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Abstract

One of the major issues in astrophysics today is the problem of dark matter (see
chapter 1). It refers to the fact that various experimental observations show that
there is a large amount of matter in the universe which interacts gravitationally
but does not emit light and hence is called dark matter (DM). Observations sug-
gest that most of the DM has to be of non-baryonic nature. Some extensions
of the standard model (SM) of particle physics like supersymmetry (SUSY) do
offer particles that have a mass O(100GeV') and interact only weakly and gravita-
tionally. These weakly interacting massive particles (WIMPs) are well-motivated
candidates for the DM. Experiments for the direct detection of DM try to make
use of the property that WIMPs can scatter elastically off atomic nuclei producing
small recoil energies of a few tens of keV/. The expected rate for such interactions
is very low (< 0.1cts/kg/d), therefore these experiments require sensitive detectors
with large target masses and are usually located in underground laboratories to be
shielded from cosmic radiation.

CRESST, the Cryogenic Rare Event Search with Superconducting Thermometers
located at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy attempts
to detect WIMP-nucleus scattering using modular cryogenic detectors (operating
temperature ~ 10mK) (see chapter 2). In the current second phase (CRESST-II)
a single detector module consists of two individual cryogenic detectors enclosed
together in a reflective housing: A scintillating CaW O, crystal (~ 300g) which is
equipped with a superconducting transition edge sensor (TES) to measure the tem-
perature rise caused by an event in this detector and a second cryogenic detector
for the simultaneous measurement of the scintillation light generated by the same
event. Since nuclear recoil events produce significantly less scintillation light than
electron recoils this technique can be used for active background discrimination.
As only a few percent of the deposited energy from an electron recoil is transformed
into scintillation light in the crystals, the light collection efficiency is an important
issue. In CRESST-II many scintillation photons are potentially left trapped inside
the CaWW Oy crystal due to its large refractive index (n & 1.95) and the high sym-
metry of the currently used cylindrical shape.

Another important issue is to ensure the availability of scintillating crystals that
match the special requirements of CRESST and the future European Underground
Rare Event Calorimeter Array (EURECA), a planned multitarget experiment with
a mass of up to lton (see chapter 3). For this purpose a dedicated Czochralski
furnace has been installed at the crystal laboratory of the Technische Universitét
Miinchen (TUM).

During this thesis several CalW O, crystals with a mass of ~ 250 — 790g were



produced in this setup (see chapter 4). The intrinsic light yield Ny and the scat-
tering and absorption lengths L., and Ly of a self-grown crystal were deter-
mined by a combination of experiments and MC simulations. The obtained values
Lscar = 9.57+4.36cm, Lyps = 4.34+0.90cm and Ny = 24800 4 3300ph/MeV show
that the crystal has a high light yield, however, due to the small value of L
a large fraction of the scintillation photons will be absorbed before escaping the
crystal.

Furthermore, the influence of differently shaped crystals and reflective housings
on the light collection in a CRESST-like detector module was studied by Monte
Carlo (MC) simulations based on GEANT4 and compared to the currently used
cylindrical crystal and housing (see chapter 5). The MC simulations favor a crystal
shaped like a truncated pyramid in a box-shaped housing. In this module the light
collection efficiency is improved by a factor of ~ 2. In addition, the light collection
is more uniform with respect to the position of the scintillation event inside the
crystal. However, the crystal shape has some disadvantages concerning the close
packing of the detector modules. As an alternative a block-shaped crystal in a
box-shaped housing offers close packing and also exhibits a more uniform light
collection and an unchanged collection efficiency compared to the currently used
cylindrical module. In addition, a block-shaped crystal has the advantage of losing
little material and will be relatively easy to manufacture from the originally grown
ingot which also has a block-like shape.

The light yields of differently shaped crystals that were cut from a self-grown in-
got and mounted in differently shaped reflective housings, as suggested by the MC
simulations, were measured in a dedicated setup at room temperature (see chapter
6). Furthermore, the effects of annealing the crystals under oxygen atmosphere
and roughening of one of the crystals’ surfaces were investigated. Depending on
the crystal shape both procedures combined increased the measured light yield by
~ 16 —39%. In comparison to a cylindrical crystal and housing the measurements
favor a block-shaped crystal in a box-shaped housing since it exhibits a more uni-
form light collection and a similar measured light yield. A crystal shaped like a
truncated pyramid in a box-shaped housing showed an increase of the measured
light yield by ~ 42% but a less uniform light collection and therefore no significant
improvement.

The MC simulations and experiments suggest that a block-shaped crystal in a
box-shaped housing is a favorable design concerning future detectors for CRESST
and especially for the planned large-scale EURECA experiment.
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Chapter 1

Introduction

1.1 The Dark Matter Problem

The first evidence of dark matter came from Swiss astronomer Fritz Zwicky in 1933
[1]. Observing the velocities of galaxies in the Coma cluster he found that "the
average density in the Coma system would have to be at least 400 times larger
than that derived on the grounds of observations of luminous matter". Even if
we revise the Hubble constant Zwicky used to a presently accepted value this
argument for dark matter (DM) still stands. Today the existence of dark matter
is well supported by various different observations on all cosmological scales but a
direct detection of dark matter particles has still not been possible.

1.1.1 Evidence for Dark Matter

Today, evidence for dark matter comes from the rotational curves of galaxies, the

observation of clusters as well as the model of big bang nucleosynthesis (BBN) and

the fluctuations in the cosmic microwave background radiation (CMBR).

From Newtonian mechanics the rotational speed v(r) in a galaxy at distance r

from the center should be

v(r) = GM(r) (1.1)
r

where M (r) is the mass within the distance r. At large distances from the galaxy’s

center therefore the dependence should be

v(r) o« rs (1.2)

However, in most observed galaxies it was found that the rotational velocity is
constant at large distances (see figure 1.1). This can be best explained by an
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isothermal halo of dark matter in the galaxies with a spherical density distribution

2 )
14 (—)] (1.3

where pg is the central halo density and r. the halo core radius.

p(r) = po
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Fig. 1.1: Dark-halo model fit (solid line) to the measured rotation curve (points)
of the galaxy NGC 6503. The rotation curves of the individual components are also
shown: visible component (dashed line), gas (dotted line) and dark halo (dash-dot
line) [2].

Some massive non-luminous objects can be explained by baryonic matter like
brown dwarfs and neutron stars, or by black holes. The total amount of bary-
onic matter though is limited by the model of primordial nucleosynthesis which
can predict the abundances of elements along ten orders of magnitude, if baryonic
matter contributes only 4% to the total matter-energy density of the universe [3].
A direct evidence for non-baryonic dark matter comes from the interpretation of
fluctuations in the cosmic microwave background radiation (CMBR). The CMBR
is the remnant radiation from the time when the universe became transparent due
to the formation of hydrogen atoms ~ 380000 years after the big bang at a temper-
ature of ~ 3000K . It is redshifted by the expansion of the universe to an average
temperature of 2.725K observed today and exhibits a nearly perfect black body
spectrum. The Wilkinson Microwave Anisotropy Probe (WMAP) satellite mis-
sion, launched in 2001 obtained a sky map of the CMBR that shows a distribution
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isotropic on large scales with temperature fluctuations smaller than 200uK (see
figure 1.2) [4]. By expansion into spherical harmonics a power spectrum giving the
temperature fluctuations at different angular sizes is obtained (see figure 1.3). The
fluctuations at large angular sizes represent the primordial density fluctuations
that led to the formation of the structures observed today, while the fluctuations
on small scales depend on the conditions at the time of decoupling and are due to
thermoacoustic oscillations of the baryons and photons. The height and position
of the observed peaks depend on the parameters of the cosmological model. It
was found that the best fit for a standard cosmological ACDM model is obtained
with a flat universe dominated by vacuum energy (assigned to the cosmological
constant A) and cold dark matter (CDM) [5]. The energy content of the universe
derived from this fit is shown in figure 1.4. It can be seen that at the time of
decoupling of the CMBR the universe was dominated by dark matter. In addition,
photons, neutrinos and baryonic matter did also contribute significantly to the
matter-energy density. In contrast today, as the contributions have changed due
to the expansion of the universe, it is dominated by dark energy. Furthermore,
baryonic matter constitutes less than 5% of the total matter-energy density while
over 20% consists of dark matter the nature of which is still unclear.

I W WMAP 5-year
-200 T(uK) +200

Fig. 1.2: Full skymap of the CMBR measured by the WMAP satellite. It shows a
distribution that is isotropic on large scales with temperature fluctuations smaller
than 200uK [4].
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Fig. 1.3: Power spectrum obtained from a multipole expansion of the temperature
fluctuations in the CMBR. The curve shows the best fit for a standard ACDM
model to the data from which the cosmological parameters can be derived [5].
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Fig. 1.4: Content of the Universe today (top) and at the time of decoupling of
the CMBR (bottom). It can be seen that at the time of decoupling the universe
was dominated by dark matter. In addition, photons, neutrinos and baryonic
matter did also contribute significantly to the matter-energy density. In contrast
today, the universe is dominated by dark energy. Furthermore, baryonic matter
constitutes less than 5% of the total matter-energy density while over 20% consists
of dark matter [5].
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A recent observation strongly suggesting the existence of dark matter comes
from the collision of galaxy clusters. Up to now two of these objects have been
found [6, 7|. In both cases the total mass distribution derived by gravitational
lensing showed two distinct peaks. These are clearly offset from the main baryonic
component (the hot gas) derived by x-ray observations, which - in contrast to DM -
slowed down during the collision due to friction (see figure 1.5). This suggests that
the total mass is dominated by an almost "collisionless" form of dark matter, which

severely challenges alternative explanations, for example the theory of modified
Newtonian dynamics (MOND).

Fig. 1.5: The "Bullet Cluster" was formed by the collision of two smaller galaxy
clusters. The dark matter (blue), derived by gravitational lensing, has passed the
collision point while the hot gas (pink), derived by x-ray observations, slowed down
due to friction.

1.1.2 Dark Matter Candidates

Because of its role as a catalyst in the formation of galaxies in the early universe
non-baryonic dark matter is considered "cold", i.e. it consists of particles that
were non-relativistic at their time of decoupling [8]. Furthermore, they should
have a lifetime larger than the age of the universe and not be electromagnetically
or strongly interacting hence charge and color neutral. Also their calculated relic
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abundance should be in the observed range although it might be smaller in case
of a multicomponent CDM.

At first neutrinos as the only viable standard model (SM) particles were considered
as a DM candidate. However, neutrinos are relativistic at their time of decoupling
and would average over primordial density fluctuations and thus make galaxy for-
mation unlikely. Therefore, they only contribute to the hot dark matter (HDM)
in the universe.

A suitable CDM candidate would be the axion which is the Goldstone boson of the
Peccei-Quinn symmetry breaking that was introduced to explain the CP conser-
vation in strong interactions described by QCD. Its mass should be ~ 1076 — eV
which gives it a proper relic abundance!. Axions can be converted into photons
when crossing magnetic fields. Experiments for axion detection based on this prin-
ciple are currently being pursued [9].

Interestingly, particles with a mass of 100 — 1000GeV and an annihilation cross
section typical of weakly interacting particles automatically lead to a relic density
in the observed range [10]. This is sometimes referred to as the "WIMP? miracle"
[11]. A well-motivated WIMP candidate is offered by supersymmetry (SUSY),
which is often considered the most natural extension of the SM. In SUSY every
SM particle has a super partner with same quantum numbers but spin differing
by half an integer. Furthermore SUSY is assumed to be spontaneously broken
to give these so called sparticles a higher mass than their SM partners. SUSY
allows baryon and lepton number violation but in most scenarios a multiplicative
quantum number called R-parity calculated by R = (—1)?9+3B+L is conserved, to
restore the proton lifetime to an acceptable value. Here S is the spin and B and
L are the lepton and baryon number, respectively. In this way all SM particles
have R-parity +1 while all SUSY particles have R-parity —1. Hence, the lightest
supersymmetric particle (LSP) is stable. In most models the LSP is the lightest
neutralino which is a linear combination of the neutral gauginos and higgsinos (the
super partners of the gauge and higgs bosons). Since it is expected to have a mass
in the GeV range, to interact only weakly and to be stable it is an excellent can-
didate for the CDM. The neutralino might be directly produced in the LHC and
identified by the large missing energy when it escapes the detector.

Besides WIMPs and axions there are a number of more exotic DM candidates
(e.g. Kaluza-Klein particles, WIMPzillas, sterile neutrinos, sneutrinos, gravitinos,

axinos, ...) that arise from the large variety of theories beyond the standard model
[12, 11].

IThe axion is a suitable CDM candidate despite its low mass because it was never in thermal
equilibrium.
?Weakly Interacting Massive Particle
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1.2 Experimental Search for Dark Matter

Two possibilities can be explored to search for DM. One is the indirect dark matter
search that looks for annihilation or decay products of DM. The other possibility
is to search for direct interactions of DM particles in terrestrial detectors. It is
assumed that DM particles are distributed in a roughly isothermal halo in our
galaxy with a density of ~ 0.3GeV/cm? at the position of the earth [13]. Because
of the relative motion of the milky way, with a velocity of ~ 220km/s relative to
the galactic halo this leads to "WIMP-wind". In the simplest model these WIMPs
could be detected by their elastic scattering off atomic nuclei, which because of the
small momentum transfers is coherent, i.e. the WIMP scatters simultaneously off
all nucleons. In the direct dark matter search "coherent scattering" is sometimes
also used as a synonym for "spin-independent scattering" since for spin-dependent
interactions only unpaired nucleons contribute to the total scattering cross section.
Detecting WIMPs one would expect an annular modulation of the signal with
amplitudes of a few percent because of the motion of the earth around the sun.
This has been reported by the DAMA /LIBRA collaboration [14] although their
parameter space in the standard WIMP scenario for coherent (spin-independent)
elastic scattering is ruled out by several other experiments including CRESST-
IT. To resolve this conflict several other models have been suggested like spin-
dependent scattering [15], scattering of electrons [16], light dark matter [17] or
inelastic scattering [18] (see section 2.5).






Chapter 2

The CRESST-II Experiment

CRESST, the Cryogenic Rare Event Search with Superconducting Thermometers
located at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy is a direct dark
matter search experiment using low-temperature calorimeters. In the current sec-
ond phase (CRESST-II), the cryogenic detectors are based on scintillating CaWW O,
crystals with active background suppression using the phonon-light technique. Pas-
sive background suppression is achieved by a low-background installation and the
deep underground location. In addition, gamma and neutron shields as well as a
muon veto are installed.

2.1 Basics of Cryogenic Detectors

A cryogenic detector measures the temperature rise AT resulting from the energy
AFE deposited as heat by an event in an absorber crystal:

_AE

AT
C

(2.1)
To reach a reasonable sensitivity, it is best to go to very low temperatures (mK
range) where the heat capacities C' are small.! Still, the temperature rise from a
keV event is only a few uK. Nevertheless it is possible to measure such changes
in temperature using temperature dependent resistors (thermistors). Two differ-
ent kind of thermistors are currently used in cryogenic detectors: compensated
doped semiconductors (e.g. Neutron Transmutation Doped (NTD) Ge, ion im-
planted Si) and superconductors in their phase transition, called transition edge
sensors (TES). The principle of the latter is that if a superconductor is operated
around its transition temperature, a small rise in temperature AT causes a steep

In the Debye approximation C' o« T? for the contribution from phonons (insulators). For the
contribution from electrons (metallic systems) C o« T'.
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(approximately linear) rise of the resistance AR (see figure 2.1). The sensitivity
is determined by the steepness of the transition characterized by the parameter «,
which is defined as the logarithmic derivation of the sensor’s resistance Ry over
the temperature 7.

_dinRp

~dinT
A TES is realized by depositing a thin film of a superconducting material on an
absorber crystal. To measure the changes in the resistance R of the film it is wired
in a circuit parallel to a reference (shunt) resistance Rg (see figure 2.1). The whole
circuit is biased with a constant current /. A change of Ry causes a change of the
current in the superconducting coil L;. The resulting change of the magnetic field

in the coil is then coupled into a Superconducting Quantum Interference Device
(SQUID), which acts as a "cold preamplifier".

(2.2)

1200

linearisation
1000

800

L] SQuUID
600 <
L
AR 400 [~ RT |:J B
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200

R [mQ]

—signal: uK

_200 L 1 L I L
34 36 38 40 42 44 46
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Fig. 2.1: Working principle of a TES. In a superconductor operated at the tran-
sition temperature a small change in temperature causes a steep approximately
linear rise in resistance Ry. The whole circuit is biased with a constant current I.
A change of Ry causes a change of the current in the superconducting coil L; which
is then read out by a Superconducting Quantum Interference Device (SQUID).

2.2 CRESST-II Detector Setup

CRESST-II attempts to detect WIMP-nucleus scattering events with modular de-
tectors. A single detector module consists of a scintillating CaW O, target crystal,
operated as a cryogenic calorimeter (the phonon channel) to measure the deposited

10
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energy from a scattering particle in form of phonons, and a nearby but separate
cryogenic detector optimized for the simultaneous detection of scintillation photons
(the light channel). The two cryogenic detectors are enclosed together in a highly
reflective housing and are each read out by a tungsten TES (see figure 2.2). The
reflector is a polymeric multilayer foil (3M Radiant Mirror Film VM2002). This
foil has a reflectivity greater than 98% at room temperature (RT) for photons of
wavelengths in the range of ~ 400 — 1000nm [19], which covers nearly the whole
CaW Oy spectrum. It was found that the side with the Polyethylenenaphthalate
(PEN) support layer of the foil is also scintillating.? In the detector setup this side
faces the C'alWW O, crystal. This is useful because recoiling daughter nuclei from «
decaying radioimpurities on the crystal’s or foil’s surface that enter the CalW Oy
crystal can mimic a WIMP signal. However, the scintillation signal caused by the
« particle being absorbed on the reflective foil allows to discriminate such events
[20]. The holders for the detectors are made from bronze (CuSng) clamps that are
covered with a silver coating to increase their reflectivity.

AAA |
VYVY |

Light { B — W-TES
e

detectar ¥ —— SOS absorber

Phonon | — CaWo, target

detector <~ 300g

+——— W-TES
= Reflective and
= scintillating
_= housing

Fig. 2.2: Schematic drawing (left) and photograph of a CRESST-II detector
module (right). The module consists of a scintillating CaW O, crystal equipped
with a tungsten TES to measure the phonon signal and a silicon-on-sapphire (SOS)
light detector for the simultaneous detection of the scintillation light. The light
and phonon detector are enclosed together in a reflective and scintillating housing.

2.2.1 Phonon Detector

The phonon detector consists of a ~ 300¢g cylindrical CaW O, crystal with 40mm
diameter and height. CalW O, was - among other reasons - selected as scintillator
because of its high light yield at low temperatures and because of the large atomic

2Since the excitation spectrum of the foil overlaps with the emission spectrum of CaW Oy it
has also wavelength shifting properties [21].

11



2. The CRESST-II Experiment

mass of tungsten (A=183.86) which makes it a favorable target for WIMPs, since
the cross section for coherent elastic scattering is proportional to A? [22]:

Ocoh X A2 (23)

The thermometer is a 6 x 8mm?, 200nm thick superconducting tungsten film (W-
TES) evaporated on the surface of the CalW Oy crystal. The superconducting
transition temperature is ~ 10mK. Thermal and electrical connections are made
by gold and aluminum bondwires. These connect contact pads on the thermometer
and the detector holder to the mixing chamber of the dilution refrigerator and to
the SQUID readout circuit. A rise in the thermometer resistance and a following
increase in current through the SQUID coil is then observed as a rise in SQUID
output voltage.

In the present run of CRESST-II there are also three C'alW Oy crystals where the W-
TES is not directly deposited onto the crystal surface but on a small 10 x 20 x 1mm?
CaW Oy substrate which is than glued onto the bigger absorber crystal (see figure
2.3). This composite detector design (CDD) was developed within the "cryoGNO"
project [23, 24|. For the CaWW O, crystals of CRESST-II it has the advantage that
it avoids the thermal stress when the TES is evaporated directly onto the crystal
surface which can decrease the light yield by 50% due to the loss of oxygen [25].
In addition, the current run employs two (CDD) ZnW O, crystals, which is being
tested as a possible future material because of its higher light yield and higher
radiopurity [26].

Fig. 2.3: Composite detector design (CDD) where the W-TES is deposited onto a
small C'alW O, substrate which is then glued onto the bigger absorber crystal [27].

12
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2.2.2 Light Detector

In the CRESST setup about 1% of the energy deposited by a gamma in the CalV O,
is detected as scintillation light [28]. To reach a good sensitivity and because
conventional photodetectors are not operable at mK temperatures, the light is
detected by another cryogenic detector. In the current run the light detector
consists of a disc shaped silicon-on-sapphire (SOS) waver with 40mm diameter
equipped with a W-TES. The SOS waver is made of a 1um thick silicon layer for
optical absorption evaporated onto a 460um thick sapphire substrate, which has
very good phonon propagation properties. In the detector module, the sapphire
side which shows a higher optical absorption® then faces the CaWW O, crystal. In the
current run of CRESST-II there is also one module employing two light detectors
(one facing each planar side of the CalW O, crystal) that is being tested for better
light collection.

2.3 Active Background Suppression

An active background discrimination in the CRESST-II experiment is achieved by
a simultaneous measurement of the deposited energy in phonons and scintillation
light. The phonon signal is - in the first approximation - independent of the type of
event and constitutes usually ~ 95% of the deposited energy, while nuclear recoils
produce less scintillation light than electron recoils. In this way, background from
gamma and beta events can be rejected by their increased light to phonon ratio
[30]. The reduction factor of the light yield from a nuclear recoil relative to an
electron recoil of the same energy is given by the quenching factor (QF):

OF — Light Yield for an Electron Recoil Event of Energy E
~ Light Yield for a Nuclear Recoil Event of Energy E

(2.4)

It was found that the QFs vary for different nuclei and show a systematic increase
throughout the periodic table [31]. This is particularly useful because neutrons and
WIMPs scatter predominantly off different nuclei. Monte Carlo studies show that
neutrons with an energy spectrum typical for Gran Sasso will produce recoils in
the energy range of interest predominantly on the oxygen nuclei [32]. In contrast,
coherently interacting WIMPs will scatter predominantly off tungsten nuclei. In
this way, background from neutron events can be rejected by only accepting tung-
sten nuclear recoils. For the discrimination between the different types of recoils,
events are usually plotted with their energy in the light channel vs. the energy in
the phonon channel. In this plot the events appear in bands with different slopes

3This can be assigned to the fact that a beam of light that is diffusely reflected from the
silicon can be reflected on the sapphire-air interface so that it hits the silicon layer again [66].

13
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that are determined by their quenching factors (see figure 2.4). Also sometimes
the ratio of the light and phonon channel is plotted on the y-axis so that the bands
appear horizontally. This ratio is normalized to 1 for the average of electron recoils.
The width of the bands is determined by the energy resolutions of the phonon and
light channels and is dominated by the latter since the resolution of the phonon
channel is about one order of magnitude better.
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Fig. 2.4: Separation of different types of recoil events into bands with different
slopes determined by the QFs in the so called "phonon-light" plot (left picture).
Electron recoils (e) are shown in green, oxygen recoils (O) in blue and tungsten
recoils (W) in red. The simplified quenching factors used here are rounded values
of quenching factor measurements. The right picture is identical to the left except
that the ratio of the light and phonon channel is plotted on the y-axis. This ratio
is normalized to 1 for the average of electron recoils. The width of the bands is
determined by the energy resolutions of the phonon and light channels. The 1o
energy resolution was taken as AE = v/1.44keV2 + 0.33keV E + 0.01E2 which is
a typical derived value of the CRESST-II light channels [33].

2.3.1 Importance of the light collection

The differential rate for WIMP scattering j—g expressed in keV ~1kg~'d~! decreases
exponentially with the recoil energy E, [22].

dR B,
B, x e

(2.5)

For the scattering on tungsten this leads to a vanishing event rate above 40keV
(see figure 2.5). Below ~ 10keV the nuclear and electron recoil band can not be
discriminated anymore (see figure 2.6). Therefore, the energy range to search for
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2.3. Active Background Suppression

WIMP events in CRESST-II extends from ~ 10keV — 40keV .
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Fig. 2.5: Tungsten recoil spectra for various WIMP masses.

For an electron recoil the fraction of the deposited energy that is detected as
scintillation light is ~ 1% [28]. In case of tungsten nuclear recoils with a QF 2 33
[34], recoil energies < 40keV and a mean scintillation photon energy of 2.8¢V" [35]
correspond to less than 43’;%:;? ~ 4 detected photons. Such small light signals
are compatible with noise (see figure 2.6). Improving the light collection efficiency
therefore will help to identify tungsten recoils which currently are dismissed as
"phonon only" events since such events can also result from cracks in the crystals
caused by too tight clamping [36]. Furthermore, with only a few detected photons
the energy resolution for a nuclear recoil event in the energy range of interest is
limited by photon statistics. Increasing the number of detected photons is therefore
indispensable to obtain a better resolution of the light channel in addition to an
improved light detector with less electronic noise as provided by the Neganov-Luke
effect (see section 4.4). This will lead to more narrow recoil bands which lowers
the possible discrimination threshold between nuclear and electron recoils (see fig-
ure 2.7). According to equation (2.5) this would greatly enhance the sensitivity of
the experiment. In addition, with a better energy resolution of the light channel
there will also be less overlap between the different nuclear recoil bands which
is important for the discrimination between neutrons and coherently interacting
WIMPs. Furthermore a module with an improved discrimination between different
types of nuclear recoil events is of particular importance for the measurement of
the quenching factors in CaWWO, at mK temperatures. This is currently being
pursued at a neutron scattering experiment at the Maier-Leibnitz-Laboratorium
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2. The CRESST-1I Experiment

(MLL) in Garching [37].
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Fig. 2.6: Separation of different types of recoil events into bands in the "phonon-
light" plot. Tungsten nuclear recoils in the expected energy range lead to very
small light signals compatible with thermal noise. For other details see figure 2.4
[33].
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Fig. 2.7: Separation of different types of recoil events into bands in the "phonon-
light" plot. In the right picture the energy resolution of the light channel is im-
proved by a factor of 5. For other details see figure 2.4 [33].
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2.4 The CRESST-II Low-Background Setup

Since the expected event rate for WIMP interactions is very low it is important
for the CRESST-II experiment to be shielded efficiently against all kinds of back-
ground. In order to realize a low-background setup different strategies are applied.
The CRESST-II experiment is setup in hall A of the LNGS under a minimum rock
overburden of ~ 1400m (~ 3500m.w.e.), thus reducing the surface muon flux by
six orders of magnitude to ~ 1m™2h~! [38]. The commercially available *He-*He
dilution refrigerator cooling the detectors to their operating range contains ma-
terials with an amount of radioimpurities not suited for a low-background setup.
Therefore the cryostat (CR) is kept separate from the shielded detectors (see fig-
ure 2.8), and the cooling power is transferred to the shielded volume via a 1.3m
long cold finger (CF) made of ultra-pure copper. The current setup can hold up
to 33 detector modules (carousel CA), allowing for a total target mass of ~ 10kg
when equipped with the currently used C'alWWO, crystals. The parts within the
experimental volume are mostly made from ultra-pure copper. It is surrounded
by the thermal shields of the cryostat and additional shields of ultra-pure copper
(CU) and low-radioactivity lead (PB) against gamma particles. All parts are sur-
rounded by the radon box (RB), a container constantly flushed with nitrogen gas
to displace radon. Outside the radon box a ~ 45¢m thick polyethylene shield (PE)
against neutrons and plastic scintillator panels as an active muon veto (MV) are
installed. The experimental setup including the primary electronics is surrounded
by a Faraday cage equipped as a clean room. With closed shields the trigger rate
of one detector module is ~ 0.05 — 0.5H z.
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Fig. 2.8: Experimental setup of CRESST-II: CA indicates the detector carousel,
CR the mixing chamber of the cryostat, CF the cold finger, PB the lead shield,
MYV the muon veto, PE the polyethylene shield, CU the copper shield, and RB the
radon box.

2.5 CRESST-II Results

2.5.1 Commissioning Run

In the standard scenario of elastic WIMP-nucleus scattering, CRESST-II is largely
sensitive to coherent (spin-independent) interactions, because of the earlier men-
tioned A? enhancement. However one of the W isotopes (1¥31W) has a net nuclear
spin, and occurs with a natural abundance of 14.4% providing some sensitivity
to spin-dependent interactions. The coherent (spin-independent) WIMP-nucleon
scattering cross section has been constrained by data from two detector modules
taken during the prototyping phase of the CRESST-II experiment and from two
detector modules taken during the commissioning phase of the new setup. Figure
2.9 shows data from the latter after an exposure of about three months. In the
area below the dashed black curve 90% of all nuclear recoils, and below the solid
red curve 90% of the tungsten recoils are expected. Figure 2.10 shows the upper
limit for the coherent (spin-independent) WIMP-nucleon scattering cross section
that can be derived from this data.
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Fig. 2.9: Data from two detector modules taken during the commissioning run
of CRESST-II. Below the dashed black curve 90% of all nuclear recoils, and below
the solid red curve 90% of the tungsten recoils are expected. The heavy black dots
show the events in the "tungsten recoils" acceptance region.
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Fig. 2.10: Coherent (spin-independent) scattering cross section exclusion limit
derived from the data of figure 2.9. For comparison the limits from other experi-
ments and the range predicted by some supersymmetry models are also shown.
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2.5.2 Current Run

Another WIMP scenario is the model of inelastic dark matter (iDM) [39], which
is appealing because it can reconcile the annual modulation signal observed by
DAMA/LIBRA and the null results of other experiments including CDMS and
XENON-10 [40]. In addition, it can also explain excess fluxes in cosmic radiation
observed by indirect DM searches [41]. In this model the WIMP has to make a
transition to an excited state in the scattering process, where the splitting energy
of the excited level § is assumed to be O(100keV'). The available energy Feony
in the center of mass for this splitting is Ecy = 1/2uv? with the reduced mass
1 and the relative velocity v of the dark matter particles with respect to the
target nucleus. With interactions in a heavy target with a large reduced mass pu
a large energy FE¢)s is available to excite internal states of the WIMP. Thus, the
CRESST-II experiment, with tungsten as the heaviest target nucleus used in any
direct WIMP search today, places the most stringent constraints on coherently
(spin-independent) interacting iDM.

In the current run of CRESST-II 18 detector modules are installed of which 10
are operable and taking data since July 4th 2009. The analysis of the collected
data is still in progress. Preliminary results of this data analysis have been used
to constrain iDM models (see figure 2.11). For splittings § = 80 — 140keV the
allowed DAMA /LIBRA region for coherent (spin-independent) scattering is fully
excluded by the present CRESST-II data. This makes coherently interacting iDM
seem a highly unlikely explanation for the DAMA /LIBRA modulation.
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Fig. 2.11: Preliminary coherent (spin-independent) scattering cross section ex-
clusion limits from the current run of CRESST-II for iDM models with different
splittings d. For splittings 6 = 80 — 140keV the allowed DAMA /LIBRA region is
fully excluded by the present CRESST-II data.

Recently, there has been some excitement regarding what may be hints of direct
dark matter detection in addition to DAMA/LIBRA. The CoGeNT experiment
based on an ultra low-noise Ge detector with a very low energy threshold, operated
underground (2100 m.w.e.), has found an excess of events at low recoil energies [42].
These events may be explained by DM particles with a mass in the ~ 7 — 11GeV
range. This observation can be put in agreement with the modulation observed
by DAMA /LIBRA [43]. In addition, two events observed by the CDMS-II [44]
and one by the EDELWEISS-II [45] experiments just above threshold might also
hint towards a light DM candidate. However, the null results of XENON-100 (and
XENON-10) [46, 47| severely challenge the light WIMP scenario (see figure 2.12)
but there is some controversy about their calibration for low energy nuclear recoils

[48, 49, 50].
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Fig. 2.12: Coherent (spin-independent) scattering cross section exclusion lim-
its from XENON-100 and CDMS-II together with the allowed DAMA /LIBRA
and CoGeNT regions [47]. The limit from XENON-100 excludes the region from
DAMA /LIBRA and CoGeNT that are interpreted as the scattering caused by
light WIMPs. However, there is some controversy regarding the calibration of
low-energy nuclear recoils in XENON-100.

The preliminary data analysis of the current run of CRESST-II shows some
events in the oxygen nuclear recoil band (see figure 2.13). Their rate in all detector
modules agrees within statistics. These events could be caused by light (~ 10GeV")
WIMPs which would mainly scatter off oxygen in the energy window from 10 —
40keV (see figure 2.14). However, at present it can not be excluded that these
events are due to neutrons.
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Fig. 2.13: Present data of a CRESST-II detector module. The magenta colored
area is the oxygen band, where 80% of the oxygen recoils are expected (90% below
the upper and 10% below the lower end). Tungsten and alpha bands are shown in
brown and yellow, respectively.
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Fig. 2.14: Fraction of WIMP interactions in CaW Oy, for recoil energies from
10—40keV in dependence of the WIMP mass. Light WIMPs with a mass < 10GeV
would mainly scatter off oxygen.
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Chapter 3

The EURECA Experiment

For future direct dark matter searches it is important to upscale the absorber mass
to further explore the SUSY parameter space. A planned project is the European
Underground Rare Event Calorimeter Array (EURECA), which several collabo-
rations of present direct detection experiments (CRESST, EDELWEISS, ROSE-
BUD) have joined. The total absorber mass will be 100kg — 1ton. The installation
will take place in the Laboratoire Souterrain de Mondane (LSM) (4800m.w.e.) in
France. EURECA is planned to have multiple targets and multiple discrimination
techniques (phonon-light, phonon-charge) [51]. It is further expected that the tar-
get will be equipped with transition edge sensors as well as NTD Ge thermistors.
The advantage of multiple targets is that the experiment can be sensitive to light
and heavy WIMPs as well as coherent (spin-independent) and spin-dependent in-
teractions. In addition, it will be able to confirm the A2-scaling and therefore to
determine the scattering cross section in case of a positive signal. The present
experiments that have joined this collaboration can be considered as R&D for this
project. To match the challenges of the large detector mass, the reproducibility
of scintillating crystals with high radiopurity, large light output and good phonon
properties is an important issue.

The excavations for a new lab at the LSM that will host the EURECA experiment
are planned for 2011 (see figure 3.1). The experiment will employ two individual
cryostats to allow changes on one setup while the other is running (see figure 3.2).
The detectors will be shielded by ~ 3m of water. The inside of the water tanks
will be equipped with photomultiplier tubes acting as an active Cherenkov veto.
The main parts of the 3He-*He dilution refrigerator will be placed outside the
tanks to reduce radioactive contamination. The pumping system will be placed
in a separate cave to avoid disturbances of the detectors from microphonics. The
detector modules are planned to consist of closely packed tower-like structures that
can be exchanged without long interruptions (see figure 3.3).
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Fig. 3.1: Sketch of the LSM underground laboratory with the new extension
(blue) that will host the EURECA experiment.

Fig. 3.2: Planned setup of the EURECA experiment with two individual cryostats
submersed in water tanks which act as an active Cherenkov muon veto. The
building in the middle provides the infrastructure and clean rooms for the detector
installation.
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Fig. 3.3: Planned close packed tower-like detector modules of the EURECA ex-
periment (left) and their installation in the cryostat (right).
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Chapter 4

Scintillating C'aWW O, Crystals

CaW Oy also known as scheelite (named after K. W. Scheele, who discovered the
new element tungsten in the material [52]) is an interesting scintillator for cryo-
genic dark matter search because of the earlier mentioned A? scaling for coherent
interactions. In addition, the high density of 6.1g/cm?® provides a large detector
mass for the expected low event rate. A relatively high and constant light output
at the operating temperature of cryogenic experiments makes it a suitable material
for phonon-scintillation detectors.

4.1 Czochralski Growth Method

To ensure the availability of crystals meeting the requirements of the CRESST-
IT and future EURECA experiments, CalW O, crystals are being produced with
the Czochralski method at the crystal laboratory of the Technische Universitéit
Miinchen (TUM). The Czochralski process is a method of crystal growth to obtain
large single crystals. Coincidently the first reported oxide material grown using
the Czochralski technique was CaW Oy [53].

4.1.1 Experimental Setup

In the Czochralski process a seed crystal with a well-defined orientation is mounted
on a rod and lowered into the melt. This rod with the seed crystal is then pulled
upwards and rotated at the same time (see figure 4.1). The crystallization takes
place at the crystal-melt interface and the seed crystal’s crystallographic orienta-
tion is transferred so that finally a large cylindrical single crystal can be extracted
from the melt. The driving force behind the crystal-growth process is the tem-
perature gradient at the phase boundary. In first approximation the equation of
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thermal balance at the crystallization interface is given by [54]

pVQ =, (j—fé) P (%) (4.1)
s l

where p is the density of the crystal, V' is the crystallization rate, @) is the
latent crystallization heat, A, and \; are the thermal conductivities of the solid
and the liquid phases, respectively. (j—)T()S and (;l—g;) ; are the respective temperature
gradients in solid and liquid phases at the phase boundary. From equation (4.1) it
appears that the maximum crystallization rate is obtained for a minimal gradient
in the melt and a maximum gradient in the crystal.
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© O 0O 000 0 0O
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Fig. 4.1: Schematic drawing of the Czochralski setup. A seed crystal mounted on
a rod is lowered into the melt. This rod is then pulled upwards and rotated at the
same time. The crystallization takes place at the crystal-melt interface and the
seed crystal’s crystallographic orientation is transferred. Finally, a large cylindrical
single crystal is extracted from the melt.

The newly installed Cyberstar Oxypuller 20-04 Czochralski furnace [55] at the
crystal laboratory of the TUM (see figure 4.2) is equipped with a device which is
continuously weighing the crystal during the growth process. The derivative of this
measurement is the growth rate from which the growing software can compute the
current diameter of the crystal. This allows automatic adjustment of the heating
power by a PI controller so that the crystal matches pre-specified dimensions. The
crucible with a diameter of 80mm is made of rhodium and dedicated only to the
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4.1. Czochralski Growth Method

growth of CaW O, crystals. The high oxidation resistance of rhodium allows to
grow crystals under an atmosphere containing oxygen. The crucible is surrounded
by a thermal insulation followed by a quartz-glass cylinder and an induction coil
which is connected to a HF generator (see figures 4.3 and 4.4). The quartz glass
avoids sparkovers between the induction coil and the crucible. A resistive after-
heater located above the crucible lowers the risk of cleavage of the crystals due to
thermal stress caused by temperature gradients that are induced after the crystal
is separated from the melt.
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Fig. 4.2: Newly installed Cyberstar Oxypuller 20-04 Czochralski furnace at the
crystal laboratory of the TUM.
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Fig. 4.3: Crucible surrounded by the induction coil which is connected to a
HF generator. A resistive after-heater located above the crucible lowers the risk
of cleavage of the crystals due to thermal stress originating from temperature
gradients.

quartz glass
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Fig. 4.4: Ingot "Hesso" before the extraction from the furnace. The picture shows
the rhodium crucible (with the residual melt) surrounded by thermal insulation
and a quartz-glass cylinder.
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4.1.2 Growth Process

The following paragraph describes the growth process in more detail.
The CaW O, powder for the melt is prepared by heating CaCO3 and W O3 under
air at 1250°C":

CGOO3 + WO3 - CGWO4 + COQ (42)

The raw materials are carefully selected to ensure a high radiopurity of the crys-
tals (see section 6.5). The rhodium crucible containing the CaWWO, powder or the
solidified melt from the last growth is heated via the induction coil to a tempera-
ture slightly above the melting point 7}, ~ 1600°C". When all of the CalW O, has
melted a small cylindrical seed crystal is manually lowered into the melt. After
that the control of the process is turned over to the computer. Before growing,
the dimensions of the crystal to be grown have to be entered into the software
that controls the process. In addition, the pulling and rotation speeds as well as
the proportional and integral terms for the controller of the heating power have
to be specified for different positions along the crystal and are changed linearly
in between these positions. The challenge is to find the right recipe for these pa-
rameters which is mainly based on experience. During the growth a constant flow
of a mixture of 99% Ar and 1% O, is maintained inside the furnace. This avoids
grey coloring due to an oxygen deficiency of the crystals (see figure 4.5). In addi-
tion, crystals with oxygen vacancies have a lower light yield since the luminescence
mechanism is related to the W7~ anion (see section 4.2). When the growth pro-
cess is finished the crystal is manually pulled up into the after-heater which is then
stabilized at a temperature of 1200°C'. After the crystal has been annealed for 12
hours the after-heater is slowly (~ 100°C'/h) ramped down. Thereafter the ingot
can be extracted from the furnace and is ready for further processing (mechanical
treatment or annealing). The seed crystal can be cut from the ingot and used
again.

CaW Oy has a body-centered tetragonal crystal lattice (space group: 14 /a) [52].
The unit cell is shaped like a rectangular prism with a square base and sides of
lengths a = 5.244 and ¢ = 11.37A (see figure 4.6). It is built of C'a®" ions sur-
rounded by WO3~ tetrahedra. Due to the 4-fold symmetry of this crystal structure
and the different growth rates for different crystal directions the ingot obtained
from the melt is not completely cylindrical but slightly block shaped (see figure
4.7).
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Fig. 4.5: Ingot "Hermann II" grown under pure N, atmosphere. The lack of
atmospheric oxygen leads to an oxygen deficiency and grey coloring of the crystal.
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Fig. 4.6: The crystal lattice of CaWWOy. The unit cell is shaped like a rectangular
prism with a square base and is built of Ca** ions and WO7~ tetrahedra [56].
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Fig. 4.7: Part of the grown ingot "Rudolph I". The ingot is not cylindrical but
slightly block shaped which can be attributed to the 4-fold symmetry of the crystal
lattice and the resulting growth anisotropy.

4.1.3 Grown Crystals

During this thesis several CalW O, crystals have been produced in the setup de-
scribed above (see table 4.1). Figure 4.8 shows pictures of the produced ingots
after they were extracted from the furnace.

Apart from "Friedrich I" all ingots have been annealed under an oxygen atmo-
sphere for 72 hours at 1450°C" at the Walther Meissner Institut in Garching. In
this process oxygen can diffuse inside the crystal and fill vacancies. This can in-
crease the light output by up to a factor of 2 [21]. The crystal "Hermann VI"
showed some fractures when it was extracted from the furnace. Investigation of
the crystal with a Laue camera revealed that at some point during the growth a
different crystal orientation was established which was probably caused by a too
rapid growth rate. The mechanical tensions arising from such a lattice defect can
lead to the cleavage of the crystal.

In addition, some growth defects were found in all ingots which can include solid
and gaseous enclosures, dislocations or point defects [57, 58, 59]. These appear
mostly at the "tail" and "shoulder" of the crystal where the growth parameters
are continously changed. In general, the formation of such defects can be reduced
by low pulling rates, good temperature control, an atmosphere with a high oxygen
concentration, and a high purity of the starting material [57, 58, 59].

The crystal "Hesso" has a slightly curved shape along its symmetry axis which can
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be assigned to the fact that the crucible was not exactly centered at the pulling
axis. In addition, the crystal showed a slight yellow-green coloring at the "shoul-
der". This coloration can be attributed to the presence of tungsten trioxide (WWOs)
in the crystal [60, 61]. In addition, the "tail" of the crystal was colored grey which
can be assigned to a slight reduction due to the lack of atmospheric oxygen. Af-
ter annealing under oxygen atmosphere the discolored regions became optically
clearer, however the crystal still showed a light green hue.

From the produced ingot "Friedrich I" several crystals with different shapes were
cut (see table 4.2 and figure 4.9). For these crystals only parts of the ingot that
were optically clear and exhibited no growth defects were used. All surfaces of
the crystals were polished to optical quality. Under close inspection though it was
observed that the crystals named "Sheldon IT" and "Sheldon IV" as obtained from
the crystal laboratory do show some minor cloudy enclosures.

From the ingot "Hesso" it was unfortunately not possible to cut a crystal with
dimensions as those used in CRESST-II since it showed several fractures during
the mechanical treatment.
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Fig. 4.8: CaWO, ingots "Hermann VI", "Friedrich I" and "Hesso" (from top to
bottom) produced with the Czochralski furnace at the crystal laboratory of the
TUM. Details are given in table 4.1.

name mass dimensions
Hermann VI | 328¢ | d = 25mm, h = 120mm
Friedrich I | 252¢ | d =~ 25mm,h =~ 90mm
Hesso 7869 | d =~ 43mm,h ~ 100mm

Tab. 4.1: Properties of the CalW O, ingots produced with the Czochralski furnace
at the crystal laboratory of the TUM.
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Fig. 4.9: Differently shaped CaW O, crystals cut from the ingot "Friedrich I".
Details are given in table 4.2.

name shape mass dimensions

a

N

Sheldon II 35.1g | a =17.9mm,b = 17.8mm,c = 18.1mm

il

Sheldon IIT 31.3g r=98mm,h =17.1mm

\k
@

h

Sheldon IV s 14.5g | s =2.9mm, S = 17.Tmm, h = 18.2mm

Tab. 4.2: Properties of the differently shaped C'aWW O, crystals cut from the ingot
"Friedrich I".
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4.2. Review of Scintillation Properties

4.2 Review of Scintillation Properties

CaW O, was one of the first discovered inorganic scintillators. In 1896 Edison
wrote in a telegram to Lord Kelvin that he "just found calcium tungstate properly
cristallised gives splendid fluorescence with Réntgen rays" [62].

The scintillating mechanism in inorganic scintillators can be divided into different
stages [63]:

1. Absorption and generation of primary "hot" electrons (e) and holes (h)

2. Production of numerous secondary electronic excitations (e-h pairs, plas-
mons, excitons etc.)

3. Thermalization of secondary e-h pairs to the band gap energy
4. Energy transfer to luminescent centers and their excitation

5. Relaxation of luminescent centers under emission of fluorescent light

While the luminescent centers are usually dopants in the crystal, CaWOy, is a
self-activated scintillator. The luminescence originates from electronic transitions
between oxygen and tungsten within the W O3~ anion interpreted as the recombi-
nation of self trapped excitons. The emission shows a maximum at ~ 420nm at
300K (RT) when excited with UV light (excitation peak at ~ 260nm). In addi-
tion, one can observe a green and in some crystals also a red luminescence. The
green band is attributed to the extrinsic emission from oxygen deficient sites (W Os3
Schottky defects) while the red band is believed to originate from higher tungstate
complexes [64]. The luminescence of CalW O, exhibits an exponential decay with a
fast and a slow component with respective time constants of ~ 1us and ~ 9us at
room temperature (RT) [65]. Measurements of the light yield of CaWW O, crystals
from different suppliers for CRESST-II have shown variations up to a factor of
2 [66]. While literature gives a value for the light yield of 6000ph/MeV at RT
[54], a measurement of a crystal from a supplier for CRESST-II gave a value of
about 16,000ph/MeV at RT [67|. However, in light-yield measurements a large
fraction of scintillation photons can remain trapped inside the crystal (see section
4.3). A measurement of another crystal from the same supplier using a combina-
tion of experiments and MC simulations (see section 6.2) that also accounts for
trapped light gave a value of about 23,000ph/MeV at RT [68]. The light yield
also depends on the type of exciting particle (see also section 2.3) and shows some
non-proportionality! [67, 69].

!The light yield shows an increase with increasing energy and some quenching for low-energy
gamma events with respect to electron events of the same energy.
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4. Scintillating CaW Oy Crystals

Most of these luminescence characteristics are dependent on temperature. The
slow decay-time constant increases significantly at lower temperatures and was
measured to be ~ 300us and ~ 500us at 20mK under excitation with o and ~
particles, respectively. The value of the fast decay-time constant though stays
roughly the same and the corresponding amplitude becomes highly dominant at
this temperature.

The light yield is also dependent on temperature. At temperatures > 20K the
light yield decreases as temperature increases and above 200K is dominated by
thermal quenching.? At temperatures below 10K the light yield was found to be
constant down to 20mK [65]. At these temperatures in the operating range of
cryogenic detectors the light yield is increased by a factor of ~ 1.82 compared to
RT.

4.3 Light Trapping in Cylindrical Crystals

The propagation of scintillation light can be described by geometrical optics where
the intersection of a beam of light on a specular (mirror-like) surface is described
by Snell’s law [71]:

sin 91 N9

(4.3)

sin 92 N ny
Here 6; and 65 are the incident angles and n; and nsy the refractive indices of the

two media. If a beam of light hits the surface to an optically less dense medium
at an angle greater than the critical angle

0. = arcsin(@) (4.4)
ni

the light is totally reflected.
Equation 4.4 shows that the high refractive index® ncquwo ~ 1.95 of CaW O, at

2.8¢V |72] (peak position of the scintillation spectrum at low temperatures [35])
leads to a small critical angle

) &~ 30.85° (4.5)

0. = arcsin(
ncawo

for the crystal-air interface. Together with the high symmetry of the cylindrical
shape of the currently used crystals this leads to a high probability that scintillation

2The decrease of luminescence efficiency at higher temperatures due to the increased proba-
bility of non-radiative transitions is known as thermal quenching [70].

31t should be stated that CaWW Oy is weakly birefringent with a maximum birefringence § =
Neo — No = 0.017 where n, is the ordinary and n., the extraordinary refractive index.
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4.3. Light Trapping in Cylindrical Crystals

photons are internally reflected an indefinitely large number of times, i.e. they
remain trapped inside the crystal. The fraction Ty of all photons confined in
this way as a function of the emission point in an ideal,* cylindrical scintillator
was calculated in [73]. T is independent of the diameter-to-length ratio of the
cylinder and depends only on the radial position of the emission point while it is
independent of the position along the cylinder axis. It can be calculated by the
following equation [73]

Tn(d/R) = cosf, — cos b, — H(0,,0p) (4.6)

0, =7/2—0. (4.7)

. 1-1/n2;00
0, — arcsin y / 1_éw) for d/R < 1/Mcawo (4.8)
/2

for d/R > 1/Ncawo

Hv,w) = 2/ / sinearcsm(\/ 1 Lo — L p ) g (4.9)
N2,0 SIN" 0

Here d is the distance from the cylinder axis and R the cylinder radius.

0.75

o o
& o o) o
o ® o N

o
o

trapped fraction Ty

0.45

0.4

0.35

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
radial position d/R

Fig. 4.10: Fraction Ty of trapped light in an ideal, cylindrical scintillator with
refractive index 1.95 as a function of normalized distance d/R from the cylinder
axis.

4This means that neither absorption nor scattering is considered and that all surfaces are
specular (mirror-like).

41



4. Scintillating CaW Oy Crystals

Figure 4.10 shows the fraction T of trapped light as a function of the radial
position, calculated by equation (4.6) for 1.4, = 1.95. About 35% of the scintilla-
tion photons produced at the center of the cylinder remain trapped. This fraction
increases with distance from the cylinder axis, at the border it is ~ 72%. It should
be noted that the dependence on the radial position comes only from the contri-
bution of photons that escape the circular surface of the cylinder. The fraction
of light escaping the planar surfaces is independent with respect to the point of
emission inside the cylinder and has a constant value of

1

2
cawo

1—4/1—

~ 14% (4.10)

In real crystals photons cannot travel infinite path lengths because a beam of
light is attenuated on its way by scattering and absorption:

Qgtt = Qgeat T Xgbs (411)

Here o is the scattering coefficient, ayps the absorption coefficient and «gyy the
attenuation coefficient of the material.

However, light can be absorbed before it can escape the crystal (quasi trapping).
Absorption and scattering are competing processes, while a higher value g, in-
creases the fraction of (quasi) trapped light, scattering leads to an "untrapping"
and a higher value of . leads to an increased light output [66, 68|. Earlier
experiments came to the conclusion that in the CaWW O, crystals for CRESST-II
scattering dominates over absorption so that no (quasi) trapping exists [66], hence
the cylindrical shape was accepted. However, the crystals used in CRESST-II
come from different suppliers and exhibit very different optical properties. Mea-
surements of CalW O, crystals from different suppliers for CRESST-II have shown
that the scattering and absorption coefficients can also have comparable values [68|
leading to a reduced light output (see section 5.1).

4.4 Strategies to Improve the Light Collection

Surface roughening of the crystal

Trapping can be partially overcome by roughening a surface of the crystal. Since
every photon in a beam of light will strike the roughened surface at a random
incident angle, it prevents photons from traveling infinite path lengths and leads
to an "untrapping" similar to scattering. In CRESST-II the surface facing the
light detector is roughened to about 10um, which is also applied to homogenize
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4.4. Strategies to Improve the Light Collection

the light output that is otherwise focussed at the beveled edges of the cylinder®
(see figure 4.11).

Fig. 4.11: Two CaW O, crystals under UV irradiation. The planar side of the
crystal on the right is roughened which homogenizes the light output that is oth-
erwise focussed at the beveled edges (left crystal).

In addition to "untrapping" roughening may also lead to an increased transmis-
sion through the roughened surface depending on the angular distribution of the
scintillation light and of the roughened surface. The reflectivity R of the crystal-
air interface for unpolarized light in dependence of the incident angle 6 can be
calculated by the Fresnel equations [71]

R(0) = (Rs(0) + R,(0))/2 (4.12)
42
_ /1= 02
R.(6) = Neawo COS 0 \/ (Neqwo SIN 0) (4.13)
Neawo COS O + \/1 — (Neqwo SN 6)? |
Q2
cawo 1 - cawo i ‘9 2 0
R (0) = Neawor/1 — (10 s%n )2 — cos (4.14)
Neawo \/1 — (Neawo sin 0)% 4 cos 0

Here R, and R, are the reflectivities for s-polarized (perpendicular to the plane of
incidence) and p-polarized (parallel to the plane of incidence) light, respectively.

5The beveling is applied to minimize the risk of damages to the crystal on the otherwise sharp
edges.

43



4. Scintillating CaW Oy Crystals
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Fig. 4.12: Reflectivity for unpolarized light at the crystal-air interface in depen-
dence of the incident angle calculated from equation (4.12) for nguw, = 1.95. The

steep rise of the reflectivity at an incident angle of § &~ 31° is due to total internal
reflection.

Figure 4.12 shows the graph of equation (4.12) for n.4w, = 1.95. The steep rise
of the reflectivity at an incident angle of # ~ 31° is due to total internal reflection.
The fraction F' of scintillation light that is transmitted through a surface can then

be calculated as P
1 s
Fo1--L / R(9)S(0)L(0) db (4.15)
/2 Jo

where S(0) is the angular distribution of the roughened surface. L(6) is the angular
distribution of incident photons at the surface. If one assumes that the angular
distribution of the scintillation light at the surface is uniform (i.e. every incident
angle has the same probability) then this means L(6) = 1.
In case of a specular (mirror-like) surface also the angular distribution S(#) = 1.
The fraction F' of transmitted scintillation light can then be calculated as

1 /2

A roughened surface can be considered as diffusely reflecting. For diffuse reflec-
tion often the model of Lambertian reflection is used [74]. The radiant intensity
observed from a "Lambertian" surface is directly proportional to the cosine of
the angle between the observer’s line of sight and the surface normal. Hence for
a roughened surface an angular distribution S(f) = cosf can be assumed. The
fraction I’ of transmitted light can then be calculated as

1 /2
F=1—-— = 64. 4.1
7r/2/0 R(0) cos 6 df = 64.7% (4.17)
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4.4. Strategies to Improve the Light Collection

This means that according to the assumptions made roughening increases the
fraction F' of light transmitted through the roughened surface by a factor of ~ 2.
Experimentally an increase of the light output of ~ 50% has been measured after
roughening of the planar surface facing the light detector [21].

One disadvantage of roughening of the crystal’s surface, however, is that it can also
worsen the detector’s energy resolution in the phonon channel since it increases
the effective surface. This causes additional inelastic scattering of non-thermal
phonons before they can thermalize in the TES. With the specified roughness
though no degradation of the phonon detector was observed in measurements in

the CRESST setup [21].

Suitable shaping of the crystal

The easiest way to reduce internal trapping is a suitable shaping of the scintillator.
The effects of geometric modifications of scintillators on the light collection have
been well studied for nuclear medicine and high energy physics (HEP) [75, 76, 77,
78, 79, 80|.

One possibility to increase the light collection is to give the crystal a taper-shaped
axial cross section (see figure 4.13). This has a "focussing" effect since the light
is mainly reflected towards the larger end face and strikes it at a smaller angle
which reduces the probability of total internal reflection |75]. Thus, with the light
detector facing this end face an increased light collection can be accomplished.
However, since more reflections on the side walls lead to a smaller incident angle on
the large end face (facing the light detector) the light collection in a taper-shaped
scintillator is not uniform with respect to the position of the scintillation event
inside the crystal but favors light produced near to the small end face (opposite
to the light detector). This spatial dependence of the light collection worsens the
detector’s energy resolution in the light channel. Beveling the crystal at a larger
angle a (while keeping the size of the large end face constant) reduces the fraction
of light that can escape through the smaller end face opposite to the light detector
and decreases the incident angle on the large end face (see figure 4.13). As this
will increase the efficiency but also the non-uniformity of the light collection, it is
difficult to choose the right angle of taper.
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4. Scintillating CaW Oy Crystals

| light detector

Fig. 4.13: Schematic drawing of the "focussing effect" in scintillators with a
taper-shaped cross section. The scintillation light is mainly reflected towards the
larger end face which is facing the light detector. The incident angle on this surface
is reduced by a value that increases with the angle of taper a and the number of
reflections on the side wall.

Improvement of the light detector

Apart from modifying the CaWW O, crystal, the sensitivity of the light channel
can be increased by improving the light detector. It has recently been shown
that using the Neganov-Luke [81, 82] amplification the signal-to-noise ratio of a
cryogenic light detector can be improved by up to a factor of 10 [83]. In addition,
black silicon is considered as a possible future material instead of SOS. Black silicon
is obtained by etching of nano holes with a diameter that is much smaller than
the photon wavelength, into the surface of a silicon waver [84]. This needle-like
structure forms an effective medium with a continuously changing refractive index
instead of a sharp optical interface. Therefore the reflectivity of the silicon waver is
considerably reduced. At the peak position of the CaWW Oy scintillation spectrum
at low temperatures black silicon has an absorption of ~ 97% in comparison to
~ 84% for SOS [33]. In addition the absorption stays above 95% over a large
range of wavelengths (~ 200 — 800nm) which is of particular importance if other
scintillating materials than C'aWW O, will be used.
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Chapter 5

Monte Carlo (MC) Simulations

To study the trapping of light and the effects of differently shaped crystals on the
light collection in a CRESST-like detector module two MC-simulation programs
were established with GEANT4.

5.1 Light-Output Simulation

The first simulation was carried out to determine the light output of a cylindri-
cal CaW Oy, crystal and includes just a crystal with dimensions as those currently
used in CRESST-II (40mm diameter and height) surrounded by vacuum. Running
the simulation, scintillation events are generated at random positions inside the
crystal. In each scintillation event a mean number of 10,000 photons (following
a Poisson distribution) with a Gaussian energy spectrum, random linear polariza-
tions and an isotropic angular distribution over a solid angle of 47 are produced.
All photons that are absorbed before they can escape the crystal are detected.

The optical parameters used in the light output simulation are shown in table 5.1.

CaWQy, crystal
scintillation spectrum mean 2.8¢V [35]
scintillation spectrum FWHM 0.56eV" [35]
scattering length? Lge = o 16.4cm (68|

scat

absorption length L, = a;bi 15.4cm (68|
refractive index® 1.95@2.8¢V [72]
vacuum
refractive index: 1

Tab. 5.1: Optical parameters used in the light-output simulation
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5. Monte Carlo (MC) Simulations

GEANT4 is not capable of simulating birefringent materials, therefore the used
refractive index is that for the ordinary beam calculated by the following dispersion
formula [72]:

N 2.5493 - (\/pum)? N 0.92 - (A\/um)? (5.1)
(A um)? —0.1347%2 ~ (A/um)? — 10.8152
The peak position and FWHM of the scintillation spectrum was taken from a
measurement of a crystal from the Scientific Research Company (SRC) "Carat"
(Lviv, Ukraine) under photoexcitation at 8K. The scattering and absorption
lengths were determined by a combination of experiments and MC simulations
(see section 6.2) for a crystal from the same supplier. However, as the crystals for
CRESST-II come from different suppliers these values can vary. For the CRESST-
IT reference crystal "Boris" only the ratio B = et/ aps = 4.3 was determined.
Such a higher value of B as compared to B = 0.9 in table 5.1 results in a higher
light output (see section 4.3). In [66] respective values of the absorption and scat-
tering length of 250cm and 19.3cm were found with the conclusion that in such
crystals no (quasi) trapped light exists. Experimentally it was shown that for
these crystals geometrical modifications do not lead to a higher light output. If
modifying the crystal shape is profitable will therefore depend on the crystal and
its values Lgps and Lgege.

5.1.1 Results and Discussion

Tables 5.2-5.4 and figures 5.1-5.3 show the results of the simulation carried out
with different values for L, and L,.. In the simulation the fraction T of the
energy of (quasi) trapped light! in each scintillation event is determined:

T= Eabs/Escint (52)

Here F,., and E,s are the total energies from photons that are produced and
absorbed by the crystal in each scintillation event, respectively. In the following,
7 denotes the mean value of T" and o, its standard deviation calculated from all
simulated events (originating at different positions in the crystal):

7= (T) (5.3)

o, =0o(T) (5.4)

2The scattering implemented in GEANT4 is Rayleigh scattering.

3Dependent on the photon energy (see equation 5.1).

'Tn contrast to section 4.3 where the trapped fraction T of the number of photons was
calculated, the trapped fraction 7" in the simulation is determined energy-wise.
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5.1. Light-Output Simulation

The standard deviation o, arises mainly from the dependence of the fraction T' of
trapped light on the position of the scintillation event.? As a good crystal should
have a high and uniform light output the values of 7 and o, should be small.

No scattering and negligible absorption

crystal shape S~ T
crystal surfaces | all surfaces polished | one planar surface roughened
T 60.13% 8.59%
or 11.73% 3.29%

Tab. 5.2: Results of the light-output simulation for a cylindrical crystal with
Laps = 500cm and no scattering. The dimensions of the crystal are similar to
that used in CRESST-II. Roughened surfaces are indicated by the shaded area. 7
denotes the mean value of the fraction of (quasi) trapped light and o its standard
deviation. The latter arises mainly from the dependence of the fraction of trapped
light on the position of the scintillation event.

2There is also a small contribution to o, from the statistical generation of the photons in a
single scintillation event.
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T T T T
+  simulation (all surfaces polished)
[| O simulation (one planar surface roughened)
equation

trapped fraction T
o
S

radial position d/R
Fig. 5.1: Fraction of trapped light vs. the radial position in the cylindrical crystal
with Lgps = 500cm and no scattering. For comparison, also the graph for Ty (solid
line) depicted in figure 4.10 is shown that was calculated from equation 4.6. The
curve fully matches the simulation when all surfaces of the crystal are polished.
Roughening of one planar surface reduces the fraction of trapped light and its
radial dependence. See also table 5.2.

At first the simulation was carried out without scattering and a large absorp-
tion length of 500cm. Figure 5.1 shows the fraction T of (quasi) trapped light in
dependence of the radial position d/R for all simulated scintillation events. For
comparison, also the graph for Tl calculated from equation 4.6 and depicted in
figure 4.10 is shown. It can be seen that in the case that all surfaces of the cylinder
are polished the simulated events match the curve calculated from equation 4.6.
However, the simulated events show a distribution of 7" because the simulation
uses a Gaussian scintillation spectrum and a dispersive refractive index. Although
the graph of T is symmetrical the mean value 7 ~ 60% is slightly higher than the
value of T at the radial position d/R ~ 0.5 (see table 5.2). This results from the
fact that the simulated events are uniformly distributed inside the crystal which
means their number increases (linearly) with distance from the cylinder axis. This
is shifting the mean value of T" to a higher radial position.

As mentioned in section 4.4, roughening of the crystal is known to decrease the
amount of trapped light. In GEANT4 this was implemented with the "glisur"
model, which assumes that a rough surface is a collection of "micro-facets". The
normal vector of such a facet is indicated by the value of polish: When it is < 1
a random point is generated in a sphere of radius » = 1 — polish, and the corre-
sponding vector is added to the normal of the surface. For the simulations with a
roughened surface a value polish = 0 was chosen which means maximum roughness
with the effective plane of reflection distributed according to cos «, where « is the
angle between the surface and the facet normal.

50



5.1. Light-Output Simulation

Figure 5.1 and table 5.2 also show the result of a simulation where one of the
cylinder’s planar surfaces was roughened. It can be seen that this reduces the
mean fraction of trapped light to 7 =~ 9%. In addition, the graph is flattened
(i.e. a reduced radial dependence) which is reflected in the smaller value of the
standard deviation o,. Some of the remaining trapped light can be assigned to
the presence of absorption which is needed in the simulation that would other-
wise run infinitely long. Without scattering and absorption the roughened surface
will remove all of the trapped light that is not emitted exactly perpendicularly to
the cylinder axis since it will eventually hit this surface at a random incident angle.

Comparable absorption and scattering lengths

crystal shape | — o

crystal surfaces all surfaces one planar surface | curved surface
polished roughened roughened
T 55.92% 48.45% 42.67%
or 7.58% 7.49% 1.67%

Tab. 5.3: Results of the light-output simulation for a cylindrical crystal with
Laps = 15.4cm and L., = 16.4cm. For further details see caption of table 5.2.
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Fig. 5.2: Fraction of trapped light vs. the radial position in the cylindrical crystal
with Lgs = 15.4cm and Ly = 16.4cm. When all surfaces remain polished the
graph is flattened compared to the curve calculated from equation 4.6 due to the
low scattering length implemented in the simulation. Roughening of one planar
surface reduces the mean fraction of trapped light while its radial dependence is
almost eliminated if the curved surface is roughened. See also table 5.3.

Figure 5.2 shows the fraction of trapped light versus the radial position if the val-
ues Lgs = 15.4cm and L., = 16.4cm are entered in the simulation. In case that
all surfaces of the crystal are polished the fraction of trapped light for d/R =~ 0.5 is
roughly the same as calculated from equation 4.6 without scattering and absorp-
tion because of the similar values of Lg.,; and Lg,s. However, because scattering
reduces spatial dependencies of the light propagation inside the crystal the curve
is a little flattened. The mean fraction of trapped light is 7 ~ 55%.

The figure also shows the graph that is obtained if one of the planar surfaces has
been roughened. In comparison to the polished cylinder this reduces the mean
fraction of trapped light to 7 ~ 48% while the radial dependence reflected in the
value of o, remains almost constant. Here, roughening is far less effective in re-
moving trapped light in comparison to the simulations depicted in figure 5.1. This
can be assigned to the smaller absorption length which leads to the fact that a
lot of photons will be absorbed before they can get "untrapped" by the roughened
surface. Especially photons emitted almost perpendicularly to the cylinder axis
have a small probability of reaching the roughened surface. As the radial depen-
dence of the fraction of trapped light arises from the photons escaping the curved
surface, o, is hardly influenced by roughening the planar surface.

In this case it might be more efficient to roughen the curved surface of the cylinder.
The results from such a simulation are also shown in figure 5.2 and table 5.3. As
can be seen, the dependence of the trapped fraction on the radial position is almost
eliminated which is also reflected in the low value of o, = 1.67%. In addition, the
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5.1. Light-Output Simulation

mean fraction of trapped light is decreased to T ~ 43% (see table 5.3).

Small scattering and large absorption lengths

S S SSNSERNNNNNNNN

crystal shape S~ o
crystal surfaces | all surfaces polished | one planar surface roughened
T 12.30% 7.07%
or 2.40% 1.65%

Tab. 5.4: Results of the light-output simulation for a cylindrical crystal with
Lays = 250cm and L., = 19.3cm. For further details see caption of table 5.2.
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O simulation (one planar surface roughened)
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o
B

| | | I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Fig. 5.3: Fraction of trapped light against the radial position in a cylindrical
crystal with L., = 250cm and L., = 19.3cm. Due to the high ratio of scattering
to absorption the graph is considerably lowered and flattened compared to the one
calculated from equation 4.6. Roughening of one planar surface further reduces
the fraction of trapped light and its radial dependence. See also table 5.4.

Figure 5.3 shows the graph obtained from a simulation which uses the values
Laps = 250cm and L., = 19.3¢m. In this case only a mean fraction 7 &~ 12% of
the scintillation light remains trapped and the radial dependence of this fraction,
i.e. the standard deviation o, = 2.40% is relatively small (see table 5.4). This
supports the fact that for such crystals the cylindrical shape is acceptable regarding
the light output. In the case that one of the cylinder’s planar surfaces is roughened

53



5. Monte Carlo (MC) Simulations

in the simulation the fraction of trapped light is reduced further to 7 ~ 7% and
the standard deviation to o, = 1.65%.

5.2 Simulation of a CRESST-like Detector Module

The second simulation is a simplified model of a CRESST-II detector module. It
includes a CalWWO, crystal equipped with a tungsten TES, a silicon-on-sapphire
(SOS) light detector and detector holders enclosed together in a reflective housing.
The geometry and dimensions of the setup are shown in figure 5.4. Running the
simulation, the CaWW Oy crystal is irradiated from the bottom side (opposite to
the light detector) by 122keV gammas with random directions. These interact via
the Compton or photoelectric effect and produce scintillation events in the crystal.
The scintillation photons that are absorbed by the SOS light detector are detected.
The additional optical parameters that were used for this simulation are shown in
table 5.5.

£
e SOS light detector
§ \holders
()]}
£
n
>
o
_C
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2
©
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®
CaWO4 crystal
c e
EI \W-TES

Fig. 5.4: Geometry and dimensions used in the simulation of a CRESST-like de-
tector module. The simulation includes a CaWW O, crystal equipped with a tung-
sten TES, a silicon-on-sapphire (SOS) light detector and detector holders that are
enclosed together in a reflective housing.
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5.2. Simulation of a CRESST-like Detector Module

CaWOy crystal

light yield

A1300ph/MeV [35, 68]

reflective housing

reflectivity!

08%@2 8¢V (85|

SOS light detector

absorption (silicon side)?
absorption (sapphire side)?

73%@2.8¢V [29]
83%@2.8¢V [29]

holders

reflectivity? 91%@2.8¢V [72]
W-TES

reflectivity! 47%Q2.8¢V [72]

Tab. 5.5: Optical parameters used in the simulation of a CRESST-like detector
module. The values of other parameters of the C'al¥ O, crystal are shown in table
5.1.

The light yield of the simulated crystal was 22700ph/MeV at RT [68], which
leads to a light yield of (22700 - 1.82)ph/MeV ~ 41300ph/MeV at mK tempera-
tures (see section 4.2).> The values of other parameters of the CalV O, crystal are
shown in table 5.1.

The values for the reflectivity of the housing were obtained from a measurement
of the VM2002 foil at RT under an incident angle of 10°.# The absorption of the
light detector (LD) was taken from measurements at RT from the silicon and from
the sapphire side. The reflectivity of the holders and the TES are those of silver
and tungsten for 0° incident angle, respectively. The spectra which were entered
into the simulation and are shown in figure 5.5.

The disc-shaped light detector in the simulation has a radius of 2cm and a thick-
ness of 460m. The rectangular W-TES has a surface of 6 x 8mm? and a thickness
of 200nm.

!Dependent on the photon energy (see figure 5.5).

3The non-proportionality of the light yield (see section 4.2) is not accounted for in the simu-
lations.

4The wavelength shifting properties of the VM2002 foil were not implemented in the simula-
tion.
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Fig. 5.5: Wavelength dependent reflection (top) and absorption spectra (bottom)
of the objects implemented in the simulation of a CRESST-like detector module.
For comparison the implemented scintillation spectrum of the CaWW O, crystal is
also shown.

5.2.1 Results and Discussion

In the simulations, the fraction A of scintillation light (energy) that is absorbed
by the light detector (LD) in each scintillation event is determined:

A= ELD/Escint (55)

Here F., and Epp are the total energies from photons that are produced in the
CaW Oy crystal and absorbed by the light detector, respectively, in the scintillation
event. The mean value of A is denoted by n which defines the collection efficiency
of the setup while its standard deviation o, is a measure for the uniformity of the
light collection with respect to the position of the scintillation event (analogous to
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the values defined by equations (5.3) and (5.4)):

n=(A) (5.6)
o, =0(A) (5.7)

In a detector module it is, of course, desirable to have a high and uniform light
collection, i.e. a large value of 7 and a small value of o,).

The resolution of the 122keV photopeak in the simulated energy spectrum? is
defined as the ratio FWHM /Peak where Peak and FWHM are the peak position
and full width at half maximum of a Gaussian fit.

2cm 2cm 2cm
A A
g g g
crystal shape ' @ -
crystal surfaces all surfaces surface facing light detector | curved surface
polished roughened roughened
n 13.19% 13.39% 18.51%
o 1.33% 1.32% 0.96%
FWHM /Peak 13.05% 13.20% 11.02%

Tab. 5.6: Results of the simulation of a CRESST-like detector module. The
light detector is facing the bottom surface of the crystal. Roughened surfaces are
indicated by the shaded area. The value 7 is the collection efficiency of the setup
defined by the mean fraction of light absorbed by the light detector. The standard
deviation o, is a measure for the uniformity of the light collection. FWHM /Peak
is the resolution obtained from the simulated spectrum.

5The simulated spectrum is only a histogram of the energy E; p absorbed by the light detector
and does not consider the intrinsic resolution of the light detector.
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Fig. 5.6: Simulated spectrum of 122keV gammas for the cylinder with all surfaces
polished, the surface facing the light detector roughened and the curved surface
roughened (from top to bottom). The doublet structure in the top figure arises
from the radial dependence on the fraction of trapped light depicted in figure 5.2.
Roughening of the planar surface facing the light detector reduces the doublet
structure while roughening of the curved surface completely eliminates it.
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5.2. Simulation of a CRESST-like Detector Module

Cylinder with all surfaces polished

The second column in table 5.6 shows the results for the standard cylindrical crystal
with all surfaces polished. The collection efficiency of this setup is n ~ 13%. The
mean fraction (Ag,) of the total energy Eg., deposited by the gamma that is
absorbed in the light detector in this setup is:

(Adep) = < Ed€p> ~ 1.53% (5.8)

Experimentally this value is about 1% [28] which is in good agreement with equa-
tion (5.8). Additional losses can occur from gaps in the reflector for electrical
connections which were not implemented in the simulation. Furthermore, the re-
flectivity of the foil has only been measured at RT and might decrease at mK
temperatures.

The resolution of the 122keV line in the simulated spectrum (see figure 5.6) has a
value of FW HM /Peak ~ 13%. The spectrum shows a doublet structure that can
be fitted by two Gaussians. This structure arises from the spatial dependence of
the fraction of trapped light depicted in figure 5.2 which has already been shown in
previous simulations [86]. Due to the step-like shape of this curve the cylinder can
roughly be divided into two regions at about half its radius. In the scintillation
events originating from the region near the border of the cylinder a larger fraction
of the photons remain trapped inside the crystal then for those occuring in the
region near to the cylinder axis. Therefore scintillation events from the first region
lead to the first Gaussian ("Gauss 1") in figure 5.6 while scintillation events from
the region near the cylinder axis lead to the second Gaussian ("Gauss 2") in figure
5.6. This doublet structure has also been observed experimentally in some crystals
in measurements in the CRESST setup (see figure 5.7) [21].

Cylinder with the surface facing the LD roughened

The third column in table 5.6 shows the results of the simulation where the planar
surface facing the light detector has been roughened. Experimentally this has been
shown to improve the energy resolution because it eliminates the doublet structure
and increases the light collection (see figure 5.7) [21]. The reduction of the doublet
structure can also be observed in the simulated spectra (see figure 5.6) although
the effect is not as pronounced as in figure 5.7. Furthermore, the simulation shows
no significant increase of the light collection 7 or decrease of o, and hence also no
improved resolution FWHM /Peak.
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Fig. 5.7: °"Co 122keV line measured in the Gran Sasso setup. a) all crystal
surfaces polished, b) after roughening of the surface facing the light detector [21].
Roughening of the planar surface facing the light detector eliminates the doublet
structure and increases the light collection.

Cylinder with the curved surface roughened

As an alternative to one of the planar surfaces, it was shown in the section 5.1
that roughening of the curved surface is more effective in reducing trapped light
and can in particular eliminate the spatial dependence of the trapped fraction.
The results of a simulation of such a crystal are shown in the last column of table
5.6. In comparison to the polished cylinder the light collection 7 is increased
by ~ 40% and the simulated spectrum depicted in figure 5.6 shows no doublet
structure. The resolution FWHM /Peak in this case is improved by ~ 16%. It
has to be stated that this result is in conflict with experimental results which
showed that the best light collection is achieved with just the surface facing the
light detector roughened [21]. This difference seems to originate from the fact that
in contrast to the simulation, in the experiment roughening does mainly increase
the transmission through the roughened surface itself. Generally this discrepancy
can result from a difference in the angular distribution of the incident photons at
the roughened surface or a difference in the angular distribution of the roughened
surface between the simulation and experiment (see section 4.4). This in turn
could be assigned to a different absorption and scattering length of the measured
crystal, a difference in the geometry of the setup or a difference in the position
and energy of the irradiating source® as well as a difference between the simulation
model and a real roughened surface. The fact that roughening the curved surface is
more effective in reducing the doublet structure though remains plausible because
of the considerations described in the second paragraph of section 5.1.1.

6In the measurements the crystal was irradiated with a 7C's source.
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5.2. Simulation of a CRESST-like Detector Module

Crystal with a smaller attenuation coefficient

In the previous section it was shown that the effects of a roughened surface do
depend on the scattering and absorption coefficients of the crystal. Without
scattering and absorption the roughened surface leads to maximal "untrapping".
Therefore, the effects of roughening will become more prominent if the simula-
tions are carried out with a smaller attenuation coefficient. Such a smaller value
Qar = 0.069cm ™! was found with another measurement [86] by comparing the
transmission of two C'alW Oy crystals from SRC "Carat". Under the assumption
that the ratio B = aseat/aps 18 the same as for the crystal used for the previous
simulations, the corresponding values for the scattering and absorption lengths
are Lg. = 30.1cm and Ly = 27.9cm. Figure 5.8 shows the results of simu-
lations where the parameters L.,s and L. have been replaced by these values.
For the polished crystal the obtained results were n = 18.43%, o, = 2.10% and
FWHM/Peak = 13.69%, for the roughened crystal n = 20.07%, o,, = 1.70% and
FWHM/Peak = 11.96%. It can be seen though that the double Gaussian fit is
less accurate than in figure 5.6. Besides the reduction of the doublet structure
here roughening leads to an increase of the light collection n by ~ 9% and to an
improvement of the resolution FWHM /Peak by ~ 13%. However, experimentally
an increase of the light collection of ~ 50% was measured. Furthermore, in the
simulation the doublet structure does not completely disappear after roughening
as it did experimentally. These remaining differences can result from a still lower
value of ayy for the crystal used in the measurement and/or the simulation model
might be insufficient for the description of the real roughened surface.
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Fig. 5.8: Simulated spectrum of 122keV gammas for a cylindrical crystal with
lower attenuation coefficient agy; = 0.069cm ™! with all surfaces polished (top) and
the surface facing the light detector roughened (bottom). Here roughening of the
surface facing the light detector reduces the doublet structure and increases the
light collection.

5.3 Simulation of Differently Shaped Crystals and
Housings

If the shape of the CalWW O, crystals is modified for better light collection, a num-
ber of aspects have to be taken into account. At first, it would be desirable to
lose only as little material as possible when cutting the crystals from the ingot.
Secondly, the crystals should have a large mass (volume) and a shape suited for
close packing. If the detector modules are densely packed the chance to identify
neutrons by multiple scattering is increased. In addition, it allows the installation
of a large detector mass in the volume that is limited by the size of cryostat. Such
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considerations will become more important in the future large-scale EURECA ex-
periment. Additionally, the crystal must also be suited as a phonon detector, i.e.
one must be able to deposit a TES on it. To reach the same collection properties
for phonons as in the current cylindrical crystals, the fraction of the surface area
covered by the TES should not decrease. Finally to reach a good reproducibility
the manufacturing process should not be too complex.

For the simulation of differently shaped crystals and housings the MC simulation
of the CRESST-like detector module (see section 5.2) was modified. The detector
holders and the W-TES were not implemented because their shape and size would
individually depend on the crystal. The crystal surface facing the light detector
was either roughened (r) or all surfaces were polished (p). The dimensions of the
light detector were kept unchanged. The reflective housing was always changed
so that all distances depicted in figure 5.4 stayed constant. In addition, because
122keV gammas have only a range of a few mm inside the crystal all events would
occur near the surface. To reach a uniform irradiation of the whole crystal, scintil-
lation events were generated similarly as in the light-output simulation (see section
5.1). The photons were again detected by the SOS light detector.

5.3.1 Results and Discussion

The different simulated geometries were again evaluated in terms of their efficiency
n and uniformity o, of the light collection (see equations (5.6) and (5.7)). A good
detector module should exhibit a high and uniform light collection, i.e. a large
value of the ratio n/o,,.
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module a) b) c)
2cm
4cm "‘0@
5
: g
crystal shape B
reflective housing shape cylinder box hexagonal prism
crystal surfaces r D D
crystal volume 50.27cm? 50.27c¢m? 50.27cm?
n 15.84% 16.41% 16.46%
o 1.65% 0.68% 1.04%
n/o, 1 2.51 1.65

Tab. 5.7: Results of the CRESST-like detector-module simulation with differently
shaped crystals and housings. The light detector is facing the bottom surface of the
crystals. This surface was either roughened (r), indicated by the shaded area, or
all surfaces of the crystal remained polished (p). The value 7 is the light collection
efficiency of the setup. The standard deviation o, is a measure for the uniformity
of the light collection. A good detector module should exhibit a high and uniform

light collection, i.e. a large value of the ratio n/o,,.

"normalized to module a)
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Fig. 5.9: Histogram of the fraction A of light absorbed by the light detector for
modules a), b), ¢) (from top to bottom) (see also table 5.7). The most uniform
light collection is achieved with module b) while the histograms of modules a) and
c¢) exhibit non-Gaussian shapes.
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Fig. 5.10: Dependence of the absorbed fraction A on the position of the scintilla-
tion event in the x-y (left) and the x-z planes (right) in module a), b), ¢) (from top
to bottom) (see also table 5.7). The z-axis is the crystal axis. The light detector
is facing the x-y plane at negative z.
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Fig. 5.11: Dependence of the fraction T of trapped light (see equation 5.2) on the
position of the scintillation event in the x-y plane in the crystal from module b)
(left) and module ¢) (right). The crystal from module b) shows no large radial de-
pendence of the trapped fraction while in module ¢) the trapped fraction increases
with distance from the crystal axis, similarly to the cylinder.

Cylindrical crystal and housing

To obtain a reference the simulation was first carried out with the standard cylin-
der (d = 40mm, h = 40mm) where the planar surface facing the light detector
is roughened. The results are summarized in table 5.7. Figure 5.9 displays a his-
togram of the fraction A of the energy from scintillation photons that are absorbed
by the light detector (see equation (5.5)). Figure 5.10 shows the absorbed fraction
A in dependence of the position of the scintillation event in the x-y and x-z planes
of the crystal. In both planes an increased light collection for events originating
from positions nearer to the center of the cylinder is visible. This results from the
already mentioned radial dependence of the fraction of (quasi) trapped light which
also leads to the doublet structure depicted in figure 5.6. In addition, the plot of
the x-z plane shows an increased light collection for events with less distance to the
light detector (smaller z-position) since such photons have to travel shorter path
lengths and therefore a smaller probability of getting absorbed inside the crystal.
However, for very small distances from the light detector the light collection de-
creases again. This results from a reduced number of photons that can reach the
light detector by exiting the curved surface of the cylinder (for a more detailed
discussion see [86]).

Block-shaped crystal and housing

Table 5.7 also shows the results of a simulation with a block-shaped crystal of the
same volume as the currently used cylinder and a box-shaped housing. Since the
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ingots produced with the Czochralski method already have a block-like shape (see
section 4.1) this would have the advantage of losing only little material when the
crystals are cut. A box-shaped crystal and housing will also be more useful for
close packing of the detector modules.

The collection efficiency 7 of this module shows only a small increase by ~ 3.6%
compared to the currently used module a). This is in agreement with the fact that
the fraction of trapped light in an ideal, block-shaped scintillator with the refractive
index of CaWW Oy is ~ 56% [87, 88| which is only slightly lower than the mean value
T =~ 60% obtained for the cylinder (see section 5.1). However, the considerably
decreased value of o, = 0.68% compared to o, = 1.65% indicates that the light
collection is much more uniform which can also be seen in figure 5.10. This can
be assigned to the fact that, in contrast to the cylinder, the fraction T" of (quasi)
trapped light (see equation 5.2) in the block-shaped crystal shows no large radial
dependence (see figure 5.11) since it has a rectangular instead of a circular cross
section. Due to the more uniform light collection the histogram of the fraction A
of absorbed light for this module shows a more Gaussian distribution (see figure
5.9). The ratio n/o,, which is an indication for the efficiency and uniformity of
the light collection of this module shows an increase by a factor of 2.51 compared
to module a).

Hexagonal crystal and housing

Another interesting shape for close packing would be a hexagonal module. The
result of the simulation with a crystal (of the same volume as the currently used
cylinder) and housing both shaped like a hexagonal prism is also shown in table
5.7. Here, the ratio n/o, shows an increase by a factor of 1.65 compared to module
a). As for the block-shaped crystal, this increase is mainly due to a more uniform
light collection because of the non-circular cross section. However, in comparison
to module b) it shows a less uniform light collection reflected in a higher value of o,
and the histogram of the fraction of absorbed light has a less Gaussian distribution.
This can be assigned to the higher symmetry of the hexagonal shape for which the
fraction T of (quasi) trapped light does show some radial dependence. In figure
5.11 it can be seen that the trapped fraction 7' increases with distance from the
crystal axis similarly to the cylinder. This leads to a slight position dependence of
the light collection in the x-y plane (see figure 5.10).

Taper-shaped crystal and box-shaped housing

As explained in section 4.4 scintillators in high energy physics (HEP) and nuclear
medicine often have a taper-shaped axial cross section with the large end face
facing the light detector since this leads to a better light collection due to the
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"focussing effect". For such a trapezoidal crystal it would be unfortunate to lose a
lot of material when cutting the crystal from the ingot. However, it is possible to
grow crystals with an increasing or decreasing diameter so that the ingot already
has a trapezoidal shape.

Various simulations were carried out with the crystal shaped as a truncated square
pyramid in a box-shaped housing. In all simulations the large end face was facing
the light detector and had been roughened (see figure 5.12). To determine the best
angle of taper a two of the three parameters that define the shape of the truncated
square pyramid were fixed and the third was iterated in the simulations. In the
Czochralski process it can be challenging to grow crystals with a large diameter
with respect to the crucible. To increase the height, on the other hand, is simpler.
Therefore the parameter S = 4c¢m was fixed in all simulations.

light detector

Fig. 5.12: Crystal shaped like a truncated square pyramid with the surface facing
the light detector roughened.
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Truncated square pyramids with constant volume but varying height
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Fig. 5.13: Ratio n/o, for modules with crystals shaped like truncated square
pyramids with varying angles of taper and constant volume but varying height.

module d)

[lan £\ %

T
<

crystal shape

reflective housing shape box
crystal surfaces r
crystal volume 50.27cm?
i 18.36%
oy 0.70%
n/o,® 2.73

Tab. 5.8: Results of the CRESST-like detector-module simulation for a crystal
shaped like a truncated square pyramid in a box-shaped housing and with the
surface facing the light detector roughened. Other details as in table 5.7.

8Normalized to module a)
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Fig. 5.15: Dependence of the fraction A of absorbed light on the position of the

scintillation event in the x-y (left) and x-z plane (right) in module d).

In addition to S = 4cm, as a second parameter, at first the volume of the crystals
was kept constant in the simulations. Figure 5.13 shows the ratio n/o, of mod-
ules that employ crystals with the fixed dimensions S = 4cm, V' = 50.27c¢cm? and
varying angles of taper «.? It was observed that the light collection n and the non-
uniformity o, increases with a larger angle of taper a.. At larger angles though the
increase of the non-uniformity o, becomes dominant and the ratio /o, decreases.
The results of the module with the best ratio 7/0, are summarized in table 5.8.
Compared to the currently used module a) it shows an increase of the ratio n/o,
by a factor of 2.73. The non-uniformity o, = 0.70% in this case remains small and

9Since the volume of the crystal is kept constant a larger angle of taper also means a larger
height of the crystal (see figure 5.12).
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the histogram of the fraction of absorbed light shows almost a Gaussian distribu-
tion (see figure 5.14). Figure 5.15 shows that the light collection in the x-y plane
is rather uniform. The light collection in the x-z plane shows a similar behavior
as in the other crystals with a rectangular axial cross section. Here however, the
light collection is increasing again near the end of the crystal at large z values.

Truncated square pyramids with varying volume but constant height

70

n/on

I I I I I
5 10 15 20 25 30
angle of taper a [°]

Fig. 5.16: Ratio /o, for modules with crystals shaped like truncated square
pyramids with varying angles of taper and varying volume but constant height.
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module e)

/Josen & 1

»

4cm

crystal shape 4em
reflective housing shape box
crystal surfaces r
crystal volume 25.01cm?
n 31.18%
oy 0.52%
n/oy' 4.77

Tab. 5.9: Results of the CRESST-like detector-module simulation for a crystal
shaped like a truncated square pyramid in a box-shaped housing and with the
surface facing the light detector roughened. Other details as in table 5.7.
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Fig. 5.17: Histogram of the fraction A of absorbed light for module e).

10Normalized to module with roughened cylinder of the same volume.
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Fig. 5.18: Dependence of the fraction A of absorbed light on the position of the
scintillation event in the x-y (left) and x-z plane (right) in module e).
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Fig. 5.19: Dependence of the fraction A of absorbed light on the position of the
scintillation event in the x-z plane for module e) when all surfaces of the crystal
remain polished. The light collection increases along the z-axis which can be
assigned to the "focussing effect" (see section 4.4).

In another approach, simulations were carried out where instead of the volume
the height of the crystals was kept constant. Figure 5.16 shows the ratio /o,
of modules that employ crystals with fixed dimensions S = 4cm,h = 4em and
varying angles of taper a.!! Here the ratio /0, is increasing with increasing angle
of taper. The reason for this is that again the light collection 7 increases with
a larger angle of taper while an increasing non-uniformity o, is avoided due to
the roughened surface. The best result is therefore obtained with a roughened
(untruncated) pyramid. However, it may be more useful to produce a truncated

"This means that the volume is decreasing with increasing angle of taper (see figure 5.12).
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pyramid because it leaves a small surface S Argg for the deposition of a TES. Under
the condition that the fraction of SArgg to the total surface area S A should not be
smaller than the value SArgs/SA = 6.37- 1073 of the current cylindrical phonon
detectors, this surface then has to be at least 0.6 x 0.6cm?. Table 5.9 displays the
results of a module with a crystal shaped in this way. The ratio n/o, shows an
increase by a factor of 6.25 compared to the currently used module a). However,
the volume of this crystal is decreased by ~ 50%. In comparison to a module
using a cylinder of the same volume (R = 2cm, h = 1.99¢m) the ratio n/o, still
shows an increase by a factor of 4.77. Due to the very uniform light collection the
histogram of the fraction of absorbed light for this module exhibits a nice Gaussian
distribution (see figure 5.17). In figure 5.18 no large position dependencies of the
light collection are visible. If however all surfaces of the crystal remain polished
the light collection shows an increase along the z-axis (see figure 5.19). This is
due to the "focussing effect" which leads to smaller incident angles on the surface
facing the light detector for photons that undergo more reflections on the side
walls (see section 4.4). In the simulation, roughening of the surface facing the light
detector restores the uniformity of the light collection while the increased collection
efficiency is retained because the photons are still mainly reflected towards the light
detector and less light can escape through the small surface on the opposite side.

5.4 Summary and Consequences for New Detec-
tors

Cylindrical Module

The simulations of a cylindrical crystal with dimensions as those used in CRESST-
IT showed that depending on the scattering and absorption lengths on average
~ 12% — 60% of the scintillation light remains (quasi) trapped inside the crystal.
This fraction T depends on the radial position of the emission point and increases
with the distance from the cylinder axis. Roughening of one planar surface reduces
the mean fraction of (quasi) trapped light to ~ 7 — 48% depending on the absorp-
tion and scattering lengths.

In the simulations of a CRESST-like detector module the radial dependence of T’
leads to a doublet structure in the spectrum of 122keV gammas which has also been
observed experimentally. The obtained energy resolution of the simulated 122keV
gamma line was ~ 13%.1% As observed experimentally and confirmed by the sim-

12This value does take into account only the variations of the deposited energy, the number of
generated photons and the efficiency of the light collection but not the intrinsic resolution of the
light detector.
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ulation, roughening of the surface facing the light detector reduces the doublet
structure and increases the light collection. This increase, however, was not signif-
icant for an attenuation coefficient of 0.126cm~1.'3 As an alternative, roughening
of the curved surface showed an increase of the light collection and improvement
of the resolution by ~ 40% and ~ 16%, respectively, and completely eliminated
the doublet structure. For a crystal with a smaller value of gy = 0.069cm ™!
roughening of the planar surface increased the light collection and improved the
resolution by ~ 9% and ~ 13%, respectively. Experimentally though the effects of
roughening seem more pronounced than in the simulation which might be assigned
to a difference of the optical properties of the crystal or a difference between the
simulation model and a real roughened surface.

The simulation showed that on average ~ 13% of the scintillation light is absorbed
by the light detector. The fraction of deposited energy that is detected as scin-
tillation light in the simulation is ~ 1.5%, in good agreement with experimental
results that showed values of ~ 1% [28].

Block-shaped and Hexagonal Module

In the simulations of differently shaped modules a block-shaped crystal together
with a box-shaped housing exhibits a more uniform light collection, with respect to
the position of the scintillation event, compared to the currently used cylindrical
module. The ratio /0, where n is the efficiency and o, is a measure for the
uniformity (spatial dependence) of the light collection, shows an increase by a
factor of ~ 2.5 for this block-shaped module.

A crystal and housing both shaped like a hexagonal prism also shows a more
uniform light collection compared to the cylindrical module. The increase of the
ratio /0, amounts to a factor of ~ 1.7. Both modules would also be more suited
for close packing compared to the cylindrical module.

Module with a Taper-shaped Crystal

The collection efficiency in a box-shaped housing and a crystal shaped as a trun-
cated square pyramid is considerably improved and, in particular, it increases with
increasing angle of taper. However, for a crystal of the same volume as the cylin-
der and varying height also the non-uniformity increases with the angle of taper
so that the ratio /o, can only be improved by a factor of ~ 2.7 compared to the
cylindrical module. As this value is not significantly larger than the increase by
a factor of ~ 2.5 achieved with the block-shaped crystal, the latter seems more
feasible especially for large-scale production since it is easier to manufacture from

13This value results from the values Lgys = 15.4cm and Lgeqr = 16.4cm (see table 5.1).
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the original ingot.

For crystals shaped like a truncated square pyramid with constant height (varying
volume) the light collection also increases with the angle of taper while it remains
uniform if the surface facing the light detector is roughened in the simulations.
Such a crystal with a large enough end face for the deposition of a TES shows
an increase of the ratio 7/, by a factor of ~ 6.3 compared to the currently used
cylindrical module. The volume of this crystal though is reduced by ~ 50% which
makes it less suited for close packing. Compared to a cylindrical module with a
crystal of the same volume the ratio /0, still shows an increase by a factor of ~ 4.8.

Consequences for New Detectors

Ultimately, the amount of trapped light in a cylinder and therefore also the profit
of a modified shape will depend on the crystal’s scattering and absorption coef-
ficient. For a very high ratio of scattering to absorption as observed in [66] a
cylindrical crystal can be sufficient regarding the light collection. If the values
for the absorption and scattering length, however, are comparable as the values
in [68] a modified shape seems promising. In this case, the simulations favor a
crystal shaped like a truncated square pyramid with the large end face (facing the
light detector) roughened in a box-shaped housing as it showed the highest and
most uniform light collection. However, it has to be tested experimentally if the
roughened surface can retain a uniform light collection as it was observed in the
simulations. In every case this crystal has some disadvantage concerning the close
packing of the detector modules since it has similar dimensions but only ~ 50%
of the volume compared to the currently used cylinder. As an alternative a block-
shaped crystal (with the same volume as the cylinder) in a box-shaped housing
offers close packing and also shows a very uniform light collection. A block-shaped
crystal has the additional advantage of losing less material from the originally
grown ingot than the other shapes considered. Furthermore, in comparison to a
truncated pyramid a block-shaped crystal will be easier to manufacture. Thus this
configuration appears to be the most favored one (see section 7).
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Chapter 6

Characterization of the Self-Grown
CaW (O, Crystals

The CaW Oy crystals grown at the crystal laboratory of the TUM are to be used
in CRESST-II or the future EURECA experiment. For this reason it is important
to thoroughly investigate the properties of the C'alW Oy crystals. In particular, the
absorption and scattering lengths of the crystals have to be determined to see if a
modified shape will be profitable for the light collection. In addition, a large light
yield, high radiopurity and good phonon propagation properties are desired.

6.1 Transmission Measurement

To determine the attenuation coefficient ay,; a transmission measurement was per-
formed with the self-grown crystal "Sheldon II" (see table 4.2). In a transmission
measurement a sample is placed into a collimated beam of light and the losses in
intensity for certain wavelengths are determined. The transmissivity 7" is defined
as

T =1,/1, (6.1)

where I; and [ are the measured intensities with and without the sample in the
beam, respectively. For this measurement a Perkin Elmer LAMBDA 850 UV /Vis
spectrophotometer [89] was used. The transmissivity was measured for wavelengths
from 250 — 800nm in steps of 1nm.

6.1.1 Results and Discussion

Figure 6.1 shows the measured transmissivity 7" in dependence of the wavelength.
The mean value (solid line) and error at 95% CL (dashed lines) were calculated
from the data of four independent measurements.
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Fig. 6.1: Wavelength dependent transmissivity T of the crystal "Sheldon II"
grown at the crystal laboratory of the TUM. The solid line shows the mean value
and the dashed lines the errors derived from the data of four independent measure-
ments. The vanishing transmissivity at ~ 300nm is due to intrinsic absorption.

The measured transmissivity 7' is due to the attenuation of the light inside the
crystal and reflection on the surfaces.!

T (1 - R)? - exp(—agud)

= 2
1 — R? - exp(—2ayud) (6:2)

Here d is the crystal’s thickness, g its attenuation coefficient, and R its reflec-

tivity. The denominator of this equation accounts for multiple reflections.

In the measurement, the crystal was aligned with the beam of light perpendicular

to the surface and parallel to the optical axis (c-axis, see figure 4.6) of the crystal

so that no birefringence occurs. Therefore, the reflectivity can be calculated as
(no — 1)

with n, being the ordinary refractive index. Using the dispersion formula (5.1) for
N, the measured transmissivity 7', and d = 1.78cm (see table 4.2), the attenuation
coefficient vy was calculated via equation (6.2). The result is shown in figure 6.2.

!The vanishing transmissivity at ~ 300nm is due to intrinsic absorption corresponding to the
excitation of electrons from the valence band to the exciton levels.
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6.2. The Monte-Carlo Refractive Index Matching Technique

For a wavelength of 430nm (peak position of the CalW O, scintillation spectrum
at RT) the attenuation coefficient was determined as ayy, = 0.3348 + 0.0255cm ™.
This is about a factor of 3 higher than the value of 0.126cm ™! that was measured
for a crystal from SRC "Carat" [86]. However, the ingot from which the crystal
was obtained was not annealed under oxygen atmosphere before the measurement.
Since annealing can reduce scattering centers in the crystal the attenuation coeffi-
cient is expected to decrease after the process. The given error was calculated from
the statistical errors of the measured transmissivity and the measured thickness
(Ad = 0.05mm). However, it has to be pointed out that there are some addi-
tional uncertainties in the value a,; because the refractive index of the crystal was
not directly measured and surface irregularities can cause errors in the measured
transmissivity in the order of ~ 20% [86].
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Fig. 6.2: Wavelength dependent attenuation coefficient o, of the crystal "Shel-
don II" as calculated from the measured transmissivity. For further details, see
figure 6.1

6.2 The Monte-Carlo Refractive Index Matching

Technique
The Monte-Carlo Refractive Index Matching Technique (MCRIM) is a combina-
tion of experiments and MC simulations to determine the input parameters for

the simulations of heavy inorganic scintillators [68]. These parameters which are
difficult to measure directly are: the intrinsic light yield Ny, and the scattering
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6. Characterization of the Self-Grown CaW Oy Crystals

and absorption coefficients c.q; and o, respectively.

First the attenuation coefficient oy = Qgps + Qseqr 0f the crystal has to be mea-
sured. Thereafter, it is only necessary to determine the ratio B = % and the
intrinsic light yield Njy.

The measured light yield (MLY) of a scintillating crystal is defined as the product
of the intrinsic light yield Ny and the light collection efficiency 7 of the setup in
which the crystal is placed. In general, 7 is dependent on a number of parameters
such as the geometry of the crystal and the setup, as well as the optical properties
of the materials used in the experiment:

MLY = Nyn(optical properties, geometry, ...) (6.4)

As the measured light yield is dependent on both B (given by the optical prop-
erties) and Ny, they cannot be determined in a single experiment. However, by
taking the ratio of the measured light yields M LY; and M LY, from two distinctive
measurements with different collection efficiencies n; and 7, the dependence on N

can be eliminated:
MLY;

MLY; 1

The MCRIM experimental setup comprises the crystal which properties are to be
determined and a photomultiplier tube (PMT) placed together into a light-tight
box. A small gap between the crystal and the window of the PMT offers the
possibility of introducing materials of different refractive indices. The ratio R/,
can then be obtained if the crystal is excited with a radioactive source and the light
yield is measured with two different materials in the gap. The experimental setup
is designed to minimize the presence of optical components such as unpolished
surfaces and non-ideal reflectors, which are difficult to simulate. MC simulations
that iterate the value of B can then be used to match the measured ratio R s.
Having determined B in this way, the collection efficiency 7 can be calculated by
the MC, and using equation 6.4 it is possible to deduce the intrinsic light yield.

Ry = (6.5)

6.2.1 Experimental and MC Setup

For the light-yield measurements an ETL 9305KB photomultiplier [90] was used.
This PMT model is well suited for scintillation spectroscopy and single photon
counting. The quantum efficiency of the cathode at the peak of the CalW Oy, scin-
tillation spectrum is ~ 25%. In addition, the PMT exhibits a low dark count rate
of ~ 500Hz, a fast single electron rise time of ~ 3ns, a relatively high gain of
~ 10% and a good single electron peak to valley ratio of ~ 2 [91]. The PMT was
placed into a light-tight box (see figure 6.4). To minimize reflective surfaces in the
setup and to ensure that only light directed towards the PMT window is detected
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6.2. The Monte-Carlo Refractive Index Matching Technique

the box was coated with black felt on the inside. In addition, the PMT itself was
wrapped in black tape. The absence of reflecting surfaces in the setup improves
the reliability of the MC simulation. A small, well defined gap between crystal and
PMT is simply realized by laying two thin wires (d = 0.04mm) like rails onto the
PMT window (see figure 6.4). The anode signal of the PMT is directly sampled
(sampling rate 1GHz) by an "Acqiris DC282" data acquisition system [92] using
an internal trigger. The recorded pulses of 50us length with 1us pre-trigger are
then saved to hard disk and can be analyzed off-line.

The measurements were performed with the crystal "Sheldon II" which was placed
onto the thin wires and excited with a ?*! Am gamma-ray source. The dominant
gamma rays emitted by this source have an energy of 59.5keV . At first a measure-
ment was performed just with air (n,; = 1) between the PMT and the crystal. For
the second measurement the gap was filled with G608N refractive index matching
gel (nge = 1.46) from Thorlabs [93]. Care has to be taken to ensure that the
amount of gel or water present completely fills the crystal-PMT gap also outside
the wires, but not beyond the rim of the crystal. Studies demonstrated that if the
presence of excess or shortage of material is not avoided it can lead to discrepancies
of up to 30% in the MLY [86]. The ratio R /g is defined as the measured light
yield with air divided by the light yield measured with the gap filled with the gel:

MLY (na)

MLY (nger) (6.6)

Rai’r/gel =

The parameters used for the simulation of the setup are shown in table 6.1. The
parameters of the PMT were taken from the data sheet [91|. In addition, the
thickness of the window of the PMT was implemented as 1mm. The quantum
efficiency of the PMT cathode as well as the scintillation spectrum of the CaWW O,
crystal that were implemented in the simulation are depicted in figure 6.5. The
parameters for the scintillation spectrum were taken from a measurement at RT of a
crystal from SRC "Carat" [86]. The light yield in the simulations was fixed at Ny =
20000ph /M eV which is the approximate value where the yet to be determined real
value can be expected. As mentioned above the ratio R, /4e is independent of
Ny. The attenuation coefficient of the crystal was entered as the value calculated
in section 6.1 for 2.88eV" (430nm). MC studies showed that the MLY would vary
by only 1% even if oy varies by 20% [86], meaning it has been measured with
sufficient precision for the purpose of the MCRIM technique. The refractive index
of the crystal was again calculated by equation (5.1) in the same way as in the
simulations in chapter 5. Running the simulation, the crystal is irradiated from
one side by 59.5keV gammas with random directions and the scintillation photons
are detected by the PMT cathode.
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Fig. 6.3: Experimental setup of the MCRIM technique: A light-tight box con-
taining the PMT, crate with electronics, and the data acquisition system.
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light-tight box

crystal
O

gamma-ray source

holder

Fig. 6.4: Schematic drawing of the experimental setup of the MCRIM technique
which comprises a PMT placed into a light-tight box. The crystal is placed onto
the PMT window and excited with a gamma-ray source. Two thin wires between
the crystal and the PMT build a small, well defined gap with the possibility of
introducing materials of different refractive indices.

CaWO0,
Tight yield 20,000ph,/ MeV
scintillation spectrum mean 2.88¢eV (86]
scintillation spectrum FWHM 0.32eV [86]
attenuation coefficient 0.3348cm ™1
PMT window
thickness 1Imm
diameter 78mm (37) [91]
refractive index 1.49 [91]
PMT cathode
active diameter 70mm [91]
quantum efficiency? 25%@2.88¢V [91]

Tab. 6.1: Parameters of the CaWW O, crystal and the PMT used for the simulation
of the MCRIM setup.

2Dependent on the photon energy see figure 6.5.
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Fig. 6.5: Quantum efficiency of the PMT cathode (solid blue line) implemented
in the simulation. For comparison the implemented scintillation spectrum (dashed
black line) is also shown.

6.2.2 Photon Counting Technique

In order to compare the MLY to the simulation it is necessary to determine the
number of detected photons in each scintillation event. Since C'alW O, has a rather
slow decay time constant (see section 4.2) and the low-energy gammas of the 4! Am
source produce only few photons this can be realized by counting the individual
photoelectrons (p.e.) in each anode pulse.® For this purpose a simple code was
written in Matlab which analyzes the recorded PMT pulses.

Figure 6.7 shows an example of a measured scintillation pulse. Each spike cor-
responds to a single scintillation photon that was absorbed in the PMT cathode
and generated a photoelectron which was then multiplied in the dynode chain.
In the analyzation of each pulse at first the data from the pre-trigger is used to
determine the baseline and a possible offset is corrected by subtracting its mean
value from every data point. To determine the number of photoelectrons a simple
peak-detection function was used which compares each data point to its neighbor-
ing values. This function returns only data points above a certain threshold that
are larger than both of their neighbors and have a specified minimal distance. For
the latter a value of 6ns was chosen which is the approximate half width of a single
p.e. pulse and avoids the double counting of pulses with two local maxima (see
figure 6.6). For the minimal peak height a value of 3000a.u. was chosen which
ensures a threshold above the noise of the baseline while most of the p.e. pulses
remain counted (see figure 6.7). With these values the peak-detection function was

3Concerning pileup of single photons in the PMT pulses see appendix A.

86



6.2. The Monte-Carlo Refractive Index Matching Technique

tested on a number of scintillation events and no mismatch was observed.
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Fig. 6.6: Recorded single p.e. pulse with two local maxima. To avoid double
counting only points with a minimal distance of 6ns are returned by the peak-
detection function.
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Fig. 6.7: Recorded PMT pulse of a scintillation event (top) and zoom in on some
of the single p.e. pulses (bottom). The dashed red line indicates the threshold
for the peak-detection function. The recognized peaks are marked by the green
circles.
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6.2.3 Results and Discussion

Experimental determination of R /g
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I > Am spectrum
Gauss fit L
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FWHM: 21.6
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Fig. 6.8: Measurement of a 2! Am spectrum in the MCRIM setup with air (top)
and with gel (bottom) between crystal and PMT. The photopeak at 59.5keV was
fitted by a single Gaussian to obtain the MLY. The peak on the left results from
a mixture of discrete x-rays while the exponentially increasing background to the
left of this peak is due to "dark noise" from the PMT.

Figure 6.8 shows two recorded spectra with the gap between crystal and PMT
filled by air and gel. The peak on the right is the photopeak of the 59.5keV
gammas from the ?*! Am source. The peak on the left results from a mixture of
discrete x-rays while the exponentially increasing background to the left of this
peak is due to "dark noise" from the PMT. The few events above the 59.5keV
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peak originate from atmospheric muons and natural radioactive background. In
each measurement the MLY is defined as the peak position of a single-Gaussian fit
to the photopeak at 59.5keV while the first peak in the spectrum was neglected
(see figure 6.8).

Material in gap | MLY (p.e.)
Air 39.94+0.7
Gel 793+ 1.7

Tab. 6.2: Results of the MCRIM measurements with the gap between crystal
and PMT filled by air and gel. The mean values and errors of the MLY were each
calculated from the repetition of four measurements.

Table 6.2 shows the results of the measurements. The mean values of the MLY
were each calculated from the repetition of four measurements. The given errors are
the statistical errors at 95% confidence level calculated from these repetitions and
result from slight differences in, e.g., the positioning and surface cleanliness of the
crystal in the measurements. The ratio R, /4e determined from the measurements
is

Rairjger = 50.3 £ 1.4%.

90



6.2. The Monte-Carlo Refractive Index Matching Technique

Determination of B through MC matching

0.62

0.48t i

0.46 ! ! ! ! ! ! ! ! !
0

Fig. 6.9: Simulations of the ratio R g for different values of B. The dashed
(red) horizontal lines indicate the experimentally determined range of the value
Rairjget- The corresponding limits of B (dashed (red) vertical lines) are determined
by the intersection of the horizontal lines with the graph from the simulation.

Figure 6.9 shows the results of the ratio Ry, /4 from simulations of the setup with
different values for B = % The MLY in each simulation was also defined by the
peak position of a single-Gaussian fit to the photopeak in the simulated spectrum.
The value of B can be deduced by comparing the results with the measured ratio
Rairjger- The error on B (vertical lines) is evaluated by the intersection of the
experimental error lines (horizontal lines) with the simulation curve. This places
B in a range from 0.15 to 0.75. The best value for B is taken as the mean between
the two values:
B =0.4540.30

Since agy = Qaps + scar = 0.3348 £ 0.0255cm ™!, the scattering and absorption
lengths can be calculated:
Lgear = 0y, = 9.57 & 4.36cm

scat

Lops = a;bls = 4.34 +0.90cm
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Determination of Ny through MC matching

The intrinsic light yield Ny can now be deduced by requiring the simulated light
yield to match the MLY in the case that the gap is filled by air. To find the errors
on Ny, simulations were carried out using the limits of B as input parameters (see
table 6.3 and figure 6.10). This provides the range of collection efficiencies which
is used to derive the range of the intrinsic light yield. The best estimate of the
intrinsic light yield is taken as the mean of the extreme values:

Ny = 24800 £ 3300ph/MeV

It should be pointed out that since the refractive index and scintillation spectrum
used as input parameters for the simulation were not measured directly there is
some additional uncertainty in the determined values. However, since the error
on B is rather large they can probably be neglected. Furthermore, for a typical
dark count rate of 500H z [91] the expected number of dark counts in the recorded
pulses of 50us length is 5005~ -50-107%s = 0.0025 and can therefore be neglected.
However, the MLY might be underestimated because the introduced threshold
in the photon counting function leaves some less amplified photoelectron pulses
uncounted. In addition, besides the slow decay time constant of C'aW O, and
the low-energy gammas of the 2*' Am source some pileup of single photons in the
measured PMT pulses can occur (see appendix A).
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Fig. 6.10: Simulated spectrum of 59.5keV gammas for the MCRIM setup with air
in the gap. For the top figure the parameter B = 0.15 was used in the simulation
and for the bottom figure B = 0.75. The light yield Ny was determined in such a
way that that the fit to the spectrum gives the best match to the MLY of 39.9p.e.

B | Ny (ph/MeV) | simulated MLY (p.e.)
0.15 28,100 40.0
0.75 21,500 40.1

Tab. 6.3: Results of the MC simulations carried out to determine the values for
the intrinsic light yield Ny. To find the errors on Ny, the simulations were carried
out using the limits of B as input parameters.
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6.2.4 Testing the Obtained Values

Prediction of the MLY with the gap filled with silicon oil

To confirm the validity of the simulation input parameters determined with the
MCRIM technique a measurement was performed with the gap filled by silicon
oil DC 200 (n = 1.405). The result was compared to the prediction of the MC
simulation.

300

Gauss fit
Mean: 73.7441

T T T T

| I simulated spectrum
|

|

|

FWHM: 21.9418

" R-square: 0.98254
— — — measured spectrum

0 10 20 30 40 50 60 70 80 920 100 110
p.e./pulse

Fig. 6.11: Comparison of the simulated (dark blue histogram, red line) and
measured spectrum (dashed green line) of the MCRIM setup with silicon oil in
the gap. As input parameters for the simulation the values determined with the
MCRIM technique were used. The position of the simulated photopeak at 59.5keV
matches the one in the measured spectrum. The x-rays that lead to the left peak
in the measured spectrum were not implemented in the simulation.

Figure 6.11 shows the simulated spectrum of this setup, the predicted MLY is
73.7Tp.e.. The MLY determined experimentally by the repetition of four measure-
ments is 72.9 + 1.5p.e. which is in good agreement with the value predicted by the
MC simulation. Figure 6.11 also shows the spectrum from one of the measure-
ments scaled to a similar count rate. The position of the peak does coincide with
that from the simulation but it is broader. The main reason for this broadening
is that the simulation does not take into account the intrinsic resolution of the
PMT (caused by the signal amplification through the dynode chain). The x-rays
that lead to the left peak in the measured spectrum were not implemented in the
simulation.
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Prediction of the MLY for other crystals from the same ingot

A second test of the predictions of the simulation was performed with the differently
shaped crystals "Sheldon ITI" (cylinder) and "Sheldon IV" (truncated pyramid)
(see section 4.1). Under the assumption that all of these crystals have the same
optical properties since they were cut from the same ingot it should be possible to
predict their MLY when the correct dimensions of the crystals are entered in the
simulation.
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Fig. 6.12: Comparison of the simulated (dark blue histogram, red line) and
measured spectra (dashed green line) for the crystals "Sheldon III" (top) and
"Sheldon IV" (bottom). To determine the MLY the spectra of the crystal "Sheldon
[IT" were fitted by single-Gaussians. The spectra of the crystal "Sheldon IV" had to
be fitted by double-Gaussians due to the non-uniformity caused by the "focussing
effect" which also leads to a higher collection efficiency.

Figure 6.12 shows the simulated spectra for the crystals "Sheldon III" and
"Sheldon IV" when the gap between crystal and PMT is filled by air. The MLY

95



6. Characterization of the Self-Grown CaW Oy Crystals

predicted for "Sheldon III" was again obtained from a single-Gaussian fit to the
simulated spectrum. The simulated spectrum for the crystal "Sheldon IV" (trun-
cated pyramid), however, has to be fitted by a double-Gaussian. This is caused by
the non-uniformity of the light collection due to the "focussing effect" which, how-
ever, also leads to a higher collection efficiency (see sections 4.4 and 5.3). Therefore
the simulated MLY of the crystal "Sheldon IV" is increased compared to the other
two crystals (see table 6.4).

crystal | simulated MLY (p.e.) | MLY (p.e.)
Sheldon III 32.4 32.3£04
Sheldon IV 78.0 529+1.3

Tab. 6.4: Test of the predictions of the simulations for the differently shaped
crystals "Sheldon III" (cylinder) and "Sheldon IV" (truncated pyramid) which were
cut from the same ingot. For the crystal "Sheldon III" the MLY of the simulation
and the experiment are in good agreement while for the crystal "Sheldon IV" the
predicted MLY is ~ 47% too high.

Table 6.4 summarizes the results of the measurements performed with the crys-

tals "Sheldon III" and "Sheldon IV" with air in the crystal-PMT gap in comparison
to those of the simulations of the setup. The mean values and errors were again
each calculated from the repetition of four measurements. For the crystal "Sheldon
IIT" the predicted MLY is in very good agreement with the measurement. How-
ever, for the crystal "Sheldon IV" the predicted value is ~ 47% higher than the
experimental one. This discrepancy can be assigned to a difference in the optical
parameters (No, Laps, Lscqr) compared to the other crystals. Possible reasons might
be that the light yield of the crystal is decreased due to a local oxygen deficiency
in the part of the ingot where the crystal was cut from. In addition, the small
cloudy enclosures found in the crystal (see section 4.1) might lead to additional
absorption. Furthermore, a difference in the surface quality of the crystal could
also lead to the observed discrepancy.
Examples of the measured spectra are shown in figure 6.12 in comparison to the
simulated ones. It can be seen that for the crystal "Sheldon IV", apart from the
position, the shape of the photopeak at 59.5keV resembles the shape of the sim-
ulated spectrum. For the determination of the MLY this peak was also fitted by
two Gaussians while the photopeak of the crystal "Sheldon ITI" could be fitted by
a single Gaussian. In addition, similar to the simulations, the MLY of the crystal
"Sheldon IV" is increased compared to the other two crystals. This suggest that
the simulation is qualitatively right and that the features of the measured spectrum
of the crystal "Sheldon IV" can also be explained by the "focussing effect".
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6.3 Light-Yield Measurements of Differently Shaped
Crystals and Housings

In order to experimentally compare the light collection of differently shaped crys-
tals in differently shaped housings, as suggested by the MC simulations in section
5.3, the crystals "Sheldon II" (block shaped), "Sheldon III" (cylinder) and "Shel-
don IV" (truncated pyramid) were mounted in a reflective housing which was then
placed onto the PMT window in the MCRIM setup (see figure 6.13). For the crys-
tal "Sheldon III" a cylindrical housing was used while the other two crystals were
mounted in a box-shaped housing (see figure 6.14). The reflective housings are
made of aluminum and covered with 3M radiant mirror film VM2000* on the in-
side, the crystals are fixed by small holders made of polyethylene. The scintillation
photons can escape through a hole with a diameter of 25mm at the bottom of the
housing which is facing the PMT window (see figures 6.13 and 6.14). The geometry
of this setup is similar to that of a CRESST-like detector module, although with
smaller dimensions. However, contrary to a CRESST-like detector module, the
PMT can only detect light from one side and the holders cover a larger fraction
of the crystal’s surface. The crystals were again excited by a ?*! Am source and

the photon counting software described in section 6.2.2 was used to analyze the
recorded PMT pulses.

4The VM2000 foil is the progenitor of the VM2002 foil and has very similar optical properties
(see [21]).
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reflective housing

holder

crystal

light-tight box

gamma-ray source

holder

Fig. 6.13: Schematic drawing of the setup for the light-yield measurements. The
reflective housing in which the crystal is mounted is placed onto the PMT window
of the MCRIM setup.
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B
e 4

Fig. 6.14: Cylindrical (top) and box-shaped (bottom) reflective housing used for
the light-yield measurements. The crystals are fixed by small holders made of
polyethylene and the inside of the housing is covered with a highly reflective foil.
The scintillation light can escape through a hole in the bottom of the housing
which is facing the PMT window.

6.3.1 Results and Discussion

In each recorded spectrum the MLY and FWHM are defined as the peak position
and full width at half maximum of a Gaussian fit to the 59.5keV photopeak from
the 2" Am source. The resolution of this peak is defined as the ratio FWHM /MLY.
The mean values and errors were again calculated each from the repetition of four
measurements.

Polished crystals before annealing

Table 6.5 shows the results of the measurements with the differently shaped crystals
as they were obtained from the crystal laboratory. The crystals’ surfaces were all
polished and they were not annealed under oxygen atmosphere. In figure 6.15
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6. Characterization of the Self-Grown CaW Oy Crystals

examples of the recorded spectra for each module are shown. In contrast to the
measurements in section 6.2 the second peak at lower energies that originates
from a mixture of x-rays (see figure 6.8) is not visible because the x-rays cannot
penetrate the reflective housing.

module a) b) c)
crystal Sheldon II Sheldon IIT Sheldon IV
(block shaped) | (cylinder) | (truncated pyramid)
reflective housing box cylinder box
MLY (p.e.) 32.0£0.7 30.8+£0.9 52.3+0.8
FWHM (p.e.) 16.6 04 16.2+0.5 27.3+04
FWHM/MLY (%) 51.8 £ 1.7 52.6 + 2.0 52.5+0.7

Tab. 6.5: Results of the light-yield measurements of differently shaped crystals
in different reflective housings. The mean values and errors were each calculated
from the repetition of four measurements. In each recorded spectrum the MLY
and FWHM was determined by a single-Gaussian fit to the 59.5keV photopeak.
For module ¢) the MLY is increased by ~ 67%. However, due to the also increased
FWHM it shows no improved resolution FWHM/MLY compared to the other
modules.
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Fig. 6.15: 2" Am spectra measured with modules a), b), c¢) (from top to bottom)
(see also table 6.5). The second peak at lower energies that originates from a
mixture of x-rays (see figure 6.8) is not visible because the x-rays cannot penetrate
the reflective housing.

In the measurements the MLY of module a) is slightly increased compared to

101



6. Characterization of the Self-Grown CaW Oy Crystals

module b) but the values agree within errors. For module ¢) the MLY is increased
by ~ 67%. However, due to the also increased FWHM it shows no improved
resolution. The simulations in section 5.3 and measurements in section 6.2 showed
that this is due to the "focussing effect" which increases the efficiency but also
the non-uniformity of the light collection. In contrast to the measurements in the
previous section though, the spectrum of the crystal "Sheldon IV" can be fitted by
a single-Gaussian which indicates that the light collection is more uniform if the
crystal is mounted in the reflective housing.

Crystals after roughening of the surface facing the PMT

To test the effects of roughening experimentally the crystals were measured again
after one surface had been roughened using boron carbid powder with a grain size of
~ 4 — 14pum. For these measurements the crystals were mounted in the reflective
housing with the roughened surface facing the PMT window as is the case in
CRESST-II where the light detector faces the roughened surface. Examples of the
measured spectra are shown in figure 6.16, the results are summarized in table 6.6.

module a) b) c)
crystal Sheldon II Sheldon III Sheldon IV
(block shaped) | (cylinder) | (truncated pyramid)
reflective housing box cylinder box
MLY (p.e.) 31.0+ 0.6 36.8+£0.7 51.3+0.6
FWHM (p.e.) 16.2+ 0.3 18.0+£ 0.3 24.1+£0.6
FWHM/MLY (%) 52.2+0.6 489+ 0.7 47.0+£0.8

Tab. 6.6: Results of the light yield measurements after the crystal’s surface facing
the PMT was roughened. Other details as in table 6.5. For module a) roughening
had no significant influence on the measured spectrum while for module b) it lead
to an increase of the MLY by ~ 19%. For module c¢) roughening reduces the
FWHM by ~ 12% whereas the MLY is kept constant within errors.
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Fig. 6.16: 2" Am spectra measured with modules a), b), c¢) (from top to bottom)
(see also table 6.6) after roughening of the crystal’s surface facing the PMT.

It can be seen that in module a) roughening of the block-shaped crystal had no
significant influence on the MLY or resolution. In module b), however, roughening
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led to an increase of the MLY and resolution by ~ 19% and ~ 7%, respectively.
The result cannot be directly compared to the simulations in section 5.2. However,
it rather suggests that the simulation model of a roughened surface is insufficient
as it only leads to a significant increase of the light collection for crystals with
a much smaller attenuation coefficient (see section 5.2). This may be assigned
to the fact that in contrast to the simulation, in the experiment roughening does
mainly increase the transmission through the roughened surface itself. In module
¢) roughening reduces the FWHM of the photopeak by ~ 12%, whereas the MLY is
kept constant within errors which leads to an improved resolution by ~ 10%. This
confirms the results obtained from the simulations in section 5.3 that roughening
can reduce the non-uniformity that arises from the "focussing effect". However,
experimentally the effect is not as prominent as in the simulations and some of
the non-uniformity remains because the measured FWHM of the photopeak is still
increased compared to the modules a) and b).

Crystals after annealing

After roughening the crystals were annealed under oxygen atmosphere for 48h at
1450°C'. After this procedure all crystals appeared optically clearer and the crystals
"Sheldon II" and "Sheldon ITI" showed a very light green hue. In addition, the
roughened surface became smoother during the annealing. Table 6.7 shows the
results of the light-yield measurements with the annealed crystals. Examples of
the recorded spectra are shown in figure 6.17.

module a) b) c)
crystal Sheldon II Sheldon III Sheldon IV
(block shaped) | (cylinder) | (truncated pyramid)
reflective housing box cylinder box
MLY (p.e.) 38.4+0.6 32.7+£0.7 60.2£0.4
FWHM (p.e.) 18.9 £ 0.2 17.6 £0.9 30.1£0.2
FWHM/MLY (%) | 491+14 | 540+ 17 50.1 £ 0.6

Tab. 6.7: Results of the light yield measurements after annealing of the crystals.
Other details as in table 6.5. For modules a) and ¢) the MLY is increased by ~ 24%
and ~ 17%, respectively. In module b), however, the MLY shows an decrease by
~ 11% compared to the measurements before annealing.
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Fig. 6.17: 2" Am spectra measured with modules a), b), c¢) (from top to bottom)
(see also table 6.7) after annealing the crystals.

For module a) the annealing process led to an increase of the MLY and an
improved resolution by ~ 24% and ~ 6%, respectively. In module b), however, the
MLY shows a decrease by ~ 11% compared to the measurements before anneal-
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ing. The MLY of module c¢) is increased by ~ 17%. However, because of the also
increased FWHM the resolution is worsened by ~ 7%. These results suggest that
the annealing process did increase the light output of the crystals but also com-
pensated the effects of roughening which originally led to an increase of the MLY
in module b) and a decreased FWHM in module ¢). This is supported by the fact
that the roughened surface appeared smoother after annealing. It can also be seen
that the increase of the MLY varies by different amounts for the different crystals.
In module b) it is only increased by ~ 6% compared to that of the polished crystal
before annealing.

Crystals after re-roughening

As the appearance of the roughened surface changed after annealing the roughening
was reapplied and the light yield measurements were performed again. The results
are shown in table 6.8 and figure 6.18.

module a) b) c)
crystal Sheldon II Sheldon III Sheldon IV
(block shaped) | (cylinder) | (truncated pyramid)
reflective housing box cylinder box
MLY (p.e.) 133+£05 | 428409 60.6 + 0.8
FWHM (p.e.) 19.9+04 20.0£0.6 28.1£0.6
FWHM/MLY (%) | 460+1.0 | 46.7+1.3 164+1.0

Tab. 6.8: Results of the light yield measurements after re-roughening of the
crystals. Other details as in table 6.5. For module c¢) the MLY is increased by
~ 40% compared to the other modules. However, due to the also increased FWHM
it shows no improved resolution.
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Fig. 6.18: Measured **' Am spectra with module a), b), ¢) (from top to bottom)
(see also table 6.8) after re-roughening of the annealed crystals.

In this final comparison of the different modules it can be seen that the MLY
of module a) and b) is comparable while the MLY of module ¢) is increased by
~ 40%. However, also the FWHM of module ¢) is increased so that it shows no
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improved resolution. Another interesting result is that for module a) the MLY
is increased by ~ 13% after the roughening is reapplied while no changes were
observed after roughening of the unannealed crystal. This may be assigned to
the fact that annealing decreases the attenuation coefficient of the crystal which
increases the relative amount of trapped light that is removed by a roughened
surface (see section 5.2).

Since in the measurements the resolution of all modules is equal within errors it
has to be decided by means of other criteria (e.g. achievable close packing) which
of them should be favored as a future detector design.

6.3.2 Influence of the Position of the Irradiating Source

In the measurements described in the previous section the crystals were irradiated
from the side (see figure 6.13). Since the gammas are stopped near the crystal
surface there is only little variation in the radial position of the scintillation events.
To test the influence of the radial dependence of the light collection the modules
were also measured with the source placed above the module (see figure 6.19).

reflective housing

holder

crystal

gamma-ray source

O

holder

light-tight box

Fig. 6.19: Schematic drawing of the setup for the light-yield measurements with
the source placed above the crystal to test the influence of the radial dependence
of the light collection on the measured spectra.
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Crystals after annealing

Table 6.9 and figure 6.20 show the results of the crystals after annealing as in table
6.7 and figure 6.17 but with the gamma-ray source placed above the module.

module a) b) c)
crystal Sheldon II Sheldon III Sheldon IV
(block shaped) | (cylinder) | (truncated pyramid)
reflective housing box cylinder box
MLY (p.e.) 40.2+04 36.3+04 59.3£0.4
FWHM (p.e.) 20.84+0.4 24.24+0.3 29.44+ 1.5
FWHM/MLY (%) 51.9£0.6 66.5 1.4 49.74+ 2.7

Tab. 6.9: Results of the light yield measurements as in table 6.7 when the crystal is
irradiated from the top. For modules a) and ¢) the different irradiation causes only
little changes to the measured spectra. For module b) the resolution is worsened
by ~ 23% compared to the measurement with the irradiation from the side.
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Fig. 6.20: *"! Am spectra measured with modules a), b), ¢) (from top to bottom)
as in figure 6.17 when the crystal is irradiated from the top. The measured spectra
of modules a) and c) can be fitted by single-Gaussian while the spectrum of module
b) has to be fitted by a double-Gaussian.

It can be seen that for module a) and c) the different irradiation causes only
little changes to the measured spectrum. For module b), however, the MLY and
more prominently the FWHM are significantly increased compared to the mea-
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surement where the crystal is irradiated from the side which ultimately leads to a
worsened resolution by ~ 23%. This can be assigned to the radial dependence of
the fraction of trapped light which increases with distance from the cylinder axis
(see sections 4.3 and 5.1). Therefore the different radial positions of the scintilla-
tion events lower the mean fraction of trapped light but lead also to an additional
non-uniformity. The measured spectrum in this case does not show a doublet
structure like in the simulations depicted in figure 5.6, however, it is also better
fitted by two Gaussians (see figure 6.17).

These results support the fact obtained from the simulations in section 5.3 that the
light collection in a block shaped crystal is more uniform compared to the cylinder
as the fraction of trapped light does not show a large radial dependence on the
position of the scintillation event.

Crystals after re-roughening

module a) b) c)
crystal Sheldon II Sheldon III Sheldon IV
(block shaped) | (cylinder) | (truncated pyramid)
reflective housing box cylinder box
MLY (p.e.) 44.8 £ 0.7 46.5+£0.4 60.7 £0.2
FWHM (p.e.) 21.5£0.3 24.4+£0.3 27.9+£0.5
FWHM/MLY (%) 48.0 £ 0.7 52.6 £ 0.8 45.9+0.9

Tab. 6.10: Results of the light yield measurements as in table 6.8 when the
crystal is irradiated from the top. For modules a) and c) the different irradiation
causes only little changes to the measured spectra. For module b) the resolution is
worsened by ~ 13% compared to the measurement with the irradiation from the
side.
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Fig. 6.21: 2" Am spectra measured with modules a), b), c¢) (from top to bottom)
as in figure 6.18 when the crystal is irradiated from the top. in contrast to the
previous measurement depicted in figure 6.20 the measured spectrum of module
b) can now be fitted by a single-Gaussian.
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Table 6.10 and figure 6.21 show the results of the crystals after annealing and re-
roughening as in table 6.8 and figure 6.18 but with the gamma-ray source placed
above the module. For modules a) and c) the spectra do not change significantly if
they are irradiated from the top for module b) however the resolution is worsened
by ~ 13%. This can be assigned to the fact that some of the radial dependence
of the fraction of trapped light in module b) remains after roughening. However,
in contrast to the previous measurement depicted in figure 6.20 the measured
spectrum can now be fitted by a single-Gaussian.

In this final comparison the measurements favor module c¢) where the resolution
is improved by ~ 13% compared to module b). Module a) shows a resolution
improved by ~ 9% compared to module b). However the crystal "Sheldon II" in
module a) has a factor of ~ 2.4 higher mass compared to the crystal "Sheldon
IV" in module ¢) which makes it more suited for the close packing of the detector
modules. Furthermore, in comparison to a truncated pyramid a block-shaped
crystal will be easier to manufacture and less material will be lost from the original
ingot. Therefore module a) appears as a favorable design for future detectors.

6.4 Comparison of the MLY to the Reference Crys-
tal "Boris"

For the CaWWO, crystals that are used in CRESST-II the light yield at RT is
usually compared to a reference crystal from SRC "Carat" named "Boris". This
crystal is cylindrical with 40mm in diameter and height as those employed in the
experiment. As the measured light yield depends on the dimensions of the crystal
and it has yet not been possible to produce a cylindrical crystal with 40mm in
diameter and height at the crystal laboratory of the TUM (see section 4.1), the
MLY of the self-grown crystals cannot be directly compared to "Boris". With the
simulation input parameters determined in section 6.2, however, it is possible to
compare the MLY of "Boris" in the MCRIM setup (see figure 6.4) to a simulation
for a self-grown crystal with the same dimensions.

6.4.1 Results and Discussion

Figure 6.22 shows the simulated spectrum of 59.5keV gammas in the MCRIM
setup with air between the crystal and the PMT. The crystal was implemented as
a cylinder with 40mm diameter and height with the same parameters for L.y, Lscar
and Ny that were determined in section 6.2 for the self-grown crystal "Sheldon IT"
prior to the annealing under oxygen atmosphere. The predicted MLY from this
simulation is 13.1p.e.. It can be noticed that the photopeak in the spectrum has
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to be fitted by a double-Gaussian. This can be assigned to the non-uniformity
which arises from the low absorption length leading to a decreased light collection
for scintillation events with larger distance to the PMT.

T T T
I simulated spectrum
2 Gauss fit 1

Peak: 13.08

FWHM: 16.2372
R-square: 0.99332 [

0 5 10 15 20 25 30 35 40 45 50
p.e./event

Fig. 6.22: Simulated spectrum of 59.5keV gammas for a cylindrical crystal with
40mm diameter and height in the MCRIM setup with air between the crystal and
the PMT. As simulation input parameters the values determined in section 6.2
for the self-grown crystal "Sheldon II" were used. To determine the MLY, the
spectrum was fitted by a double-Gaussian.

For the measurements, the crystal "Boris" was placed in the MCRIM setup on
the thin wires on the PMT window and was irradiated from one side with the 24! Am
source. Figure 6.23 shows one of the measured spectra with the 59.5keV photopeak
fitted by a single Gaussian to determine the MLY. Table 6.11 shows the results
from the repetition of four measurements. In comparison, the simulated MLY of
the self-grown crystal is only ~ 37% of that measured for "Boris". However, the
light output can be increased by up to a factor of 2 after the annealing under
oxygen atmosphere [21].
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Fig. 6.23: Measured >*' Am spectrum for the crystal "Boris" in the MCRIM
setup with air between the crystal and the PMT. The MLY was determined by a
single-Gaussian fit to the measured spectrum.

crystal Boris simulated crystal
MLY (p.e.) 35.1+£04 13.1
FWHM (p.e.) 19.24+0.4 16.2
FWHM/MLY (%) | 54.8 +1.2 124

Tab. 6.11: Results of the light yield measurements of the reference crystal Boris
in comparison to the simulation of a self-grown crystal.

6.5 Measurement of the Radiopurity

To determine the radiopurity of a self-grown C'alW Oy, crystal it was screened with a
high-resolution Ge detector in our shallow underground lab (~ 15m.w.e.). For this
measurement a cylindrical crystal of 25mm diameter and 57mm height with a mass
of 202g was used. The measurement lasted for 12 days. The recorded spectrum
showed no lines above the background, i.e. no signs of radioactive contamination.
From this measurement upper limits on the absolute activities of certain radionu-
clides were derived (see tables 6.12 and 6.13) [94].
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1sotope

CaWO04 crystal

K-40

< 90.7727-107* Bq/kg
< 3.51103.1070 g /g

228AC

< 27.379.1073 Bq/kg
< 3.317035- 1072 g/g

212Pb

< 24.4739.107° Bq/kg
< 47570761072 g/g

212Bi

< 120.079% - 1073 Bq/kg
< 2214017107 g/g

Th-232
chain

< 30.375-107° Bq/kg
< 7.48703-107° g/g

2341:)a

< 309.47285. 1073 Bq/ke
< 1224015 1078 g/g

226Ra

< 642.77212 - 1073 Bq/kg
< 1.767017 - 1074 g/g

214Pb

< 37.9%53-107° Bq/kg
< 3127378 - 107 g/g

214Bi

< 59.273%. 107 Bq/kg
< 3.631072 - 1078 g/g

U-238
chain

< 46.7770-107° Bq/kg
< 3.751018-107° g/g

Tab. 6.12: Upper limits on the absolute activities (given in Bq/kg as well asin g/g
at 90%C'L) of a self-grown CaWW O, crystal for the different isotopes from the 32T h-
and the 238U-decay chains, as well as for *°K. In the case, that several gamma
lines were used for the calculation of the activity of one isotope, the quoted value is
the weighted average of the single activities. The limits given for the whole decay
chains are again the weighted averages of the activities of the different isotopes.
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1sotope CaW04 crystal
2357 < 334.6730% - 1073 Bq/kg
< 4187038 .10 g/g
231p, < 474.6773% - 1072 Bq/ke
< 2717035 - 1078 g/g
227, < 546.8%10;3 - 107° Ba/kg
< 481708 - 107 g/g
219R < 118.2%13% - 107° Bq/kg
< 2467030 -107% g/g
211py, < 65.0757 . 107 Bq/ke
< 71240781078 g/g
U-235 < 93.9M35 .10~ Bq/kg
chain < 117758 -107° g/g

Tab. 6.13: Upper limits on the absolute activities (given in Bq/kg as well as in
g/g at 90%CL) of a self-grown CalW O, crystal for the different isotopes from the
2350 -decay chain. Other details as in table 6.12.

6.6 Summary and Consequences for New Detec-
tors

Light yield and optical parameters of the self-grown crystals

In this chapter the attenuation coefficient of the self-grown C'alW O, crystal "Shel-
don IT" was determined with a transmission measurement prior to the annealing
under oxygen atmosphere. The obtained value oy, = 0.3348 4 0.0255cm ™! at
430nm is by a factor of ~ 3 higher than that measured for a crystal from SRC
"Carat" [86].

This value for oy, was used to determine the intrinsic light yield Ny and the ab-
sorption and scattering length L. and L. of the crystal with a combination
of experiments and MC simulations (MCRIM technique). The determined val-
ues Lgeqr = 9.57 & 4.36cm and Lgys = 4.34 4+ 0.90cm suggest that absorption is
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6. Characterization of the Self-Grown CaW Oy Crystals

dominant over scattering in the crystal. The determined intrinsic light yield was
Ny = 24800 £ 3300ph/MeV at 59.5keV which is ~ 9% higher than that measured
for the already mentioned crystal from SRC "Carat" [86].

These values show that the unannealed crystal "Sheldon II" has a relatively high
intrinsic light yield. However due to the large attenuation coefficient and the small
ratio of scattering to absorption a large fraction of the scintillation photons will
be absorbed before escaping the crystal (quasi trapping).

The determined parameters L., Lsecqr and Ng were tested for the crystal "Shel-
don II" and two differently shaped crystals that were cut from the same ingot by
comparing the measured light yield (MLY) of an experiment with the prediction
of a MC simulation. For the crystal "Sheldon II" (block shaped) and "Sheldon
[II" (cylinder) the predictions of the simulation were in good agreement with the
measurements. The predicted MLY for the crystal "Sheldon IV" (truncated pyra-
mid) though was ~ 47% too high. This suggests that even for crystals from the
same ingot the optical parameters can show some variation making it impossible
to correctly predict their MLY with the same simulation input parameters. The
small cloudy enclosures found in some of the crystals (see section 4.1) might be an
explanation for this discrepancy.

Comparison of differently shaped crystals and housings

The differently shaped crystals (block shaped, cylinder, truncated pyramid) were
mounted into differently shaped reflective housings (cylinder, box shaped), as sug-
gested by the MC simulations, and excited with 59.5keV gammas from a 2! Am
source while the scintillation light was detected by a photomultiplier (PMT). The
different modules were then compared regarding their MLY and resolution of the
photopeak.

For these measurements the crystals were annealed under oxygen atmosphere and
the surface facing the PMT had been roughened. This procedure increased the
MLY and resolution by ~ 16 — 39% and ~ 11 — 12%, respectively, depending on
the crystal shape. It was further observed that the resolution of all modules was
comparable when they were irradiated from the side. However, when irradiated
from the top the resolution of the crystal "Sheldon III" (cylinder) mounted in a
cylindrical housing worsened by ~ 13% while this had no significant effect on the
other crystals. This can be assigned to the radial dependence of the fraction of
trapped light in a cylindrical crystal, which leads to a less uniform light collection
(see section 5.2).

The MLY of the crystal "Sheldon II" (block-shaped) in a box shaped housing is
comparable to that of the cylindrical crystal and housing, however, it shows a more
uniform light collection and the resolution is improved by ~ 9%. This confirms
the results obtained from the MC simulations in section 5.3 which also favor the
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block-shaped crystal and housing over the cylindrical module due to its more uni-
form light collection.

The MLY of the crystal "Sheldon IV" (truncated pyramid) in a box-shaped hous-
ing was increased by ~ 30 — 40% depending on the irradiation compared to the
cylindrical module. However, the resolution was only improved by ~ 13% as the
taper-shaped cross section leads to an increased but also less uniform light collec-
tion. In contrast to the MC simulations in section 5.3, in the measurements the
uniformity of the light collection was only slightly improved after roughening of
the crystal.

As the crystal "Sheldon II" (block-shaped) has a factor of ~ 2.4 higher mass com-
pared to the crystal "Sheldon IV" (truncated pyramid) it is more suited for close
packing of the detector modules. Furthermore, in comparison to a truncated pyra-
mid a block-shaped crystal will be easier to manufacture and less material will be
lost from the original ingot.

Comparison to the reference crystal "Boris"

The light yield of the crystal "Boris" that is used as a reference for the CRESST-
IT experiment was measured and compared to a simulation which uses the values
for Laps, Lseat and Ny that were determined for the self-grown crystal "Sheldon
II" before the annealing under oxygen atmosphere. Here the simulated MLY was
~ 37% of that measured for "Boris". Since the crystal "Sheldon II" was not
annealed under oxygen this value can still be increased significantly.

Investigation of the radiopurity

The investigation of the radiopurity of one of self-grown crystals with a high-
resolution Ge detector revealed no signs of radioactive contamination.

Consequences for new detectors

Due to the relatively high intrinsic light yield of the self-grown CaW O, crystals
it seems feasible to use them in the CRESST and future EURECA experiments.
Furthermore the radiopurity measurement showed no signs of radioactive contam-
ination. To obtain a sufficient light output from crystals with dimensions as those
currently used in CRESST-II or even larger ones it will however be necessary to
reach a smaller absorption coefficient a,s than determined in the measurements.
As the value of ay,s was determined for an unannealed crystal this might already
be achievable by the annealing process.

The measurements of differently shaped crystals and housings favor a block-shaped
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6. Characterization of the Self-Grown CaW Oy Crystals

crystal (with the surface facing the light detector roughened) in a box-shaped hous-
ing since it shows the most uniform light collection and can achieve the highest
packing density. The energy resolution of this module is improved by ~ 9% com-
pared to the cylindrical crystal (with the surface facing the light detector rough-
ened) and housing when it is irradiated from the top. As the crystal shaped like
a truncated pyramid showed an increased but also less uniform light collection it
offers no significant improvement compared to the block-shaped crystal.
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Chapter 7

Conclusion and Outlook

The CRESST experiment aims at the direct detection of WIMPs with cryogenic
detectors. Of great importance in this rare event search is the background discrim-
ination which is achieved by the simultaneous detection of the phonon signal and
the scintillation light of the CalW O, targets. A central task in improving the dis-
crimination ability of a detector module will be to achieve a better light collection.
Another important issue is to ensure the availability of scintillating crystals that
match the special requirements of CRESST and the future EURECA experiment.

7.1 Czochralski Growth of C'alW O, Crystals

During this thesis, several C'alW O, crystals with a mass of ~ 250 — 790g were pro-
duced with a dedicated Czochralski furnace installed at the crystal laboratory of
the Technische Universitdt Miinchen (TUM). The growth of large ingots with di-
ameters 2 40mm, however, is still challenging. Therefore, a new rhodium crucible
with a diameter of 120mm (instead of 80mm diameter of the old crucible) is cur-
rently under installation which will allow an easier growth of crystals with a larger
diameter. In the future the growth parameters will be further optimized to obtain
highly transparent crystals with less defects and a lower absorption coefficient.

7.2 Optical and Scintillation Properties of the Self-
Grown Crystals

One of the self-grown crystals was characterized prior to the annealing under oxy-
gen atmosphere. The absorption and scattering lengths L., and L. and the

intrinsic light yield Ny of this crystal were determined by the Monte-Carlo Refrac-
tive Index Matching (MCRIM) technique, a combination of experiments and Monte
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Carlo simulations. The obtained values L..; = 9.57£4.36¢m, Ly = 4.34£0.90cm
and Ny = 24800+3300ph/MeV show that the crystal has a relatively high intrinsic
light yield. However, due to the relatively low value of L,,s and the small ratio
Laps/ Lscar a large fraction of the scintillation photons will be absorbed before es-
caping the crystal (quasi trapping).

In addition, the radiopurity of the crystals was investigated with a high-resolution
Ge detector which revealed no signs of radioactive contamination [94]. In the
future, further measurements with larger crystals and longer exposures will be
performed in a new underground laboratory at our institute.

To obtain a sufficient light output from crystals with dimensions as those cur-
rently used in CRESST-II or even larger ones, it will be necessary to reach a larger
absorption length. This might already be achievable by annealing under oxygen
atmosphere. Therefore, the characterization of the crystal should be repeated
after the annealing process. In addition, also the refractive index and the scintil-
lation spectrum should be measured to obtain a complete set of simulation input
parameters. An experimental setup to measure the scintillation spectrum (under
UV excitation) is currently under construction. Furthermore, the light yield at low
temperatures (< 10K) where it is expected to stay constant should be investigated.
A setup for such measurements is available within the CRESST collaboration at
the Universitat Tiibingen. The determined parameters can then be used to simu-
late new detector geometries like modules with multiple light detectors that face
different surfaces of the C'aWW O, crystal.

The MCRIM setup for the characterization of the crystals can be improved with an
additional preamplifier which would allow a clearer distinction of the photoelectron
pulses from the noise. In the future the scintillation pulses should be measured
integrally which will allow to characterize other materials with faster scintillation
decay curves (with time constants < 100ns) where the pileup of single photons
is non-negligible. For these measurements the setup should be calibrated with an
LED to determine the integrated value of a single-photon pulse measured by the
photomultiplier. This will allow the deduction of the absolute light yield in terms
of photoelectrons from an integrally measured scintillation pulse. Together with
the simulation the setup can also be used to determine the intrinsic light yield and
the scattering and absorption coefficients of future self-grown CaWW O, crystals or
other scintillating materials.

Furthermore, it will also be important to investigate the phonon properties of the
self-grown crystals. Therefore, as a next step, a crystal will be equipped with a
TES and operated as a cryogenic detector. Such a detector is currently under
construction and will be tested at the neutron scattering facility for the quenching
factor measurements (see section 2.3.1). This setup can be used to study the per-
formance of a detector module containing both a cryogenic phonon and a cryogenic
light detector.
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7.3 Investigation of Differently Shaped Crystals and
Housings

Monte Carlo simulations

To study the collection of scintillation light Monte Carlo (MC) simulations of a
CRESST-like detector module based on GEANT4 have been established. The sim-
ulations showed that with the currently used cylindrical crystal, depending on the
scattering and absorption lengths, on average ~ 12% — 60% of the scintillation
light remains (quasi) trapped inside the crystal. Furthermore, the light collection
is not uniform but depends on the radial position of the scintillation event inside
the crystal. This spatial dependence can lead to a doublet structure in the mea-
sured spectrum of monoenergetic events. The simulation showed that on average
a fraction 1 & 13% of the scintillation light is absorbed by the light detector. The
fraction of the energy deposited by a gamma that is detected as scintillation light
in the simulation is ~ 1.5%, in good agreement with experimental results that
showed values of ~ 1% [28].

Roughening of the crystal surface that is facing the light detector reduces the mean
fraction of (quasi) trapped light to a value of ~ 7 — 48% and can also improve the
uniformity (i.e. decrease the spatial dependence) of the light collection depending
on the absorption and scattering lengths. Experimentally though, the profits of
roughening seem even more pronounced than in the simulations.

MC simulations of differently shaped crystals and housings were performed. The
results were evaluated regarding the efficiency 7 and uniformity o, of the light
collection with respect to the position of the scintillation event and compared to
the currently used cylindrical crystal, with the planar surface (facing the light de-
tector) roughened, in a cylindrical housing. A good detector should have a high
and uniform light collection, i.e. a large value of the ratio n/o,. In these terms the
simulations favor a crystal shaped like a truncated pyramid with the large end face
(facing the light detector) roughened in a box-shaped housing. For this configura-
tion the ratio 1/0, shows an increase by a factor of ~ 6.3. However, the crystal
shape has some disadvantages regarding the close packing of the detector modules
since it has similar dimensions but only ~ 50% of the volume of the currently used
cylinder. As an alternative a block-shaped crystal (with the same volume as the
cylinder) in a box-shaped housing offers close packing and exhibits an increase of
the ratio /o, by a factor of ~ 2.5. Since the ingots produced with the Czochral-
ski method already have a block-like shape (see section 4.1) this would have the
additional advantage of losing only little material when the crystals are cut. Fur-
thermore, a block-shaped crystal will be easier to manufacture in comparison to a
truncated pyramid.
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The MC simulation of the CRESST-like detector module can still be improved by
implementing the wavelength-shifting properties of the reflective foil. It would also
be desirable to know the foil’s reflectivity at low temperatures. As simulation-input
parameters for the CaWW Oy crystal the values of L.y, Lsear and Ny determined by
the MCRIM technique can be used. For the future, the MC simulation can help
to understand the performance of newly developed detector modules like the one
with two light detectors or the composite detector design that are employed in the
current run of CRESST-II (see section 2). As there probably is some discrepancy
between a roughened surface in the simulations and the experimental results other
GEANT4 models of surface finishes and other simulation softwares (e.g. LITRANI
[95]) should also be tested.

Light-yield measurements

Differently shaped crystals (block shaped, cylinder, truncated pyramid), as sug-
gested by the MC simulations, were cut from a self-grown ingot. The crystals were
mounted into differently shaped reflective housings (cylinder, box shaped) and ex-
cited with 59.5keV gammas from a 2*' Am source while the scintillation light was
detected by a photomultiplier. The different modules were then compared regard-
ing the measured light yield (MLY) and resolution of the photopeak.

As a final treatment the crystals were annealed under oxygen atmosphere and
the surface facing the photomultiplier was roughened. Both procedures together
increased the MLY and improved the resolution by ~ 16 — 39% and ~ 11%, re-
spectively, depending on the crystal shape.

The measurements favor a block-shaped crystal in a box-shaped housing since it
shows the most uniform light collection and can achieve the highest packing density.
The resolution of this module is improved by ~ 9% compared to the cylindrical
crystal and housing. This confirms the results obtained from the MC simulations
which also favor the block-shaped crystal and housing due to its more uniform light
collection compared to the cylindrical module. The crystal shaped like a truncated
pyramid in a box-shaped housing showed an increase of the MLY by ~ 35% but
a less uniform light collection and therefore no significantly improved resolution
in the measurements compared to the block-shaped crystal and housing. In con-
trast to the MC simulations, in experiment the additional non-uniformity due to
the taper-shaped cross section of this crystal could not completely be removed by
roughening the surface facing the light detector (see sections 5.3 and 6.3). In the
future, it should be tested if a more uniform light collection can be achieved with
a different degree of roughness.

124



7.4. Post-Growth Treatment of the Crystals

7.4 Post-Growth Treatment of the Crystals

In the future, the annealing process can be further optimized by controlling the
partial pressure of oxygen during the annealing. Furthermore, chemical etching can
improve the light output to an even higher degree than mechanical polishing [96].
For CaWWO, it has been shown that a rough surface finish achieved by annealing
under HCI vapor can increase the light output of the crystals by ~ 50% [97]. As an
alternative it is possible to roughen the crystals with an argon-ion source that is
installed in an RF-sputtering magnetron facility at our institute [98]. An especially
large increase of the light output can be expected if it will be possible to create
a so-called effective medium with a continuously changing refractive index on the
crystal surface like in black silicon (see section 4.4).

A novel approach to increase the light output of heavy inorganic scintillators is the
concept of photonic crystals (PhC). It has been shown that the problem of total
internal reflection in a scintillator with a high refractive index can be partially
overcome by machining a thin PhC slab - a periodic pattern of nano-holes - into
the exit surface of the material [99]. By this pattern certain modes of the light
can be diffracted out of the crystal that would otherwise be totally reflected. In
simulations the light output for different scintillating materials was improved by
a factor of ~ 2 with this technique [100]. However, the manufacturing process of
such a PhC slab is rather complex.

7.5 Consequences for New Detectors

It has been possible to produce several CaW O, crystals with a high intrinsic light
yield that showed no signs of radioactive contamination. With the new crucible,
that is currently under installation, the production of crystals with larger dimen-
sions that can be used in CRESST or EURECA seems feasible. To ensure that
the crystals really match the special requirements of these experiments, however,
it will still be necessary to further investigate their scintillation and phonon prop-
agation properties as well as their radiopurity.

Together with the MC simulations the light-yield measurements suggest that a
design characterized by a block-shaped crystal in a box-shaped housing should be
pursued for future detectors in the experiments CRESST and EURECA. The im-
proved resolution of the light channel that can be achieved with such a module will
lead to a better discrimination between different types of recoil events (see section
2.3.1). In addition, a block-shaped crystal is relatively easy to manufacture and
has the advantage of losing only little material from the original ingot which also
has a block-like shape. Furthermore, the possibility concerning a close packing
of the detector modules increases the probability to identify neutron events as
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background due to multiple scattering and will allow the installation of a large
target mass in the volume of the cryostat. These considerations are of particular
importance for CRESST and the future large-scale EURECA experiment.
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Appendix A

Estimation of the expected pileup in
the light yield measurements

Besides the slow scintillation decay curve of C'alW O, and the low number of de-
tected photons in the light yield measurements in chapter 6 there may be some
pileup of single photons in the PMT pulses. The number of photons that remain
uncounted because they arrive within a time of 6ns, which was entered as the
minimal peak distance in the photon counting software, can be estimated with the
MC simulation of the MCRIM setup from section 6.2.

For this purpose the measurement with the largest MLY of 79.3p.e. (see table 6.2)
was simulated with the parameters depicted in table 6.1 and the values for Ny, L
and L., determined in section 6.2. In addition, a fast scintillation decay time of
1.4ps with a relative amplitude of 30% and a slow decay time of 9.2us with an
amplitude of 70% were entered into the simulation. These values were determined
for the scintillation decay curve of CaWWO, at RT under excitation with °Co gam-
mas [65].
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Fig. A.1: Simulated spectrum of the measurement depicted in table 6.2 with
gel between the crystal and the PMT. The top figure shows the spectrum that is
obtained if all detected photons are counted. In the bottom figure all photons that
arrive within 6ns after the last counted photon are ignored. This leads to a slight
reduction of the position of the photopeak by ~ 5%.

Figure A.1 shows the simulated spectrum of the setup irradiated by 59.5keV
gammas. The simulated MLY of 80.0p.e. obtained from a Gaussian fit to the
photopeak is in good agreement with the experimental value of 79.3 £ 1.7p.e..
Figure A.1 also shows the spectrum that is obtained if all photons that arrive
within a time interval of 6ns after a detected photon are not counted. The MLY
determined by a Gaussian fit to this spectrum is 76.0p.e.. Therefore the systematic
error introduced in the light yield measurements due to the pileup of single photons
is smaller than ~ 5%.
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