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Abstract

Convincing evidence for the existence of Dark Matter exists on all astrophysical scales in
the universe. A promising Dark Matter candidate is the so-called WIMP. One of the ex-
periments aiming to detect WIMPs directly is the CRESST-II experiment, which features
scintillating CaWO4 crystals as the target material. In these crystals, scintillation light and
phonons can simultaneously be read out, which enables an event-by-event discrimination
of di�erent types of particles. For several years, the CaWO4 crystals have been produced
directly at the Technische Universität München (TUM). In the �rst part of this work,
great improvements were made in the production process of the CaWO4 powder in respect
to radiopurity. Additionally, the internal stresses and transmittance of two successfully
grown crystal samples were studied in comparison to a crystal bought from a commercial
supplier. The TUM-grown crystals were found to have worse optical properties than the
commercial crystal.

A commonly observed feature in scintillators is the scintillator non-proportionality,
which inhibits the production of scintillation light at low energies. This complicates the dis-
crimination of di�erent particle events and worsens the energy resolution of the CRESST-II
detectors at low energies. In the second part of this work, a setup for measuring the scin-
tillator non-proportionality of the TUM-grown CaWO4 crystals at room temperature was
designed and constructed. The amount of scintillation light produced by irradiating a crys-
tal with di�erent radioactive sources having gamma lines ranging from 6 keV to 1332 keV
was detected using a photomultiplier tube (PMT). Di�erent characterization measurements
of the setup were performed: the linearity of the ampli�er, the stability of the setup over
a longer period of time, the contribution of the electronics to the energy resolution, and
identi�cation of noise sources. From the results of these measurements systematic errors
were identi�ed. The amount of light lost in the crystal due to geometrical e�ects was
also estimated. Due to the shallow penetration depth of the radiation at low energies, a
signi�cant amount of light is lost.

The biggest challenge when measuring the scintillator non-proportionality with this
setup is to detect the low-energetic lines (. 20 keV). Nonetheless, lines with an energy of
6 keV and 14 keV could be detected, but a broad variety of pulse forms was found in the
data, and it must be understood whether the pulse shapes observed are due to physics, the
electronics of the setup, or both. Thus, it is di�cult to make reliable interpretations of the
data and, therefore, to draw any conclusions regarding the scintillator non-proportionality.



iv



Sammanfattning

Det �nns övertygande bevis för existensen av mörk materia i universum. Weakly Interacting
Massive Particle (WIMP) är en sannolik partikelkandidat för att förklara den mörka ma-
terian. Ett av �era experiment som försöker detektera dessa WIMPs är CRESST-II vars
detektorer består av scintillerande CaWO4 kristaller. I dessa kristaller producerar en inter-
agerande partikel scintillerande ljus och fononer samtidigt, vilket möjliggör en diskrimine-
ring av olika partiklar. Technische Universität München (TUM) tillverkar sedan �era år
tillbaka CaWO4 kristaller i eget laboratorium. I den första delen av detta examensarbete
gjordes betydande framsteg i produktionen av CaWO4 pulver vad gäller den radioakti-
va renheten. Vidare tillverkades två relativt lyckade kristaller och de inre spänningarna
samt transmittansen hos dessa kristaller undersöktes. Dessa egenskaper jämfördes med de
hos en kristall från en utomstående leverantör varvid de egentillverkade kristallerna visa-
de sig ha sämre optiska egenskaper än de hos kristallen från den utomstående leverantören.

Ett vanligt förekommande fenomen hos scintillatorer är den så kallade icke-linjäriteten
i produktionen av scintillerande ljus vilket framträder vid låga energier. Denna e�ekt för-
svårar särskiljningen av olika partikelinteraktioner samt försämrar energiupplösningen hos
detektorerna i CRESST-II vid låga energier. I den andra delen av detta examensarbete
konstruerades en experimentuppställning för att mäta den icke-linjära e�ekten hos TUM-
tillverkade CaWO4 kristaller vid rumstemperatur. En kristall bestrålades med olika radio-
aktiva källor vars energi varierade från 6 keV till 1332 keV och det tillverkade scintillerande
ljuset detekterades med en fotomultiplikator (PMT). Experimentuppställningen karakteri-
serades i �era olika mätningar bl.a. undersöktes linjäriteten hos förstärkaren, stabiliteten
hos experimentuppställning över en längre period, elektronikens bidrag till energiupplös-
ningen hos experimentuppställningen och även en identi�kation av källor vilka kunde störa
mätningarna. Från resultaten av dessa mätningar kunde systematiska fel uppskattas. Dess-
utom gjordes även en bedömning av hur mycket ljus som gick förlorat i kristallen på grund
av geometriska e�ekter. Vid låga energier gick en stor del av ljuset förlorat på grund av
strålningens korta penetrationsdjup.

Den största utmaningen när man försöker mäta icke-linjäriteten hos det producerade
ljuset med denna experimentuppställning är såldes att detektera den lågenergetiska gam-
mastrålningen (. 20 keV). Icke desto mindre kunde gammalinjer med energier av 6 keV och
14 keV detekteras. Emellertid hade de detekterade pulserna många olika former och det är
inte klart om dessa olika former har en fysikalisk förklaring eller härstammar från elekt-
roniken hos experimentuppställningen eller beror på båda aspekterna. Att dra tillförlitliga
slutsatser angående icke-linjäriteten i produktionen av ljus är därför svårt.
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Zusammenfassung

Im Universum gibt es auf allen astrophysikalischen Skalen überzeugende Hinweise auf
die Existenz dunkler Materie. Ein vielversprechender Kandidat für dunkle Materie ist
das sogenannte WIMP. Eines der vielen Experimente, die darauf abzielen WIMPs direkt
nachzuweisen ist das CRESST-II Experiment, welches szintillierende CaWO4 Kristalle
als Detektoren nutzt. In diesen Kristallen können Szintillationslicht und Phononen gle-
ichzeitig ausgelesen werden, was für jedes Ereignis eine Unterscheidung nach verschiedenen
Teilchenarten ermöglicht. Seit einigen Jahren werden die CaWO4 Kristalle direkt an der
Technischen Universität München (TUM) produziert. Im ersten Teil dieser Arbeit wurden
groÿe Verbesserungen mit Hinblick auf die radioaktive Reinheit im Produktionsprozess des
CaWO4 Pulvers erzielt. Zusätzlich wurden zwei Proben von erfolgreich selbstgezogenen
Kristallen auf ihre inneren Verspannungen und ihre Transmission hin untersucht und mit
einem kommerziell erworbenen Kristall verglichen. Hierbei hatten die an der TUM gezo-
genen Kristalle schlechtere optische Eigenschaften.

Eine oft zu beobachtende Eigenschaft von Szintillatoren ist die nicht proportionale Bil-
dung von Szintillationsphotonen, die bei niedrigen Energien zur geringeren Produktion
von Szintillationslicht führt. Diese Nichtlinearität des Szintillators erschwert bei niedrigen
Energien die Unterscheidung von verschiedenen Teilchen-Ereignissen und verschlechtert
die Energieau�ösung der CRESST-II Detektoren. Im zweiten Teil dieser Arbeit wurde
ein Versuchsaufbau entworfen und konstruiert, um die hausintern produzierten CaWO4

Kristalle bei Raumtemperatur auf ihr nichtlineares Szintillationsverhalten zu untersuchen.
Die Menge von Szintillationslicht, die durch das Bestrahlen des Kristalles mit verschiede-
nen radioaktiven Quellen mit Gammalinien von 6 keV bis 1332 keV entstand, wurde mit
einem Photomultiplier (PMT) gemessen. Darüber hinaus wurden unterschiedliche Mes-
sungen zur Charakterisierung des Versuchsaufbaus durchgeführt. Dazu gehören die Mes-
sungen: der Linearität des Verstärkers, der Stabilität des Aufbaus über einen längeren
Zeitraum, des Ein�usses der Elektronik auf die Energieau�ösung und die Identi�zierung
von Störquellen. Dadurch wurden systematische Fehler identi�ziert. Auÿerdem wurde der
Lichtverlust durch geometrische E�ekte abgeschätzt. Hierbei geht durch die geringe Pen-
etrationstiefe von niedrigenergetischer Strahlung ein signi�kanter Anteil des produzierten
Lichts verloren.

Die gröÿte Herausforderung bei der Messung der Nichtlinearität des Szintillators mit
diesem Versuchsaufbau ist also das Detektieren der niedrigenergetischen Linien (. 20 keV).
Nichtsdestotrotz konnten die Linien mit einer Energie von 6 keV und 14 keV detektiert
werden. Allerdings �nden sich in den Daten Pulse unterschiedlichster Formen. Daher muss
man zuerst verstehen, ob die beobachteten Pulsformen in der Physik, der Elektronik oder
in beiden ihren Ursprung haben. So ist es schwierig die Daten verlässlich zu interpretieren
und damit Schlüsse über die Nichtlinearität des Szintillators zu ziehen.
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Chapter 1

Dark Matter

1.1 Evidence for Dark Matter

Dark Matter was �rst postulated by Fritz Zwicky in 1933 to account for the apparent mass
de�cit in galaxy clusters [1]. Zwicky applied the virial theorem [2]:

2T = −V, (1.1)

where T is the kinetic energy and V is the potential energy, to the Coma Cluster. The
viral theorem relates the gravitational force acting on a galaxy to the velocity of the galaxy.
In this manner Zwicky could calculate the mass of the Coma Cluster using its measured
velocity. If the cluster only contains luminous matter, the rotational velocity should be
smaller than the observed one. Thus, Zwicky concluded that the Coma Cluster contains
400 times more mass than the observed luminous matter and, hence, named this invisible
mass Dark Matter [1].

Observations, in 2006, of the so-called Bullet Cluster, which consists of two colliding
galaxy clusters, provide more strong evidence for Dark Matter. An optical image of the
Bullet Cluster (left side of �gure 1.1) could be composed with the help of gravitational
lensing, de�ection of light in a gravitational potential [3], and an X-ray image (right side
of �gure 1.1) was recorded with NASA's orbiting Chandra X-ray Observatory [4]. In both
images, the gravitational potential is represented by the green contour lines. In the right
image, the blue area contains stars and planets, and the red area consists of hot gas. When
the two clusters interfere, the Dark Matter in one of them simply passes through the other
one without in�uencing it. On the contrary, the ordinary matter in one cluster interacts
gravitationally with the ordinary matter in the other cluster and the Dark Matter in both.
The luminous matter is therefore pulled forward by the Dark Matter in its own cluster but
dragged backwards by the ordinary matter and the Dark Matter of the opposite cluster.
Thus, the luminous matter and the Dark Matter are displaced from one another, which
clearly can be seen in the X-ray image of �gure 1.1.
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CHAPTER 1. DARK MATTER

Figure 1.1: The Bullet Cluster. Left: An optical image of the cluster. The green contour
lines in both �gures depict the gravitational potential, determined using gravitational
lensing [3]. Right: An X-ray image of the cluster that shows the location of the Baryonic
Matter. The blue area consists of stars and planets whereas the red areas represent hot gas.
This �gure clearly shows how the luminous matter does not coincide with the gravitational
potential; consequently, there has to be some sort of other matter, not detectable by known
methods. Picture taken from [4].

Another hint of Dark Matter is the measurement of the rotation curves of spiral galaxies.
According to Keplerian dynamics the centripetal force of a spinning galaxy on a body of
mass m should be equal to the gravitational force acting on the same body

mv2
rot

r
=
GM(r)m

r2
. (1.2)

Here G is the gravitational constant, r and m is the radius and mass of the body, respec-
tively, vrot is the rotation velocity, and M(r) is the mass of the galaxy within the radius
r. From equation 1.2 follows

vrot(r) =

√
M(r) ·G

r
∝

1√
r
. (1.3)

The rotation velocity should, therefore, decrease further out in the galaxy namely when
M does not increase any more with r, since most of the mass of the galaxy is centred within
the bulk of the galaxy. However, a completely di�erent behavior was observed. In the
1970s, Vera Rubin and W. Kent Ford measured the rotation curves of spiral galaxies with
a spectrograph and concluded that the rotation velocities were constant at large radii [5].
Since then, several studies of other galaxies have con�rmed this phenomenon. Figure 1.2
shows the result of such a study, namely for a galaxy called NGC 2403. The interpretation
of this result is: either there is more mass in the galaxies than can be seen, or Newton's
laws do not hold for galactic cluster scales. One possibility for the theory to coincide with
the observations is that a halo of Dark Matter has to enclose the galaxy.

Alternative theories without Dark Matter, such as MOdi�ed Newtonian Dynamics
(MOND), have been developed to account for Rubin's results [6]. The main attribute
of these theories is that Newton's laws are altered on the scale of galaxy clusters. Nonethe-
less, the Bullet Cluster is an empirical indication that the MOND-theories fail to explain
what we observe, completely without Dark Matter [7, 8].

Measurements of the Cosmic Microwave Background (CMB) have also provided evi-
dence of Dark Matter. Directly after the Big Bang, the universe was an extremely hot
opaque plasma. When the universe expanded, the plasma became colder but remained
opaque until the recombination epoch. At the point of recombination the universe had
cooled enough for electrons and protons to combine and form hydrogen. Thereafter, pho-
tons no longer scattered o� matter, causing them to travel freely throughout the universe;

2



1.2. DARK MATTER CANDIDATES

Figure 1.2: Rotation curve of the galaxy NGC 2403 (adopted from [9]). The points are the
measured rotation curve, the solid line is the Dark-halo model �t, the dashed line is the
visual component (stars), the dotted line is the gas, and the dash-dot line is the dark halo.
This plot shows that the rotation velocity of the galaxy is constant at large radii which
cannot be the case if the universe only contains Baryonic Matter; hence, Dark Matter is
needed.

the universe became transparent. The CMB we detect today consists of the relic photons
of the last scattering. These photons follow a black body spectrum [10] (see �gure 1.3).
The universe has cooled down and today has a temperature of 2.7255± 0.0006K [10]. The
CMB was discovered in 1964 by Arno Penzias and Robert Wilson with a horn-re�ector
antenna [11]. It looks isotropic at �rst sight, but with high-resolution instruments it can
be shown that this is not the case. Depicted in �gure 1.4 are the anisotropies of the CMB
measured by the PLANCK satellite [12], which are small temperature �uctuations on the
order of µK. These �uctuations gave rise to the large-scale structure of the universe: stars
are clumped together in galaxies and galaxies are clumped together in galaxy clusters. The
temperature anisotropies can be expanded into a temperature angular power spectrum [13],
which is displayed in �gure 1.5. The acoustic peaks seen in �gure 1.5 tell us of what the
universe is composed and in which amounts, that is to say, Baryonic Matter, Dark Matter,
and Dark Energy. The PLANCK satellite was the third and latest mission sent out to
study the CMB. It was able to set new limits for several cosmological parameters. The
PLANCK team reports the universe to contain 68.3 % Dark Energy, 26.8 % Cold Dark
Matter (CDM)1, and 4.9 % Baryonic Matter, if the ΛCDM model is true [10].

1.2 Dark Matter Candidates

Obviously there are compelling evidence of Dark Matter but these evidences do not shed
light on what this matter is composed of. This section will list some of the proposed
Dark Matter candidates. So-called Massive Compact Halo Objects (MACHO) were long
thought to be a good Dark Matter candidate. MACHOs are astronomical bodies made up
of Baryonic Matter, which emits little or no radiation, therefore making them hard to de-
tect. They can, however, be detected via gravitational lensing. Black holes, neutron stars,
brown dwarfs, and white dwarfs could be possible MACHOs. Both theoretical consider-

1Cold Dark Matter (CDM) is a form of Dark Matter whose particles move more slowly than the speed
of light. On the contrary, Hot Dark Matter (HDM) particles, another hypothetical form of Dark Matter,
move with ultrarelativistic speeds. CDM can explain the large-scale structure we see today in the universe,
whereas HDM cannot.

3



CHAPTER 1. DARK MATTER

Figure 1.3: Measured black body spectrum of the cosmic microwave background obtained
by the COBE satellite [14]. The plot shows the data points and the �t. The uncertainties
of the data points cannot be seen, since they only are a small fraction of the line thickness.
Plot adopted from [14].

Figure 1.4: All sky CMB-map measured with the PLANCK satellite [12] (picture taken
from [12]). This �gure shows the temperature �uctuations of the sky, which are on the
order of µK. The large-scale structure of the universe is due to these anisotropies.

4



1.3. DARK MATTER SEARCHES

Figure 1.5: Temperature angular power spectrum observed by the PLANCK satellite [10].
The acoustic peaks contain information about the amount of Baryonic Matter, Dark Mat-
ter, and Dark Energy in the universe. Figure adopted from [12].

ations and experimental studies have shown that the number of MACHOs in the Milky
Way Halo is not enough to account for all Dark Matter; therefore, non-baryonic matter
seems to be required [15, 16, 17].
The WIMP (Weakly Interacting Massive Particle) is today the best established proposed
Dark Matter form. As the name suggests the particle should be massive and weakly inter-
acting; hence, it only interacts via the electro-weak interaction and gravity. Furthermore,
it has to be electrically neutral; otherwise, it would already have been detected. Neverthe-
less, the nature of the WIMPs still remains unknown.
There is no good WIMP candidate among the particles in the Standard Model. The neu-
trino was for a while a possible choice. However, it is now clear that it is not abundant
enough to account for the amount of observed Dark Matter in our universe [18].
One famous theory beyond the Standard Model of particle physics is Supersymmetry
(SUSY). SUSY predicts that each fermion should be accompanied by a boson and vice
versa [19]. One of the WIMP candidates among these new supersymmetric particles could
be the neutralino, which is the lightest supersymmetric particle (LSP). The neutralino
ful�lls all the WIMP requirements: it is stable, heavy, and does not interact electromag-
netically. For a more comprehensive list see [20].

1.3 Dark Matter Searches

There are basically three di�erent methods used to detect Dark Matter: the production of
WIMPs at particle colliders, for example at the Large Hadron Collider (LHC) at CERN,
the detection of WIMPs in indirect searches, and the detection of WIMPs in direct searches.
A short explanation of the di�erent methods will be given in this section.

1.3.1 Searches at Particle Colliders

WIMPs could be produced in particle collisions at particle colliders like the LHC. Since
WIMPs barely interact with normal matter, they will �y through the detectors without
depositing energy in them. Because energy and momentum always have to be conserved,
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the WIMPs can still be detected by looking for a large amount of missing energy. As pre-
viously mentioned, the supersymmetric particle the neutralino is a good WIMP candidate.
However, all of these supersymmetric partners are yet to be discovered and the search at
the LHC has so far been fruitless [21].

1.3.2 Indirect Searches

The indirect search experiments aim to detect WIMP annihilation products. A WIMP
annihilation should result in the production of a particle and an antiparticle. Examples of
annihilation products could be neutrinos, electron-positron pairs, proton-anti-proton pairs,
or gamma rays. These annihilation products can be detected by satellite experiments like
PAMELA [22] and the Fermi Gamma-Ray Space Telescope [23], which monitor regions
with high mass, or earth based experiments like IceCube [24].
The PAMELA experiment, which is sensitive to the antimatter component of cosmic rays
in the form of antiprotons and positrons, has detected an abundance of positrons [25]. The
Fermi Gamma-Ray Space Telescope, which focuses on detecting gamma ray bursts, has
monitored an excess of gamma rays from the galactic center [26]. Both of these results
could be explained by Dark Matter annihilation; however, more ordinary interpretations
are also applicable.
IceCube is the worlds largest neutrino observatory, located in the ice of Antarctica. The
aim is to search for point sources of high energy neutrinos. Up till now IceCube has detected
three PeV neutrinos, which are believed to have an astrophysical origin [27]. IceCube is
part of The Supernova Early Warning System and it can observe neutrino oscillations
and galactic supernovae. Additionally, the experiment can indirectly detect Dark Matter.
WIMPs could gravitationally be captured in massive objects like the sun and if a large
number heap up in the core they would annihilate and produce neutrinos. An indication
of Dark Matter would be if IceCube detects an excess signal of neutrinos coming from the
direction of the sun [28] or any other point like sources with high mass.

1.3.3 Direct Searches

The direct searches is another way to detect WIMPs. According to one of several the-
ories, the WIMP �ux from the Dark Matter halo of the Milky Way is on the order of
105(100GeV/mχ) cm−2s−1, where mχ is the WIMP mass [29]. Even though WIMPs in-
teract very weakly, it should be possible to detect an elastic WIMP-nucleus scattering in
detectors on Earth [29]. This is the principal idea behind all direct Dark Matter search
experiments. Since the expected rate is very low, such experiments are usually located
in deep underground laboratories to reduce the background, e.g., cosmic-ray muons, as
much as possible. Cosmic-ray muons can interact with the surrounding material, creating
neutrons, which are particularly dangerous since they can mimic a WIMP signal [30].
There are three commonly used readout channels in direct Dark Matter experiments: ion-
ization in form of charge, heat in form of phonons, and scintillation light.

Figure 1.6 displays some Dark Matter experiments and which readout channels they
utilize. Experiments like DAMA/Libra [33] and COherent GErmanium Neutrino Tech-
nology (CoGeNT) [32] use only one of these readout channels. It has, however, become
standard to measure two signals simultaneously since this allows for active background dis-
crimination [29]. Examples of experiments which use a two channel readout are Cryogenic
Dark Matter Search (CDMS) [35], Cryogenic Rare Event Search with Superconducting
Thermometers (CRESST-II) [36], EDELWEISS [34], and XENON100 [37] or Large Un-
derground Xenon (LUX) [38], respectively. European Underground Rare Event Calorime-
ter Array (EURECA) is a planned tonne-scale cryogenic experiment, which will feature
CaWO4 and Ge detectors [39].
The data of direct search experiments are commonly displayed in a WIMP-nucleon cross
section versus WIMP mass plot, also known as an exclusion plot. An example of such a plot
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χ

phonons/heat

ionization/charge scintillation/light

CRESST-I

CRESST-IIEDELWEISS

CDMS

XENON100

LUX

DAMA/LibraCoGeNT

Figure 1.6: Three commonly used readout channels in Dark Matter experiments: phonons,
ionization, and light. CRESST-I [31], CoGeNT [32], and DAMA/Libra [33] use one readout
channel. EDELWEISS [34], CDMS [35], CRESST-II [36], XENON100 [37], and LUX [38]
use two readout channels.

from 2014 from the CRESST-II experiment is shown in �gure 1.7. The islands represent
the experiments which interpreted their detected excess signal as a WIMP signal. Lines are
exclusion limits set by experiments which did not detect a WIMP signal; the mass of the
WIMP and the WIMP-nucleon cross section cannot obtain values above the line. The grey
area is the limit for a background-free CaWO4 experiment arising from coherent neutrino
scattering [40]. There have been several experiments, such as DAMA/Libra, CoGeNT,
CDMS-Si, and CRESST-II phase 1, claiming to see a signal that could originate from
WIMPs [41, 32, 35, 42]. On the other hand, XENON100, LUX, SuperCDMS, CDMSlite,
EDELWEISS, and CRESST-II phase 2 report a null result [37, 38, 43, 44, 34, 36]. As de-
picted in �gure 1.7, the results of the di�erent experiments do not coincide with each other.
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CHAPTER 1. DARK MATTER

Figure 1.7: Exclusion plot from 2014 of di�erent Dark Matter experiments [36]. The islands
represent a positive WIMP signal. The curves are exclusion limits; the phase space above
the curve is excluded. The grey area is the limit for a background-free CaWO4 experi-
ment arising from coherent neutrino scattering [40]. The current limit from CRESST-II
phase 2 is shown in solid red with the expected sensitivity from the background-only
model in light red. The dash-dotted red curve represents the reanalyzed data from the
CRESST commissioning run [45]. The exclusion limits from SuperCDMS [43], CDM-
Slite [44], EDELWEISS [34] are the solid green, dashed green, and dash-dotted green
curves, respectively. The exclusion curve from LUX [38] is drawn in solid blue and the
one from XENON100 [37] in dashed blue. The parameter spaces favored by CDMS-Si [35],
CoGeNT [32], and DAMA/Libra [41] is shown in light green, yellow, and orange, respec-
tively. The islands, M1 and M2, reported in CRESST-II phase 1 [42] are depicted in light
blue.
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Chapter 2

The CRESST-II Experiment

Cryogenic detectors are operated at a few mK temperatures thus making it possible to
measure the internal lattice excitations, i.e., phonons, created by a particle interaction.
These detectors are a great tool when searching for Dark Matter. The Cryogenic Rare
Event Search with Superconducting Thermometers (CRESST) is a direct Dark Matter ex-
periment situated in the underground laboratory "Laboratori Nazionali del Gran Sasso"
in Italy. It has two readout channels and operates cryogenic scintillating CaWO4 crystals.
Since this thesis was conducted in the CRESST collaboration, this chapter is dedicated to
a detailed explanation of the experiment.

2.1 Experimental Setup

The CRESST-II experiment is located under 1400m of rock, which corresponds to 3500m
of water equivalent. This passive background suppression reduces the cosmic muon �ux
by six orders of magnitude to a value of ∼ 1m−2s−1 [46]. Furthermore, the experiment is
surrounded by several layers of shielding as can be seen in �gure 2.1. The outermost layer is
made of polyethylene (yellow, PE), which moderate neutrons to energies below the trigger
threshold of the detectors. A muon veto (blue, MV) tags events still coming from the
cosmic radiation [42]. Additionally, a gas tight box (RB) constantly �ushed with gaseous
N2 precludes radon from penetrating and reaching the experiment. Inside the gas tight
box, layers of lead (grey, PB) and high purity copper (orange, CU) enclose the experiment.
The lead shields against gamma radiation and the copper additionally prevents the gamma
radiation induced in the lead from hitting the detectors. A further layer of polyethylene is
in the direct vicinity of the detector carousel. The actual detector modules are mounted
in the detector carousel (CA). The carousel can hold up to 33 detector modules and at
the moment 18 are installed. Each module carries a scintillating CaWO4 crystal. A 3He-
4He dilution refrigerator (CR) [47] supplies the detector modules with the needed low
temperatures of ∼ 10mK and these are transferred down to the detector carousel by a
1.3m long cold �nger (CF) made of copper.

2.2 Detector Modules

As mentioned in the previous section, the actual experiment is a detector carousel with 18
detector modules, each equipped with a scintillating CaWO4 crystal. A particle interaction
produces a heat increase in the crystal, which comprises & 95% of the energy deposited; the
rest is converted to scintillation light. Figure 2.2 shows a schematic drawing of a detector
module. The CaWO4 target crystal and a thermometer in form of a transition edge sensor
(TES) compose the actual phonon detector. The light detector consist of a light absorber
in the form of a thin silicon on sapphire disk and another TES. To not lose any of the light
produced, both detectors are enclosed in a re�ective and scintillating housing made of high
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CHAPTER 2. THE CRESST-II EXPERIMENT

Figure 2.1: The experimental setup of the CRESST-II experiment. The cryostat (CR)
creates the cold temperatures needed in the experiment and the cold �nger (CF) transfers
these temperatures to the detector carousel (CA), which holds the actual detector modules.
The experiment is shielded by several layers of copper (CU), lead (PB), and polyethylene
(PE). The polyethylene moderates neutron to energies below the trigger threshold, the
lead shields against gamma radiation, and the copper shields against additional gamma
radiation induced in the lead. This is enclosed in a radon box (RB), which prevents radon
from reaching the detector carousel and a muon veto (MV), which tags events still coming
from cosmic radiation. Picture adapted from [42].
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Figure 2.2: Schematic drawing of a CRESST-II detector module. It consists of a phonon
detector and a light detector. The phonon detector consists of a scintillating CaWO4 target
crystal with a TES deposited on it, which measures the phonon signal. The light detector
comprises a silicon on sapphire light absorber, also with a TES evaporated onto it. Both
detectors are enclosed in a re�ective and scintillating housing so as not to lose any of the
light produced. Drawing adopted from [42].

purity copper. The way the crystal is held will be described in section 2.2.3.
The TES is deposited on the crystals and measures the temperature increase caused by
the energy deposition from an incoming particle. The working principle of the TES can
be seen in �gure 2.3. The TES is a thin superconducting tungsten �lm, which is stabilized
in the transition between the superconducting phase and the normal conducting phase
at ∼ 15mK. A small temperature increase ∆T thus leads to a measurable increase of the
resistance ∆R which, in turn, is read out by a superconductive quantum interference device
(SQUID) [48]. In the case of the light detector, the absorbed scintillation light is converted
into phonons, which also lead to a temperature increase that can be detected by a TES.
The SQUID along with a shunt resistor Rshunt are connected in parallel with the TES (see
�gure 2.4), where RT is the change in resistance of the TES. The whole circuit is biased
by a constant current Ibias. Thus, a change in resistance will change the branching of the
total current and, hence, the current measured by the SQUID, which is then converted
into a voltage proportional to the measured current.

2.2.1 CaWO4 Crystals as Target Material

When choosing which scintillating material to use, CaWO4 has many advantages over other
scintillators. First, there are no radioactive isotopes of Ca and O1. This is crucial for a
Dark Matter experiment in which the background and the radioactive contamination have
to be suppressed as much as possible. Second, CaWO4 is a multi-target material due to
the three di�erent nuclei included: Ca, O, and W. This allows the experiment to be sen-
sitive to a wide range of WIMP masses. The cross section for spin-independent coherent
WIMP scattering is ∝A2, where A is the mass number [52]. This relation implies that
WIMPs are favored to scatter o� W (A=184), but as depicted in �gure 2.5, Ca- (A=40)
and O-recoils (A=16) become relevant for mχ. 20GeV, when the detector has a sensitive
energy range of 12 keV to 40 keV [42, 50]. WIMPs with lower masses will still mainly
scatter o� W, but the energy deposition on the heavy nucleus is below the energy thresh-
old of the detector. The WIMP scatterings of Ca and O will, hence, be the detectable ones.

1The radioactive isotope 180W was detected in the CRESST experiment [51].
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Figure 2.3: Working principle of a transition edge sensor (TES). The TES is stabilized at
a temperature within the transition between the normal conducting and superconducting
states (blue point). An increase of the temperature due to a particle interaction results
in an increase of the resistance, which can be read out by a superconductive quantum
interference device (SQUID). Plot taken from [49].

Figure 2.4: Readout scheme of the TES and the SQUID, which are connected in parallel. A
change in resistance of the TES RT will change the branching of the constant bias current
Ibias and therefore the current measured by the SQUID. The SQUID outputs a voltage,
which is proportional to the measured current [48]. Figure adapted from [50].
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Figure 2.5: The rate of WIMP events versus WIMP masses for the di�erent nuclei in
CaWO4 in the recoil energy interval of 12 keV to 40 keV. For a WIMP mass & 20GeV,
scattering events o� W dominates, whereas, for smaller WIMP masses, Ca- and O-recoils
become relevant. WIMPs with masses . 20GeV will still scatter mainly o� W, but the
energy deposition on the heavy nucleus is below the energy threshold of the detector.
The ability to span a wide range of WIMP masses is a unique feature of the CRESST
experiment. Plot taken from [42].

2.2.2 Active Background Discrimination

The two readout channels, phonons and scintillation light, can be used to characterize
the kind of particle interactions taking place and therefore work as an active background
discrimination. As mentioned earlier, ∼ 95% of the deposited energy goes into the phonon
channel and does scarcely not depend on the type of interacting particle. The remaining
∼ 5% are converted into scintillation light, which is detected with the light detector. The
light output, however, di�ers between di�erent particle interactions. One can de�ne the
Light Yield (LY) as:

LY =
EL

EP

, (2.1)

where EL is the energy deposited in the light detector and EP is the energy deposited in
the phonon detector. The LY is normalized to 1 for the 122 keV line from a 57Co source. A
crucial property of the LY is its decrease with the mass of the nucleus; thus, heavier nuclei
have a lower LY. Therefore, di�erent particle events are observed in di�erent horizontal
bands in a so-called LY versus energy plot. The CRESST-II data is commonly depicted in
such a plot, an example can be seen in �gure 2.6. The upper band at the LY of 1 (blue)
is the e−/γ band where e− and γ events are found. Since WIMPs are expected to scatter
o� one of the target nuclei, WIMP events will be seen in the nuclear-recoil bands: Ca, W,
and O. Neutrons also scatter o� Ca, W, and O and, therefore, neutron events will also end
up in the nuclear-recoil bands. The O (black) and W (red) bands are depicted in �gure
2.6 but the Ca band between has been left out for clarity. The LY for di�erent bands are
listed in table 2.1. Apart from the bands mentioned above, the LY of the α band, where
the α events occur, is also displayed in table 2.1.

The yellow area in �gure 2.6 de�nes the region of interest (ROI) for WIMP scattering;
the lower energy limit is 0.6 keV (the energy threshold of the detector), the upper energy
limit is 40 keV (due to astrophysical parameters and form factors), and the upper LY limit
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Band Mean Light Yield
e−/γ 1
α ∼ 0.22 [42]
O 0.112± 0.005 [53]
Ca 0.0594± 0.0049 [53]
W 0.0172± 0.0021 [53]

Table 2.1: Mean Light Yields (LY) for di�erent bands of event classes shown in �gure 2.6.
The LY is, by de�nition, 1 for the e−/γ band. A smaller LY implies production of less
scintillation light.

Figure 2.6: The Light Yield-energy plane: a common way to plot the CRESST-II data.
Di�erent particle interactions are observed in di�erent energy bands. The uppermost band
at a Light Yield (LY) of 1 is the e−/γ background. The Ca band lies between the O and W
band and is left out for reasons of clarity. The yellow area represents the region of interest
(ROI) where WIMP events are expected to be found. The ROI is de�ned as follows: the
lower energy limit is 0.6 keV, the upper energy limit is 40 keV, and the upper LY limit is
the mean of the O band. Plot adopted from [36].

is the mean value of the O band. The broadening of the bands in �gure 2.6 at lower
energies is due to the �nite energy resolution of the CaWO4 crystals. This causes a leakage
of events, mainly from the e−/γ band, into the ROI.

2.2.3 Surface Background Discrimination

In the old conventional design the ∼ 300 g crystals have a cylindrical shape with a height
and a diameter of 40mm. A detector module of the old design, consisting of target crystal,
TES, and re�ective and scintillating housing, is shown on the left side of �gure 2.7. As
can be seen in this �gure, the crystal is held by silver coated bronze clamps. These hold-
ing clamps do, however, cause unwanted surface decays, which could mimic a WIMP signal.

210Po, a decay product of 222Rn, poses a threat when searching for WIMPs. 210Po
undergoes the following decay:

210Po→ 206Pb(103 keV) + α(5.3MeV). (2.2)
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Figure 2.7: Left: Photograph of an open detector module of the conventional design. The
cylindrical target crystal is mounted in the re�ective and scintillating housing, the TES
is evaporated directly onto the crystal, and the crystal is held by silver coated bronze
clamps. Right: Schematic drawing of a new detector module design which prevents any
non-scintillating material from appearing inside the re�ective and scintillating housing.
The CaWO4 target crystal is held by scintillating CaWO4 sticks, which in turn, are held
by silver coated bronze clamps outside the housing.

Due to momentum conservation, the decay products will �y away from each other at an
angle of 180◦; hence, only one of the decay products will interact with the CaWO4 crystal.
The possible outcomes are displayed in �gure 2.8.
If 210Po decays on or slightly below the surface of the crystal, the 206Pb nucleus will de-
posit ≥ 103 keV in the crystal; additionally the α can hit the re�ective housing and produce
characteristic scintillation light (upper part of �gure 2.8). The α could also hit the holding
clamps, instead of the housing. In this case no scintillation light will be produced. How-
ever, both of these kind of events give output signals with energies higher than 40 keV,
that is to the right of the region of interest (ROI).
A second possibility (lower part of �gure 2.8) is for the 210Po to decay on or slightly below
the surface of the re�ective housing. The 206Pb will in this case deposit . 103 keV on the
target crystal and this could falsely be interpreted as a WIMP; the LY of the Pb band
is 0.0235 [54] and the band overlaps considerably with the ROI. Luckily this event will
be vetoed if the α, which then will deposit 5MeV, hits the re�ective housing, producing
scintillation light. A dangerous situation occurs if the α, on the other hand, hits the
non-scintillating holding clamps instead of the housing. No scintillation light will then be
produced and this event will not be vetoed. Another situation arises if the surface rough-
ness of the clamps is taken into account. It has been shown that when 210Po decays on the
surface of the clamps, 206Pb and α can hit the surface itself and cause a sputtering e�ect,
in which low-energetic atoms from the surface material are ejected [55]. These events could
also end up in the ROI and, thus, mimic WIMP events.
In summary, particles colliding with the non-scintillating clamps are a problematic source
of background, as no scintillation light is produced. It is thus of great importance to re-
duce this signi�cant source of background. Previous attempts have been made to cover
the clamps with plastic scintillators; however, this led to unwanted thermal relaxation
events [42, 56]. The present run (CRESST-II phase 2) accommodates 18 detector mod-
ules; 12 are of the conventional design and the other six are of three di�erent designs,
which have no non-scintillating material inside the housing [36]. A schematic drawing of
one of the new designs is shown on the right side of �gure 2.7. In this new design, the
target crystal has a block shape and is held by scintillating CaWO4 sticks, which in turn
are held by non-scintillating clamps situated outside the housing. Hence, only scintillating
material is present inside the detector module.
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Figure 2.8: Illustration of the surface contamination of 210Po, decaying into 206Pb + α,
on either the target crystal (upper part) or the surrounding material (lower part). In the
upper case, the 103 keV of the 206Pb is deposited in the crystal and the 5Mev of the α can
be detected if the α hits the re�ective and scintillating housing. If the α hits the holding
clamps, no scintillation light will be produced. Both of these events, however, do not
produce a signal in the region of interest (ROI). In the lower case the 206Pb can lose some
of its energy before reaching the crystal and the α can again hit the scintillating housing
or the holding clamps. As before, if the α hits the scintillating housing, the event is vetoed
but, if it hits the holding clamps the event can mimic a WIMP signal. Illustration adopted
from [42].

2.3 The Latest CRESST-II Results

CRESST-II phase 2 is the latest run of the CRESST-II experiment, which started taking
data in August 2013. Unlike phase 1, phase 2 features several new detector module designs
with fully scintillating housing. Four of the 18 installed detector modules also contain
crystals grown at the Technische Universität München (TUM). One of the main goals with
phase 2 is to con�rm or invalidate the excess signal recorded in phase 1 [42] (the islands
M1 and M2 in �gure 1.7).
The �rst data of a single detector module from the ongoing run has been analyzed [36].
The module has a fully scintillating design; that is, the crystal is held by scintillating
CaWO4 sticks (see right side of �gure 2.7). Additionally, the crystal was grown at the
TUM. The result of this module for an exposure of only 29.35 kg live days can be seen in
�gure 1.7 (along with results from other experiments). The red solid line is the current
limit set by the CRESST-II experiment with this data and the light red line shows a Monte
Carlo simulation of the background-only model. The CRESST-II experiment is the �rst
experiment to set an exclusion limit on WIMP-masses lower than 3GeV/c2. Already with
this limited exposure, the island M2 detected in phase 1 can be excluded [36]. The data
taking of the complete run was still ongoing when this thesis was written.
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Chapter 3

Important Properties of CaWO4

Crystals for the Dark Matter Search

As will be discussed in the following, mainly three crystal properties are of great importance
when it comes to the direct search for Dark Matter with the CRESST-II experiment. In sec-
tion 3.1 it will be shown that the crystals should exhibit a scintillator non-proportionality
as small as possible. A large amount of produced scintillation light is another desirable
feature, since the light output is related to the energy resolution of the light channel [57]
(see discussion in section 3.2). The third crucial attribute is the radiopurity, described in
section 3.3. These three features determine the performance of the detectors and an im-
portant task is to understand how the crystal production process can a�ect them. Chapter
4 is devoted to explain the crystal production process.

3.1 The Scintillator Non-Proportionality

A commonly observed phenomenon in scintillators is the scintillator non-proportionality:
for energies . 100 keV, the amount of scintillation light produced by electrons and photons
is not proportional to the energy deposited [58]. Figure 3.1 shows the "photon response";
that is, the luminosity (photons per MeV) normalized to 1 at 662 keV as a function of the
energy of the photon that excited it, for a hypothetical scintillator. If the scintillator non-
proportionality would not emerge, there would be no deviations from a horizontal line at
a relative light yield of 1. But, as can be seen, this is not the case especially at low energies.

3.1.1 Microscopic Model

A microscopic model of the scintillation mechanism in CaWO4 has been developed within
the CRESST collaboration [59]. The schematic step-by-step drawing in �gure 3.2 shows
the underlying mechanism of the production of scintillation light, which is ascribed to so-
called self-trapped excitons (STEs) at WO2−

4 ions. An incoming photon or particle excites
an electron from the valence band to the conduction band, leaving a positively charged
hole in the valence band (step 1 in �gure 3.2). The hole becomes self-trapped (self-trapped
hole, STH) creating hole and electron energy-levels within the band gap (step 2 in �gure
3.2). The electron relaxes to the conduction band edge (step 3 in �gure 3.2) and self-traps
in the electron trap created by the STH (step 4 in �gure 3.2), forming a bound state with
the STH. This bound state is called a self-trapped exciton (STE) (step 5 in �gure 3.2).
The STE can recombine in four ways: radiatively, which leads to the production of photons
(step 6 in �gure 3.2); non-radiatively, which leads to the production of phonons; migration,
in which the STE moves to another WO2−

4 complex; and via STE-STE interaction, which
will be explained in the following. If two STEs are created close to each other, one STE
can transfer its energy non-radiatively to the other one. That is described by the exchange
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Figure 3.1: Plot displaying the scintillator non-proportionality for a hypothetical scintilla-
tor. The y-axis shows the relative light yield (the luminous e�ciency, in photons per MeV,
normalized to the value at 662 keV) as a function of the energy of the photon that excited
it, which is plotted on the x-axis. A proportional scintillator would yield a horizontal line
at a relative light yield of 1, i.e., the conversion factor from energy to light output would
be independent of energy. Plot adopted from [58].

of a virtual photon [59]. The energy transferred to the second STE excites its electron,
which then again relaxes down to the conduction band edge via the production of phonons
and can again become trapped by the STH to form a STE. The STE transferring its energy
is thereafter lost for the production of scintillation light as it recombined non-radiatively.
Therefore, only one STE is left for the production of scintillation light. Thus, out of two
STEs only one photon can be produced instead of two. This reduction in the scintillation
light production is called light quenching. Light due to the interaction of heavy nuclei is
more quenched than light due to electron interaction, since a heavy nucleus moves more
slowly and will, therefore, hit and excite electrons more densely. This explains why the
Light Yield decreases with heavier nuclei (compare section 2.2.2).
The scintillator non-proportionality can also be explained by the quenching e�ect, that is,
by the creation of closely located STEs: the density of the STEs depends on the stopping
power, dE/dx [60] of electrons in CaWO4, which increases for low electron energies (see
�gure 3.3). An incoming electron excites other electrons along its path. In the begin-
ning when the energy of the electron is high it travels quite undisturbed, exciting few new
electrons. But when the energy of the electron decreases, the probability of hitting and
exciting more new electrons is larger. That means, for smaller electron energies the excited
electrons are produced more densely, leading to the creation of more closely located STEs.
Then, due to the STE-STE interaction, i.e., the quenching e�ect, the more closely located
the STEs are, the more e�cient the non-radiative destruction of STEs. Thus, the smaller
the electron energy, the higher the STE density and the more prominent the quenching,
that is the scintillator non-proportionality.
Furthermore, the intrinsic energy resolution of the scintillating material is strongly related
to the scintillator non-proportionality. It has been shown that a prominent scintillator
non-proportionality leads to a poorer energy resolution [61] (see section 3.2).

3.1.2 Consequences of the Scintillator Non-Proportionality for CRESST-

II

As was shown in section 2.2.2, there is a leakage of events from the e−/γ band into the
region of interest due to the broadening of the bands caused by energy-dependent detec-
tor and Light Yield resolutions (also see section 3.2). This is, of course, an unwanted
feature of the CRESST-II detectors since it makes the discrimination of di�erent particle
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Figure 3.2: The production mechanism of a self-trapped exiton (STE) and scintillation
light. 1. Excitation of an electron from the valence band (VB) to the conduction band
(CB), leaving a hole in the valence band. 2. Self-trapping of the hole (STH) and deforma-
tion of the conduction band edge leading to the creation of an electron trap. 3. Relaxation
of the electron to the band edge of the conduction band. 4. Self-trapping of the electron in
the electron trap created by the STH. 5. Formation of the STE. 6. Radiative recombination
of the STE and production of scintillation light.
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Figure 3.3: Energy dependency of the stopping power for electrons in CaWO4. Plot created
with data from the estar database [62].

19



CHAPTER 3. IMPORTANT PROPERTIES OF CAWO4 CRYSTALS FOR THE
DARK MATTER SEARCH

Figure 3.4: Schematic drawing of the e−/γ band (blue), the upper bound of the O-recoil
band (dashed line), and the region of interest for the WIMP search (yellow). Left: Without
the scintillator non-proportionality. Due to the �nite energy resolution of the detectors
(especially of the light detector) the bands overlap; however, only a few events from the
e−/γ band leak into the region of interest. Right: With the scintillator non-proportionality.
The plot clearly shows how the non-proportionality causes the e−/γ band to bend at low
energies and therefore, many more e−/γ events leak into the region of interest as well as
at much higher energies already.

interactions from each other more di�cult. The scintillator non-proportionality, on the
other hand, causes a downward curving of the e−/γ band at low energies in the Light
Yield versus recoil energy plot, which leads to increasingly overlapping bands. Hence, the
distortion caused by the scintillator non-proportionality leads to further overlapping and
leakage of the e−/γ band into the region of interest for the WIMP search. The left side
of �gure 3.4 shows a schematic drawing of the e−/γ band (blue), the upper bound of the
O-recoil band (dashed line), and the region of interest (yellow) without the scintillator
non-proportionality whereas the right side shows the curving of the e−/γ band that occurs
when the scintillator non-proportionality is present. In the latter case, the e−/γ band
clearly overlaps the region of interest already at higher energies, causing e−/γ events to
leak into it. These events could then be misinterpreted as WIMP events. It should be noted
that the e�ect of the scintillator non-proportionality in �gure 3.4 is exaggerated compared
to observations. As indicated in section 3.2, an increased scintillator non-proportionality
also leads to a deterioration of the energy resolution of the light produced (in addition
to Poison counting statistics) and this to an increased broadening of the bands at low
energies. In this way the scintillator non-proportionality leads to an even worse separation
of the bands. Moreover, the strength of the e�ect varies between di�erent crystals. One
of the main purposes of this thesis is to investigate the scintillator non-proportionality for
di�erent CaWO4 crystals to obtain a better understanding of this phenomenon. Deriving
such an understanding should help to investigate the correlation of the strength of the
non-proportionality e�ect and other crystal properties as well as to potentially identify
measures, e.g., in the crystal production process, that could be taken to reduce the scin-
tillator non-proportionality.

3.2 Light Yield

The second scintillation property important in the context of the CRESST-II experiment
is the absolute Light Yield of the crystal. A degraded light output leads to a degraded
energy resolution due to Poison statistics of the number of produced photons. A degraded
energy resolution of the light signal leads to a broadening of the bands, i.e., to an increase
of overlap already at elevated energies. Intrinsically, several processes already mentioned
in section 3.1 can cause a decreased production of scintillation light. For example, a STE
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Figure 3.5: Left: Schematic plot of Light Yield-energy plane showing the e−/γ band (blue),
the upper bound of the O-recoil band (black solid line), and the region of interest (yellow).
The red region is shown as a histogram of the Light Yield in the graph on the right side of
this �gure. Right: Schematic �gure illustrating the impact of the number of events in the
e−/γ band on the leakage into the region of interest. The red vertical line symbolizes the
upper Light Yield bound of the region of interest at this respective energy. The Gaussian
curves represent the e−/γ band with a smaller number of events (blue) and with a higher
number of events (black). The leakage into the region of interest increases when the number
of events in the e−/γ band increases.

recombines non-radiatively and produces phonons instead of photons, a STE migrates
to a defect WO2−

4 complex and recombines radiatively, in which the scintillation light
produced will have less energy. There is, additionally, STE-STE interaction, in which a
STE transfers its energy to a closely located STE. In the latter process, one photon can be
produced instead of two. Also, and probably most important for the absolute Light Yield
is capture of electrons in electron traps. Electron traps originate from defects in the crystal
lattice, such as e.g., Mo impurities or oxygen vacancies [59]. Mo impurities emerge when a
W atom has been substituted by a Mo atom. This can be avoided by using raw materials
for the powder production (see section 4.2) that are as pure as possible. Oxygen vacancies
will, unfortunately, arise naturally, since the CaWO4 crystal is grown in an oxygen poor
environment (see section 4.3). These vacancies can, however, be �lled by a post treatment
of the crystal in a furnace with an oxygen rich atmosphere (see section 4.4).

3.3 Radiopurity

The last important crystal property discussed here is the radiopurity. A high radiopurity
means that the crystal has a low intrinsic radioactive contamination. This, in turn, leads
to a reduced population of events in the e−/γ band [63]. The smaller the population, the
smaller the expected leakage of e−/γ events into the region of interest. This is schematically
displayed in �gure 3.5. The left side is a schematic drawing of the Light Yield-energy plane
with the e−/γ band (blue), the upper bound of the O-recoil band (solid black line), and
the region of interest (yellow). The red region is a cut, which is displayed as a histogram of
the Light Yield in the right side of �gure 3.5. This illustrates the impact of the number of
events in the e−/γ band on the leakage into the region of interest. The black Gaussian curve
has a bigger population of events than the blue Gaussian curve. The red line represents the
upper Light Yield bound of the region of interest. As can be seen, when the band is more
populated, the number of events which leak into the region of interest is larger. A lower
threshold of the detector can be chosen if the population in the e−/γ band is small, since
the lower boundary of the region of interest is governed by the expected leakage of events
from the e−/γ band [57]. Hence, decreasing the contamination increases the sensitivity of
the detector.
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Chapter 4

Production of CaWO4 Crystals

The scintillating CaWO4 crystals used in phase 1 of the CRESST-II experiment were pro-
duced by external suppliers from Russia and Ukraine. To gain in�uence of the radiopurity,
the crystal properties, and the production process itself a Czochralski furnace was installed
in 2007 in the crystal laboratory of the Technische Universität München (TUM). TUM has
grown its own CaWO4 crystals for several years and phase 2 of the experiment features
some TUM-grown crystals [36]. The long-term goal is to produce enough crystals with an
increased radiopurity and Light Yield for future CRESST phases [64] as well as for the
planned EURECA experiment [39].
This chapter will deal with the description of the whole production process, from the raw
materials to the �nal crystal. The �rst section, section 4.1, gives a short introduction to
the mineral CaWO4 and lists some of its properties. Section 4.2 describes how the CaWO4

powder is produced from the raw materials. The production process of the crystal itself is
detailed in section 4.3 and the after-growth procedures are then explained in section 4.4.
At last, the crystals grown in the framework of this thesis are presented in section 4.5.

4.1 CaWO4 Crystal Properties

Calcium tungstate (CaWO4) is, in nature, an abundant mineral also known as Scheelite.
It was �rst found in the Bispbergs klack in Dalarna, Sweden by the Swedish chemist Carl
Wilhelm Scheele, for whom the mineral was named [65]. The crystal properties of CaWO4

are listed in table 4.1. The crystal structure is a body-centred tetragonal space group
(I41/a), as shown in �gure 4.1. The cell parameters are a=5.24Å and c=11.37Å and the
primitive unit cell contains four CaWO4 molecules [66]. The blue tetrahedrons correspond
to the WO2−

4 ions and the white circles to the Ca2+ cations. The WO2−
4 ion itself has a

tetrahedral molecular geometry; the W atom is located at the center and the O atoms are
located at the corners of the tetrahedron. The mineral has a distinct cleavage plane in
the {101} direction [67], which complicates the cutting and polishing of the crystals. The
fairly high density, 6.1 g/cm3, is mainly due to the heavy W atom [67]. The melting point
is rather high, approximately 1600◦C [68].

Crystal System Tetragonal [70]
Cell Parameters a=b=5.24Å, c=11.37Å [70]
Space Group I41/a [70]
Cleavage Plane {101} [67]
Density 6.1 g/cm3 [67]
Melting Temperature ∼ 1600◦C [68]

Table 4.1: Crystal properties of CaWO4.
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Figure 4.1: Crystal structure of CaWO4. The tetrahedrons symbolize the WO2−
4 ions and

the circles represent the Ca2+ cations. The solid lines show the tetragonal cell including
the cell parameters. Figure adapted from [69].

4.2 Powder Preparations

The raw materials used for producing the white CaWO4 powder are CaCO3 and WO3. Up
until now, the companies Alfa Aesar1 and MV Laboratories2 have supplied TUM with these
raw materials. The powders are preferably transported by ship since shipping by airplane
leads to a cosmogenic activation of the W in the WO3 powder due to the increased intensity
of cosmic radiation at high altitudes.

4.2.1 Process Description

The powders are processed in a couple of cycles, during which they are mixed, ground,
and heated in a furnace. This has to be repeated since the complete reaction cannot take
place in only one cycle. During this process the following solid state reaction takes place:

CaCO3 + WO3 → CaWO4 + CO2. (4.1)

The complete reaction takes place at a temperature of 1200◦C.
First, the WO3 and the CaCO3 powders are poured into a mixing container along with
two grinding spheres. To obtain an accurate stoichiometry, for each gram of CaCO3, 2.1 g
of WO3 are added. The CaCO3 powder is white but the WO3 powder is yellow which
gives the mixture a yellow color. To ensure a thorough mixing the container is placed on
two parallel cylinders, whereof one is coupled to an electrical motor which makes it spin
for about two hours. Figure 4.2 displays the spinning cylinders and a mixing container.
The grinding spheres help to mix and grind the powders. After two hours the mixing
container is removed and opened. The powder mixture is then poured into an Al2O3

crucible. Thereafter, the powder in the crucible is baked in a furnace. It is heated to the
�nal temperature over four hours and then kept at this temperature for another ten hours,
before it slowly cools down to room temperature.

4.2.2 Achievements

Several improvements regarding the powder production were accomplished in the scope of
this work. These will be presented in this section.

1Zeppelinstrasse 7, D-76185 Karlsruhe, Germany
2843 Route 12 West Suite B17, Frenchtown, NJ 08825, USA
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Figure 4.2: The Te�on mixing container, containing the powders and the grinding spheres,
placed on the spinning cylinders. The powders are ground and mixed during this process.

Execution

The powder production process was modi�ed to obtain a better powder quality. Previ-
ously, the powder was processed in two cycles but it was discovered that after the second
cycle the powder was not completely white; hence, the full reaction to CaWO4 had not
taken place. Therefore, the powder is now processed in three cycles.
The �nal furnace temperature in the �rst and second cycle is 1100◦C, even though a tem-
perature of 1200◦C is needed for the complete reaction to CaWO4 to take place3. At
1100◦C, the CO2 vanishes and the reaction to CaWO4 partly takes place. The �nal tem-
perature in the third cycle is 1200◦C, at which the reaction to CaWO4 is complete.
After the �rst mixing and before the �rst time in the furnace, the mixture of the CaCO3

and the WO3 powders is yellow due to the yellow WO3 (see �gure 4.3). When the powder
has been in the furnace for the �rst time, it will have a light green color and will con-
tain green crystals (see left side of �gure 4.4). If these green crystals were not completely
ground during the mixing on the rolling device, an Agate mortar is used to crush them.
The powder will now have a greenish color, which can be seen on the right side of �gure
4.4. After the second cycle, the CaWO4 powder is not perfectly white and it can still
contain some small green crystals (see left side of �gure 4.5). However, after the third
cycle the complete reaction should have taken place and the CaWO4 powder should be ab-
solutely white (see right side of �gure 4.5). It can now be used for growing CaWO4 crystals.

Radiopurity

Several improvements regarding the cleaness when handling the powder during the pro-
duction process were also made. To minimize the risk of any contamination and hence
improving the radiopurity, the whole process is conducted in a �ow box and gloves are al-
ways used when working with the powder. The tools and containers used are also carefully
cleaned with isopropyl alcohol before usage.
Previously, the mixing container and the grinding spheres were made of PVC plastic and

3It was observed that the full reaction to CaWO4 does not take place when heating the mixture to
1200◦C in the �rst and second cycle. It only makes the powder very hard and di�cult to remove from the
crucible.
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Figure 4.3: A mixture of the CaCO3 and the WO3 powders after the �rst mixing and
grinding, before the �rst time in the furnace. The mixture has a yellow color due to the
yellow WO3 powder.

Figure 4.4: Left: Mixture of the CaCO3 and the WO3 powders in the Al2O3 crucible after
the �rst time in the furnace. The mixture contains green crystals which indicates that the
full reaction has not taken place. Right: Mixture of the CaCO3 and the WO3 powders
after the mixing of the second cycle, before the second time in the furnace. The hard green
crystals have been crushed which gives the mixture a greenish color.
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Figure 4.5: Left: Mixture of the CaCO3 and the WO3 powders in the mixing container after
the second cycle, before the third time in the furnace. The powder is almost completely
white, but small green crystals can still be present. The two grinding spheres are also seen
in the picture. Right: CaWO4 powder in the Al2O3 crucible after the third cycle. The full
reaction to CaWO4 has taken place and the powder is completely white.

ZrO2, respectively. Screening with a high purity germanium detector, located in the Garch-
ing underground laboratory, however, showed that both objects contained some radioactive
contamination, mainly from the natural decay chains (see tables 4.2 and 4.3 for exact val-
ues). To avoid a contamination of the powder due to abrasion of the container and the
spheres, a new container consisting of Te�on and new grinding spheres made of steel and
coated with Te�on were produced, as Te�on usually is a quite clean material. These are
now used when preparing the CaWO4 powder. The new Te�on coated steel spheres also
went through a screening process. As can be seen in table 4.4, the new spheres have a
considerably lower activity than the old ones. It is assumed that most of the measured
contamination originates from the steel. Thus, with the Te�on coating the risk of con-
taminating the powders due to abrasion is minimized. To further decrease the risk of
contamination, the whole process should preferably be carried out in a clean room.

PVC container
232Th chain 238U chain other

isotope activity (mBq/kg) isotope activity (mBq/kg) isotope activity (mBq/kg)
228Ra 156.83 ± 19.06 238U 433.88 ± 62.51 137Cs 31.59 ± 3.63
228Ac 156.83 ± 19.06 234Th 433.88 ± 62.51 60Co 30.17 ± 3.03
228Th 32.95 ± 6.45 226Ra 1740.65 ± 44.52 40K -
212Pb 25.53 ± 8.03 214Pb 1814.04 ± 70.48
212Bi 69.89 ± 32.48 214Bi 1691.94 ± 57.42
208Tl 43.42 ± 11.44 210Pb 4935.77 ± 250.49

Table 4.2: Screening results of the PVC container. Mainly isotopes from the natural 232Th
and 238U decay chains were detected. The activities of the isotopes were∼ 20-5000mBq/kg.
This container was replaced by one made of Te�on.

4.3 Crystal Growth

The CaWO4 crystals at the TUM are grown using the Czochralski process, which is a
method used to obtain large single crystals [71]. Figure 4.6 is a schematic drawing of the
process. First, the crucible is �lled with CaWO4 powder. Due to the high melting point of
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ZrO2 grinding spheres
232Th chain 238U chain other

isotope activity (mBq/kg) isotope activity (mBq/kg) isotope activity (mBq/kg)
228Ra (54.64± 3.65)·104 238U (28.03± 3.67)·105 40K (33.54± 6.06)·103

228Ac (54.64± 3.65)·104 234Pa (28.03± 3.67)·105 60Co (1.10± 0.13)·103

228Th (49.23± 1.49)·104 226Ra (11.14± 0.22)·105 137Cs -
212Pb (37.94± 4.62)·104 214Pb (10.24± 0.47)·105

212Bi (59.77± 8.00)·104 214Bi (11.41± 0.26)·105

208Tl (50.16± 1.61)·104

Table 4.3: Screening results of the old ZrO2 grinding spheres. Mainly isotopes from the
natural 232Th and 238U decay chains were detected. The activities of the isotopes were
∼ 103-105 mBq/kg. These spheres were replaced with new Te�on coated steel spheres (see
table 4.4).

Steel Te�on grinding spheres
232Th chain 238U chain other

isotope activity (mBq/kg) isotope activity (mBq/kg) isotope activity (mBq/kg)
228Ra 57.65 ± 39.99 238U 901.03 ± 621.79 40K 183.79 ± 125.90
228Ac 57.65 ± 39.99 234Pa 901.03 ± 621.79 137Cs < 18.27± 0.57
228Th 169.62 ± 93.46 226Ra 63.41 ± 37.14 60Co < 8.04 ± 0.18
212Pb < 47.17 ± 5.39 214Pb 63.41 ± 37.14
212Bi 169.62 ± 93.46 214Bi < 30.86 ± 0.67
208Tl < 57.20 ± 1.66

Table 4.4: Screening results of the new Te�on coated steel grinding spheres. Mainly
isotopes from the natural 232Th and 238U decay chains were detected. The activities of the
isotopes were ∼ 10-900mBq/kg, which is considerably lower than that of the old spheres
made of ZrO2 (see table 4.3).

CaWO4 (∼ 1600◦C) the possible choices of crucible material are limited. The chosen mate-
rial is rhodium, which is a metal in the platinum group with a melting point of 1964◦C [72].
The crucible is heated via an induction coil surrounding it, which is connected to a RF
generator. Between the crucible and the coil are thermal insulation materials followed by
a quartz glass cylinder (see �gure 4.7); the latter prevents sparks from appearing between
the crucible and the induction coil. The �lled crucible is heated beyond the melting point
of CaWO4, typically to ∼ 1700◦C, to assure melting of the powder even at the bottom of
the crucible. Thereafter, the temperature is slowly decreased below the melting point to
∼ 1585◦C at which point a c-oriented seed crystal is lowered into the melt. This step is
called the seeding. The leeway of the temperature during the seeding is very limited; if too
hot, the seed will melt but if too cold, an abrupt solidi�cation will happen. Therefore, the
seeding is a crucial step of the crystal growth process. After the seeding, the seed crystal
is constantly pulled upwards under rotation. The crystallization process happens between
the interface of the seed and the melt. The crystal structure of the seed is transferred to
the �nal crystal; therefore, a well-de�ned orientation of the seed is very important.
The seed is mounted in a seed holder made of ZrO2, which is attached to the pulling head
of the furnace. The pulling head has a precision balance which is able to measure weights
up to 8.2 kg with a resolution of 1mg. Above the crucible is an after-heater, which rests
on the quartz glass cylinder. The purpose of the after-heater is to prevent spontaneous
cleaving of the crystal due to rapid cooling. Shortly before the growth is �nished, the
after-heater is turned on. When the crystal is �nished it is pulled up into the after-heater,
where it is kept at a temperature of 1200◦C for 24 hours. After a slow cooling at a rate of
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Figure 4.6: Schematic drawing of the crystal growth via the Czochralski method. The
crucible holds the melt and is heated via induction from an induction coil. Between the
crucible and the coil are a quartz glass cylinder and thermal insulation materials. The seed
crystal is mounted in the seed holder and is �rst lowered into the melt. It is then pulled
upwards under rotation, from where the crystal is formed. The crystallization takes place
at the crystal-melt interface.

of 50◦C/h to room temperature, the crystal can be removed from the furnace.
Figure 4.8 depicts the inside of the furnace; it clearly shows the after-heater on top of
the quartz glass cylinder, and the induction coil surrounding it. To avoid oxidation of the
rhodium crucible, the growth has to occur in an oxygen poor atmosphere. The furnace
is, therefore, during the whole growth process constantly �ushed with a mixture of 99%
argon and 1% oxygen.

Shown in �gure 4.9 is the high frequency heated Cyberstar Oxypuller 20-04 Czochralski
furnace used at the TUM for growing the CaWO4 crystals. The furnace is connected to
a computer interface with a growth software, which can control the heating power, the
rotation speed, and the growth rate. The whole growth process can be monitored on the
computer via the software. The seeding is done manually by the operator but thereafter
the software handles the growth automatically. The operator can, however, adjust the
power if necessary. As can be seen in �gure 4.10 the �nal crystal will consist of four
parts: the seed, the shoulder, the cylinder, and the tail. Before the growth starts, the
geometry of the crystals is entered into the growth software of the furnace along with
some growth parameters, e.g., rotation speed, diameter of the crystal, growth rate. From
these parameters the software regulates the heating power of the furnace to obtain the
crystal diameter sought. The power is naturally related to the temperature of the melt
and to increase the temperature the power has to be increased. The thermocouple, which is
located near the crucible, measures the temperature of it. As described above, the crucible
is heated by the surrounding induction coil, which leads to a temperature gradient in the
melt; the temperature is highest near the walls and lowest in the middle, which is illustrated
in �gure 4.11. Red symbolizes hotter regions and blue colder ones. The lines represent the
isothermals of the melt; that is, lines of constant temperature. One of these lines will have
the right temperature for the diameter sought. Thus, to achieve a bigger crystal diameter,
the power/temperature is decreased by the growth software and vice versa.
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Figure 4.7: Rhodium crucible with the residual melt surrounded by thermal insulation
materials and a quartz glass cylinder. The cylinder prevents sparks from appearing between
the crucible and the induction coil.
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Figure 4.8: A view of the inside of the Czochralski furnace. The after-heater rests on the
quartz glass cylinder, which is surrounded by the induction coil.

30



4.3. CRYSTAL GROWTH
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Figure 4.9: Cyberstar Oxypuller 20-04 Czochralski furnace installed at the TUM. The scale
weighing the crystal can be seen on top of the furnace.
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Figure 4.10: Schematic drawing of a grown crystal showing its four di�erent parts: the
seed, the shoulder, the cylinder, and the tail.
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crucible

Figure 4.11: The isothermal lines of the melt (circles). The arrow represents the tempera-
ture gradient. The temperature is highest at the walls of the crucible (red) and lowest in
the center of the melt (blue). To achieve a smaller crystal diameter, the power/temperature
is increased and vice versa.

Figure 4.12: Crystal from growth number 66 before (left) and after (right) annealing in
a pure oxygen atmosphere. The crystal has a gray color before annealing due to oxygen
vacancies. After annealing the number of vacancies are reduced and the crystal becomes
more transparent.

4.4 After-Growth Procedures

Due to the low percentage of oxygen inside the furnace, the �nished crystal will have
oxygen vacancies, which leads to the crystal having a slightly gray color (see left side of
�gure 4.12). As mentioned in section 3.1, the WO−2

4 centers in CaWO4 are responsible for
the production of scintillation light. Therefore, oxygen vacancies will lead to a reduced light
output. For that reason, the crystals are annealed in an atmosphere of pure oxygen at a
temperature of 1400◦C for 20 hours followed by a slow cooling at a rate of 5◦C/h to 1200◦C
and then 50◦C/h to room temperature. This procedure reduces the oxygen vacancies and
the crystal becomes more transparent. The right side of �gure 4.12 shows the crystal
after annealing in which one clearly can see the improved transparency. A further possible
advantage of the annealing process could be the release of residual stresses.
The next step is to cut and polish the crystal to the desired shape and roughness. The
cylinder part of the crystal is the one of most interest. The seed can be cut away and
reused when growing a new crystal. The shoulder part and the tail part are normally not
used as the phonon detector in CRESST-II; therefore, one can, for example, create CaWO4

sticks (see right side of �gure 2.7 in section 2.2.3) out of these parts or simply remelt them.
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4.5 Grown Crystals

An assumption to be tested is whether a slower growth rate reduces the internal stresses
and causes an increased Light Yield. Therefore, several crystals with a reduced growth
rate, 2mm/h instead of 12mm/h, were grown. The single crystals grown in the scope of
this work are listed in table 4.5.
Growth number 63 was grown with a growth rate of 12mm/h. The crystal was slightly
asymmetric and contained some inclusions and cracks. A 10mm disk could, however, be
cut out of this crystal and was to be used as a reference sample for the planned 2mm/h
sample. The rest of the crystal was remelted in the next growth.
Growth number 64 was the �rst attempt to grow a crystal with a growth rate of 2mm/h.
The �nal crystal was severely asymmetric and had several cracks due to a wrong orientated
seed crystal; the c-axis was tilted by ∼ 15◦. A new seed was, therefore, made and before
growth number 65 started, the orientation of the seed was reassessed. The crystal from
growth number 64 was, again, added to the residual melt.
Growth number 65 was the second attempt with a growth rate of 2mm/h. This time, the
seed �ssured during the cooling phase in the after-heater and the crystal fell down and was
therefore cracked (see left side of �gure 4.13). This was probably caused by an improper
seeding. As can be seen, the crystal was still not completely symmetric due to a too big
seed holder, in which the crystal could bounce.
Thereafter, the seed holder was modi�ed so that the gap between the holder and the seed
was smaller. The crystal from growth number 65 was remelted in growth number 66. A
new test growth, growth number 66, with a growth rate of 12mm/h was performed to test
if the asymmetry problem of the crystals was solved with the modi�ed seed holder. As
can be seen in �gure 4.12, the crystal was, still, slightly asymmetric and also contained
some inclusions. The inclusions are most probably due to a contaminated and dirty melt.
Nevertheless, a second 10mm disk was cut out of the crystal.
After this growth it was decided to completely change the design of the seed holder from
a cylindrical one to a conical one. In the meantime a new growth, growth number 67, was
performed with the aim to test if the inclusions disappear with a reduced growth rate of
6mm/h. In fact, no inclusions were seen but the crystal was as suspected still asymmetric
(see right side of �gure 4.13), since the old seed holder still was used.
Growth number 68 was performed with a conical design of the seed and the seed holder
and a growth rate of 6mm/h. The crystal was more symmetric than the previous ones,
however, still slightly asymmetric. At the moment, the origin of this asymmetry cannot
be explained.

In summary, due to several problems, we were not able to successfully grow a crystal at
a growth rate of 2mm/h and the hypothesis could, therefore, not be tested. However, out
of growth number 63 and 66, respectively, 10mm thick disks were cut out. Furthermore,
the transmittance and the photoelasticity of these two samples were investigated (see chap-
ter 5). It should be noticed that the melt was the same for both growths and, additionally,
for the growths in between. Due to incautious handling, the melt could, therefore, become
more contaminated over time. Thus, the crystal sample from growth number 66 is expected
to be more contaminated than the sample from growth number 63.
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growth date mass length diameter growth comments
number [g] [mm] [mm] speed

[mm/h]

63 07.14 850 140 45.5 12 slightly asymmetric, several inclusions
and cracks, 10mm disc was cut out

64 09.14 492 105 45.5 2 very asymmetric, cracks due to wrong
orientation of the seed crystal

65 10.14 492 105 45.5 2 fell down during cooling,
cracks, slightly asymmetric

66 11.14 748 130 45.5 12 slightly asymmetric, few inclusions,
10mm disc was cut out

67 02.15 748 130 45.5 6 slightly asymmetric, no inclusions
68 02.15 748 130 45.5 6 improved symmetry but still slightly asymmetric

Table 4.5: Single crystals grown in the framework of this thesis. The growth number is
listed along with the production date (month and year), the mass, length, and diameter of
the crystal, the growth rate, and some comments about the appearance of the crystal.

Figure 4.13: Left: The �nal crystal from growth number 65. The seed �ssured during
cooling, which lead to the crystal falling down and it, therefore, cracked. The crystal is
also asymmetric, which can be seen on the shoulders. Right: The �nal crystal from growth
number 67. As can be seen, the crystal is slightly asymmetric. The crack appeared when
the shoulder part was cut away.
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Chapter 5

Crystal Characterization

Two parameters which a�ect the optical quality of the crystals are the internal stresses
(section 5.1) and the transmittance (section 5.2). In this chapter these two properties
were studied for the two crystal disks from growth number 63 and 66, which were grown
within the scope of this work (see section 4.5). In comparison, these measurements were
also performed for the commercial crystal Boris from Ukraine. The cylindrical crystal
Boris (height=diameter=40mm) is the reference crystal in the CRESST-II experiment.
Regarding the scintillation properties, a new setup for investigating the light output and
the scintillator non-proportionality of di�erent crystals at room temperature was designed
and built over the course of this work. The next chapter, chapter 6, is devoted to the
description and characterization of this setup.

5.1 Photoelasticity

Photoelasticity is an experimental method for determining the internal stresses in a trans-
parent birefringent (two di�erent refractive indices) specimen. The sample under investi-
gation is placed in a polariscope. In this work a plane polariscope is used. A schematic
drawing of a plane polariscope is shown in �gure 5.1. It consists of a light source (in
this case white light) a linear polarization �lter (the polarizer), the sample, and another
linear polarization �lter (the analyzer). The analyzer is always crossed with respect to
the polarizer; therefore, no light should reach the observer if an unstressed specimen is
placed between the polarizer and the analyzer. Another situation occurs if the specimen is
stressed. In that case, the incident light will be broken up into two components polarized
in the directions of the principal stresses. The transmitted light waves will have di�erent
velocities, hence a relative path retardation N̄ . This retardation is proportional to the
principal stress di�erence σ1 − σ2 [73]:

N̄ =
d

f
(σ1 − σ2). (5.1)

In equation 5.1, d is the thickness of the specimen and f is the stress-optical coe�cient
of the material. The relative path retardation N̄ is also called the isochromatic fringe order
and it is wavelength dependent. Since the principal stress di�erence in the specimen varies
in a continuous manner, N̄ will also vary continuously. Due to the wavelength dependency
of N̄ , a colorful pattern will arise if the light source emits white light. Hence, a series of
colored bands will appear: the so-called isochromatics.

Internal stresses of the CaWO4 crystals should be avoided since they increase the risk
of cleavage during cutting and polishing. The scintillation e�ciency could also be reduced
due to crystal lattice deformations [59]. Deformations of the crystal lattice can cause
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Figure 5.1: Schematic drawing of a plane polariscope consisting of a light source, a po-
larization �lter (polarizer), the sample under investigation, and another polarization �lter
(analyzer). The analyzer is crossed with respect to the polarizer.

birefringence1. The magnitude of the birefringence will then depend on the amount of
stress. Therefore, photoelasticity is a good method for investigating the internal stresses
in CaWO4.

The 10mm thick crystal samples from growth number 63 and 66, as well as the com-
mercial crystal Boris, were all placed in a plane polariscope. Figure 5.2 shows the result;
from left to right one can see the crystal samples 63, 66, and Boris. The isochromatic
pattern can clearly be seen for 63 and 66; thus, the crystals feature internal stresses. It
should also be noted that the isochromatic pattern in the top left corner di�ers from the
main pattern. Hence, the internal stresses are di�erent in this part compared to the other
part of the crystal. Boris, on the other hand, does not show an isochromatic pattern.
Hence, Boris does not exhibit any internal stresses.

The photoelasticity measurement indicates that the commercial Ukrainian crystal Boris
has better optical properties than the TUM-grown samples 63 and 66. The crystal produc-
tion process can, therefore, be optimized so that the internal stresses of the TUM-grown
crystals are reduced.

5.2 Transmittance

The transmittance Ttot is the fraction of light that passes through a sample:

Ttot =
I

I0
. (5.2)

1CaWO4 itself is a slightly birefringent material and will therefore not appear dark in the plane polar-
iscope.
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Figure 5.2: From left to right: the crystals from growth number 63, 66, and Boris viewed
in a plane polariscope. The colorful pattern observed for the crystal samples 63 and 66
is the isochromatic pattern which indicates the di�erence in the principal stresses. One
can also note a di�erence in the internal stresses in the top left corner. The isochromatic
pattern is absent in the crystal Boris; hence, Boris does not have any internal stresses.

Here I0 is the initial intensity, and I is the transmitted intensity coming out of the
sample. The exiting light has to be parallel with the incident beam. Light scattered is,
therefore, counted as lost.
Light losses happen due to three di�erent processes: re�ections at the surface, which lead
to a surface transmittance Tsurf, and absorption and scattering inside the crystal, which
lead to a bulk transmittance Tbulk.

The surface transmittance Tsurf can be expressed as follows:

Tsurf = 1−R (5.3)

where R is the re�ectivity. Equation 5.4 shows the expression for the re�ectivity, which
depends on the refractive index, n2 [74]:

R =
(1− n)2

(1 + n)2
. (5.4)

The expression of the bulk transmittance Tbulk is:

Tbulk = exp(−αattd). (5.5)

In equation 5.5, d is the thickness of the sample under investigation and αatt is the
attenuation coe�cient. The bulk transmittance is the transmittance without surface re-
�ections. It is, therefore, the property of most interest, since it gives information about
the internal properties of the crystal.

The total transmittance can, thus, be expressed in the bulk transmittance Tbulk and
the surface transmittance Tsurf as follows:

Ttot = Tsurf · Tbulk · Tsurf. (5.6)

The �rst factor Tsurf is the transmittance of the �rst surface of the sample, the second
factor Tbulk is the transmittance of the bulk, and the last factor Tsurf is the transmittance
of the second surface. However, multiple re�ections also have to be take into account and
equation 5.6 has to be modi�ed:

Ttot =
T 2
surf
· Tbulk

1−R2 · T 2
bulk

=
(1−R)2 · exp(−αattd)

1−R2 · exp(−2αattd)
. (5.7)

The expression in the denominator of equation 5.7 represents the multiple re�ections.
A high transmittance of the CaWO4 crystals used in CRESST-II is desirable, since the

2The birefringence of CaWO4 is in this case neglected.
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crystals should be as transparent as possible (see section 4.4). Annealing, for example,
increases the the transmittance [75].

5.2.1 Experimental Setup

For the measurements, a Perkin Elmer Lamdba 850 UV/Vis spectrometer was used and the
transmittance was measured for wavelengths from 250 nm to 800 nm in steps of 1 nm. The
sample under investigation was secured in a custom designed holder which was mounted
in the instrument. This holder makes sure the crystal sample was aligned so that the light
beam was parallel with the c-axis of the crystal. For each sample, three baseline measure-
ments (reference measurements without a sample) were performed. Directly afterwards,
the sample itself was measured three times. Between the measurements, the sample was
cleaned with ethanol. A statistical error was calculated from the multiple measurements.
The data analysis software takes the systematic errors listed in [76] into account.

5.2.2 Results

The transmittance of the reference crystal Boris was measured (see �gure 5.3) as a com-
parison to the TUM-grown samples. The black line is the total transmittance measured
by the spectrometer and the red line is the bulk transmittance; that is, the transmittance
without surface re�ections. Therefore, the bulk transmittance will always be higher than
the measured one. Due to the large number of data points, the individual error bars cannot
be distinguished in the plots. Hence, the thickness of the lines is the data points with the
error bars. Boris shows an absorption band at ∼ 400 nm (drop of the transmittance), which
is ascribed to O−-hole centers [77]. Below ∼ 300 nm the transmittance is close to zero which
means the sample absorbs all light. This measurement was performed in position 1 (see
�gure 5.4).

The transmittance of the 10mm thick samples from growth number 63 and 66 was also
investigated. Additionally, a measurement of the position dependency of the transmittance
for both samples was performed. In this case, the samples were mounted ∼ 5mm higher;
thus, the transmittance was measured close to the margin of the samples. This position
corresponds to position 2 in the schematic drawing 5.4. The transmittance of sample 63
can be seen in �gure 5.5. The left plot corresponds to the measurement of position 1 and
the right plot to the measurement of position 2. Figure 5.6 displays the transmittance of
position 1 (left) and position 2 (right) of sample 66. As for Boris, both samples also show
an absorption band at ∼ 400 nm and also have a vanishing transmittance below 300 nm.
Comparing �gure 5.5 with �gure 5.6, it can be seen that the maximum transmittance of
sample 63 is slightly higher than that of sample 66. This is expected since the same melt
was used and three recrystalizations were made between growth number 63 and 66. Hence,
the melt could have become contaminated over time. Furthermore, the transmittance of
position 2 was slightly higher than that of position 1 for both samples. The transmittance
of both samples is, thus, position dependent.

However, sample 63 and 66 both have a lower maximum transmittance than Boris, even
though Boris is 4 times thicker. This suggests that Boris has better optical properties.
To further quantify this, the attenuation length can be calculated from the measured
transmittance, which is done in the next section.

5.2.3 Attenuation Length

As mentioned in section 5.2, two processes a�ect the amount of light in the bulk of the
crystal: absorption and scattering. Each of them has its own coe�cient. The light output
is decreased due to absorption; that is, light is re-absorbed into the bulk of the crystal.
Scattering, on the other hand, decreases the fraction of trapped light and increases the
light output of the crystal [78]. The attenuation coe�cient is the sum of the absorption
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Figure 5.3: Transmittance of the reference crystal Boris. The black line is the total trans-
mittance and the red line is the bulk transmittance (transmittance without surface re�ec-
tions). The dip at 400 nm is an absorption band, which is due to O−-hole centers in the
crystal. Below 300 nm the transmittance is compatible with zero. That means, all light is
absorbed. This measurement was performed in position 1 (see �gure 5.4).

position 1

position 2

Figure 5.4: Schematic drawing illustrating the two di�erent measurement points. When
measuring position 2, the sample was mounted ∼ 5mm higher.
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Figure 5.5: Transmittance of position 1 (left) and position 2 (right) of the 10mm thick
sample from growth number 63. The black line is the total transmittance and the red line
is the bulk transmittance (transmittance without surface re�ections). An absorption band
at 400 nm can be seen, which is due to O−-hole centers in the crystal. Below 300 nm the
transmittance is compatible with zero; that is, all light is absorbed. The transmittance
of position 2 is higher than that of position 1; thus, the transmittance of this crystal is
position dependent.

Figure 5.6: Transmittance of position 1 (left) and position 2 (right) of the 10mm thick
sample from growth number 66. The black line is the total transmittance and the red line
is the bulk transmittance (transmittance without surface re�ections). An absorption band
at 400 nm can be seen, which is due to O−-hole centers in the crystal. Below 300 nm the
transmittance is compatible with zero; that is, all light is absorbed. The transmittance
of position 2 is higher than that of position 1; thus, the transmittance of this crystal is
position dependent.
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and the scattering coe�cients. The absorption and scattering coe�cients cannot be mea-
sured on their own using the data from the transmittance measurements with the Perkin
Elmer spectrometer, but the attenuation coe�cient αatt can be calculated from the bulk
transmittance:

Tbulk = exp(−αattd). (5.8)

The inverse of the attenuation coe�cient is the attenuation length, which is the distance
over which the intensity has decreased to 1/e.

The attenuation length at a wavelength of 430 nm of the crystal disks from growth
number 63, 66, and the crystal Boris was calculated. 430 nm is the wavelength at which
CaWO4 has its maximum light emission [79]. The result can be seen in table 5.1; the
attenuation length of Boris is approximately 4 times higher than those of growth number
63 and 66. This con�rms that Boris has better optical properties than the crystal samples
63 and 66.

Crystal
Thickness
[mm]

Attenuation Length
[mm]

Growth number 63 10 35.5 ± 1.0
Growth number 66 10 30.9 ± 0.8

Boris 40 126.7 ± 3.4

Table 5.1: Attenuation lengths at a wavelength of 430 nm for the crystal disk from growth
number 63, 66, and the crystal Boris. The attenuation length of the crystal Boris is
approximately 4 times higher than those of growth number 63 and 66.

In summary, both the photoelasticity and the transmittance measurements indicate
that the commercial Ukrainian crystal Boris has better optical properties than the TUM-
grown samples 63 and 66. It has also previously been observed that the commercial crystals
from Ukraine and Russia have better optical properties than the TUM-grown ones [79]. To
achieve a better optical quality of the TUM-grown crystals, the crystal production process
described in chapter 4 has to be optimized.
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Chapter 6

Light Output and Scintillator

Non-Proportionality

In this thesis, a setup with the aim of measuring the scintillator non-proportionality (see
section 3.1) was designed, built, and characterized. The setup measures the light output
of di�erent crystals at room temperature using a photomultiplier tube (PMT). To measure
the scintillator non-proportionality, a wide range of energies (6 keV to 1332 keV) has to be
covered; therefore, several radioactive calibration sources can be used. The seven sources
used are listed in table 6.1. The crystal under investigation was Jakob II, which is a cylin-
drical TUM-grown crystal with a height and diameter of 40mm and 38mm, respectively.

source activity energy location collimator collimator hole
[Bq] [keV] [80] material thickness diameter

[mm] [mm]
55Fe 106 5.9 inside -1 - -

241Am 104 13.9 inside Cu 4 5
133Ba 105 31 inside Pb 16 3
241Am 104 59.5 inside Cu 4 5
57Co 106 122.1 inside Cu 17 5
57Co 106 136.5 inside Cu 17 5
133Ba 105 302.9 inside Pb 16 3
133Ba 105 356.0 inside Pb 16 3
22Na 104 511 outside - - -
137Cs 105 661.7 outside - - -
60Co 104 1173.2 outside - - -
22Na 104 1274.5 outside - - -
60Co 104 1332.5 outside - - -

Table 6.1: The seven radioactive calibration sources used for the light output measure-
ments, with their corresponding activities, energies, and locations. For sources located
inside the box, a collimator is used. Listed in the �fth, sixth, and seventh columns are the
material of the collimator, its thickness, and its hole diameter, respectively.

6.1 Experimental Setup

Figure 6.1 displays the experimental setup inside a light-tight box. It is situated in the
Garching underground laboratory, in which the muon rate is reduced by a factor of 2.6 [81].
To further reduce the background, the box is shielded by ∼ 1 ton of lead (10 cm thick lead
bricks on each side of the setup). In the vicinity of the crystal, low activity lead is used.

1The holder of the source itself is made of copper and works as a collimator.
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It was discovered that the lead shielding reduces the background rate by a factor of 4. To
ensure complete light-tightness of the box, an additional cloak made of thick black cloth
covers it. Inside the box a PMT is mounted. Not shown in �gure 6.1 is the iron shielding,
which surrounds the PMT and protects it from direct contact. It also works as a magnetic
shielding. The crystal under investigation is optically coupled to the PMT using optical
gel, and the parts of the crystal which are not in contact with the PMT are coated with re-
�ective Te�on tape. The ∼ 6 keV lines emitted from the 55Fe source are greatly attenuated
by the Te�on tape and, therefore, an area, h · l, of ∼ 1.4 cm2 on the top side of the crystal
is not covered by the tape (see �gure 6.2). The Te�on tape used has a thickness of 0.2mm.
The side surface of the cylindrical crystal is wrapped with two layers, whereas the top side
is only wrapped with one. The radioactive calibration sources in table 6.1 are kept either
inside or outside the box. Depending on the energy of the source, collimators of di�erent
materials and thicknesses were developed during this work. Measurements with sources
located inside the box are performed with a collimator. An aluminium plate is installed
above the crystal and serves as a shelf for the collimators. The plate has a hole perfectly
centred above the crystal, into which the collimators �t; hence, for each measurement the
collimators are placed in exactly the same position. The thickness of the collimator was
chosen so that ∼ 1% of the initial intensity of the source can penetrate it. Additionally,
each collimator has a small hole drilled through it and its purpose is to only let the gamma
radiation pass which irradiate the crystal perpendicularly. The collimators also have an
indentation which matches the shape of the sources. Only the 55Fe source is placed di-
rectly onto the crystal, but the holder of the source, made of copper, works as a collimator.
Figure 6.3 shows the collimators used. The �rst one is made of lead and has a thickness of
16mm. The second and the third ones are made of copper and have a thickness of 4mm
and 17mm, respectively. All collimators have a total diameter of 40mm. The di�erent
sources used and the corresponding collimator are displayed in table 6.1.

The PMT used is a 2" BURLE 8850 [82]. The pulses recorded by the PMT are ampli�ed
with an Ortec model 450 research ampli�er [83], which shapes the pulses; that is, which
di�erentiates and integrates them. The ampli�ed pulses are then recorded by a 16-bit
ADC (SIS3302) [84]. A sampling frequency of 100MHz was used for all measurements.
The settings of the ampli�er, in all measurements, had an ampli�cation factor of 200 and
a shaping time constant of 3µs.
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10 cm

lead

gamma source

collimator

crystal

PMT

light-tight box

Figure 6.1: Light-tight box used for the light output measurements (see section 6.3). To
reduce the background, the setup is shielded by ∼ 1 ton of lead. The radioactive calibration
sources are placed either outside (high-energetic sources) or inside (low-energetic sources)
the box. For several sources (see table 6.1), a collimator is placed onto an aluminium plate
to focus the gamma radiation in the direction of the crystal. Di�erent collimators with
di�erent thicknesses and materials were produced for the di�erent sources. The irradiated
crystal is wrapped in re�ective Te�on tape and coupled to the photomultiplier (PMT) with
optical gel. The PMT detects the scintillation light produced in the crystal.

l

h

Figure 6.2: Crystal Jakob II wrapped in Te�on tape, with a thickness of 0.2mm. The side
surface of the crystal is wrapped in two layers, whereas the top side is only wrapped in
one. To enable the 6 keV line of 55Fe to reach the crystal, an area, h · l, of ∼ 1.4 cm2 on top
of the crystal is not covered with the tape.
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Figure 6.3: Collimators used for the low-energetic sources, which are kept inside the light-
tight box. All collimators have a diameter of 40mm. The left collimator is made of
lead and has a thickness of 16mm. The other two collimators are made of copper, and
have thicknesses of 4mm and 17mm, respectively. The sources are held in place by an
indentation. The di�erent sources used and the corresponding collimator are displayed in
table 6.1.

6.2 Characterization of the Setup

Several di�erent characterization measurements were performed to increase the under-
standing of the setup. These measurements are presented in the following.

6.2.1 Transmittance of the Te�on tape

To not lose any of the light produced, the crystal is wrapped in Te�on tape. The transmit-
tance of one layer, 0.2mm, of the Te�on tape used was measured [85]. The result can be
seen in �gure 6.4. At ∼ 400 nm, the transmittance is low, i.e., very little light penetrates
it. It is, however, not known how much of the light produced is absorbed by the tape and
how much is scattered.

6.2.2 Estimate of the Number of Created and Detected Photons

To get an idea of how many photons are included in the pulses recorded, an estimation of
the number N of created photons reaching the PMT at di�erent energies can be assessed:

N =
E

e
· εs · εd. (6.1)

E is the energy of the investigated line and e is the energy of the created photon.
e is set to 2.88 eV, since the scintillation light produced in CaWO4 has its maximum at
∼ 430 nm [79]. εs is the scintillation e�ciency of the crystal [86]. It is the fraction of
energy which a crystal converts into scintillation light when it is excited by a γ. εd is the
detection e�ciency of the crystal [86]. This factor takes into account that some of the
scintillation light produced is re-absorbed by the crystal and converted into phonons. For
a conservative estimate, these values were taken to be the lowest measured in [86], since
εs and εd are not known for the crystal Jakob II. That is, 8.94% for εs and 18.0% for εd.

An estimate of the number M of photons detected by the PMT can also be assessed.
The detection e�ciency of the PMT is taken to be the quantum e�ciency QE at 430 nm,
which is where the scintillation light of CaWO4 has its maximum. For the PMT used, QE
∼ 23% at ∼ 430 nm [82]. M can then be calculated by simply multiplying the number N
of created photons reaching the PMT with the quantum e�ciency QE (see equation 6.2).

M = N ·QE (6.2)

The calculated values for N and M for the di�erent energies the crystal is irradiated
with can be found in columns 2 and 3 of table 6.2. The estimated numbers of created
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Figure 6.4: Transmittance of one layer, 0.2mm, of the Te�on tape. The transmittance is
low at ∼ 400 nm. That is, very little light penetrates it.

and detected photons are very small at low energies. This can be an explanation for the
di�culty of detecting the low-energetic lines with this setup (see section 6.3).

Additionally, the quenching e�ect (see section 2.2.2) of the O-, Ca-, and W-recoil bands
on the number of created photons was taken into account. In this case, N was simply mul-
tiplied by the quenching values of each band (see table 2.1). The result for the di�erent
energies is displayed in columns 4, 5, and 6 of table 6.2. This is, of course, not relevant
for the measurements presented in this chapter, but the calculations were performed for
completeness.

These simple calculations do not take the geometry of the crystal and the Te�on tape
into account. An assessment taking these two factors into account is, however, performed
in the next section.

6.2.3 Estimate of the Penetration Depth and Light Losses

In this section, an estimation of how much of the light produced remains in the crystal is
performed when the geometry of the crystal and the Te�on tape is taken into account.
To assess how deep gamma radiation from the di�erent sources can penetrate into the
crystal, the following equation is used:

I(d) = I0 · exp(−c · ρ · d) (6.3)

where I is the intensity after a certain thickness d, I0 is the initial intensity, c is the
mass attenuation coe�cient with the unit cm2/g, and ρ is the density of the material.

The density ρ of CaWO4 is 6.1 g/cm3 (see table 4.1). The mass attenuation coe�cient
c for di�erent elements and energies can be found in the NIST database [87]. By taking the
stoichiometric weighted mean of the di�erent compounds (O, Ca, and W), c was calculated
for CaWO4. This coe�cient for O, Ca, W, and CaWO4 is plotted as a function of the

47



CHAPTER 6. LIGHT OUTPUT AND SCINTILLATOR NON-PROPORTIONALITY

Energy E N M Quenched Quenched Quenched
[keV] O Ca W

5.9 32.0 7.6 3.7 2.0 0.6
13.9 77.7 17.9 8.7 4.6 1.3
31 173.2 39.8 19.4 10.3 3.0
59.5 332.5 76.5 37.2 19.7 5.7
122.1 682.2 156.9 76.4 40.5 11.7
136.5 762.7 175.4 85.4 45.3 13.1
302.9 1692.5 389.3 189.6 100.5 29.1
356.0 1989.2 457.5 222.8 118.2 34.2
511 2855.2 656.7 319.8 169.6 49.1
661.7 3697.3 850.4 414.1 219.6 63.6
1173.2 6555.3 1507.7 734.2 389.4 112.8
1274.5 7121.3 1637.9 797.6 423.0 122.5
1332.5 7445.3 1712.4 833.9 442.3 128.1

Table 6.2: The table shows estimates of the number N of created photons reaching the
PMT, the numberM of photons detected by the PMT, and the quenching e�ect of the O-,
Ca-, and W-recoil bands on the number of created photons for di�erent photon energies.
The estimated numbers of created and detected photons are very small at low energies,
which makes it di�cult to detect the low-energetic lines.

energy in �gure 6.5. The sawtooth shape of the mass attenuation coe�cient is due to the
absorption edges of the di�erent shells and subshells in the electron con�guration [87].

Finally, the ratio of I and I0 was set to a characteristic length, in this case 1/e, which
is the de�nition of the attenuation length. That means that after a certain depth datt, only
∼ 37% of the initial intensity is left. datt is presented in �gure 6.6 as a function of energy.
The left side shows an energy range from 0 to 1500 keV and the plot on the right side is
zoomed into the region at low energies. The red dots represent the energies of the lines
listed in table 6.1. The low-energetic lines do not even penetrate ∼ 0.1mm of the crystal,
whereas the gamma radiation of the highest energy penetrates ∼ 5mm, which is ∼ 12% of
the crystal's length. Hence, mainly the top part of the crystal is irradiated. The big jump
in datt at ∼ 70 keV is due to the sawtooth shape of the mass attenuation coe�cient seen in
�gure 6.5 at the same energy. This particular jump represents the absorption edge of the
K shell of W [87].

Since the gamma radiation mainly penetrates up to ∼ 12% of the crystal, the question
arises of how much light is lost due to the hole in the Te�on tape (see section 6.1, �gure 6.2
and �gure 6.7). This can be approximated by calculating the solid angle of the aperture.
The solid angle Ω of a pyramid with base area h·l of the Te�on aperture (see �gure 6.2) [88]
is

Ω = 4 arctan

(
hl

2datt
√

4d2
att + h2 + l2

)
. (6.4)

An upper bound of the optical e�ciency can be calculated as the fraction of created
light that remains in the crystal, i.e., does not escape through the aperture of the Te�on
tape:

1− Ω

4π
. (6.5)

1 − Ω
4π is plotted versus energy in �gure 6.8. At high energies, ∼ 80% of the cre-

ated light remains in the crystal. However, at low energies, only 50% - 55% of the light
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Figure 6.5: Mass attenuation coe�cients for O, Ca, W, and CaWO4 as a function of energy.
That of CaWO4 was calculated as a stoichiometric weighted mean of those of O, Ca, and
W. The sawtooth shape is due to the absorption edges of the di�erent shells and subshells
in the electron con�guration.

Figure 6.6: Attenuation length datt of CaWO4 plotted as a function of energy (see equation
6.3). The right plot is zoomed into the region at low energies. The red dots symbolize the
energies of the lines listed in table 6.1. The jump at ∼ 70 keV represents the absorption
edge of the K shell of W. The low-energetic lines do not even penetrate ∼ 0.1mm into the
crystal, whereas the gamma radiation with the highest energy only penetrates ∼ 5mm.
Thus, mainly the �rst 12% of the crystal is irradiated.
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h

l

datt

Figure 6.7: Schematic drawing showing a pyramid. The base area h · l is the aperture of
the Te�on tape. datt is the penetration depth. With equation 6.4, the solid angle of this
pyramid can be calculated.

produced will remain. At low energies light losses already occur due to the scintillator
non-proportionality (see section 3.1), but in this case even more light will be lost. To avoid
such high losses, especially at low energies, the hole in the Te�on tape should be smaller
or removed completely, though it probably would be di�cult to detect the ∼ 6 keV of 55Fe
without this aperture (see the discussion in section 6.3.11).

The estimations made in this and in the previous section were calculated after the light
output measurements with the sources had been carried out. Therefore, the measurements
were performed with the aperture in the Te�on tape.

6.2.4 E�ects of N2 Flushing

As previously mentioned, the background noise rate was reduced by a factor of 4 when
the lead shielding was introduced. Another attempt to further reduce the background was
made by �ushing the box with gaseous N2. The idea was to decrease the radon content in
the box using this method. The box was �ushed for 3 h with a pressure of 3 bar while no
radioactive source was present. The result can be seen in �gure 6.9. The left side shows
a one-hour measurement without �ushing in comparison to the right side, which shows
the measurement with �ushing. Even though the overall count rate is lower in the case of
�ushing, there is no distinct decrease over time visible.

Figure 6.10 displays the pulse height distribution of the background without �ushing
in red, and with �ushing in blue. The number of events is at most 6% lower in the
measurement with �ushing, but apart from that, no clear di�erence can be seen. It was
concluded that �ushing the setup with gaseous N2 has no evident impact on the count rate
and was, therefore not performed in the light output measurements.

6.2.5 Linearity of the Ampli�er

An Ortec model 448 research pulser was used to investigate the linearity of the ampli�er.
Figure 6.11 displays the con�guration of the pulser and the ampli�er. The pulser output
was divided into two channels, Ch0 and Ch1. Ch0 was connected directly to the ADC.
Ch1 was �rst connected to an attenuator and then to the Ortec ampli�er before entering
the ADC. At the pulse height of ∼ 3.8V, the attenuator was set so that it attenuated the
signal as much as the ampli�er ampli�ed the signal. Hence, if the ampli�er is linear, the
pulse height of Ch0 should be the same as that of Ch1 for all pulse heights. In �gure 6.12,
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Figure 6.8: Upper bound of the optical e�ciency, 1 − Ω
4π , at a characteristic length datt,

which is the attenuation length in this case. Ω is the solid angle of a pyramid with the
base area as the aperture of the Te�on tape. At high energies, ∼ 80% of the created
light remains in the crystal, i.e., does not escape through the aperture of the Te�on tape.
However, at low energies, only 50% - 55% of the light produced will remain in the crystal.

Figure 6.9: Left: Histogram showing the count rate over time for the background mea-
surement without N2 �ushing. Right: Histogram showing the count rate over time for the
measurement with N2 �ushing, which was carried out over 3 h with a pressure of 3 bar.
The overall count rate is slightly lower in the case of the �ushing; however, no evident
decrease of the count rate is seen over time.
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Figure 6.10: Pulse height distribution for the measurement without N2 �ushing (red) and
the measurement with N2 �ushing (blue). The number of events is at most 6% lower in
the case of �ushing; apart from that, no apparent di�erence can be seen.

Ortec 448
Pulser

Attenuator Ortec 450
Research Ampli�er

ADC
Ch1

ADC
Ch0

Figure 6.11: Schematic drawing showing how the pulser was connected to the ampli�er,
when the linearity of the ampli�er was tested. The pulser output was divided into two
channels, Ch0 and Ch1. Ch0 was connected directly to the ADC. Ch1 was �rst connected
to an attenuator and then to the ampli�er before entering the ADC.
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Figure 6.12: Plot displaying the linearity of the Ortec model 450 research ampli�er. The
linearity was measured with an Ortec model 448 research pulser. If the ampli�er is com-
pletely linear, the ratio Ch0/Ch1 is 1. At low voltages the ampli�er diverges from linearity
by maximally ∼ 2%.

the ratio of Ch0 and Ch1 as a function of Ch0 is plotted. As can be seen, the ampli�er
is fairly linear for voltages above 1.5V. However, the ampli�er diverges from linearity at
low voltages by maximally ∼ 2%. The error of the ratio of Ch0 and Ch1, which cannot
be seen in the graph, is the propagated �t errors of Ch0's and Ch1's pulse height from the
Gaussian distributions. The empirical �t function a1 · exp(b1 · Ch0) + c1 was �tted to the
data points, which yields the following result:

Ch0
Ch1

= 2.42 · 10−2 · exp(−2.95 · Ch0) + 1.00. (6.6)

This is represented by the red line in �gure 6.12. The pulse heights recorded in the
light output measurements with the radioactive sources (see section 6.3) were additionally
corrected using this function.

6.2.6 Stability of the Setup

To investigate whether the recorded pulse heights were stable over a longer period of
time2, an extensive measurement was carried out. The measurement was performed over
a week with the 22Na source situated outside the light-tight box; the result can be seen in
�gure 6.13. The two lines at 511 keV and 1274.5 keV can be seen at ∼ 2.5V and ∼ 6.8V,
respectively. By studying �gure 6.13, it is not clear if the pulse height is constant over
time. For a further investigation, the data was divided into time intervals; each interval
corresponds to 15 h. For each time interval the pulse height of the 511 keV line and the
1274.5 keV line were determined by �tting a Gaussian distribution. The result for the two
peaks can be seen in �gure 6.14. The error of the pulse height corresponds to the �t error.
It is obvious that the pulse height decreases over time. The maximum decrease observed
over a week is 3.6%. 3.6% of the measured pulse height can, therefore, be taken as a

2The time was set to the time it takes to perform all the measurements with the radioactive sources
(∼ 1 week).
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Figure 6.13: Pulse height recorded in the long-term measurement versus time. The mea-
surement was carried out with the 22Na source over a week. The pulse height of the 511 keV
and the 1274 keV lines can be seen in the bands at 2.5V and 6.8V, respectively. It is not
clear if the pulse height is constant over time.

systematic error of the pulse heights recorded in the light output measurements with the
radioactive sources (see section 6.3).

6.2.7 Baseline Noise Spectrum

It was observed that there is noise on the baseline (see �gure 6.15). To understand if there
is a frequency dependency, empty baselines were recorded by random triggering. This
measurement was done without a source and as for the measurements with the sources,
the ampli�cation factor was 200. The recording window was, however, set in such a way
that the widest possible frequency range could be obtained. A Fourier transformation of
the empty baselines was then performed. The result can be seen in �gure 6.16. The big
bump at low frequencies (on the left side of the green vertical line) is probably due to
the integration and di�erentiation of the ampli�er, which creates a bandpass �lter. The
majority of the peaks up to 4MHz (between the green and the blue vertical lines) are due to
the ventilation system in the underground laboratory, particularly the peaks at ∼ 20 kHz,
∼ 200 kHz, and ∼ 450 kHz [89]. The peak at ∼ 700 kHz was identi�ed as originating from a
pump operating in the underground laboratory. The electronics of the other experimental
setups in the underground laboratory could contribute to the noise measured above 10MHz
(on the right side of the blue vertical line). Possible measures to decrease the disturbances
are discussed in section 6.3.11.

6.2.8 Electronic Resolution of the Setup

To examine the contribution of the electronics to the energy resolution, another measure-
ment with the pulser described in section 6.2.5 was carried out. This time, the pulses
generated by the pulser were fed into the test input of the PMT. They were then ampli�ed
by a factor of 200 and delivered to the ADC as usual. Pulses with heights ranging from
20mV up to 10V were generated by the pulser. In total, 26 di�erent pulse heights were
produced; they were, however, not equally distributed. The pulse distribution of each pulse
height was �tted with a Gaussian distribution and the relative energy resolution
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Figure 6.14: Mean of the Gaussian �ts of the pulse height in time intervals of 15 h for
the 511 keV (left) and the 1274 keV (right) lines of the 22Na source. The error of the
pulse height corresponds to the �t error of the Gaussian distribution. A clear decrease of
the pulse height over time can be seen. The maximal di�erence between the largest and
smallest value is 3.6%.

Figure 6.15: A typical recorded baseline. As can be seen, there is noise on the baseline.
The baseline frequency spectrum was, therefore, investigated (see �gure 6.16).
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Figure 6.16: The Fourier transform amplitude plotted versus the frequency, which shows
the frequency dependency of the baseline. The large bump at low energies, left of the
green vertical line, is caused by the bandpass �lter in the ampli�er. The majority of the
peaks between the green and the blue vertical lines are due to the ventilation system in the
underground laboratory [89]. The peak at ∼ 700 kHz is caused by a pump. Additionally,
the peaks to the right of the blue vertical line originate from other noise sources, e.g., the
electronic background noise of the other experimental setups in the laboratory.
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Figure 6.17: The relative energy resolution is limited by the electronics, especially at low
pulse heights. The error of the relative energy resolution is the propagated �t errors of the
pulse height and the width from the Gaussian distribution. The red curve is a �t to the
data.

Eres =
σ

µ
(6.7)

was calculated. µ is the peak centroid and σ is the width of the �tted Gaussian. In
�gure 6.17, the calculated relative energy resolution Eres is plotted versus the pulse height
PH. The �t function a2/PH + b2 was �tted to the data points, which yields the following
result:

Eres =
1.35 · 10−1

PH
+ 7.20 · 10−4. (6.8)

This is represented by the red line in �gure 6.17. The error of the relative energy
resolution is the propagated �t errors of the pulse height and the width from the Gaussian
distribution. Above ∼ 1V the electronics do not worsen the energy resolution. However,
at pulse heights on the order of 20mV, the electronics make a contribution to the relative
energy resolution up to 7%. It was also measured that the pulses which were fed directly
from the pulser into the ADC had a relative energy resolution of maximally 0.035% and
pulses originating from the pulser and going through the ampli�er before entering the ADC
had a relative energy resolution of maximally 0.9%.

Since the relative energy resolution follows a 1/PH distribution, the width σ only
slightly increases with the pulse height. This can be seen in �gure 6.18, where the width σ
is plotted versus the pulse height PH. The data points were �tted with a linear function
shown in red. The equation of the �t is as follows:

σ(PH) = 7.19 · 10−6 · PH + 1.35 · 10−3. (6.9)

The errors of the width and the pulse height are the �t errors from the Gaussian distri-
bution. Figure 6.19 shows a pulse with a height of ∼ 20mV, created by the pulser. As can
be seen, the baseline is rather unstable. An unstable baseline leads to greater uncertainty
when determining the pulse height. Thus, the pulse height distribution becomes broader,
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Figure 6.18: The width σ of the Gaussian �ts of the di�erent pulse heights plotted versus
the pulse height, PH. The x-axis is plotted with a logaritmic scale. The errors of the
width and pulse height are the �t errors from the Gaussian distribution. The data was
�tted with a linear function shown in red. With this function, an additional systematic
error of the pulse height could be calculated.

Figure 6.19: A pulse from the pulser with a pulse height of ∼ 20mV. The baseline is rather
unstable, which leads to greater uncertainty when determining the pulse height. Thus, the
rather signi�cant width σ observed in �gure 6.18.

causing, the rather signi�cant width σ seen in �gure 6.18. The �nal energy resolution of
the measurements with a CaWO4 crystal would, thus, be limited by the electronics at low
pulse heights. Function 6.9 can be taken as another systematic error of the pulse height in
the �nal light output measurements (see section 6.3). It was also investigated if the pulse
form depends on the di�erent pulse heights. No signi�cant change in the pulse form for
di�erent pulse heights was, however, observed.

6.3 Light Output Measurements with Radioactive Sources

As explained at the beginning of this chapter, this setup was designed and built with the
aim of measuring the scintillator non-proportionality (see section 3.1) of di�erent CaWO4

crystals at room temperature. To measure the light output of a crystal, measurements with
the di�erent radioactive sources shown in table 6.1 were carried out. These measurements
will be described in the following. The biggest challenge hereby is to measure the sources
with low-energetic lines, e.g., 241Am and 55Fe, since the pulses of these lines are close to
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the baseline. Thus, the trigger threshold has to be very close to the baseline and noise
triggering is, therefore, possible. Additionally, it was shown in sections 6.2.2 and 6.2.3 that
the estimated numbers of created and detected photons are very small for the low energies
and ∼ 50% of the light produced is lost due to the aperture in the Te�on tape.
In the end, the TUM-grown crystal Jakob II was measured. The ampli�cation factor used
for all measurements was 200 and the measurement length was between 30min and 1.5 h.
The recorded number of pulses varied between ∼ 6·105 and ∼ 106.

6.3.1 Data Quality Cuts

Many of the recorded pulses deviate from the expected pulse shape3; �gure 6.20 displays
a couple of examples. Such pulses should be removed from the data, which can be done
by applying cuts on the di�erent parameters calculated for each pulse, the so-called data
quality cuts. Hence, data quality cuts were applied to di�erent parameters for all pulses
of each data set. Examples for some of the parameters are listed below:

• Right-Left Baseline

• Peak Position

• FWHM4 of the Baseline

• Rise Time

• Decay Time

The cut on the right-left baseline parameter can remove pulses, in which the right and the
left baseline are not at the same level. The top left and top right pulses in �gure 6.20 are
examples of such cases. The top left pulse is a decaying baseline and it occurs if a pulse
does not decay fast enough within the record window and is, therefore, still above the
trigger threshold at the beginning of the next recording. The top right pulse is probably
caused by electronic disturbances. With a cut on the peak position parameter, one can
remove pulses that happened too early (see the bottom left pulse in �gure 6.20). Such a
pulse cannot be used since the information of the left baseline, that is needed to correctly
determine the pulse height, is lost. The cut on the FWHM of the baseline parameter can
remove pulses in which the baseline is very unstable. The cuts on the rise time and the
decay time parameters are very powerful cuts, because these cuts can remove pulses with
very di�erent pulse shapes. The decay time parameter can, for example, remove the pulse
in the bottom left �gure, since this pulse decays too slowly. Because the pulse shape sought
is not completely known (see the discussion in section 6.3.10), one has to apply these cuts
very carefully.

6.3.2 60Co

The isotope 60Co decays into 60Ni [80]. The two lines of 60Co with the highest intensity
have an energy of 1173.2 keV and 1332.5 keV, respectively [80]. The intensity of both lines
is ∼ 100.00% [80]. Both of these lines are seen in the measurement with the 60Co source;
however, they cannot be separated from each other due to the poor energy resolution of the
setup (see section 6.3.9). Figure 6.21 displays the data of the 60Co measurement. The left
side shows the spectrum with the raw data. The peak at ∼ 7V is the superposition of the
two lines and the peak at ∼ 1.2V probably originates from the backscattered photons in
the Compton scattering. The Compton edge cannot be seen as it overlaps the peak itself.
The steep rise at low pulse heights is the noise, which is due to the low trigger threshold

3What the expected pulse shape should look like is not completely clear (see the discussion in section
6.3.10).

4Full Width of Half Maximum
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and the high ampli�cation factor used. The right side of �gure 6.21 shows the data after
data quality cuts have been applied. It can be seen that the noise has been reduced in
this case by applying data quality cuts. A �t with a double Gaussian function (shown in
magenta) describes the data well. Since both lines have the same intensity the amplitude
of the two Gaussians were kept the same. Additionally, the widths σ of both Gaussians
were also kept the same. The contribution to each Gaussian is shown in green.

6.3.3 22Na

The isotope 22Na decays into 22Ne via a β+-decay [80]. The 22Ne isotope is in an excited
state and will decay into the ground state by emitting a gamma line with an energy of
1274.5 keV and an intensity of 99.8%. Since a positron is also emitted, which upon meeting
an electron immediately annihilates into two photons, a peak at 511 keV is also present.
Both these peaks are seen in the measurement with the 22Na source. The result after the
application of data quality cuts can be seen in �gure 6.22. The 511 keV line corresponds to
the peak at ∼ 2.8V and the 1274.5 keV line corresponds to the peak at ∼ 7.1V. Each peak
has been �tted with a Gaussian distribution shown in green. The peak situated at ∼ 1V
is probably the backscattered photons in the Compton scattering of the 511 keV line. The
Compton edge cannot be seen as it overlaps the 511 keV peak itself.

6.3.4 137Cs

The daughter nucleus of the isotope 137Cs is 137Ba, into which it decays while emitting
gamma radiation with an energy of 661.7 keV and an intensity of 85.1% [80]. The result of
the 137Cs measurement after data quality cuts have been applied is displayed in �gure 6.23.
The peak at ∼ 3.6V corresponds to the 661.7 keV line and the peak at ∼ 1V is probably
due to the backscattered photons in the Compton scattering of the 661.7 keV line. The
Compton edge cannot be seen as it overlaps the 661.7 keV peak itself. The 661.7 keV peak
has been �tted with a Gaussian distribution shown in green.

6.3.5 57Co

The isotope 57Co decays into 57Fe [80]. The two gamma lines with the highest intensities
are the 122.1 keV line with an intensity of 85.6% and the 136.5 keV line with an intensity
of 10.7% [80]. The energy resolution is not good enough for a distinction between these
two lines, and they are, therefore, seen as one peak in �gure 6.24 (again after data quality
cuts have been applied). The 122.1/136.5 keV peak is situated at ∼ 0.6V and the peak can
be �tted with two Gaussian distributions (shown in yellow). For the �t to converge, the
amplitude of one Gaussian was �xed in relation to the amplitude of the other one. The
same applies for the mean. The widths σ of both Gaussians were kept the same. The
Gaussian corresponding to the 122.1 keV and the one corresponding to the 136.5 keV are
additionally shown in light blue and dark blue, respectively.

6.3.6 133Ba

The daughter nucleus of the isotope 133Ba is 133Cs [80]. The emitted gamma lines with
the highest intensities are 356.0 keV, 302.9 keV, and 81.0 keV, with the intensities 62.1%,
18.3%, and 34.1%, respectively [80]. 133Ba also has two X-ray lines with energies of
∼ 30.6 keV and ∼ 31.0 keV and with intensities of 34.9% and 64.5%, respectively [80].
Figure 6.25 displays the data of the 133Ba measurement after data quality cuts have been
applied. The peak at ∼ 0.1V is due to the 31 keV lines and the peak at ∼ 1.8V is the
superposition of the 302.9 keV and the 356.0 keV lines. The Gaussian �t of the 31 keV peak
can be seen in green. The 302.9/356.0 keV peak was �tted with two Gaussian distributions
(shown in yellow). For the �t to converge, the amplitude of one Gaussian was �xed in
relation to the amplitude of the other one. The same applies for the mean. The widths
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σ of both Gaussians were kept the same. The two Gaussians are shown in light blue (the
302.9 keV line) and dark blue (the 356.0 keV line). A distinct peak corresponding to the
81.0 keV line cannot be seen. To understand why this is the case, one should screen the
source using, for example, germanium spectroscopy (see the discussion in section 6.3.11).

6.3.7 241Am

The isotope 241Am decays into 237Np [80]. The two gamma lines with the highest intensities
of 35.9% and 2.4% have an energy of 59.5 keV and 26.3 keV, respectively [80]. The source
also emits an X-ray line with an energy of 13.9 keV and an intensity of 9.6% [80]. The left
side of �gure 6.26 shows the raw spectrum of the 241Am measurement. In the spectrum on
the right side of �gure 6.26, data quality cuts have been applied. The peak at ∼ 0.04V is
the 13.9 keV line and the broad peak at ∼ 0.23V is the 59.5 keV line. The line at 26.3 keV
is not observed in the data. To understand why this is the case, one should screen the
source using, for example, germanium spectroscopy (see the discussion in section 6.3.11).
The Gaussian �t of the 13.9 keV peak and the one for the 59.5 keV peak are shown in green
and red, respectively. In the spectrum on the left, the peak corresponding to the 13.9 keV
line is integrated in the noise, which is caused by the low trigger threshold and the high
ampli�cation factor used. It is no trivial task to detect this line. As can be seen in the
right spectrum, it is possible to separate this peak from the noise by applying data quality
cuts.

6.3.8 55Fe

The isotope 55Fe decays into 55Mn, emitting X-ray lines with an energy of ∼ 5.9 keV [80].
To detect the scintillation light produced from the ∼ 5.9 keV lines of 55Fe with a PMT is
a big challenge. First, the trigger threshold has to be set very close to the baseline and
noise triggering is, therefore, possible. Second, the number N of created photons reaching
the PMT and the number M of photons detected are very small at this low energy (see
section 6.2.2). Third, ∼ 50% of the produced scintillation light is lost through the aperture
in the Te�on tape (see section 6.2.3). The ∼ 5.9 keV lines were, however, detected, which
was a great achievement; although, they could not be distinguished from one another due
to the poor energy resolution of the setup (see section 6.3.9). As can be seen on the left
side of �gure 6.27, which is the spectrum showing the raw data of the 55Fe measurement,
the pulses originating from these lines are merged with the noise; the peak location is at
∼ 0.01V. With data quality cuts, one can try to separate the peak from the noise. Such
a try has been made and the result is displayed on the right side of �gure 6.27. However,
when doing this, the cuts have to be applied very carefully, since one cannot be sure which
pulses belong to the noise and which to the 5.9 keV lines (see the discussion in section
6.3.10). The peak was, additionally, �tted with a Gaussian distribution, which is shown in
green. It does not, however, �t the data well, since the peak is located very close to the
trigger threshold.

6.3.9 Energy Resolution

The relative energy resolution Eres of each peak was calculated from the Gaussian �ts using
the equation 6.7. The result is presented in table 6.3 and plotted in �gure 6.28. The data
was �tted with the function a4/(E + b4) + c4, which yields the following result:

Eres =
5235.32

(E + 98.03)
+ 7.07. (6.10)

This is represented by the red line in �gure 6.28. The relative energy resolution is par-
ticularly poor at low energies. This is most likely due to the fact that the number N of
created photons reaching the PMT and the number M of detected photons (see section
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6.2.2) are small at low energies. Additionally, at low energies a large fraction of the light
produced is lost through the aperture in the Te�on tape (see section 6.2.3). By comparing
the values in table 6.3 with the energy resolution of the electronics (see section 6.2.8), one
can conclude that the contribution from the electronics is not signi�cant.

Energy E [keV] Eres [%]

5.9 53.1
13.9 71.6
31 54.2
59.5 40.5
122.1 30.9
136.5 27.7
302.9 21.0
356.0 17.9
511 16.5
661.7 13.0
1173.2 13.0
1274.5 10.5
1332.5 11.3

Table 6.3: Energy resolution for the di�erent energies calculated from the Gaussian �ts
applied to the peaks at all energies.

6.3.10 Discussion

Several issues complicate the analysis. These issues will be discussed in the following.
Pile-up pulses are still found, although the data quality cuts have removed the majority
of them. Figure 6.29 displays pile-up pulses found in the 57Co data (left) and in the 55Fe
data (right). The pulse shown on the left corresponds to the 122.1/136.5 keV peak and the
one on the right to the 5.9 keV peak. Plausible reasons why the data contain many pile-up
pulses could be the high ampli�cation factor or some underlying physics, e.g., some of the
light arrives later at the PMT.

The origin of the di�erent pulse forms of the recorded pulses is not completely under-
stood. Even though data quality cuts have been applied with the intention of removing
strange pulses, all data sets contain pulses with a non-ideal pulse form. Two examples are
shown in �gure 6.30; on the left is a 661.7 keV pulse from the 137Cs data and on the right
is a 122.1/136.5 keV pulse from the 57Co data. Both pulses comprise a so-called foot on
the right side, which is also a kind of pile-up pulse. This kind of pulse can be found in all
data sets and it is not clear if there is some underlying physics behind it, for example if it
is due to the crystal, or if it is caused by the setup and the electronics.

Pulses with clearly di�erent pulse shapes, but belonging to the same peak are also
present. Figure 6.31 and 6.32 demonstrate two such examples from the 241Am data and
the 133Ba data, respectively. In �gure 6.31, the left and right pulse are both present in the
case of the 13.9 keV peak from the the 241Am data. In �gure 6.32, both pulses displayed
are found in the peak corresponding to the 302.9 keV and the 356.0 keV lines.

Since the data sets contain a broad variety of di�erent pulse shapes, it is sometimes
di�cult to know if a pulse should be removed or not when applying the data quality cuts.
For the low-energetic lines, e.g., 13.9 keV of 241Am and 5.9 keV of 55Fe, which are located
very close to the baseline, it is hard to distinguish between pulses belonging to the noise
and pulses actually originating from the line of the radioactive source. In this case, the
cuts have to be applied very carefully, not to remove too many pulses coming from the
source. As long as the shapes of the pulses recorded are not completely understood, one
cannot be certain of the exact position of the line. An understanding of the recorded pulses
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is therefore a must, although this was not feasible in the scope of this thesis. Otherwise,
thus, the interpretation of the data will not be reliable.

To be able to see the 5.9 keV and the 13.9 keV lines, a large ampli�cation factor of 200 is
needed. The down side of such a high ampli�cation concerns the electronics, particularly
the baseline, which becomes very unstable at such a high ampli�cation. An unstable
baseline is problematic when determining the pulse height, especially for the low-energetic
lines where the pulse height is close to the baseline. The 5.9 keV line of 55Fe and the
13.9 keV line of 241Am are such cases. Figure 6.33 displays a 5.9 keV pulse from the 55Fe
data, where the unstable baseline clearly can be seen.

Another option when performing such measurements is to determine the integral of the
pulses instead of the pulse height. However, a smooth baseline is also important in this
case. Additionally, if one uses the integral method, the origin of the pile-up pulses has to
be understood.

6.3.11 Further Improvements

To gain the knowledge needed about the actual shape of the pulses, additional measure-
ments have to be carried out. Such a measurement could be a coincidence measurement
of the actual pulses. That is, one compares the pulses that have not been shaped by the
ampli�er with the shaped pulses. Only in this way can the recorded pulse shapes be un-
derstood and conclusions can be drawn about whether there is some underlying physics
behind the observed pulse forms. First then can one decide if the pulse height or the
integral is the best method to use for this kind of measurement. If the integral method
were to be used, pile-up pulses with a non-physical explanation should not be allowed to
be present, since this could greatly falsify the �nal spectra.

Apart from an understanding of the recorded pulses, the radioactive sources used along
with the corresponding holder also have to be characterized, to achieve an exhaustive anal-
ysis. Only in this fashion can all the features in the �nal spectra be correctly interpreted.
Germanium spectroscopy is a good method to use for such a characterization.

It was shown in section 6.2.3 that the aperture in the Te�on tape on the top of the crys-
tal causes light losses in the produced scintillation light, especially at low energies. This is
unfavorable, since the light produced at low energies already is limited by the scintillator
non-proportionality. One should therefore consider to remove this aperture and wrap the
whole crystal in Te�on tape. This would probably complicate the measurement with the
55Fe source, since the ∼ 6 keV lines would be greatly attenuated by the Te�on tape. An-
other solution could be to place the crystal in a re�ective and scintillating housing, similar
to what is used in CRESST. This housing has to be designed in such a way that there is
enough space for the di�erent sources and the respective collimator.

Section 6.2.7 discussed the variety of background noise found in the Garching under-
ground laboratory. Straightforward solutions for decreasing the disturbances from the
surroundings are to use cables as short as possible, to always connect all the equipment of
the setup to the same phase, and to keep the setup as far away from computers and other
setups as possible [89]. To remove noise from the AC lines, one could install an interfer-
ence suppression �lter. For the particular setup discussed in this thesis, a good measure
would be to perform the measurements when the ventilation system is turned o�, since it
was shown in section 6.2.7 that many disturbances originated from the ventilation system.
Additionally, the rack used should preferably be closed. To further reduce the background,
an additional copper shielding can be introduced between the box and the lead shielding.

The gamma radiation emitted from the di�erent sources do not penetrate the crystal
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particularly deeply, as can be seen in section 6.2.3. To penetrate further into the crystal
than what the gamma radiation of the radioactive sources achieve, and also to investigate
a possible position dependency of the light output, the crystal can be irradiated with a
strong laser along the side of the crystal. Hence, the crystal would be scanned at dif-
ferent positions with the laser from the side. This could be carried out by performing a
two-photon excitation using a N2 laser (see [59]). Instead of irradiating the crystal with
radioactive sources, an electron gun could be used. With an electron gun, the kinetic en-
ergy of the emitted electrons can be precisely adjusted. The electrons can, however, only
penetrate the top layer of the crystal. Additionally, the whole setup has to be in vacuum.
Otherwise, the electrons would be attenuated in the air and one does no longer have a
precise knowledge of the actual electron energy.
By, additionally, performing the measurements in an integrating sphere (also called Ulbricht
sphere) one can remove the e�ects of the original direction of the light. An integrating
sphere is a hollow spherical cavity, of which the interior is covered with a di�use white
re�ective coating.
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Figure 6.20: Examples of pulses with a shape that deviates from the expected pulse shape.
The top left �gure is an example of a decaying baseline. Such an event can arise if a pulse
does not decay fast enough within the record window and is, therefore, still above the
trigger threshold at the beginning of the next recording. The pulse in the top right �gure
is probably due to electronic disturbances. Both these events can be removed by cutting
on the right-left baseline parameter. The pulse in the bottom left �gure is an example
of a pulse that starts too early, which can be removed by cutting on the peak position
parameter. Since this pulse also decays too slowly, a cut on the decay time parameter can
remove this pulse. The pulse seen in the bottom right �gure is a pile-up pulse, which is
caused by several events in one recording. Cuts on the rise time and decay time parameters
can also remove such pulses.
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Figure 6.21: Left: Raw data from the measurement with the 60Co source. The peak
at ∼ 7V is a superposition of the 1173.2 keV and the 1332.5 keV lines, originating from
60Co. The peak at ∼ 1.2V is probably due to the backscattered photons in the Compton
scattering of the peak at ∼ 7V. The Compton edge cannot be seen as it overlaps the peak
itself. The steep rise at low pulse heights is the noise, which is due to the low trigger
threshold and the high ampli�cation factor used. Right: Final spectrum after data quality
cuts have been applied to the data and the peak at ∼ 7V has been �tted with two Gaussian
distributions shown in magenta; each Gaussian is additionally shown in green.

Figure 6.22: 22Na spectrum after data quality cuts have been applied. The peak at ∼ 2.8V
is the 511 keV line and the peak at ∼ 7.1V is the 1274.5 keV line. Each peak has been �tted
with a Gaussian distribution shown in green. The peak at ∼ 1V probably originates from
the backscattered photon in the Compton scattering of the 511 keV line. The Compton
edge cannot be seen as it overlaps the 511 keV peak itself.
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Figure 6.23: 137Cs spectrum after data quality cuts have been applied. The peak at ∼ 3.6V
is the 661.7 keV line and it has been �tted with a Gaussian distribution shown in green.
The peak at ∼ 1V probably originates from the backscattered photon in the Compton
scattering of the 661.7 keV line. The Compton edge cannot be seen as it overlaps the
661.7 keV peak itself.

Figure 6.24: 57Co spectrum after data quality cuts have been applied. The peak at ∼ 0.6V
is a superposition of the 122.1 keV and the 136.5 keV lines and it has been �tted with two
Gaussian distributions shown in yellow. Each Gaussian is additionally drawn; the light
blue corresponds to the 122.1 keV line and the dark blue to the 136.5 keV line.
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Figure 6.25: 133Ba spectrum after data quality cuts have been applied. The peak at ∼ 1.8V
is a superposition of the 302.9 keV and the 356.0 keV lines. The peak at ∼ 0.1V is due to
the 31 keV lines and the Gaussian �t is shown in green. The 302.9/356.0 keV peak was
�tted with two Gaussian distributions (shown in yellow). The two Gaussians are shown in
light blue (the 302.9 keV line) and dark blue (the 356.0 keV line).

Figure 6.26: Left: Raw data from the measurement with the 241Am source. The peak at
∼ 0.23V is the 59.5 keV line and the slope in the noise at ∼ 0.04V is the 13.9 keV line. The
steep rise at low pulse heights is the noise, which is due to the low trigger threshold and the
high ampli�cation factor used. Right: Final spectrum after data quality cuts have been
applied to the data. Hence, with data quality cuts, it is possible to separate the 13.9 keV
peak from the noise and also to decrease it. The 13.9 keV peak and the 59.5 keV peak were
�tted with Gaussian distributions shown in green and red, respectively.
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Figure 6.27: Left: Raw data from the measurement with the 55Fe source. The slope in the
noise at ∼ 0.01V is due to the 5.9 keV lines. Right: Final spectrum after data quality cuts
have been applied to the data. Hence, with data quality cuts, one can try to separate the
5.9 keV peak from the noise and also to decrease the noise. This is, however, not trivial
since one cannot be sure which pulses belong to the noise and which to the 5.9 keV lines
(see the discussion in section 6.3.10). The peak was, additionally, �tted with a Gaussian
distribution, which is shown in green.

Figure 6.28: Relative energy resolution of the measurements with the di�erent sources. It
is particularly poor at low energies.
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Figure 6.29: Pile-up pulses are still found in the data after the application of data quality
cuts. Left: 122.1/136.5 keV peak in the 57Co data. Right: 5.9 keV peak in the 55Fe data.

Figure 6.30: Left: 661.7 keV pulse from the 137Cs data. Right: 122.1 keV pulse from the
57Co data. Both pulses have a foot on the right side of the pulse. The origin of this feature,
which is seen in all data sets, is not known.

Figure 6.31: 13.9 keV pulses from the 241Am data; however, with di�erent pulse shapes.
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Figure 6.32: 302.9/356.0 keV pulses from the 133Ba data; however, with di�erent pulse
shapes.

Figure 6.33: A 5.9 keV pulse from the 55Fe source. The unsteady baseline can clearly
be seen. This complicates the exact determination of the pulse height, especially at low
energies, that is at low pulse heights.
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Chapter 7

Conclusion and Outlook

The direct Dark Matter search experiment CRESST-II uses scintillating CaWO4 single
crystals as the target material to detect elastic WIMP-nucleus scattering. An advantage
of using CaWO4 as the target material is its ability to separate di�erent types of particles
from each other. A particle interaction in the crystal will simultaneously produce phonons
and scintillation light. Since the amount of light created depends on the type of particles
interacting, an event-by-event discrimination is possible. By de�ning the Light Yield as
the ratio of the energy deposited in the light channel to the energy deposited in the phonon
channel, di�erent types of particle events can be displayed in distinct bands. The main
background can be found in the e−/γ band, which by de�nition has a Light Yield of 1.
WIMPs are expected to scatter o� the nuclei of the target material (O, Ca, and W) with
Light Yields of 0.112, 0.059, and 0.017, respectively.

Over the last several years, the physics department of the Technische Universität
München (TUM) has provided in-house production of the CaWO4 crystals. The goal
is to have full control over the whole production process, starting from the raw materials
CaCO3 and WO3 and ending with the polished and cut crystals. Only in this way can one
obtain an understanding of what a�ects the properties of the crystals and how the crystals
can be improved in regards to these properties.
In the �rst part of this work, several aspects of the powder production process were im-
proved. The biggest achievement was related to the radiopurity. The tools which the raw
materials come into contact with are now kept cleaner and the whole production process
is performed in a �ow box.

It is of great importance for the CRESST experiment that the crystals have good opti-
cal properties. The transparency and the internal stresses of the crystals a�ect their optical
quality. One idea to improve the optical quality is to grow a crystal at a slower growth
rate. In this work, several attempts to grow a crystal at a growth rate of 2mm/h (the
growth rate normally used is 12mm/h) were made. However, due to various technical is-
sues this was not successful. Instead, two crystals grown at a growth rate of 12mm/h were
successfully produced and the optical properties of these two samples were studied. The
internal stresses were investigated using the method of photoelasticity. It could be shown
that the TUM-grown samples exhibited internal stresses, whereas a commercial crystal
from Ukraine did not. The transmittance of the crystal samples was also measured. The
transmittance for the crystal samples grown in this work was lower than that of the afore-
mentioned commercial crystal. Furthermore, the attenuation length of the commercial
crystal was approximately 4 times longer than that of the two TUM-grown samples. Ad-
ditionally, the position dependency of the transmittance of the TUM-grown samples was
observed. Both the transmittance and the photoelasticity measurements demonstrate that
the optical properties of the TUM-grown crystals are worse than those of the commercial
crystals. This can be improved by modifying the crystal production process.
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An attribute commonly observed in scintillators is the scintillator non-proportionality:
at low energies, the amount of scintillating light produced is not proportional to the energy
deposited. This leads to a downward curving of the e−/γ band at low energies and thus
to a leakage of background events into the region of interest for the WIMP search. A mi-
croscopic model describing the production of less scintillation light already exists, but the
knowledge of which crystal properties a�ect it and by which measures it can be suppressed,
e.g., in the crystal production process, is absent.

In this thesis a �rst step towards the understanding of this phenomenon was taken by
designing and constructing a setup for measuring the scintillator non-proportionality of
di�erent crystals at room temperature. The setup features a photomultiplier tube (PMT)
in a light-tight box. The crystal under investigation was optically coupled to the PMT
with optical gel and wrapped in re�ective Te�on tape. The whole crystal was wrapped
except for the side facing the PMT and a ∼ 1.4 cm2 big aperture on the top side of the
crystal. The hole in the tape allowed very low-energetic gamma lines to reach the crystal
which otherwise would have been stopped. Shielding the setup with ∼ 1 ton of lead de-
creased the background rate by a factor of 4. Attempts to further reduce the background
were carried out by �ushing the box with gaseous N2. This did not, however, lead to
a signi�cant improvement in the background rate. Before the actual measurements were
performed, the setup was characterized. Characterization measurements of the electronics
were: the linearity of the ampli�er, the stability of the setup over a longer period of time,
the contribution to the energy resolution from the electronics, and an identi�cation of the
disturbances of the setup. The linearity test showed that the ampli�er used is linear above
1V, and diverges from the linearity by maximally 2% below 1V. From the stability mea-
surement it was concluded that the pulse height decreases by ∼ 3.6% over a time period of
1 week. It was also concluded that the electronics of the setup worsen the energy resolu-
tion by maximally 7%. Several noise sources, which can disturb the measurements, were
found in the laboratory. One of them is the ventilation system. From these measurements,
systematic errors could be identi�ed.

Furthermore, an estimate of the number of created and detected photons for the dif-
ferent energies was assessed as well as the penetration depth at di�erent energies. At low
energies, very few photons are created and detected. It was shown that the gamma radi-
ation from sources with the highest energy only has a characteristic penetration depth of
∼ 12% of the crystal's length. Additionally, from the geometry of the crystal, a limit on
the amount of light remaining in the crystal could be calculated. At low energies, ∼ 50%
of the scintillation light produced is lost due to the aperture in the Te�on tape at the top
of the crystal. At the highest energies, ∼ 20% is lost. This loss of scintillation light com-
plicates the measurements particularly at low energies, since the amount of light produced
already is limited due the the scintillator non-proportionality.

To study the scintillator non-proportionality, the light output of the crystal has to be
measured at di�erent energies. This was achieved by irradiating the crystal using dif-
ferent radioactive calibration sources with distinct gamma lines in an energy range from
6 keV to 1332 keV. The biggest challenge of such a measurement is, of course, to detect the
low-energetic lines (. 20 keV) which are located very close to the noise. Thus, the trigger
threshold has to be very close to the baseline and noise triggering is therefore possible.
The scintillation light produced was detected by the PMT and ampli�ed by a factor of
200 before entering the ADC. All measurements in this thesis were performed with the
cylindrically shaped TUM-grown crystal Jakob II. The analysis of the data was, however,
complicated by a lack of understanding of the recorded pulses. All data sets contained
pulses with a broad variety of pulse shapes, in particular pulses which looked like pile-ups.
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Since the pulses recorded were shaped by the ampli�er, the actual pulse form was not
known. It was, therefore, not possible within the scope of this work to assess whether the
pulse shapes observed were due to electronics, underlying physics, or both.

To understand the actual origin of the recorded pulse forms, a coincidence measurement
between the unshaped pulses and the pulses shaped with the ampli�er has to be carried
out. If radioactive sources are to be used, a characterization of them by, for example,
germanium spectroscopy, has to be performed. Otherwise, a correct interpretation of the
features in the pulse height distribution histograms cannot be made.
It was deduced that - as expected - the penetration depth varies with the energy of the
gamma radiation for the di�erent radioactive sources. Furthermore, the gamma radiation
of the radioactive sources does not penetrate particularly deeply. To investigate the posi-
tion dependency of the light output, a laser could be used instead of the radioactive sources.
The crystal would then be irradiated from the side at di�erent heights. By performing the
measurements in an integrating sphere, the e�ects of the original direction of the light can
be removed. A further possibility is to irradiate the crystal with electrons emitted from an
electron gun.

To summarize, in this thesis important improvements were achieved in the powder pro-
duction process in respect to the radiopurity. This has a great impact on the radiopurity
of the �nal crystals. Additionally, a new experimental setup for measuring the scintilla-
tor non-proportionality at room temperature was built and characterized. This is a �rst
step towards the understanding and characterization of the scintillator non-proportionality
observed in the TUM-grown CaWO4 crystals. It was shown that it is a challenging task
to measure the scintillator non-proportionality at room temperature using a PMT. While
several measurements showed that the setup is working, to be able to interpret the data
correctly and draw any conclusions regarding the scintillator non-proportionality the setup
has to be further investigated and optimized.
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