal stress oy at a low level.
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3.5.2. FEM Method
FEM in General

Analytically determining the maximum primary stress which occurs in a
cold composite detector would pose an extremely complicated task. One
would need to set up an equation or a set of equations in order to model

¢ the geometry of the composite detector,

¢ the thermo-mechanical behavior of its components, taking into account
the anisotropic behavior of the CaWQO; parts,

¢ and finally the resulting deformation and stresses when the glue and
the crystals are forced to interact.

Subsequently, one would have to find the maximum of the function model-
ing the primary stress distribution inside the detector.

It is doubtful, whether one could resolve such a problem with purely
analytical methods. Instead, this work makes use of a numerical method
known as the Finite Element Method (FEM).

This method can help to solve complex problems by dividing them into a
set of smaller problems. The small problems then are resolvable. Since FEM
is a numerical method, the possibility to solve complex problems with the
FE method comes at the cost of having only an approximative solution.

The first step is to split the object into smaller and simpler geometrical
shapes, called the volume, surface and line elements. Common basic ele-
ments are e.g. triangles and quadrangles which form tetrahedra and prisms.

When the geometry model exists, the next step is to model the physical in-
teractions between the nodes, the points that delimit the individual elements.
In a mechanical problem, this could be the position of the points related to
the forces acting on them and the elasticity of the material between them. In
case of a diffusion problem on the other hand, one could model the concen-
tration e.g. of a mineral dissolved in a liquid related to the diffusion between
different locations in the liquid.

If the individual elements were completely isolated, the model would be
of no use. Therefore, one has to set up connections that relate the individ-
ual elements. Specifying boundary connections makes it possible to model
external influences as e.g. mechanical forces or temperature gradients.

If not explicitly stated otherwise, the following text concerns the thermo-
mechanical problem of the composite detectors. A more detailed, general
explanation of the principles behind FEM can be found e.g. in [Abb11|] or
in [Wit10], just to name a few.
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Software

In general, the solution of a problem with the FE method consists of three
major steps. Each of these steps is treated by one or more programs.

Pre-Processor The pre-processor is used in order to create a mathemat-
ical model of the problem. First, one needs to create a geometrical
model of the composite detector. The discretization of the geomet-
rical model produces the so-called mesh which consists of the finite
elements. Subsequently, one assigns the physical properties of the dif-
ferent materials to corresponding regions of the mesh. In the last step,
one specifies boundary conditions corresponding to the mechanical
and thermal loads which act on the detector.

Solver The mesh together with the material data and the boundary con-
ditions are the input data for the solver. The solver calculates the
reaction of the element nodes to the loads. It assembles the results
into two fields. The first field contains the forces occurring inside and
among the elements. The second field describes the displacement of
the individual nodes.

Post-Processor The post-processor uses the result of the solver in order to
generate further information, as for example the field containing the
primary stresses. The user-interface which displays the final result is
also a component of the post-processor software.

The FEM calculations in this thesis were performed with the help of the
distribution of free FEM software called SALOME-MECA. The two relevant
packages of this distribution are SALOME and Code_ASTER. SALOME pro-
vides a GUI with which one can specify the geometrical properties of the
detector and a set of algorithms for generating a mesh according to the ge-
ometry. Code_ASTER is used for providing the model with physical prop-
erties. It contains solvers for various types of problems and provides means
for post-processing the result in order to extract the primary stresses. Finally,
one can observe the result of the calculation in the GUI part of SALOME.

Model

Geometry An example for a composite detector model can be seen in
Figure It consists of the thermometer carrier (blue), the glue (red) and
the target crystal (green). Only half of the thermometer carrier is displayed
in order to show the position of the glue between the two crystals.
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Figure 3.12.: The meshed geometrical model of a composite detector. Half
of the thermometer carrier (blue) is cut out to reveal the glue
(red) and the target crystal (green). The black lines represent the
margins of the mesh elements.
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Since the stress in the crystals drops off on relatively short distances, it is
not necessary to model an entire 40 x 40 mm3-cylinder for the target crystal
and a corresponding 20 x 10 x 1mm3 cuboid for the thermometer carrier.
By reducing those parts to cylinders of 10 x 1 mm?, one does not lose rel-
evant information. On the other hand, limiting the geometry reduces the
complexity of the problem, and thus drastically shortens the calculation
time. The glue spot in the shown model has a diameter of 5mm and a
thickness of 40um. A model with these dimensions resembles the actual
glue spots of the Run 32 composite detectors.

Meshing The black lines in Figure indicate the boundaries of the in-
dividual mesh elements. As one can see, the size of the mesh elements is not
constant over the whole geometry. Instead, the crystal meshes are refined
towards the glue interfaces. The smallest mesh elements are located is the
outer rim of the glue spot and its neighboring regions in the crystals. Finer
meshes increase the precision of the calculation in regions of interest.

Although it is possible to manually generate a mesh by specifying the
nodes and the line face and volume elements, it is much more convenient
having the mesh generated automatically, especially in the case of more
complex objects.

The automatic mesh generator can make use of various algorithms and
corresponding hypotheses [Sal]: on the one hand, the meshing algorithm de-
termines e.g. whether to split the faces of an object into triangular or quad-
rangular elements. The meshing hypotheses on the other hand can e.g. define
the size distribution of the mesh elements. In combination, they provide a
way to generate regions with coarser and finer meshes, depending on how
important the regions are in the model.

The mesh in Figure is a composition of three individual meshes cor-
responding to the parts of the composite detector. Since all three of them are
cylinders, the instructions for the mesh generator had the following general
structure for each of them:

¢ Generate two-dimensional sub-meshes for the cylinder faces first.
— Split the circle into “pie pieces” of equal size.
- Divide the pieces along the radial direction using concentric cir-

cles.

¢ Produce volume elements by extruding the polygons of the faces along
the cylinder axis
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Figure 3.13.: Fixating a solid in three points is sufficient for keeping it from
moving: Constraining the movements marked by the red arrows
to zero stops any translation. When one additionally prevents
motion in the directions marked by the blue arrows, there is no
possibility for rotation any more.

The hypotheses used for the meshes in this work are chosen such that the
circular faces are divided into 40 segments. The radial mesh size distribu-
tion for both the glue and the crystals decreases from the center towards the
glue to a value of 5pm as well. In case of the crystals, the mesh size then
increases again from the interface to the outer rim of the cylinder. Axially,
the crystals are divided into slices whose thickness decreases down to 5 pm
near in the interface region. All of the glue slices have a thickness of 5 pm as
well. With different smaller and bigger mesh sizes, the calculation gave con-
sistent results. The finally selected mesh size is a balance between memory
requirements and calculation time on the one hand and a detailed display
on the other hand.

Apart from the shape, it is possible to select whether the mesh elements
are linear or quadratic. This choice reflects the order of the polynomial which
models the interaction between the boundary nodes of the mesh. A quadra-
tic mesh allows more precise calculations at the cost of computing time. In
the case of this work, the results only changed by 2 % while the calculation
time increased by a factor of 10. Therefore, all the following calculations
rely on linear meshes.

Boundary conditions In order to complete the formulation of the prob-
lem, one needs to specify boundary and connection conditions:
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Isostatic support: If there is no specification on the movement of the en-
tire object, the solver crashes, as the model concerns only the internal
degrees of freedom. There is no information on the translation and
rotation of the detector, meaning the model is under-determined.

One can arbitrarily choose a set of boundary conditions. In the easiest
case, the boundary conditions simply prevent any movement of the
simulated object. Figure[3.13]illustrates a way to do this, called iso-
static support. This support works by restricting movements of three
nodes in the geometry. Setting movements along the blue arrows to
zero will keep the object from rotating. Restraining the movement
along the red arrows will stop any translation.

Connection: If not explicitly stated otherwise, each sub-mesh representing
a physical part of the detector is isolated. Therefore, one has to prompt
the pre-processor to link the nodes on the faces of the glue spot to their
adjacent neighbors on the crystal.

These conditions state the geometrical relations of the node elements. Two
macroscopic properties of the system remain:

Crystal alignment CaWQ, is an anisotropic material. This means that
Young’s modulus, the shear modulus, and Poisson’s ratio have dif-
ferent values along the a- and c-axis. One has to state the orientation
of the crystal axes along the meshed geometries. In case of the first
simulation, the c-axes of both crystals are aligned along the cylinder
axes. Since the glue is amorphous, its alignment is not relevant.

Temperature The initial temperature of the material is set to 300K. The
simulation calculates the state of the detector after a cool-down to
10mK.

3.5.3. Results
Default Configuration

The simulation shown in Figure [3.14] will serve as the reference for all fur-
ther discussions in this chapter. It relies on the assumptions presented in
Section [3.5.2] These assumptions describe a composite detector with prop-
erties matching to those composite detectors which were part of the Run 32
setup. The color code of the picture represents the highest primary stress
oyrr in the volume elements inside the detector. The picture itself is a cut
view along the y — z-plane in order to inspect the inside of both the detector
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Figure 3.14.: The highest primary stress op; in the environment of the glue.
The picture is a cut along the y — z-plane. Values are given in
units of 100 MPa.

and the glue layer. If the sign of the primary stress is positive, the corre-
sponding element suffers an expansion. If the stress is negative, the element
is compressed.

The bulk material of both crystals suffers from a compression stress of
oy1; =~ 14MPa due to the cooling down. Most regions of the glue undergo
an expansion stress of ojj; ~ 200 MPa. The mismatching thermal expansion
coefficients in combination with the different elasticities of the material are
the reason why the crystal contracts while the glue suffers from an expan-
sion stress although being cooled down.

The most interesting phenomenon happens at the crystal surfaces, near
the outer rim of the glue. In contrast to the bulk material, this crystal region
undergoes an expansion stress similar to the glue. With a value of oy =
260 MPa indicated by the red color of the element, this is the most intense
stress in the entire model. In this region, the crystal will most probably
crack, if the stress finally becomes too high for the crystal to bear.

The mesh elements in this interface region have an edge length of 5pm.
Thus, one can read from the plot that the stress drops down to 1/e of its
original value in a distance of ~ 30 pm along the planes. The stress attenu-
ation length in the axial direction is less than 10 pm.
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2119 56.7 135. . . 56.7

(a) View along the (y — z)-plane (b) View along the (x — z)-plane

Figure 3.15.: The primary stress oj; in a composite detector with the c-axes
not aligned. In plot[(a)} the two a-axes coincide. Plot[{b)]looks at
the region where the c-axis of the thermometer carrier meets the
a-axis of the target crystal.

Planning to reduce the stress with the help of a nose structure as sug-
gested in Figure[3.8] one would have to produce a glue spot which would
cover the whole surface of the nose with a precision of O ~ (10pum). As
mentioned in Section[3.2.2] capillary effects between the crystal surfaces
make it impossible to force the glue into assuming a certain geometry.
Therefore, it is not realistic to make use of such a nose structure.

Alignment of the Crystals

One of the main concerns while assembling the composite detectors is the
alignment of the crystals. CaWO;, has different thermal expansion coeffi-
cients along its a- and c-axes. If the axes of the two crystals do not match,
there might be stress caused by the crystals expanding differently along the
same spatial direction, in addition to the stress created by the tension be-
tween the glue and the crystals.

In order to get an impression about the influence of the alignment of crys-
tals with anisotropic characteristics on the stress in the detector, one can
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Thickness (um)
20 40 60 80 100

Crystal Stress [MPa] 170 260 326 378 526
Glue Stress[MPa] 200 200 200 200 200

Table 3.2.: Influence of the thickness of the glue layer on primary stresses oy
in the crystal region next to and inside the bulk material of the glue.

vary the alignment of the material properties in the simulation. If the two
crystals are aligned in parallel, the primary stress value is oy ~ 260 MPa
all along the glue interface. The same is true when rotating e.g. the ther-
mometer carrier along the z-axis which is in parallel to the c-axes of the
crystals.

The situation changes when rotating the alignment along one of the other
two axes, x or y. In one of the most extreme cases, the c-axis of the ther-
mometer carrier is in parallel with an a-axis of the target crystal. The result
of this configuration is presented in Figure which shows two sectional
views along different planes of the detector geometry.

Figure is a cut along the y — z-plane, where the a-axes of the crys-
tals are in parallel. While in the target crystal the primary stress stays at
oy =~ 260MPa, its value in the thermometer carrier changes by 5% to
g~ 247 MPa.

In Figure[3.15(b)} a cut along the x — z-plane, the a-axis of the target
overlaps with the c-axis of the thermometer carrier. In this direction, the
changes are more grave: The stress in the thermometer carrier drops to
o1 = 220 MPa which is a decrease of ~ 15%. In the target, the stress in-
creases to oy ~ 290 MPa which means ~ 20 % more stress than in the case
of a detector with aligned crystals. Percental changes of the same size can
be observed with different mesh sizes.

However, the stress reduction occurs only along one spatial direction
while the other one stays unchanged. In addition, it is not clear whether
cracks in the carrier would eventually provoke additional cracks in the
glue. Therefore, it is reasonable to have the crystals in a composite detector
aligned.

Dimensions of the Glue Layer

Thickness Table contains oyj; stress values for circular glue spots of
5mm diameter. The thickness of the glue layer varies from 20 pm to 100 pm
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Diameter (mm)
0.1 25 5 9.9

Crystal Stress [MPa] 214 270 260 200
Glue Stress [MPa] 170 200 200 200

Table 3.3.: Influence of the diameter of the glue layer on primary stresses oy;
in the crystal region next to and within the bulk material of the glue.

in steps of 20um. One can see that the primary stress in the bulk material
of the glue does not depend on the thickness of the glue layer.

On the other hand, the glue thickness has an influence on the primary
stress in the crystal. The stress increases with thicker glue layers. Therefore,
it is worthwhile to produce detectors with slim glue layers.

Diameter The stress oj;; depending on the diameter of the glue spot in
Table [3.3] indicates that the diameter of the glue spot has no simple influ-
ence on the level of stress in the crystal. Both, extremely small and extremely
large glue spots reduce the stress. In case of the large glue spots, the rea-
son might be that outside the glue spot, there is simply not enough crystal
material for causing large stresses.

In Figure one can see that for a diameter of 100 pm, even the stress
in the glue decreases. Therefore, detectors with very small glue spots might
be an idea to reduce the stress. However, a small glue spot is less good
for transmitting phonons. This could be compensated by making multiple
spots. Nonetheless, as the glue is very fluid, these small spots would most
probably unite due to the capillary forces between the two crystals.

3.6. Summary

Starting with Run 31, the CRESST setup included composite detectors. In
contrast to a conventional detector module, a composite detector module
has a modified phonon detector. Its sensor film does not sit directly on the
cylindrical target crystal but instead on a small crystal called thermometer
carrier. The thermometer carrier crystal is connected to the target crystal by
a layer of epoxy resin glue.

The CRESST experiment could benefit of composite detectors in several
ways. Firstly, composite detectors keep the bulk of the scintillator crystal
from being exposed to high temperatures during the production process.
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3. Composite Detectors

Figure 3.16.: Stress distribution in a glue spot of 100 um diameter and 40 um
thickness. In this case, the stresses are lower than in a normal-
sized glue spot. Due to the behavior of the glue, such a geometry
is hardly possible.
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3.6. Summary

Apart from increasing the production of scintillation light in certain CaWO,
crystals, this makes it possible to use alternative scintillator materials in
the first place. Secondly, composite detectors could simplify the detector
production such that it might be possible to produce multiple thermometer
carriers at once.

The glue layer between the target and the thermometer carrier means that
phonons from particle interactions in the target have to pass through the
glue before being detected. Data gathered in both Run 31 and Run 32 show
that the pulses of composite detectors tend to be slightly slower than pulses
of conventional detectors. Nonetheless, this does not significantly affect the
energy resolution of the phonon detectors.

Each of the two components of a composite detector can experience an
energy deposition. It is possible to determine in which of the components
the particle interactions took place using the pulse shape of the signals. This
is due to the fact that the components have different volumes and that the
pulse shape depends on the absorptive volume.

When the CaWOy crystal and the glue are cooled down, they contract
with different rates. Since both materials are connected, this results in
thermo-mechanical stress. This stress might relax either in the form of
micro-cracks which could fake particle interactions or by destroying the
composite detector. Since this thermo-mechanical stress depends on the
geometry of the detector, it is possible that certain geometries create more
or less stress.

Measuring the thermo-mechanical stress actually occurring in the detector
modules was not possible with the given resources. Instead, this work fea-
tures simulations using the finite element method. These simulations give
qualitative information on which geometrical parameters are favorable for
designing a detector.

The simulations showed, that the highest stresses occurred at the interface
region between the crystals and the glue, next to the rim of the glue spot.
It emerged that it is especially important to produce thin glue layers for
reducing the stress in this region. The diameter of the glue spot also plays
a role in terms of the stresses. However, its influence is not as large as that
of the thickness. The stress is also sensitive to the alignment of the crystals.
With the c-axes of both crystals aligned in parallel, the stress along the rim
region is constant all over the structure. If these axes are orthogonal to each
other, there are regions with stresses that are higher and lower.

In summary, composite detectors have proven to work reliably in both
Run 31 and Run 32. Their signal quality is good and they bear the potential
for further optimizations of the CRESST experiment. Using FEM simula-
tions, one has a mean of systematically investigating further improvements.
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4. Determination of the
Performance of the Light
Channel

The measurement of the scintillation light is crucial for the discrimination of
the different recoil bands. Thus, there is a strong motivation for optimizing
the detector production towards high light outputs. In order to evaluate the
individual scintillator crystals, it is necessary to know how much scintilla-
tion light they produce for a given deposited energy. Since the discrimina-
tion depends on the amount of detected light, an improvement is not solely
possible by increasing the light production, referred to as the scintillation
efficiency, but also by improving the light detection capability of the whole
module. In this work, this concept is called the light transport efficiency.

The model which is the base of this chapter is presented in Section [4.2]
The considerations in section |4.3| show the importance of the light channel
for the event discrimination capabilities.

The subsequent sections of this chapter present three different methods
with which the light channel can be examined. One of these methods is the
default currently used for evaluating the crystals in CRESST. This standard
method for the light output measurement is described in Section [4.4]

The other two are newly developed methods which can avoid some of the
weak points of their predecessor. Both new methods work under cryogenic
conditions, and require data of a- and y-lines from e.g. a CRESST calibration
run.

These evaluation methods need relatively high-energetic light signals. The
standard event fit which is the base for the Dark Matter analysis is optimized
for weaker signals and there are indications that it cannot cope with the high
pulse amplitudes used for the light channel evaluation. Thus, modified fits
and calibrations are necessary. Section[4.5| contains a description of these
modifications.

The first alternative method compares the light signal of the scintillator
crystal to a standard candle in the module. This comparison offers the pos-
sibility to compare the light productions of different crystals to each other.
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The signal of the standard candle itself is a measure of the light transport
efficiency inside the module.

With the second alternative, the energy balance method, one can directly
obtain percental values for both, the fraction of the deposited energy which
the crystal turns into scintillation light and the fraction of this light that
reaches the light detector.

The new methods are described in Section[4.6] and [4.7} respectively. A
comparison of the results obtained from the different methods can be found
in Section[4.8] The impacts of these findings and suggestions for further
experiments conclude the chapter.

4.1. Scintillation Light in the Detector Module

In the further parts of this work, the life cycle of the scintillation light in a
detector module is considered to consist of three steps:

Production: The impinging particles excite the crystal. Scintillation cen-
ters, in case of CaWOQO; the [WO4}2_ complexes, convert a fraction of
the initially deposited energy to scintillation light [Bir64]]. Aside from
the energy, the amount of scintillation light depends on the nature of
the impinging particle as well as on the transformation capability of
the crystal. The quenching factor takes into account the former com-
ponent, whereas the latter, under the name scintillation efficiency, is one
of the two main subjects of this chapter.

Transport: While the scintillation light propagates through the detector
module, it passes through the crystal and reflects on the scintillating
foil which forms the innermost layer of the housing. The so-called
transport efficiency takes into account the opacity of the crystal and the
absorptivity of the housing. Both these properties lead to a diminution
of the initially created scintillation light.

Absorption: The final step is the absorption by the light detector. The light
detector is assumed to fit ideally to the light which it absorbs. This
means that the detector converts all the energy it absorbs into a signal
without any loss. However, it is possible that a fraction of the light is
not absorbed but reflected, or it simply passes through the wafer of the
light detector. As there is the reflecting foil behind the light detector
as well, this fraction of light is not lost.
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4.2. Theoretical model of the Energy Distribution in the Detectors

Lost light
(1-e)
Energy
o (f) Scintillation
depostition £
5
Eo
(1-1) €
Absorbed phonons Absorbed light
Ep E;
(P ¢
Phonon reading Light reading
P L

Figure 4.1.: The distribution of energy in the scintillator crystal. An amount E,
of energy is deposited by a particle. A fraction f of E, is converted
to scintillation light Es. The light detector can detect a fraction €
of this light.

4.2. Theoretical model of the Energy
Distribution in the Detectors

4.2.1. Conversion of Deposited Energy to Phonon and
Light Signal

The model, similar to the one described [|Arn+10], describes the energy flow
in the detector module. It is illustrated in Figure[4.1]and uses the following
assumptions:

At the beginning, a particle interaction deposits an energy Eg in the detec-
tor. This energy splits upg|into one part carried by phonons Ep and another
part carried by scintillation light Eg.

1This model assumes a complete conversion of the energy into either phonons or light. Possi-
ble losses at the particle deposition level are discussed in Section
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The amount of scintillation light corresponds to

Es = fEq (4.1)

and the amount of phononic energy to

Ep=(1-f)Eq (4-2)

The fraction f describes the distribution of the deposited energy between
phonons and scintillation. It depends on the nature of the impinging parti-
cle. This particle dependence is taken into account by the quenching factor
QF as it was introduced in equation (2.1). The quenching factor uses the
scintillation of y-particles as a reference so QF = 1 for these events, at least
for a deposited energy of 122 keV.

The fact that the scintillation does not solely depend on the type of im-
pinging particle, but also on the scintillator material itself makes it necessary
to introduce another term. This factor X describes the fraction of energy
which turns to scintillation light when a y-photon excites the detector. For
other types of particles, the amount of light decreases according to the re-
spective quenching factors.

X
=@

While the phonons propagate in the crystal until being absorbed by the
sensor film, the energy in the light channel splits up further: A fraction of
the light is lost due to absorptive surfaces in the detector module or due
to light trapping in the crystal. The light detector absorbs the remaining
fraction € of the scintillation light.

(4-3)

E; = €Eg (4-4)

It is possible that the crystal re-absorbs a part of the light and converts it
back into phonons. The probability of this effect increases if the light is
reflected multiple times within the module. If this happens, the re-absorbed
energy is seen by the phonon detector.

4.2.2. Calibration

The energies E; and Ep which enter the respective sensors of the phonon
and light detectors are absorbed by the electron systems. This increases the
resistance of the sensors. Since the detectors are provided with a constant
bias current, this causes a variation of the current splitting in the circuit
shown in Figure The DAQ system registers the temporal development
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of these variations in the form of voltages which the SQUID controller pro-
duces.

The following analysis treats the pulses formed by the changing volt-
ages; the assignment of pulse heights to energies is done in the calibration.
The whole step of conversion of deposited energy to pulse height and re-
interpretation as energies P and L can be condensed into a calibration factor
¢ for both the phonon and the light detector.

P = Eplp (4.5)
L=E; ¢ (4.6)
In general, these calibration factors are determined in the following way:
1. Expose the detector to particles of a known energy Eq cal
2. Assign the detector signals L, P to the deposited energy Eq cal

For the calibration factors, this means:

!
P = Ep&p= EQ,cal (4-7)
!
L=E. = EQ,Cal (4.8)
In case of the assumptions of Section [4.2.1] the quantities Ep and Ej, contain

the deposited energy, the effects of the quenching factor, and the scintillation
and transport efficiencies:

X
P =Ep¢p (1 — QF) (4-9)
L= Eqe =
= BQCLp€ (4.10)

The conditions (4.7) — are fulfilled if the calibration factors compensate
for all the processes concerning the scintillation light:

1
¢p = 1 e (4.11)
- Qal
1
¢ =5 (412)
QFcal

Note that with the quenching factor included, the calibration factors are
sensitive to the type of particle used for the calibration.
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Phonon Loss

In the model above, one neglects the energy which does turn neither into
phonons nor into scintillation light. A fraction of the deposited energy
could, for example, evade the read-out channels via excitations with long
time constants or via phonons which escape through the clamps. In a simple
assumption, the fraction of lost energy is constant for all types of particles.
This means that the quenching factor is the only particle-dependent term
and that, once the phonons exist, their origin is not important any more.
Under that assumption, neglecting these loss channels is justified, as the
calibration of the phonon detector will, by definition, include the effects:

Assuming e.g. a fraction D disappearing from the overall energy means
that only the remaining part (1 — D) can split up between phonons and light.
The lost part will never have an influence on the readings of the channels.
Correspondingly, replacing Eg by (1 — D) - Eg in all the equations will not
provide additional information. It affects the phonon and the light signal
in the same way and at the end, both calibration factors contain a (1 — D)
term. When one then calibrates the detector with a certain particle, one has
to respect the energy loss in the energy deposition. Like this, the (1 — D)
term cancels out:

P=Eq(1-D)¢p (1 - X> = (1= D)Egcal (4.13)

QF

L:EQ<1— )@L—e

QF (1 - D)EQ,cal (4-14)

Light Detector Calibration and Light Transport Efficiency

Usually, the phonon detector is calibrated using the 122 keV y-line of a % Co
source. The light detector is calibrated with the scintillation light of these
events. The calibration factors are chosen such that the energy readings of
both detectors correspond to the injected energy for Q, = 122keV:

X |
P—E 1— 2 )L 122kev :
QQ:P( QF) e (4.15)
L= Ene; X L 122keV 6
= Eo®ipe = e (4.16)

This means that the calibration factors have to compensate for the scintilla-
tion effects of y-particles. Since the quenching factor of y-particles is QF, =1
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by definition, this implies:

(4.17)
¢ =—. (4.18)

Such calibrations are useful in order to produce a light yield plot for the
Dark Matter analysis, as it is described in Section Yet, they do not con-
tain information about the energy distribution between phonons and light
any more. The values for X and € are hidden in the calibration factors ¢p
and €, so that only the quenching factor QF plays a role in the measurement.

Thus, for an evaluation of the light channel, the choice of a meaningful
light detector calibration is especially important. As the transport efficiency
plays a role solely in the light channel, a light detector calibration which
compensates for the transport efficiency will effectively remove its informa-
tion from the calibrated data.

In theory, it is possible to extract the influence of the transport efficiency
from the resolution of the light channel. However, this would require a
precise knowledge not only about how the transport efficiency contributes
to the resolution, but also about all the other contributions. This makes a
definite reconstruction of the contribution of the transport efficiency hardly
possible. In addition, with the method presented, one directly obtains the
relation between transport and scintillation efficiency.

It is therefore essential to choose a light detector calibration which does
not depend on the transport efficiency.

With a so-called absolute calibration, one can keep the information about
the transport efficiency in the data. Then, the effects of e.g. crystals of dif-
ferent opacities and non-reflecting surfaces are observable. In the context
of this work, absolute calibration means that a light detector reading of
L = 1keV is the result of the deposition of E; .;j = 1keV directly into the
light absorber:

L= EL,cal (4'19)

Then, according to equation (4.6), the calibration factor of the light detector
is
¢ =1 (4.20)

Not containing an ¢, this calibration will not compensate for losses during
light transport.

Such an absolute calibration can be done with a low-energetic X-ray emit-
ter. It is valid under the assumption that the detector reacts the same when
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Figure 4.2.: The combination of light and phonon signal provides a mean to
discriminate different particle bands. Instead of the display energy
vs. light signal in Figure[(a)] the usual form is energy vs. light yield
(Figure [(b)). The slope of the bands in the energy vs. light plot
corresponds to the ordinate position of the bands in the energy vs.
light yield plot.

it absorbs thousands of scintillation photons with energies in the eV range
and individual X-rays in the keV range.

4.3. Influence of the Scintillation Efficiency on
the Width of the Bands

As it was explained in Section [2.1.3] the scintillation light provides a crite-
rion of discrimination for different particles. For a Dark Matter analysis,
this discrimination is not done directly via the energy reading of the light
channel. Instead, a value LY called the light yield is calculated and used
for the discrimination. The light yield is defined as the ratio between the
energies measured in the light and the phonon channel.
L

Ly = P (4.21)
As mentioned in Section [4.2.2} the light detector is usually calibrated such,
that the energy reading of a y-scintillation event is equivalent in both the
phonon and the light channel. Therefore, the light yield is LY = 1 for
122 keV y-events of the >’ Co-source.
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Light yield
Light yield

Phonon energy Phonon energy

(a) Assignment of point C ambiguous (b) Assignment more clear due to more
narrow bands

Figure 4.3.: Influence of the band width on the discrimination efficiency. In
plot[(@)] the assignment to a certain band is clear for point A and
B but not for point C. The smaller bands in plot [(b)] increase the
confidence of assigning point C to the blue band.

Figure[4.2(a)] shows a plot of the light signal versus the phonon signal.
Commonly, the phonon detector reading is interpreted in good approxima-
tion as the energy of the particle interaction. Particles of different nature are
aligned in bands of different slope.

Plotting the light yield versus the energy results in Figure|s.2(b)} Here,
the bands of different slopes have turned into horizontal bands of varying
distance from the horizontal axis. The distance and the slope in the respec-
tive plots are equal to the reciprocal of the quenching factor of a particle.
As the phonon and light detectors have a finite resolution, the bands have a
non-zero width.

The resolution of the phonon detectors is better compared to the reso-
lution of the light detectors. Therefore, the width of the bands is mostly
determined by the properties of the light detector. In the range of low en-
ergies, the width of the bands increases, as the signal to noise ratio of the
detectors gets worse.

In order to keep the following discussion more generic, these plots do
not refer to specific particles. Instead, the case of two types of hypothetical
events, “red” and “blue”, with different quenching factors will be discussed.
For reasons of simplicity, the bands in the example have finite boundaries,
like in the case of a contour containing a fixed percentage of all the events
in a band.

87



4. Performance of the Light Channel

The width of the bands is crucial for the discrimination between different
types of particles. Figure [4.3| visualizes the effect:

* In the region of high energies in Figure[4.3(a)} the red and the blue
band are clearly separate. Without doubt, point A can be assigned to
the red band and point B belongs to the blue band. The position of
point C is in the region where the red and the blue band overlap. It is
impossible to claim that point C was caused by an event of type “red”
or by an event of type “blue”.

e In Figure the points are at the same positions, but the width of
the bands has changed. With the bands more narrow, the overlap is
smaller as well. Now, the confidence for assigning point C to the blue
event band is much higher.

Since the WIMP-signal is expected at low energies, narrow bands are favor-
able since they can drastically increase the possibility to identify a signal.
One way to make the bands more narrow is to improve the light output of
the crystals. While being intuitively clear, this circumstance can be formally
proven in the following way. Assume that the light channel has a resolution
of og, . Then, the calibrated reading looks like

L=CE;. (4.22)
It has a resolution of
Ap = €0, . (4.23)

The detected light signal of equation (4.4), with the equations and (4.3),
and a calibration according to (4.18) becomes

E
L= (4.24)
QF
and the resolution accordingly
_ B
L= Xe® (4-25)

The calibration compensates for detector module-specific behavior concern-
ing the light production and transport. Thus, rising the amount of emitted
or detected light will not enhance the energy reading L itself. Yet, the calibra-
tion introduces the scintillation and transport efficiencies as a denominator
to the resolution term. This means that enhancing the light output of a de-
tector module can improve the resolution level A; and by this way, improve
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the signal to noise ratio, at least if the term o, has components which rise
less than linear with X - e.

The phenomenological model which describes the resolution of the light
channel in CRESST is of the form

g, =/ VE, = \/Vo + ViEL + VRE 2 (4.26)

To some extent, physical characteristics of the detector module can be at-
tributed to the different summands. The baseline noise of the sensor for
example does not depend on the energy of the signal. Thus it will con-
tribute to the Vp-term. Statistical variations of the phonon counting depend
linearly on the number of emitted phonons. Therefore, the ViE;-term at
least partially consists of these variations. If in a crystal the scintillation and
transport efficiencies X and € have a position dependence, such an effect
will contribute to the V,E; >-term.

However, the resolution does not solely consist of these terms. For exam-
ple the standard event fit, which is a central part of the data analysis, per-
forms differently when confronted with pulses of different heights, below
or above the truncation level. Thus, the fit introduces an energy-dependent
contribution to the resolution. Another example is a position dependence in
the sensitivity of the light detector.

In [Schio] it has been shown that this model is a good description of the
data, at least in a phenomenological way. Therefore, the model is sufficient
in order to estimate the influence of the factors X and e on the resolution.
With the y-calibration, the overall error of the light detector energy reading
is:

A= B 129 |y 20 :
L= %, + +W (4-27)

_OE _ Vo V1 Eg EQ2
X2e2  Xe OF QF?

The calibration inserts X - € into the denominators of the first two terms
below the square root. Thus, the overall sum diminishes with increasing X -
€. This shows that improvements in both, the scintillation and the collection
efficiency enhance the resolution of the light detector and thus result in more
narrow bands. Especially for low energies, where the width of the bands is
a crucial factor for the discrimination of events, the increase of X - € has
a beneficial effect. In the range of high energies, the dominant part is the
V,-term which is not affected by higher X - €.

The calculations of Section lead to the result that the expected WIMP
recoil spectrum decays exponentially with the energy. Therefore, the exper-
iment can benefit greatly from improvements of the scintillation and trans-
port efficiency.
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Name Delivery Anneal Polish Deposit Roughen
Hanna 60 146 177
K14 140 151

Maja 100 110

Rita 82 126 131
Verena 88 109
VK29 67 109 87 101
VK31 31 127 113 125
VK32 68 126 116 103 122
VK33 70 119 111 92 117
VK34 98 124 143
Wibke 88 100
ZnWO0O,-4 97 108

Table 4.1.: Percentage of light output compared to Boris after different steps
of the detector production. These values were obtained at room
temperature using a photomultiplier.

4.4. Method 1: Room Temperature
Measurement with Reference Crystal and
Photomultiplier

The most straightforward approach to compare the amount of scintillation
light that different crystals produce, is to compare the reaction of individ-
ual crystals to a reference crystal, when exposed to a standardized radiation
source. After having purchased new crystals, one can use a photomultiplier
in order to measure them individually and, by comparing them to the ref-
erence crystal, put them in relation to the other crystals. It is not necessary
to gather all crystals for a comparison every time after a new crystal has
been acquired. However, measuring the reference crystal again each time is
mandatory, as varying ambient conditions have an influence on the proper-
ties of the photomultiplier used in the process.

The reference crystal commonly used in CRESST is the CaWO;, crys-
tal Boris. The light outputs of the individual crystals are normalized to
the light output that Boris had in the same measurement session. If the
crystal specimen is made of another material, one has to compensate for
eventual differences in the scintillation emission spectra of CaWQOy and the
other material. This is the case e.g. for the ZnWOy crystals [Bavog].
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Table 4.1 shows the light output values of several crystals across different
steps of detector production. All crystals become more efficient after an
annealing process in an oxygen atmosphere. However, this improvement is
not necessarily permanent. For the conventional detectors, the light output
after the thermometer deposition has decreased again.

The origin of both effects is of chemical nature: amounts of oxygen lower
than the stoichiometric optimum result in a decrease of the the light output.
Newly delivered crystals can have such an oxygen deficit. The oxygen an-
nealing increases the amount of oxygen in the crystal and thus enhances the
light output. Afterwards, the evaporation process also takes place at high
temperatures but at low pressures. These conditions reduce the oxygen con-
tent of the crystals and the light output becomes worse again.

When the crystals are being polished, the reflectivity of the surface in-
creases. Due to the different refractive indices of the crystal and the medium
outside, this means an increased chance of light being reflected inside the
crystal infinitely. This phenomenon is called light trapping. A rough surface
increases the probability that the light leaves the crystal and thus the light
output after the roughening increases.

The photomultiplier tube (PMT) method of determining the light output
of a crystal happens at ambient temperature in a table-top experiment. The
measurement is therefore easy to perform. The disadvantage of this simple
method comes from the fact that at least the scintillation of the crystals is
temperature-dependent [KMWos5|. There is no guarantee that all crystals
behave in the same way when cooling them down to mK temperatures.
Hence, the resulting light output values do not necessarily indicate whether
or not the crystal is well-suited for the actual Dark Matter experiment.

Concerning the transport efficiency, the method also has a weak point:
The PMT measurement applies to individual crystals and not complete de-
tector modules. Thus, one can only determine the crystal-specific contribu-
tion to the light transport efficiency of a detector module. The contribution
of the module housing which might become interesting for modified detec-
tor module designs is not measured with the Boris/PMT method.

4.5. Data Treatment for Measurements Under
Cryogenic Conditions

4.5.1. Modification of Standard Event Fit Procedure

Apart from the Boris/PMT method, it is possible to measure the properties
of the light channel in two further ways. They are going to be called standard
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candle method and energy balance method. These methods are described in the
sections and [g.7} Both require data taken at Gran Sasso which have
undergone a special fitting and calibration treatment.

Data for the two alternative measurements come from complete detector
modules operated during Run 32. The methods require the measurement
of y-induced scintillation light where the excitation energy is known and, as
explained in Section [4.5.3] preferably in the range between 500 and 1000 keV.
This exceeds the range in which the detectors are commonly used for Dark
Matter search by an order of magnitude.

In addition, both methods rely on an absolute calibration of the light de-
tector. In such a case, the energy of the calibration source is deposited di-
rectly in the light detector wafer, without undergoing a conversion to scintil-
lation light. The pulse shapes of these direct depositions in the light detector
differ slightly from signals that have been induced by scintillation light. The
fits which determine the pulse amplitudes can be influenced by changes in
the pulse shape if these are large enough. It is necessary to avoid such a
behavior.

The range issue and the different pulse shapes, can be solved by increas-
ing the fit truncation amplitude above the recommended level described in
Section [2.4.2] Using the example of the light detector X, Fig. [4.4] shows the
impact of the increased truncation level on the data from the calibration
source: Both plots compare standard event fits to the maximal pulse height
attained in a record.

For plot the truncation level was set to 0.4 V whereas for plot
the truncation level was elevated to 1.0 V. In both plots, scintillation light
events form linear bands which extend from the origin of the plot across the
entire canvas. In each plot, below these scintillation light bands, there is an
additional separate population of events. This separate population is con-
stituted by the signals from the >*Fe-calibration source directly illuminating
the light detector.

The amplitude values at which these populations reside vary with the
truncation level of the fit. A higher truncation level shifts the population
towards the y-band. The higher truncation makes the fit less sensitive to the
difference in pulse shapes. This does not simply affect the “offset” of the
5Fe-sub-band but also its slope. Comparing the two plots, one can see that
the band of calibration events adopts the slope of the scintillation events.

The fact that the slopes are equal in plot is important for the cali-
bration: It indicates that in this case, the amplitude values are correlated to
the pulse height in the same way for scintillation events as for direct hits.
As the calibration converts pulse amplitudes to energies, this means that
the relation between amplitude and energy is the same for the calibration
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Detector module systematical error (%)

Phonon detector Light detector

Verena/Burkhard 0.04 2.9
Verena/Q 0.04 0.085
Verena/combined 0.04 1.4
Maja/Hans 0.12 0.79
ZnWQ,/Ulrich 0.16 2.2
Wibke/X 0.08 0.30
Rita/Steven 0.40 3.2

Table 4.2.: Detector modules and relative systematical errors of their calibra-
tion. The values are given as percentages.

and the scintillation events. Thus, with this kind of standard event fit, an
absolute calibration of the light detectors is possible.

4.5.2. Calibration of the Detector Modules

Only the energy balance method requires a calibration of the phonon detec-
tor. In principle, a calibration is not necessary at all for the standard candle
method. It works, as long as it is possible to ensure that one always uses
the same y-line when comparing the different crystals. This is already possi-
ble with the uncalibrated fit amplitudes, although analysis with the anyway
calibrated data is much more convenient. Both alternative methods require
an absolute calibration of the light detector.

Phonon Detectors

In order to calibrate the phonon detectors, one needs a line which can be
clearly assigned to a known deposition of energy. For a Dark Matter analy-
sis, this is usually the absorption of 122keV y-photons from a > Co source.
The energy balance method works by comparing the phonon and light de-
tector readings for selected lines of y-photons and a-decays. The a-lines
with the lowest energies that can be observed with all detectors are those
of 1¥Sm and 180w, They are at 2310.5keV [GM7yo|] and 2516 keV [Coz+o04]
respectively. These energies exceed the one of the 122 keV line by a factor of
~ 20. In addition, they are beyond the range covered by the test pulses as
well. These usually reach up to ~ 2MeV.
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(b) Modified standard event fit, truncated at 1.0.

Figure 4.4.: The impact of a modified fit truncation level on the fit result of
the >>Fe calibration peak in the detector X. Note the population of
35Fe-events marked in green, as it adopts the slope of the gamma
band when raising the truncation level.
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In order to avoid introducing errors by extrapolating the 122 keV y-calibra-
tion too far, this work relies on a modified phonon detector calibration: The
reference is not the 122keV y-line but one of the a-lines. As the 47Sm-line
has the higher count rate in all detectors, it is the more convenient choice,
compared to '8OW.

Similar to the Dark Matter analysis, the response of the detector to the
test pulses establishes the scale for applying the calibration over the whole
energy range. But in contrast to the Dark Matter analysis, the calibration
peak is beyond the test pulse scale. This means that the polynomial which
interpolates the behavior of the detector for amplitude values in between
the test pulses has no support nodes in the range of the calibration line.

Raising the order of the polynomial above 1 increases the risk of the poly-
nomial diverging from the actual detector behavior in the range of interest.
This can be observed directly when comparing the calibrated energy read-
ing of the 18 0W-peak to its literature value. The percental value of this de-
viation is the systematical contribution of the phonon detector error to the
estimation of the errors in the calculation of the scintillation and transport
efficiency values.

With regard to this calibration error, the interpolation polynomial for all
phonon detectors was limited to an order of 1, excepting Rita, where a
second-order polynomial yielded the smallest deviation. The percental er-
rors assumed for the individual phonon detectors can be found in Table

In theory, one can calculate the energy balance using a y-calibration as
well. The choice of the calibration source is arbitrary. Nonetheless, one has
to take it into account when setting up the equations for comparing the a-
and y-lines.

Light Detectors

As indicated above, the reference for the light detector calibration comes
from an %°Fe source. These nuclei perform an electron capture, causing the
emission of the K,- and Kg-lines of the daughter nucleus *Mn. The energies
of those X-ray lines are 5.895 keVE] and 6.490 keV [CEFgg].

Similar to the phonon detector, the lower of the two lines serves as the
reference. A comparison between the reading of the upper line compared to
its literature value yields an estimate of the relative systematical error. As
in the case of the phonon detectors, the percental errors of the individual
calibrations can be found in Table

2The CRESST detectors are unable to resolve the difference between the K- and K,-lines of
5.888keV and 5.899 keV[CEFgg]; the value above is the weighted mean of these energies.
3These percental errors are assumed to be the same for all calibrated values. As the data lack
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Figure 4.5.: Absolute light yield vs. energy for the detector pair Verena/Q. Note
the strong non-linearity of the y-band.

In the case of the light detectors, the reference line lies within the range
of the test pulses. Therefore, one can select an interpolation polynomial of
higher order, increasing the modeling accuracy of the detector behavior.

4.5.3. Selection of Data Points for y-Induced Scintillation

For the analysis, one needs to identify at least one y-line within the measured
spectrum. In the environment of this emission line, the detector should
preferably behave in a linear way.

The plot in Figure [1.5] shows the light yield (see equation (4.21)) against
the phonon energy. The data come from the detector pair Verena/Q. In con-
trast to the simple assumption made in Section[2.1.3} the y-band does not
have a constant slope. The rise in the low energy range, known as scintil-
lator non-proportionality, is known for various materials (see e.g.
Moso3]). The overview in Figure[4.6] shows that all the detector modules
have regions of non-linear light yield.

Except for the ZnWQO,4-module, the y-band becomes flat for energies above
600keV. There are features in this energy domain of the background run

a second line with an energy known independently from the calibration, it is not possible
to refine this estimation by e.g. a linear approximation.
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Figure 4.6.: Absolute light yield versus energy for all detector modules. Except
for the ZnWO,, all detector modules have a linear region above

600 keV.

97



4. Performance of the Light Channel

150
2 —
120
©
o
=
-
S150 0
- =]
Q (e}
+ O
3 60
(e}
%]
Q0
<
1 30
0

0 500 1000
Energy (keV) (y-calibration)

Figure 4.7.: Absolute light yield vs. energy for the detector pair Verena/Q. The
non-linearity is present with y-calibrated data as well.

data. However, none of these was an emission line that was suitable for the
analysis:

e The y-line of 4°K at 1460.8 keV, would be a good candidate due to its
well-defined energy. This natural isotope of potassium is present in
the human metabolism, and human sweat is probably the origin of
this contamination of the detectors. However, the line is not strong
enough in every detector in order to serve as a common reference.

¢ All detectors feature p-spectra starting at ~ 600keV. Even with an
analysis regarding coincident a-decays it was not possible assign these
B-emissions to certain decay chains in a doubtless way. Therefore, as
the energy of these B-spectra is not absolutely certain, they cannot
serve as a calibration reference.

In order to provide a clear reference peak for y-induced scintillation, a cal-
ibration with a 232Th source was done near the end of Run 32. A good
overview of the spectrum of this isotope and its daughter nuclei can be
found in . From the various y-lines of this spectrum, the double
peak of 22 Ac and 2!2Bi at 726 and 727 keV lies within the linear region and
is clearly identifiable by its distance to neighboring peaks. The y-energy of
727keV is therefore the reference line for the following analyses.

98



4.6. Method 2: The Scintillating Foil as a Standard Candle

For low energies, the non-linearity of the y-band light yield is already
described in [Bir64]. One could assume that the non-linearity for higher en-
ergies was an artifact created by the energy calibration. Since the first order
polynomial cannot model the characteristics of the detector as accurately as
a higher polynomial could, there might be systematical errors for the low
energy y-depositions. As the phonon energy is used to define the light yield,
this error could cause the non-linear behavior of the y-band.

In order to cross-check this, Figure [4.7/shows the light yield of the y-band
for the detector pair Verena/Q again. In this plot however, the phonon de-
tector calibration relies on a polynomial of third order and uses the 727 keV
peak as the energy reference. The phonon energies of this calibration are
systematically higher than these obtained with the a-calibration, since the
y-calibration compensates for the increased scintillation light production of
y-particles (see equation (4.11)).

This difference is the basic concept for the energy balance method. With
the phonon energies increased and the light energies remaining the same,
all events obtain a lower light yield. This is visible when comparing the
position of the y-bands in the two plots. Nonetheless, although the points
forming the y-band are shifted to lower energies and higher light yields, the
non-linearity of the y-band remains.

4.6. Method 2: The Scintillating Foil as a
Standard Candle

4.6.1. Principle of Operation

One can determine the light output of the crystals at mK temperatures in
the CRESST experiment itself. Since the housing of the detector modules is
closed, a measurement during the operation of the experiment has to make
use of the individual light detectors of the modules. In such a measurement,
one needs to compensate for the individual characteristics of the detector
modules in terms of light transport.

The question of the light transport can be answered with the measurement
of a reference signal coming from a standard candle. The light transport has
to affect the light of this standard candle in the same manner as it affects
the scintillation light of the respective crystal. Because there is no common
line of sight, it is not possible to use the very same standard candle in the
measurements. In contrast, every detector module needs its own.

The scintillating housing of the detector modules itself can serve as such a
standard candle. In every module, the housing consists of a reflecting scin-
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Figure 4.8.: Detail of the Phonon/Light plot of Verena/Q. The green dots indi-
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cate a-decays where only the recoiling nucleus hits the detector
crystal while the a-particle impinges the housing. The events were
selected using to the procedure introduced in Section



4.6. Method 2: The Scintillating Foil as a Standard Candle

tillating foil which helps discriminating certain a-decays (see Section [2.2.1).
This foil is the same in every detector module, so the light production char-
acteristics of the individual housings are identical.

If the light from the foil propagated along a completely different path
than the light of the crystals, this method would have been be prone to a
systematic error. This is improbable for the following reason: once the light
from the foil enters the crystal, it is subject to the same transmittance and
reflection effects as the crystal scintillation effects. Hence, the requirement
for a completely different path would mean that the light from the foil prop-
agated to the light detector along the gap between the crystal and the foil
and thus completely avoid entering the crystal. Especially for foil regions
which are not directly facing the detector, such a path is hardly possible.

As described in Section [2.2.1] most of the events in which the foil scintil-
lates are absorptions of a-particles from the decay of 2!°Po on the surfaces
of either the crystal or the housing. In these processes, the a-particles leave
their point of origin towards the scintillating foil. The recoiling daughter
nuclei impinge into the scintillator crystal. Since Pb nuclei are very massive
objects, they produce hardly any scintillation light but only trigger a phonon
signal.

Figure[4.8] is a phonon/light plot of events recorded with the module
Verena/Q. The foil scintillation events are marked in green. In contrast to
the y-band, the population of the foil events does not seem to have a slope.
On the phonon axis, their energies reach up to ~ 110keV while on the light
axis, their energy remains constant. This behavior comes from the fact that
all these pulses have approximately the same a-energy, producing the same
amount of scintillation light in the foil.

The phonon signal on the other hand can vary, if the recoiling nucleus
does not originate from the very surface of the housing. In such a case, it
loses energy while exiting the foil or wins energy if the decay happens on
the surface of the crystal. Consequently, the energy in the phonon channel
can differ from the literature value of recoil energy for this type of decay.

4.6.2. Light Channel Parameters

In analogy to equation (4.10), the light signal of these foil events can be
written as

Lioit = Qu€r Xfoi€ (4.28)

As such a measurement is only done with this single a-decay and not with
other types of particles, one can include the quenching effect in the factor
X. For the comparison of different modules, one can calculate a ratio R
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consisting of the scintillation light of y-absorptions of the 727 keV calibration
line normalized with this foil scintillation light:

R Lr7kev _ Qy Xerystal (4.29)
Loit QuXfoil

Since the light transport is the same for both types of signal, one can re-
duce the transport efficiency € from the fraction. As both measurements use
the same calibration, the calibration factor ¢;, disappears from the fraction
as well. The scintillation efficiency of the housing Xj;, as well as the de-
posited energies Q -, are assumed to be the same for all detector modules,
since the situation is always the same. Thus, the ratio only depends on the
scintillation efficiency of the crystals:

R o XCrystal (4-30)

This makes the ratio R a measure of the scintillation efficiency of the detector
module.

The light signal L¢y; of the foil on its own carries information on the trans-
port efficiency in the module: In equation (4.28), the values of Q, and Xjuy
are equal for all modules. Furthermore, if the light detectors are calibrated
absolutely, the calibration factor €y is set to unity. With these assumptions,
the foil signal in each detector module is directly proportional to the trans-
port efficiency of a detector module:

Lgojy x € (4.31)

In order to determine the scintillation efficiency with the standard candle
method, one does not need an absolute calibration of the light detector. The
calibration factor is reduced anyway, as it is involved in both the numerator
and the denominator of the relation R. For the transport efficiency on the
other hand, the absolute light detector calibration is an essential prerequi-
site.

In this kind of measurement, the fraction of light which is re-absorbed
and converted to phonons in the crystal only contributes to the transport
efficiency value indicated by Ly. Both, the light from the foil and from the
crystal are subject to those re-absorptions in the same way. Therefore, their
ratio R is not affected by the re-absorption as its effect cancels out.

4.6.3. Decay Time Cut for the Foil Events

The foil is a much faster scintillator than a CaWOy crystal. Exploiting this
fact, one can discriminate the foil and the crystal events by comparing the
shape of their pulses:
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Figure 4.9.: One can discriminate between foil and crystal events by cutting on
the decay time of the light detector records. This example shows
the distribution of decay time for particle events with phonon en-
ergies of 60 keV to 120 keV. The region marked in green indicates
the pre-selection for foil event candidates.

General Method

Using the decay time parameter from CMP, it is possible to automatically
select the foil events. A phonon energy cut from 60 to 120keV limits the
data to a region that is plausible for foil events. Figure [4.9| shows the distri-
bution of decay times for the light records of these events in the detector Q.
The lower tail of this distribution contains the events of the foil, where the
scintillation ceases faster. In the plot, the green region indicates the limits of
the selection.

Data Cleaning

When treating composite detectors, one can prefix an additional cleaning
step before the decay time cut on the light signals. The spike-shaped pulses
from the detector carrier (see Section [3.3) form a band in the phonon-light-
plot which can pass through the region of the foil events. By cutting on the
decay time of the phonon signal after the energy cut, one can remove such
events before cutting on the light signal decay times.
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Figure 4.10.: In the ZnWO,4-module, it is not possible to distinguish the foil
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(green) from crystal events (black) by cutting on the light sig-
nal decay time. Therefore, one has to cut directly in the phonon
energy/light plane. A decay time cut in the phonon signal can
remove direct hits of the thermometer carrier (red) before.
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For composite detectors made of CaWQy, this way of pre-cleaning of the
data is not strictly necessary but an easy way of removing statistical outliers
of the y-band. Yet, when analyzing the ZnWQOy-crystal, it is an essential
prerequisite. ZnWOQOy is a scintillator with an afterglow time much shorter
than CaWO,[KMWos]. The scintillation light signals of this material are
indistinguishable from the signals generated by energy depositions in the
foil. Therefore, the only way of discriminating the foil events is by manually
selecting the flat band of events reaching up to 100keV in the phonon/light
plane.

As shown in Figure the cut on the phonon signal decay time identi-
fies the carrier hits. These hits, marked in red in the plot, form a band right
of the y-band, with a similar slope. This band intersects with the foil event
region. In this intersection, the carrier events would be interpreted as fake
foil events.

The horizontal shift of the carrier band results from the different phonon
pulse shapes for carrier and absorber crystal hits. As the pulse shape of the
carrier events is completely different from the pulse shape of the standard
event used in the fit, the resulting fit amplitude is wrong. This error in the
fit amplitude causes an error in the energy calibration. Therefore, the carrier
hits are shifted along the phonon energy axis.

After having removed these events using the phonon detector decay time,
it is easier to perform the manual cut of the foil events of a ZnWO,-module.

4.7. Method 3: Energy Balance

Figure[4.11] features a region of the Th-spectrum measured with the detec-
tor Verena using two different calibrations. As already mentioned, the cal-
ibration process compensates for eventual losses of energy in the measure-
ment channel concerned. In the case of the phonon channel, the emission of
scintillation light is an example for such an energy loss. Since the amount
of scintillation light depends on the nature of the impinging particle, this
special kind of energy loss is particle-dependent. When one selects a certain
calibration particle, e.g. a or y, the compensation for the emitted scintillation
light is set to a fixed value which fits to the particles used for the calibration.

Since the compensation is fixed, it does not match to other particle types.
Only if the measured particle is of the same type as the particles on which
the calibration relies, the energy reading is correct. Otherwise, the energy
reading can deviate from the deposited energy. If the quenching factor of
the measured particle is higher than that of the calibration particle, the en-
ergy reading is higher as well, because there is less scintillation light and the
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Figure 4.11.: The same y-spectrum with different calibrations in Verena. With
the y-calibration (black), the lines are forced to their literature val-
ues while the a-calibration (red) stays closer to the actual phonon
energy.
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calibration over-compensates the loss of energy. On the other hand, if the
impinging particle has a lower quenching factor than the calibration parti-
cle, the calibration cannot completely compensate for the energy loss. The
difference in energy readings seen in the plot is a direct effect of the different
amounts of scintillation light being emitted.

In an ideal world, one could calibrate the phonon channel using parti-
cles which do not induce any scintillation. Then, the calibration would not
compensate for any scintillation effect. Consequently, such a detector would
always simply yield the amount of phonons created in any particle interac-
tion. In analogy to the absolute calibration of the light detector, such a mode
of calibration could be called absolute phonon calibration.

With such an absolute phonon calibration, the difference between the liter-
ature value of the energy of a y-line and the reading of the phonon detector
would directly yield the amount of scintillation light. A light detector under
absolute calibration could determine the transport efficiency in an easy way:

Given a y-particle (QF = 1) of 100keV is detected. If the phonon channel
reads 80keV, this means that the 20 keV have left the crystal in the form of
light. Therefore, the scintillation efficiency X for this crystal is 20 %. If the
module transported the light with an efficiency of € = 100 % to the light
detector, its reading would be the full 20keV. A reading lower than this
would indicate a transport efficiency e < 100 %.

Since there is no known source of particles with an infinitely high quench-
ing factor, it is impossible to determine the scintillation and transport effi-
ciencies in such an easy way. Nevertheless, by comparing phonon and light
data from each one a- and one y-line, one can reconstruct the ratio of the
quenching factor and the calibration factor and, subsequently, extract the
scintillation and transport efficiencies X and e from the energy readings.

4.7.1. Quenching Factor

The quenching factor for a-particles can be extracted from the relation of the
light detector readings of a y- and an a-particle. The particle energies Q, and
Qp can be obtained from literature, e.g. from [CEFgg]. With the convention
that y-particles have a quenching factor of QF, = 1 one obtains:

L _ &iye (4-32)
La Q:LQ,X%G
Qu L,y
= QF, = =22 )
QF, Q, T (4-33)
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Note, that for this step of the calculation, the choice of light detector cali-
bration is not yet important, as the factor ¢; disappears from the result in
any case. In contrast to the efficiencies, the determination of the quenching
factor is possible with any light detector calibration.

4.7.2. Calibration Factors

The calibration factors ¢ themselves are not important for the performance
of a detector module. However, one has to know them in order to extract
the relevant information, the scintillation and transport efficiencies X and
€. As it was discussed in Section [4.2.2} the absolute calibration of the light
detector sets the light detector calibration factor to unity:

¢ =1 (4-34)

which avoids any compensation of scintillation and transport efficiencies
during the calibration. As already discussed in the context of the stan-
dard candle method, a calibration using scintillation light would make the
transport efficiency contribute to the calibration factor. Then, the calibra-
tion would compensate for the losses of light due to a less-than-ideal light
transport. Thus, in order to avoid a tautological equation determining the
transport efficiency, the light detector has to be calibrated in an absolute
manner.

For the phonon detector, the calibration can be done using both parti-
cle types. However, one has to be aware of the effect of a calibration on
the energy reading. Since some part of the energy escapes the crystal as
scintillation light, the remaining phonon energy reading changes with the
nature of the detected particles. A calibration with a-particles means that
for equation (4.7) there is the condition

Py = Qu (4-35)

as the detector reading corresponds to the energy deposition caused by the
deposition of an a-particle. The calibration factor as in equation must
compensate for the fact that some of the energy leaves the phonon detector
in the form of scintillation light. For a-particles it is

1
T, = (4:36)
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4.7.3. Light Channel Parameters

With the phonon calibration factor €p, known from above, the fraction X of
energy which leaves the detector as scintillation light can be extracted from
the basic equation (4.9) which describes the phonon detector reading of a
y-particle. Using the definition of QF, = 1, one obtains:

Py =¢&p,Qy (1 - X). (4.37)

With the calibration factor from (4.36), this means

1-X
Py = QL (438)
(1-4)
Q
x= (4:39)
“o 1 439
P, T O

This operation exploits the mismatch between the particle measured (y) and
the particle used for the calibration (). The calibration does not compensate
for the scintillation in a correct way and thus the scintillation efficiency X
remains in the equation. In principle, the procedure also works with a y-
calibration, under the condition that an a-particle is measured.

One can then extract the last parameter, the transport efficiency € of the
detector module from any light detector reading where the quenching factor
of the impinging particle is known. The simplest case is a y-particle:

Ly = Q,Xe (4-40)
— L’Y
= €= m (441)

In principle, the calculation of X is as well possible with the phonon detector
readings of two different types of nuclear recoils with the quenching factors
and the deposited energies known.

In the case of this analysis method, the re-conversion of light into phonons
in the crystal contributes to the scintillation efficiency, as the re-absorbed
light is seen by the phonon detector.

4.7.4. Selection of Data Points

Calculating the three basic quantities, QF, X and € requires the measurement
of two known lines from different types of radioactive decays. One needs
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Detector Boris/PMT (%) R ORr X (%) Ox
Verena (combined) 108.6 11.68 0.33 6.662 0.058
Verena/Burkhard 108.6 10.59 0.60 6.725 0.084
Verena/Q 108.6 11.46 0.16 6.612 0.050
Rita/Steven 131.1 11.45 0.60 6.76 0.20
Wibke/X 100.0 9.49 0.22 5.02 0.69
ZnWO0O4/Uirich 108.3 11.36 0.42 6.36 0.22
Maja/Hans 110.2 10.38 0.19 6.06 0.12

Table 4.3.: The scintillation efficiency, determined with the three different
methods. First, the room temperature PM tube measurement com-
pared to the reference crystal Boris, then the ratio R of scintillation
in the crystal for a 727 keV y-peak and the scintillation of the foil,
and last the scintillation efficiency X from the energy balance calcu-
lation. The latter two, both measured under cryogenic conditions,
are given with their errors according to Gaussian error propagation.

to determine the light energy of both these lines and the phonon energy of
one of them.

Since the calculation makes use of the definition that y-particles have a
quenching factor of 1, one of the lines needs to be a y-line. The second line
can be any other line with a quenching factor QF # 1.

The results discussed in this thesis rely on measurements of the following
data: The y-line is 212Bi (Q = 727 keV) the same that was used for standard
candle method already. Both, the phonon and the light detector reading of
this line contribute to the calculation.

The second light detector reading is the a-line of W (Q = 2516keV).
In principle, it would have been possible to use 4’Sm (Q = 2311keV), the
same line that was already the reference for the a-calibration. Nevertheless,
147Sm was not suitable as a common reference for all the crystals because the
amount of scintillation light induced by it was subject to severe variations
due to a surface effect in the ZnWOQOy-crystal [Pet11].

4.8. Comparison of Results
The tables 4.3 and [4.4] contain the values for the scintillation and the trans-

port efficiency determined with the different methods. The systematical
errors for the values R, X, Lgy; and € are based on the errors of the phonon
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Detector Lroi (keV) o, € (%) O¢
Verena (combined) 1.872 0.047 41.29 0.86
Verena/Burkhard 0.827 0.037 17.91 0.71
Verena/Q 0.977 0.013 23.28 0.20
Rita/Steven 1.550 0.060 36.1 1.8
Wibke/X 1.136 0.025 29.6 4.0
ZnWO0O4/Uirich 1.217 0.034 29.9 1.3
Maja/Hans 1.192 0.017 28.05 0.64

Table 4.4.: The transport efficiency, first in terms of the scintillation light Lg;
coming from the foil and then as the value € extracted from the
energy balance calculation. Both values given with their errors ac-
cording to Gaussian error propagation.

and light detector calibration described in Section[4.5.2] In case of the foil
signal Lg,;, the percental error is directly applied. For the other values, the
calibration errors contribute to the final error according to the Gaussian er-
ror propagation. The statistical errors come from the fit of Gaussians to the
phonon and light detector peaks, where the error of the fitted peak position
is taken as the error. Again, the error for Ly is the direct result of the fit,
whereas in case of the other values, the errors are estimated using Gauss’
law of quadratically adding the errors.

The detector module Verena requires a special treatment. It is equipped
with two light detectors, Burkhard and Q, one at each face of the cylindrical
crystal. The detector Q is located at the usual position, next to the roughened
surface of the scintillator crystal. Burkhard on the other hand, faces the
crystal at the opposite side, next to the phonon detector.

This double-light-detector module was built in order to answer the ques-
tions of how the light spreads inside the module and of how well the reflec-
tive housing performs. If both light detectors gather light without influenc-
ing each other, the collection efficiencies of the individual detectors should
be comparable to those of light detectors of conventional modules. Con-
sequently, the sum of their signals should reach twice the amount of light
gathered in a conventional module.

On the other hand, the amount of collectible light in a module is clearly
finite. If a single light detector could already collect all this light on its
own, an additional detector would “steal” a part of the energy away from
the primary light detector. The two light detectors in sum could maximally
gather as much light as a single light detector on its own.
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In addition to the values obtained with the individual light detectors,
there are values for the scintillation and transport efficiency regarding the
combination of the two light detectors. Since energy readings are the base
of all calculations, it is reasonable to sum up the energy gathered by the
two light detectors. Consequently, the scintillation efficiency X of Verena is
the average of the values of its components. The transport efficiency € on
the other hand is the sum of its components. An estimation of the errors
relies on the Gaussian law of error propagation, similar to the case of the
single-light-detector modules.

The three methods, the Boris/PMT, the standard candle and the energy
balance method measure the same properties of the detector modules. How-
ever, the fraction of light that the crystal re-converts to phonons is treated
differently in each of the methods. Therefore, it makes no sense to com-
pare the results by fitting one to the other, as it is not possible to take into
account the re-converted phonons. Instead, the discussion will focus on a
visual comparison of how the values are distributed with the different meth-
ods.

4.8.1. Scintillation Efficiency

The values of Table|4.3 are visualized in the Figures through All
figures start with a value of 0, in order to compare the variation of the values
over the entire possible scale.

One can see that in all three figures, the variation of the values is similar.
The only extraordinary crystals are Rita which gives a high value with the
Boris/PMT method and Wibke which has a low scintillation efficiency value.
However, the Boris/PMT method is measured at a different temperature,
and the error of the Wibke value is large. Thus, one can assume that in terms
of light production, all modules behave in a similar way.

4.8.2. Transport Efficiency

Concrete numbers for the transport efficiencies of the modules can only be
obtained with the standard candle and the energy balance method since
only these process data from assembled modules.

Looking at Figure[4.15| and Figure one can observe that for the light
transport, the variation between different modules is much larger than for
the light production. In addition, the individual crystals show the same
systematic behavior in both measurements. This is visible even better in
Figure [4.17, where the values of the two methods are plotted against each
other. The straight line fitted to the points emphasizes this.
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Figure 4.12.: Scintillation efficiencies obtained with the Boris/PMT method.
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Figure 4.13.: Scintillation efficiencies determined by using the standard candle
method.
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Figure 4.14.: Scintillation efficiencies determined by using the energy balance
method.
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Figure 4.15.: Transport efficiencies indicated by the light signals of the foil
events.
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Figure 4.16.: Transport efficiencies obtained with the energy balance method.
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Figure 4.17.: Comparison of the transport efficiencies obtained with the energy
balance and the standard candle method.
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Detector Module  X-€ (%) Ox.c

Verena/combined 2.751 0.062

Verena/Burkhard 1.539 0.018
Verena/Q 1.205 0.050
Rita/Steven 2.440 0.013
Wibke/X 1.483 0.028
ZnWO,/Ulrich 1.902 0.010
Maja/Hans 1.701 0.052

Table 4.5.: The fraction of energy of a y-absorption that is seen as scintillation
light in different detector modules

4.8.3. Discussion

The variation of the light production is not as big as the variation of the light
transport among the different modules. In addition, the transport efficiency
values of the standard candle method and the energy balance method are in
good accordance with each other. In total, the light transport seems to bear
a big possibility for optimization. The step from the lowest to the highest
value is nearly 50 %.

This variation in the transport efficiency could have several reasons:

® The variation could be in the opacity of the crystals. As the light
reflects several times in the module before being absorbed, already
small variations of the opacity could have a big effect.

¢ The alignment of the reflective foil is slightly different in each module,
since the foil bends easily. Again, the many reflections could add up
to relatively high differences between the transport efficiencies of the
different modules.

When Run 32 is finished and the detector modules have been dismounted,
it might be possible to measure the opacity of the crystals, e.g. using a well-
defined light source and the photomultiplier. The characteristics of the foil
assembly on the other hand are difficult to determine. Such an investigation
would need a controlled way of deploying the foil inside the module hous-
ing and measuring the influence of the positioning on the light transport
efficiency.

The determination of scintillation and transport efficiency makes it possi-
ble to check whether the two alternative designs provide better modules:
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Figure 4.18.: The fraction of deposited energy seen by the light detectors, ob-
tained with the Energy balance method.

In terms of the scintillation efficiency, there seems to be no significant
effect. However, in terms of the transport efficiency, the composite detectors
are equal to or better than conventional modules.

The product of the two efficiencies (see Table[4.5] and Figure [4.18) is the
fraction of the deposited energy that arrives in the light detector in the form
of scintillation light. This is the relevant information for the calibration
factor and at the end for the Dark Matter analysis. In terms of this amount
of detected light, even the worst composite module is still a factor of 1.1
better than the best conventional module. The best composite module excels
the best conventional module even by a factor of 1.6.

The light transport efficiency can also help to solve a question related to
the double-light-detector module. It could be possible that the two detectors
“steal” light from each other or that light which leaves the crystal towards
one light detector could not be seen by the other detector in any case.

The actual result is in between the two extremes: When looking at them
individually, Burkhard and Q are the two detectors with the lowest transport
efficiencies. This hints towards the idea of the concurrent light detectors.
Yet, when adding up the signals of the light detectors, the combined values
of the module Q/Verena/Burkhard shows the best performance of all the de-
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tector modules investigated. It achieves a transport efficiency of over 40 %.
The best single- light-detector module achieves only 36 % while the average
for single-light-detector modules is 31 %.

This implies that in a standard module, the single light detector does not
absorb the entire amount of collectible light. It appears as if the remaining
light does not have the possibility to reach the position of the light detector
at all, so that it can never be seen in a single-light-detector module. There-
fore, it might be possible to increase the amplitude of the light signal by
modifying the design of the detector modules.

4.9. Summary

The CRESST-II experiment relies on active background discrimination on an
event-by-event-basis. The discrimination criterion is the scintillation light:
Different types of particles produce different amounts of light, a character-
istic which is described by the quenching factor.

In the analysis, particles of different quenching factor show up in bands of
different light yield. These bands are separable down to a certain threshold
of deposited energy. Below this threshold, the bands overlap more and
more, and event discrimination becomes more and more difficult. The width
of these bands is partially determined by the amount of detected light. An
increased amount of detected light reduces the width of the bands. Thus,
it is crucial to increase the amount of detected light in order to improve the
discrimination at low energies.

The amount of produced light depends on the material of the scintillator
crystal. Composite detectors allow for a better control of the stoichiometry
of the crystals. In addition, alternative materials as for example ZnWO; are
easier to obtain and have scintillation capabilities at least equal to CaWOy.
This is beneficial for the scintillation efficiency. Handling of ZnWO;, in
CRESST is only possible with a composite detector design. Composite de-
tectors of both CaWOQ, as well as ZnWOy are part of the CRESST Run 32.

The importance of the light channel has lead to the desire of character-
izing the detector modules with respect to their light detection capabilities.
Up to now, the only aspect which has been investigated was the behavior
of the crystals at ambient temperature. This basic method compares the y-
induced scintillation of the tested crystals to the scintillation of a reference
crystal. The reliability of this method is doubtful as the scintillation proper-
ties of CaWOy are temperature dependent [KMWos|. In addition to this ex
situ characteristic, the method does not yield information on whether light
production or light transport are the dominant effect. Thus, one does neither
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know how big an improvement could possibly be nor what would be the
most promising way to improve the modules at first hand.

The present work introduces two alternative methods for evaluating the
light production. Both these new methods use data obtained under cryo-
genic conditions, during the actual running time of the experiment. The
standard candle method compares the y-induced scintillation of the sample
crystals to a-induced scintillation in the detector module housing. The en-
ergy balance method calculates the scintillation efficiency from the phonon
and light signals of an a-line and a y-line of known energies.

For the Boris/PMT measurement, spectral corrections were necessary re-
specting the differences between the CaWO, and ZnWOy crystals in terms
of the scintillation characteristics. Since the two new methods use the data
from the experiment itself, there is no need for a special treatment for alter-
native scintillator materials.

The result of the three methods are not directly comparable since the re-
absorption of light inside the crystal affects all methods in a different way.
However, the variation of the values shows that for all three methods, the
light production does not vary over a large scale for the different crystals in
any case.

In addition to this so-called scintillation efficiency, the two new methods
can determine the efficiency at which the detector module transports light
from the point in the crystal where the energy deposition takes place to the
light detector. The results of the two new methods are consistent in terms
of the light transport efficiencies.

However, the individual efficiencies are not of big relevance for a Dark
Matter analysis, since both effects could compensate each other. The product
of the two efficiencies yields the relation between the energy deposited in
the crystal and the light seen by the light detector. This overall efficiency
is vital for the discrimination capability of the detector modules. In terms
of this overall efficiency, composite detector modules of both materials are
better than the conventional modules.

Run 32 featured a special module with two light detectors. The Boris/PMT
method is not capable of evaluating an assembled module. The results ob-
tained with the new methods indicate that the light signal could be further
enhanced by reviewing the design of the module housing and its influence
on the light detection in CRESST.
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5. Local Variations of
Scintillation and Transport
Efficiency

The methods discussed in Chapter [4] provide values for the scintillation and
transport efficiencies of the entire detector modules. These efficiencies do
not contain information on whether a crystal has regions of high and low
efficiency.

Such a local variation could be problematic in two ways: on the one hand,
it would deteriorate the resolution of the light channel. On the other hand
and more seriously, it could affect the background discrimination:

If there is an external low-energetic y- or B-source, its radiation gets ab-
sorbed in the volume close to the surface of the crystals. If the surface region
has different characteristics than the bulk material, methods developed for
dealing with internal background will not treat these events in a correct
way. Consequently, in order to correctly handle each event, it would be nec-
essary to individually consider it depending on its origin. But then, since
the source of a background event is not known a priori, the discrimination
of background would hardly be possible.

Therefore, it is important to know whether detector modules have a po-
sition dependence in respect to the scintillation light. If they have such a
locally changing behavior, one also needs to know the magnitude of its im-
pact on the analysis.

Furthermore, the light detector does not necessarily have the same sen-
sitivity at every possible region on the wafer where light can be absorbed.
This variation also enlarges the width of the bands and therefore disturbs
the event discrimination.

The method presented in Section [5.1] uses statistical means for obtaining
the position dependence of the crystal from in-situ data of the CRESST-II
experiment.

Section [5.2] starts with the results of this analysis. Subsequently, the anal-
ysis is extended to other sources of variations, as photon statistics and local
variations of the light detector sensitivity.
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5.1. Extraction of Information from Correlated
Data

5.1.1. Statistical Quantities
Standard Deviation and Variance

The variance of the light detector measurement can be written as
VEL = VR + Vp. (5.1)

Here, the term Vi stands for the random contributions and Vp refers to the
position dependence of the light signal. The following analysis method can
give an impression on how much the position dependence contributes to the
total resolution of the measurement.

Linear Combination of Random Variables

Mathematically, one can see the measurement uncertainties as random vari-
ables. The term Vg describes the entirely random contributions. When
depositing energy at arbitrarily selected locations in the crystal, the term
Vp appears also as random. In contrast, if there is information about the
position at which the energy was deposited, this term loses its randomness.

Equation is only a special case of a linear combination of random
variables. According to [ZBSo4], in a linear combination D of random vari-
ables X; as

D= ZaiXi, (52)
i
the variance of the linear combination is
Vp =} aVi+} ) aaCi. (53)
i i j#i

Here, the V; are the variances of the variables X;, and the term Cj; is called
the covariance of the variables X; and X;. It is defined as

Cij=E((Xi—mi) (Xj— 1)), (54)

where E stands for the expectation operator and y;; for the expectation
values of the random variables X;;. One can see that the variance is just a
special case of the covariance where the indices i and j are identical:

Vi=Ci=E ((Xi - Vi)2> : (5:5)
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(a) Correlated data: r = 0.65, C = 4.88 (b) Re-arranged: r < 0.01, C = 0.04

Figure 5.1.: The correlation coefficient describes how strong a presumed cor-
relation of two sets of data is. Plot shows a set of (x,y) pairs
of correlated data. For plot[(b)] the same set of data was used
but the correlation was broken by re-arranging the pairs. In both
plots, the variances of the X and Y data sets stay the same but the
covariance and the correlation coefficient changes.

The covariance gives an impression on how regularly two random variables
deviate together from their mean. Consider a case where the variable x;
systematically grows with the variable x;. Then, the covariance has a positive
value since positive and negative deviations tend to occur at the same time
in both variables. If both deviations likely have the same sign, their product
tends to be positive.

If one variable decreases while the other increases, the individual prod-
ucts of the deviations are negative and with them also their sum, the co-
variance. If there is no connection between the variables, as in case of the
position dependence and the random noise, the covariance becomes zero.
Therefore, equation is the outcome of adding two uncorrelated ran-
dom variables.

Putting the covariance of the data sets X and Y in relation to their indi-
vidual variances leads to the correlation coefficient r:

r= _Cxy (5.6)

VVxVy
The plots in Figure [5.1] illustrate how the variances, the covariance and the
correlation coefficient of two sets of data behave. Both plots have been gener-
ated using the same data sets for creating the point coordinates. In one case,
the coordinate pairs consisted of x-data and their matching y-counterparts,
in the other case, the pairs were re-arranged so that the x- and y-data do not
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match any more. As the individual data were the same, the variances are
Vx = 6.34 and Vy = 5.18 in both cases. However, when looking at plot [(a)]
one assumes a correlation between the data while in plot (b} the data do not
seem to be correlated. The covariance and the correlation coefficient reflect
this difference: for the matching pairs * = 0.85 and C = 4.88 while in the
other case r < 0.01 and C = 0.04. The correlation coefficient is an useful
way to objectively describe the illustrated behavior.

According to [Pre+92], the correlation coefficient is no suitable mean for
deciding whether or not two sets of data are correlated, but only for the
strength of a presumed correlation. This means, one first has to ensure that
the variables are correlated, in order to make the correlation coefficient a
meaningful figure.

5.1.2. Extraction of Position Dependent Variations

One can assume that the light production and transport properties of a cer-
tain location in a detector module do not vary on a timescale of seconds.
This means that if one observes two particle interactions which happen at
the same location and one shortly after the other, systematic variations of
these efficiencies are much smaller than random variations. Both variations
affect the overall variance of the measurements, and it is possible to extract
information on how much both parts contribute to the total.

For this, one needs two sets of paired light measurements. The criterion
for a pair is that both events took place at the same location in the crys-
tal. Different pairs in contrast, will most probably originate from different
positions in the crystal. As the position of the parts of a pair is the same,
the light output of these measurements will be correlated according to the
position dependence. The correlation coefficient thus gives an impression
on how largely the position dependence contributes to the overall variation.

5.1.3. Data of Localized Depositions

Ensuring that the data for the analysis come from the same location in the
crystal is vital for the method. The data gathered with the CRESST detectors
do not directly contain spatial information. Therefore, one needs a way of
using implicit information of the data to conclude on whether or not two
events happened at the same position.

Some detectors are contaminated with radionuclides of the 2*’Th-decay
chain. This chain contains the following sub-chain:

220RI1—> 216PO—> 212Pb (5.7)
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The decays have energies of Qrn = 6404.67keV and Qp, = 6906.3keV.
Their half-lives are Ty, gy = 55.6s and Ty, p, = 0.145 s respectively [Son1o].

The short half-life of the 2!®Po-nuclei means that after 2 s, all but ~ 1,/7000
of the nuclei have decayed. The observation of an independent 6.9 MeV-a-
decay in this short time window is very improbable: the detector with the
highest count rate of 6.9 MeV-a-events is Verena with 610 events during a
measuring time of 339 d. This means these events occur at an average rate
of 210 651,

Therefore, if one selects 6.9 MeV a-events which follow 6.4 MeV a-events
in a time window of 2s, the chance of seeing a random coincidence is low
enough to assume that both events stem from the same decaying nucleus.
Since the daughter nucleus does not recoil along notable distances inside the
bulk material of the crystal, one can furthermore assume that it has stayed
at the same location. Therefore, when undergoing the second decay, the a-
event has the same scintillation characteristics, in terms of light production
and transport, as its predecessor.

Thus, one can use the measurements of these two nuclides of the 232Th-
chain as the data for the statistical analysis. Of the ten modules that have
been working in Run 32, only two, namely Rita and Verena, had enough
statistics for this kind of analysis.

In the cases of both these detectors, the data treatment that was described
in Section [4.5) was not sulfficient to handle the extremely high phonon en-
ergies. Therefore modifications of the fit and the calibration procedures
were necessary. These modifications only affect the identification of the
lines. Since they have no further importance (e.g. for calculations of energy-
dependent parameters), their description follows in appendix

5.1.4. Calculation

In order to estimate the covariance as defined in equation @, it is possible
to calculate the sample covariance directly from the ordered data. Given are
two sets of data X and Y which have n entries x1 to x, and y; to y,. The
definition of the sample variance V of the two data sets is

1 n
1 2 (i) (5.8)

Vx =

for the X-data, and for the Y-data:

Z, (vi — 7)™ (5.9)
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5. Local Variations of Scintillation and Transport Efficiency

Detector  Cporn 9CpoRrn Vpo aVpg VRn 0Vrn r ar
(keV2)  (keV2) (keV?) (keV?) (keV?) (keV?)

Burkhard  1.165 0.070 1.388 0.083 1.234 0.071 0.890 0.065
Q 1.77 0.15 2.49 0.18 1.93 0.16 0.806 0.046
Steven 0.551 0.069 1.25 0.16 0.947 0.097 0.506 0.076

Table 5.1.: Correlation coefficients and standard deviations of the measure-
ments of 22°Rn and 2'%Po using the modules Verena/Burkhard/Q
and Rita/Steven.

The terms ¥ and § are the arithmetic values of X and Y. The denominator
of the normalization factor (n — 1) in the sample variance considers the fact
that the expectation value of the variables was already estimated from the
data by using the arithmetic mean.

The sample covariance Cxy of the two data sets is defined analogous to
the sample variance as

Cxy =

1 Z (xi = %) (yi — 7) (5.10)

Using the estimates of Vx, Vy and Cyxy, one then can calculate the corre-
lation coefficient raccording to equation (5.6). The results for the detector
modules Rita/Steven and Verena/Burkhard/Q can be found in Table The
table contains the variances, covariances, and the correlation coefficients of
the energy readings of the two decays.

In order to obtain a measure of the errors, the variance of the sample vari-
ance, e.g. for the data set X, Var(Vx) can be calculated according to [Scho7]
as

Var(Vx) = E <ﬂ4x n_?‘ﬂ) (5.11)

The therm 4, denotes the fourth central momentum of the distribution. It
can be calculated as
n
Z (5.12)
i=1

This variance Var(Vy), and the accordingly determined Var(Vy) can then be
used in order to calculate the standard errors of the estimates.

There does not seem to exist a straightforward way for calculating the
variance of the sample covariance. Therefore, in order to at least have an

_1!
n
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5.2. Discussion

impression on the order of magnitude, the error of the sample covariance is
estimated as follows: Since the values for the sample variance and covari-
ance are calculated from the same data set, the percental error should be
similar. As a conservative estimate the larger of the percental errors of the
two sample variances is taken as the percental error of the sample covari-
ance. The values can also be found in Table

5.2. Discussion

5.2.1. Possible origin of the position dependence

The data of all three light detectors have variances of similar size and posi-
tive correlation coefficients. However, in the case of the double-light-detector
module Verena/Burkhard/Q, the data are correlated in a much stronger way
than those of Rita/Steven. This means that for the former, the variation of the
light signal depends much stronger on where in the module the deposition
takes place.

Since Verena/Burkhard/Q is a module with light detectors at both ends, one
could assume that this variation is caused by the following mechanism: If a
deposition takes place near Burkhard, this detector could see more light than
its counterpart Q and vice versa. Such a behavior could be called an axial
position dependence, as the two light detectors are on different ends of the
detector axis.

One can check for this axial dependence: if the two light detectors would
“steal” light from each other, then the sum of the light seen by both of them
would not show variations as large as those of the individual detectors. The
light stolen from one detector would be seen by the other one which means
the variation would not affect the sum value. Therefore, the correlation
coefficient of the sum value would be nearly zero.

However, when doing the calculation, one obtains a value of r = 0.65. This
means that if Burkhard sees a relatively large amount of light, its counterpart
Q will also see more than the average amount of light. Thus, even if there
is an axial position dependence, it is weak compared to the overall position
dependence of this module that still dominates the correlation.

As Verena is a conventionally produced phonon detector, this non-axial
position dependence might be an effect of the sensor evaporation. Near the
surface of the crystal, the high temperature treatment might provoke more
severe oxygen losses than in the bulk material. Oxygen deficits have already
been identified as the cause for badly performing crystals in the past (cf.

Chapter 3).
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5. Local Variations of Scintillation and Transport Efficiency

Light Va aV E; oE, EQ7 e oEQY e
Detector (keV?) (keV?) (keV) (keV) (keV) (keV)
Burkhard 0.292 0.022 20.802 0.051 169 16
0 0.887 0.076 26.040 0.064 541 68
Steven 1.10 0.14 42.359 0.059 1743 312

Table 5.2.: The variance of the difference of the Po and Rn measurements, the
corresponding light energy, and the energy at which the position
dependence becomes dominant for e/y-events.

However, as in this analysis there is only one specimen of conventional
and composite detectors each, further data are needed to definitively answer
this question.

5.2.2. Effect of the position dependence on a Dark Matter
analysis

The data for the position dependence were obtained in the MeV range, while
the Dark Matter signal is expected to be relevant below 100 keV. With a few
assumptions, one can estimate how large the effect of the position depen-
dence in the low energy range can be. For a given energy, the position
dependence will mostly affect data with a high light yield, namely events
from the electron/y-band. Therefore, the calculation aims at determining
the energy at which the position dependent contribution will start to be the
dominant part of the detector resolution in that band.

According to equation , the variance of the difference of the two mea-
surements of 2’Rn and 2!°Po looks like

Va = Vpo + VRn — 2CpoRn- (5.13)

The correlation term is positive and thus the variance V), is smaller than
the sum of the individual variances Vp, and VRr,. The graphical method
shown in Appendix [C] uses this directly. As noted in equation (5.1), each
of the individual measurements consist of one random and one position
dependent term, denoted by the indices P and R. Therefore, one can expand

equation to
Va = Vr,po + Vp,po + VR Rn + VP,Rn — 2Cp,PoRn (5-14)

The measurements of the two isotopes are in the same energy range and
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5.2. Discussion

therefore their variations should have approximately the same size. With

Vppo = Vprn = Vp (5.15)

for the position-dependent and

VR,Po = VRRn = VR (5.16)

for the position-independent term, one can further simplify equation
to
Va = 2VR +2Vp — 2Cp poRn- (5.17)

Since the position dependence for both measurements is the same, the C-
term corresponds to the Vp-terms (see equation (5.5)). With

Vp = Cp,poRrn/ (5.18)
the remaining part is
V,
Vk = TA- (5.19)

Looking back at equation (4.20), the variance of a light detector measure-
ment can be written as

Ve, =Vo+ ViEL + VzEL2. (5.20)

In this description, the position dependence will contribute to the V,E;?-
term. In the most extreme case, that term is constituted entirely by the
position dependence:

Vp = VzELZ. (5.21)

Then, the random contribution corresponds to the remaining terms V) and
V1. For high energies, as in the case of the a-events, one can neglect the
constant term Vj, so that

Vg, = ViEp + V2E/? (5.22)
and thus
Vr = ViEL. (5-23)

The random and the position dependent contributions Vi and Vp become
equal at an energy Ef g of

Vi _ Vep _ Va

_— = :7E . .
v, Vplt Ty, B (5-24)

E Leq —
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5. Local Variations of Scintillation and Transport Efficiency

This corresponds (see equation (4.10)) to y-particles of the energy

. EL,eq - 1 VA L
Q%Eq - Xe - 2 Cp,poRn Xe L,

(5.25)

The average of the energies of the 2!°Po and ??°Rn light detector readings is
used for Ej, the values for X - € are from Table

With the results listed in Table[5.2} one can see that for the two detectors
of Verena, the position dependence will become dominant in the range of
O (100keV). For the composite detector Rita, the energy is about O (1MeV).
Thus, in case of Rita the position dependence plays a clearly negligible role
in the resolution of the light detector, when searching for Dark Matter events
below 100keV. In the case of Verena, Q,.eq is still above 100keV for both
light detectors, but detectors with even lower values might not be useful for
a Dark Matter search.

5.2.3. Contribution of Photon statistics to the Light
Detector Resolution

As mentioned in Section[4.3] the variance of the photon counting statistics
contributes to the linear term V1 E; of the light detector resolution Vg, . The
contribution of the statistics term is inevitable, but apart from the inho-
mogeneity of the crystal properties, there might be other mechanisms also
contributing to the resolution which one can possibly control as well. The
following considerations present a method of estimating whether the reso-
lution term is solely determined by photon statistics or whether there are
other effects that might be the subject of further optimizations.

When expecting a total number of N photons, the standard deviation of
the Poissonian counting statistics is

ON stat = \/N (5-26)

If the photons have an average energy of ¢, the product of this average and
the number of photons seen in the light detector corresponds to the energy
E; seen in the detector:

L = Ngy (5.27)
Then, the standard deviation of the energy reading is
OLstat = UN,stat€p = \/NEP, (528)
and its variance is
VL,stat = UL,statz = Nspz- (5-29)
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5.2. Discussion

Detector VL,stat OVL,stat VL,stat/VR UVL,stat/VR
(keV?) (keV?) (%) (%)
Burkhard ~ 67.09 x 103 0.78 x 1073 46.0 3.5
Q 525x 1072 0.22x 1072 11.8 1.1
Steven 106.37 x 1073 0.57 x 1073 19.3 2.5

Table 5.3.: The variance contributed by the photon statistics, both absolute
and in relation to the random variance.

With an absolute calibration, (€, = 1, see Section[4.2.2), the light detector
signal from equation becomes

Xe

L=Eor— .
QOF (5-30)
or in terms of photon numbers:
1 Xe
N=—Ep—. .
e, o0 (5.31)
Therefore, the variance becomes
Xe
VL stat = EQ @Sp- (5-32)

For CaWOy, assume ¢, = 2.95eV [Zde+o5]. In addition, consider the values
for Xe from Table[4.5 and the same value for Eg as for the calculation of
Table Using these values, one can estimate the statistical variance of the
light signal for the detectors Burkhard, Q and Steven as denoted in Table|s.3]

In Section[5.2.2} the variance was split up into a term Vp that describes
the position dependence and a random term V. This latter term absorbs all
the effects that appear random to an analysis that focuses on the correlation.
One of the random contributions is the statistics term. The ratios Vj gat/ Vi
listed in Table[s.3] are a measure on how largely the Vi-terms of certain
detectors are determined by the photon statistics. Comparing the values of
the three detectors, it is noticeable that for Burkhard, the counting statistics
constitutes nearly half of the variance, while for Steven and Q it is much
less. Thus, the statistics is only one contribution to the random part of the
variance among others. Even more, in case of Steven and Q, the statistics
term is only minor compared to the overall variance.

As this clearly indicates that there is another contribution to the Vi term,
the question arises, what the nature of this contribution might be. A possible
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5. Local Variations of Scintillation and Transport Efficiency

candidate for another contribution to the variance is a position dependence
of the light detector efficiency. This means that the light detector might
have a different sensitivity, depending on the location on the wafer at which
scintillation light is absorbed. While Steven and Q look at the roughened
side of the crystal, Burkhard looks at the polished face which carries the
phonon sensor.

The roughening treatment manipulates the transmittance of the crystal
surfaces. When exposing a cylindrical crystal with one roughened face, as
the right crystal in Figure to UV-light, one sees that the roughened face
emits light in a rather homogenous way. On the polished side, most of the
light leaves the crystal at the bevel (see Figure [3.2(b)f). Therefore, the spatial
distribution of the light leaving the crystal towards Burkhard is different from
that of the light which Steven and Q see. Most probably, it is confined to a
smaller region, as the light leaves the crystal from a smaller area. Together
with the aforementioned position dependence of the light detectors, this
could make the overall variance of the light signals in Burkhard smaller. This
turn would increase the relative contribution of the counting statistics, which
is not affected.

This argument relies only on one specimen. Therefore, it is necessary
to further investigate in detector modules with the light detector and the
phonon detector on the same crystal face. Such a modification of the de-
tector design is relatively simple, since the light detector can be screwed to
the threads on the other side of the detector holder. If a module of this ge-
ometry behaves similar to Burkhard, then this could be a promising way of
improving the light detector resolution in Run 33 with a rather small effort.

5.3. Summary

It is possible that the light production and transport efficiencies change lo-
cally in a module. Since energy depositions can happen at arbitrary loca-
tions in the module, such a position dependence results in the broadening
of the light channel signal. Even worse, if the position dependence is large
enough it will result in the light yield notably depending firstly on whether
the origin of an event was inside or outside the crystal and secondly on the
energy-dependent penetration length of an external particle impinging the
crystal. If possible at all, such an effect would be difficult to compensate for.

Because the CRESST detector modules do not produce data containing the
location information, one has to look indirectly for this position dependence.

*The left crystal in Figure [2.2]is not roughened and therefore cannot be compared directly.
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5.3. Summary

One possible way is to exploit the short half lives of two isotopes in the
232Th decay chain, ?2°Rn and #'°Po. The recoiling daughter nuclei of their a-
decays propagate only along a negligible distance inside a solid. Thus, one
can assume that both decays happen at the same location in the crystal and
therefore, both are exposed to the same position-dependent light channel
properties of the module.

Having identified pairs of events which belong to the aforementioned a-
chain, one can obtain information on the contribution of the position de-
pendence to the total resolution of the light detector measurement by de-
termining the correlation coefficient directly from the data. The variance of
the data contains information on the total uncertainty of the measurement,
while the correlation coefficient indicates how much of these uncertainties
is caused by the position dependence.

In Run 32, only the modules Verena/Burkhard/Q and Rita/Steven provided
sufficient numbers of such a-signals for the analysis. The result indicates
that Verena has a higher position dependence than Rifa, and that in Verena,
the position dependence is relevant for lower energies than in Rifa. The
increased position dependence is not an effect of the total amount of light
splitting up between the two light detectors in Verena. Instead, it is plausible
that the different production techniques have caused this effect. Since Rita is
a composite detector, its crystal surface has not been affected by the oxygen
loss caused by the sensor film deposition.

Furthermore, the analysis of these correlated data suggests that there is
a position dependence of the light detector sensitivity. Data of the light
detector Burkhard showed a smaller variance than that of Q and Steven. Due
to the construction of the detector modules, the spatial distribution of the
light leaving the crystal towards Q and Steven is visibly different than that
towards Burkhard. A position dependence of the light detector sensitivity
would relay this in the form of a wider variation of the signals and thus
explain the effect. This suggests that one could easily improve the resolution
by switching the position of the light detectors.

Due to the limited number of detectors that produce data for this type of
analysis, there is only one specimen for each of the hypotheses. However,
all these effects can potentially help to improve the resolution of the light
channel without major modifications of the CRESST design. Therefore, fur-
ther experiments which investigate in these effects could be of great value
for CRESST.
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6. Conclusions and Outlook

Various observations on different scales of size indicate the existence of Dark
Matter in the form of weakly interacting massive particles called WIMPs.
Extensions to the current standard model of particle physics predict parti-
cles which have properties that make them WIMP candidates. Due to the
extremely low scattering cross-section of WIMPs and baryonic matter, an
experiment which aims at the direct detection of WIMPs has to face low
signal rates and low energies.

One of the experiments searching for Dark Matter is CRESST, the Cryo-
genic Rare Event Search with Superconducting Thermometers. The key
techniques of this experiment are cryogenic detectors and an active back-
ground discrimination, which permit the detection and identification of par-
ticles down to the 10keV range.

The active background discrimination relies on detectors that are based
on scintillating crystals and thus have two read-out channels. The phonon
channel determines the deposited energy, while the light channel deter-
mines the nature of the impinging particle. Especially the measurement of
the scintillation light is a delicate issue as the energies can be below 1keV.

Two aspects are important for the performance of the light channel: firstly,
the amount of produced scintillation light, and secondly, how much of the
produced light actually arrives in the detector.

Up to now, the only method for determining the properties of the scin-
tillator crystal could be done at room temperature. With this method, it is
not possible to separate the light production from the light transport. This
thesis presents two approaches which both can separately determine the
production and the transport properties of the detectors. These methods, in
contrast to the room temperature measurement, use data obtained at tem-
peratures in the mK-range. Hence, they are not subject to systematical errors
caused by temperature-dependent crystal properties.

The so-called standard candle method uses unique events of the scintil-
lating detector housing in order to separate the scintillation efficiency of a
crystal from transport effects. The energy balance method determines the
distribution of energy by comparing the signals obtained from different par-
ticles of known energy. The two new methods give consistent results both
for the scintillation and the transport efficiency.
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6. Conclusions and Outlook

With these new methods, it was possible to determine the performance of
different detector designs. In the conventional design, the phonon detector
is directly evaporated onto the scintillator crystal. The composite detectors
follow a modified design scheme, where the phonon detector resides on a
small carrier crystal which is glued to the scintillator crystal.

The finite element simulations that have been performed within the scope
of this work indicate that the two crystals of a composite detector should
have their crystal axes aligned and that the layer of glue between them
should be as thin as possible in order to keep the thermo-mechanical stress
during the cool-down low.

The composite detector design bears several advantages: On one hand,
it permits the use of scintillator materials which are too delicate to suffer
an evaporation process, such as e.g. ZnWQ,. On the other hand, in the
past, even CaWQ, crystals which are the default scintillators in CRESST
have shown effects of decrease of the light channel performance after the
thermometer deposition. A composite detector avoids this effect.

With the new measurement methods for the scintillation and transport
efficiency, it was shown that composite detectors, both with CaWO, and
ZnWOQy scintillators, have better performing light channels than the conven-
tional ones.

The possibility to separately determine the light transport efficiency pro-
vided information about the light collection capabilities of the modules in
general: the data of a special module with a conventional phonon detector
and two light detectors indicate that such a module sees more energy in the
form of scintillation light than a single-light-detector module. Therefore, in
a single-detector module, a significant amount of scintillation light never
arrives at the light detector at all.

Up to now, only half of the modules are equipped with calibration sources.
The plans for the upcoming Run 33 include a light detector calibration
source for each detector module, so that the light channel parameters of
each detector module can be determined in situ.

Composite detectors show clear advantages compared to standard type
detectors. Their light channels are more efficient than these of conventional
detectors and they allow for the application of materials which are available
more easily or have better properties than CaWO,. Future runs of CRESST
will benefit of these advantages.

Information concerning the distribution of the light inside a detector mod-
ule can be obtained by observing the decay of each a certain radionuclide
and its short-lived daughter product. These data contain information about
the variation of the light channel parameters with respect to where in the
crystal the energy deposition took place. The radionuclide was present in
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one composite crystal and the conventional crystal that is part of the double-
light-detector module. The conventional crystal showed higher variations of
the light channel parameters than the composite crystal. It has been ex-
cluded that this effect is due to the distribution of light between the light
detectors. Therefore, it has to be an intrinsic effect of the crystal. Whether it
is characteristic for all conventional crystals needs to be clarified with addi-
tional data.

Furthermore, the data of the double-light-detector module indicate that
the sensitivity of the individual detectors depends on the spatial distribution
of the light that leaves the scintillator crystals. This suggests that one could
easily improve the resolution of the singe-light-detector modules, simply by
putting the light detectors on the polished side of the crystals.

In summary, within this work, several modifications for the CRESST-II
experiment were shown. Without requiring major changes in the setup,
these modifications could help to improve the discrimination capabilities in
order to achieve a higher sensitivity for Dark Matter.

137






A. High-Energy Calibration of the
Phonon Detector

For energies far beyond the scale of the test pulses, the phonon detector
calibration using the test pulses as a gauge and the ¥Sm signal as the
calibration fix point does not work reliably. For example, some crystals as
Rita and Verena, have a relatively rich contamination of isotopes from the
2351, the 238U, and the 232Th natural decay chains. The Q-values of these
decays are in the range of 4000 keV to 7000 keV.

If the pulses are extremely large, the digitizer reading does not drop
below the truncate level of the fit within the record length any more (see
Figure[A.1(a)). In such a case, the fit becomes unreliable, because the only
data points which are fitted belong to the rising edge of the pulse. The
resulting amplitude spectrum in Figure [A.1(b)| therefore has rather broad
lines.

Similar to the modification described in Section@] for the light detector,
one can fit the data of the phonon detector with an increased truncation
level as well. For Rifa, for example, with a truncation level of 2.5V instead
of 0.8V, the fit works better. This can be seen by the fact that the individual
lines are sharper (see Figure[A.2(a)). The increase of resolution for the high-
energy o-lines comes at the cost of systematic errors for the lower energies.
The value of 2.5V is below the saturation level, but above the range where
the detector responds strictly linear. The standard event fit can now be
confronted with events slightly above the linear range and thus the fit does
not produce reliable results for those relatively low energies any more.

After fitting, one has to gauge and calibrate the data in order to obtain an
energy spectrum. Since the a-lines are already relatively sharp, one can try
to identify one or more of them. The spectrum of Figure in this work
was created by assuming that the most prominent line was the 5407 keV
line of 210Po, Compared to the uncalibrated spectrum, this one becomes
sharper. The uncalibrated signal suffers from the fact that the detector re-
sponse changes with time. Figure illustrates this behavior of the 2!°Po-
line. The calibration procedure takes these variations into account and com-
pensates for them when converting fit amplitudes to energies. Therefore,
the calibrated spectrum is sharper.
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(a) Example of a high-energy pulse with the (b) High-energy spectrum of Rita, truncated
phonon detector exceeding the truncation in the linear range.
level

Figure A.1.: For high energy pulses as in plot the fit becomes less reliable
when truncating in the linear range. This happens because the
pulses hardly relax below the truncation level. Consequently, the
spectrum in pIothas a relatively bad resolution.

¥ ] 5000 '
1000 [ ]

2 C ] 2 i

< ¥ 1< n

2 500 [ 4 32200

O C 7 O L

oF . 0 =4
12 15 18 4250 5500 6750
Amplitude (V) Energy (keV)
(a) Spectrum with higher truncation level. (b) Calibrated and stabilized spectrum.

Figure A.2.: The fit leading to spectrum can be improved by increasing
the truncation level to 2.5V. As it is shown in plot [(a)} the resolu-
tion of the a-lines increases. Besides assigning an energy value,
the calibration compensates for temporal variations in the detector
response, resulting in the sharper spectrum shown in pIot
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Figure A.3.: Stability of the calibration/gauging line of >*°’keV during the data
taking of Run 32.

If a single line is not sufficient, one can extend this procedure by iteratively
using more and more identified lines as gauges. Additional lines make it
possible to increase the grade of the interpolation polynomial that is part of
the calibration procedure.

In principle, the results of this fitting technique allow to extend the data
analysis even to ranges above 10MeV. An example can be seen in Ap-

pendix
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B. Observation of a-Cascade
Reactions

The fact that for distorted pulses, the standard event fit yields amplitudes
which do not match the actual energy is not necessarily a disadvantage:

In the detector pair Verena/Burkhard, when looking at the a-band at an
energy of about 15000keV there is a population of events forming a band-
like substructure (see Figure[B.1). In other detector pairs, e.g. Verena/Q
there is no such substructure (see Figure [B.2).

The Figures and show records of these events from the upper left
and the lower right end of the band substructure respectively. The cause of
these events are two a-absorptions which occur in a short time window. The
interval between the two varies between nearly 0 up to a few 10ms. With
growing intervals, the pulse shapes from Burkhard and Verena become more
and more distorted. This distortion affects the results of the standard event
fit and thereupon the energy calibration, so that the energy seen by Verena
is estimated too high.

Consequently, the data points of these events leak into the region of the
next a-line at ~ 16 000 keV. In the case of the pair Verena/Burkhard, this leak-
age does not happen as the double-peak structure affects the fit of the light
signal in a different way than usually: The pulse temporarily drops below
the truncation level. Then the fit estimates the pulse amplitude too low. This
causes the population to extend downwards in terms of the light/energy
plot. When the local minimum of the light detector signal is sufficiently
far below the truncation threshold of the fit (see Figure , this under-
estimation does not exceed any further and the population spreads only to
the right, following the over-estimation of the phonon signal.
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B. Observation of a-cascade reactions

T 200
40 - . il
< 30 7
[J]
< L 4
¢ 20 . 100 3
i O
p L 4
2
10 " -
0o | | | ] 0

14000 16000 18000
Phonon Energy (keV)

Figure B.1.: The region of a-cascades in the light/energy spectrum of the de-
tector pair Verena/Burkhard.
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Figure B.2.: The region of a-cascades in the light/energy spectrum of Verena/Q.
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C. Visual method for analyzing
the position dependent
scintillation characteristics

According to equation (5.14), the variance of the difference of two correlated
variables is

VA, correlated = VR, Po + Vp,Po + VR Rn + VP,Rn — 2Cp,PoRn- (C.1)

The index “correlated” helps to distinguish between this case which con-
cerns the subtraction of matching measurements and the subsequent case
where the measurements were taken in random order.

As said in Section the covariance bears information on how strongly
two variables of data are correlated. Since the noise terms are not correlated
to the other terms, all covariances concerning noises are zero.

If one assumes a position dependence, the covariance term has to be pos-
itive. Therefore, the difference of correlated measurements has a smaller
variance than the sum of the variances:

VA,correlated < VPO + VRn~ (CZ)

If there is no correlation between the measurements of 22’Rn and '°Po, the
covariance is zero. One way to artificially create a set of non-correlated
data is to take a set of a-measurements which have been selected according
to the method described in and to randomly shuffle the data of one
of the two sub-sets, e.g. the Po-decay. With a perfect non-correlation, the
covariance becomes zero and the variance of the difference of the shuffled
subsets is then

VA shuffled = VR,Po + VP,Po + VR Rn + VPR, (C3)

which is the same as the sum of the variances. In practice, the variance of the
shuffled difference might not reproduce the sum of the individual variances,
since the shuffling is not necessarily perfect in building pairs of events from
completely different crystal regions.
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C. Visual method for analyzing the position dependence

0
16 18 20 22 24 26 16 18 20 22 24 26
Energy (keV) Energy (keV)
(a) ??°Rn-peak (b) 2'8Po-peak

Figure C.1.: The light signals of 216Po and 22°Rn with the detector Burkhard,
calibrated in terms of absolute energy.
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Figure C.2.: When subtracting the corresponding data of Figure[C.I] from each
other, the variance of the result depends on whether the data are
ordered or shuffled.
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Using the case of Burkhard, the data of the Figures and show how
the visualization works. The Figures|C.1(b)|and [C.1(a)|are measured energy

spectra of 2'Rn-a-decays and of matching ?!°Po-a-decays. In order to obtain
the plots in Figure one has to subtract, in a pair-wise fashion, the energy
reading of a 21°Po-decay from that of a 22Rn-decay and build a histogram of
the differences. For plot the event pairs came from the same location
while in case of plot se data were randomly shuffled.

With this simple mean of visualizing the subtracted data either ordered
or shuffled, one can see that the position dependence has a significant con-
tribution to the variance of the readings of Burkhard.

However, in order to obtain more than an optical impression, one would
have to build histograms of the data, assume a model distribution, in this
case a Gaussian, and fit the model to the data in order to obtain values for
the variances the difference of which finally yields the covariance. All these
assumptions and fits are sources of possible errors which one does not have
to put up with when calculating the covariance directly from the data.
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