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Zusammenfassung

Diese Arbeit beschiftigt sich mit der Untersuchung von szintillierenden Kalzi-
ummolybdat (CaMoO;) und Zinkwolframat (ZnWOQOy) Kristallen und deren Ent-
wicklung als Phonondetektoren fiir die direkte Suche nach Dunkler Materie
mit CRESST-II (Cryogenic Rare Event Search with Superconducting Thermome-
ters). CRESST-II sucht nach elastischen Streuprozessen von WIMPs (Weakly
Interacting Massive Particles) an den Kernen der Kristalldetektoren (Kapitel 1).
Man erwartet eine WIMP-Streurate von weniger als 0.1 pro Kilogramm De-
tektormaterial und Tag, wéahrend die Hintergrundraten selbst in einem stark
abgeschirmten Aufbau um vieles grofier sind. Die Reduzierung jenes Hinter-
grundes, der ein potentielles WIMP Signal tiberdeckt oder imitiert, ist daher von
zentraler Wichtigkeit (Kapitel 2).

Die CRESST-II Detektoren konnen aktiv zwischen Kernriickstéfsen (verur-
sacht durch Neutronen und erwartet durch WIMPs) und «a-, - und y-
Radioaktivitdt unterscheiden. Dies wird durch simultane Messung von
Phononen sowie von Szintillationslicht, entstehend durch die Wechselwirkung
eines Teilchens mit dem Kristall, erreicht (Kapitel 2 und 3). Die Schwierigkeit
einer solchen Messung liegt in der geringen Menge an freigegebenem Szintil-
lationslicht (Kapitel 4). In einem Kalziumwolframat (CaWOy) Kristall (Stan-
dardmaterial fiir CRESST-II) werden typischerweise nur ca. 1% der gesamten
deponierten Energie in Form von y/g-Strahlung detektiert. Um eine bessere De-
tektionsschwelle bei niedrigen Riickstofsenergien (unter 40 keV) zu erreichen,
muss die Menge an emittiertem Szintillationslicht moglichst grofs sein.

In dieser Arbeit werden die Szintillationseigenschaften von CaMoO4 und
ZnWOjy Kristallen bei Zimmertemperatur (Kapitel 5) sowie bei kryogenischen
Temperaturen (Kapitel 6) untersucht und mit denen von CaWO; Kristallen ver-
glichen. Im Besonderen werden erstmals die Lichtemissionsfahigkeit und die
Szintillationszeitskalen von CaMoO4 und ZnWQ, im milli-Kelvin (mK) Bereich
gemessen.

Des weiteren wurde im Zuge dieser Arbeit ein 10 g ZnWO, Phonondetektor
zu einem 400 g Prototypen skaliert und 200 g CaMoO,4 Phonondetektoren (Kapi-
tel 7). Fiir den ZnWO, Phonondetektor wird ein neues Design mit separatem
Thermometer-Trdager untersucht. Diese Detektoren wurden auch im CRESST-
II Versuchsaufbau im Gran Sasso-Untergrundlaboratorium erstmals in Betrieb
genommen (Kapitel 8). Zusétzlich zu einer allgemeinen Studie {iber das neuar-
tige Detektordesign ermoglichen die gemessenen Daten eine detaillierte Unter-
suchung der radioaktiven Kontamination der Kristalle. Aufgrund der guten
Eigenschaften des ZnWO, Prototypen wird eine zusitzliche Detektoreinheit aus
diesem Material im CRESST-II Aufbau zum Einsatz kommen (Kapitel 9).






Abstract

This work reports on the investigation of calcium molybdate (CaMoO,) and
zinc tungstate (ZnWOy) scintillating crystals and the development of prototype
phonon detectors based on these new target materials for CRESST-II (Cryogenic
Rare Event Search with Superconducting Thermometers). The CRESST-II direct
dark matter search experiment seeks the detection of WIMPs (Weakly Interacting
Massive Particles) via their elastic scattering off nuclei (Chapter 1). The WIMP
event rate is expected to be less than 0.1 event per kg of the target and per day
while the background rate is orders of magnitude higher, even after placing
the detector in a well-shielded facility. Therefore, suppression of background
that would hide or mimic a potential WIMP signal is of the central importance
(Chapter 2).

CRESST-II detectors can actively discriminate nuclear recoils (caused by neu-
trons and expected from WIMPs) from radioactive a-, -, and y-backgrounds
while simultaneously measuring phonon and light signals caused by a particle
interaction in the scintillating crystal (Chapter 2 and 3). The challenge of such a
measuring technique is the small amount of scintillation light generated (Chap-
ter 4). Typically, only 1% of the total energy deposited into calcium tungstate
(CaWOy) crystals (standard target for CRESST-II) by y/B particles is detected. In
order to achieve a better discrimination threshold down to lower recoil energies
(below 40 keV), the amount of emitted scintillation light has to be maximized.

In this work scintillation properties of CaMoO4 and ZnWQ4 crystals have been
investigated at room temperature (Chapter 5) and at cryogenic temperatures
(Chapter 6) and compared with those ones of CaWOy. In particular, the light
output and scintillation decay time constants of CaMoO,4 and ZnWOj crystals at
mK temperatures have been measured for the first time.

Furthermore, a 10 g ZnWO, phonon detector was scaled up to a full 400 g
prototype and 200 g CaMoO, phonon detectors were developed (Chapter 7).
The ZnWOy detector has been integrated into the CRESST-II setup at Gran Sasso
where it has been operated in a well-shielded facility for the first time (Chapter 8).
Besides allowing for performance studies of the new detector design, data taken
with this detector made a detailed investigation of radioactive contaminations
of the ZnWOj crystal possible. Due to the excellent characteristics obtained with
the prototype ZnWO, phonon detector this material will be used as an additional
target unit for the CRESST-II experiment (Chapter 9).
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Chapter 1

Introduction to dark matter

The question of what constitutes the mass density of the Universe is practically
as old as extragalactic astronomy. The kinematics of galaxies and galaxy clusters
early suggested that the dynamic mass involved is far greater than the observable
luminous mass [1]. Considerable experimental effort is in progress throughout
the world to elucidate the yet unknown nature of the missing matter of the
Universe, the so-called dark matter. It is with no doubt one of the most stunning
astrophysical mysteries.

This chapter provides a cursory overview of the dark matter problem by
reviewing the standard cosmological model. Potential dark matter candidates
and the basics of direct detection of dark matter are discussed.

1.1 Dark matter problem

Our present understanding of the Universe is based on a fundamental picture,
the Hot Big Bang Scenario in which the Universe once has been in a highly
compressed state. Since then (from about 14 billion years) the Universe has
been expanding. In its earliest stages it contained an extremely hot and dense
plasma of elementary particles, frequently reacting among each other. As during
expansion of the Universe the density of these particles and also their energy (or
simply the temperature of the Universe) became lower, reactions among particles
froze out. The course and the outcome of these reactions in the early Universe
therefore determined in what form particles and thus matter survived. Small
fluctuations in particle density were the seeds for the formation of the first stars
and subsequently galaxies, galaxy clusters, and of all the other structure in the
Universe.

Historically, one of the most convincing arguments for the existence of large
amounts of non-luminous matter in the Universe comes from observations of
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rotation curves of galaxies. A typical galaxy such as our Milky Way contains in
the order of 10! stars, together with clouds of gas and dust. Various forms of
galaxies are observed, the most common being elliptical or spiral galaxies. In
spiral galaxies a central spherical hub (or bulge) is surrounded by a flattened
structure or disk in the form of spiral arms. The latter are moving in roughly
circular orbits. The total number of observable galaxies is enormous (~ 10'!) and
they gather together in clusters and superclusters of galaxies. The latter are the
largest observed structures on cosmological scales.

The orbital velocities of stars and gas as a function of their distance from the
galactic center are inferred from Doppler shifts of spectral lines.

Given that the observed surface luminosity of the disk falls off exponentially
with radius r from the galactic centre as

I(r) = Iye"/™, (1.1)

one would expect that most of the galactic mass is concentrated within a few
rp, where rp is the disk length scale [2]. Thereby, under the assumption that
centrifugal forces are balanced by gravity, the rotation velocity at large radii
should be given by

GNM o« ]/'_1 /2

p (1.2)

Orot =

with M denoting the total mass of the galactic nucleus. However, such a be-
haviour is not observed. The orbital speed of stars and hydrogen clouds does
not decrease with r. It rises roughly linearly from the center outward until it
reaches a typical value of around 200 kms™!. The rotation curve then stays
flat out to the largest measured radii. Figure 1.1 shows the rotation curve for
the exemplary galaxy M81. The difference between the measured values of v,
and the expected ones from Equation 1.2 is ascribed to the gravitational effect
of Dark Matter. Indeed, an overall consistent picture of spiral galaxies only
emerges when the bulge and disk are gravitationally subdominant components

immersed in a larger spherical halo of Dark Matter.

1.1.1 The standard cosmological picture

Galactic rotation curves are not the only observational evidence for the existence
of dark matter. The discovery of the cosmic microwave background (CMB)
radiation has not only put the Hot Big Bang Model on firm footing but has
recently also allowed to infer the (cold) dark matter content of the Universe on
comological scales to great accuracy.

When electrons recombined with the light elements (mainly protons and alpha
particles) roughly 380.000 years after the Big Bang gravity driven accoustic os-
cillations of the formerly tightly coupled baryon-photon fluid became imprinted
on the subsequently free streaming CMB photons. With the measurements of the
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Figure 1.1: The spiral galaxy M81, from [3]. Differing from what one would
expect according to the distribution of luminous matter and under the assump-
tion that centrifugal forces are balanced by gravity, the orbital speed of stars and
hydrogen clouds does not decrease with the distance to the center of the galaxy,
but remains almost constant.

Wilkinson Microwave Anisotropy Probe (WMAP) satellite experiment [4, 5, 6]
unprecedented precision data on the associated multipoles of the CMB angular
power spectrum became available. Based on a ACDM model, i.e. a flat Universe
filled with baryons, cold dark matter, neutrinos, and a cosmological constant,
this has allowed to determine the dark matter density to an accuracy better than
100/0.

Let us outline the framework of the so-called standard cosmological model,
ACDM. It allows us to explain in a satisfactory way the thermal history, relic
background radiation, abundance of elements, large scale structure and many
other properties of the Universe. Given the observed isotropy and homogene-
ity of the Universe on large scales one seeks cosmological solutions from the
Friedman equation

. 2
(a) N k  8nGy
a

a_z = Tptoh (1~3)
where py,+ denotes the total energy density of the Universe, and k describes the
spatial curvature which can take values k = 0,1,-1. Equation 1.3 arises from
the Einstein field equations of general relativity for the spherically symmetric

Robertson-Walker line element (with ¢ = 1)

2
ds® = dt* — a(t)? (% +12d0% + 1 sin® 9d¢2) . (1.4)

The coordinates (t,7,0,¢) are referred to as comoving coordinates and a(t) is
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called the scale factor. It is common to introduce the Hubble parameter

_ a(t)
H(t) = o0 (1.5)
The present value H(tp) = Hy, i.e. the Hubble constant, is usually parameterized
as Hy ~ 100 h kms™"Mpc ™! with i =~ 0.73(3).
From Equation 1.3 it follows that the Universe is flat (k = 0) when the energy
density equals the critical density p.:

_ 3E?
Pe = 8nGn’

(1.6)

The energy content p; of a species i is usually expressed in terms of the density
parameter Q; = p;/p. so that with Q = }}; Q); the Friedman equation (1.3) takes
the form

k

Q-1=mr

(1.7)
Note that Q) tells the sign of k and that the Universe is spatially flat for Q = 1.
Identifying the dominant contributions to Q) is paramount for our understanding
of the thermal history (and future) of our Universe.

The WMAP data (together with the supernovae measurements) has shown that
we live to high accuracy in a flat Universe with k = 0. The major contributions
to Q = 1 are then given by the following pieces: The baryon density (), the cold
dark matter density )4, and the contribution of a cosmological constant Q4.

By counting stars and galaxies and measuring their luminosity, one obtains
an estimate for the density of the visible (baryonic) matter in the Universe. This
yields, however, only about 1% of the critical energy content, €3}, > Qy;; = 0.01[7].
A better handle on the baryon content of the Universe is provided by considering
the framework of Big Bang Nucleosynthesis (BBN) which makes predictions on
the primordial light element abundances such as °H and *He. Comparison of the
BBN predictions with the observationally inferred primordial abundances yields
the estimate ), ~ 0.05. Note that (), parameterizes the nucleon content at the
onset of the primordial nucleosynthesis reactions when the Universe was only
about 1 s old. Indeed, the CMB measurements pin the baryon density down to
Qph? = 0.02273 + 0.00062 [8], i.e. to a bit more than 4% for Q. This concordance
between CMB and BBN provides an important consistency check of the Big Bang
model.

Given the small contribution of baryons to the total energy content of the Uni-
verse we are facing the presence of dark components in form of non-baryonic
matter and dark energy. Depending on their velocity one distinguishes two dif-
ferent kinds of dark matter particles. Those ones that were still relativistic at the
time of matter-radiation equality are called hot dark matter (HDM). Candidates
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with non-relativistic speeds are called cold dark matter (CDM). The observed
density contrast in structure implies that the dominant part of dark matter is
cold since HDM particles tend to stream out of overdense regions thereby eras-
ing structure on small scales. The WMAP 5-year result on the CDM density
parameter reads [8]

Quph? = 0.1099 + 0.0062 (1.8)

This tells us that, with 20 %, non-baryonic dark matter contributes the largest
part to the total matter content of the Universe. Finally, for the Universe to be
flat, the vacuum energy in form of a cosmological constant is conjectured to be
Qp = 0.742 £ 0.030 [8]. This concludes the mini-review on the ACDM model
and in the following section some prime candidates for dark matter particles are
discussed.

1.2 Dark matter candidates

There isno shortage of dark matter candidates and even the Standard Model (SM)
has to offer a candidate. On general grounds, if the temperature T of the early
Universe was T > m,, where m, denotes the mass of a massive particle species
X, then x had once been in thermal equilibrium with the primordial plasma.
As the Universe expands, reactions of the kind x¥ < ff (with f denoting a
SM particle) cease and yx cannot track its equilibrium abundance any more. The
species freezes out from the plasma and a first estimate on its abundance gives [9]
ey 3x107% ecm3s7!

2: ~
Q2 = o o) . (1.9)

Here, (...) denotes a thermal average over the mutual y annihilation cross
section 04 times the relative velocity v. Remarkably, if x is a particle species
whose interactions to the SM particles is of electroweak strength, then Q, =~ Q,,
is possible. This has led to the popular notion of a WIMP, a weakly interacting
massive particle species. In the following a cursory overview of some dark
matter candidates including WIMPs will be given.

Neutrinos Historically, SM neutrinos have been considered a prime candidate
due the their undisputed virtue of being known to exist [10]. Indeed
the discovery of neutrino oscillations, i.e. the mixing between the three
neutrino flavors v,, v, and v, can be understood if neutrinos are massive.

Tight laboratory constraints on the neutrino masses come from tritium
p-decay experiments [11], giving an upper limit on the neutrino mass

m, < 2.8 eV (95 % CL). (1.10)
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Together with the mass differences from neutrino oscillations, this implies
an upper bound on the total neutrino relic density of

Q,h? < 0.0076, (1.11)

which means that neutrinos are simply not heavy enough to be the domi-
nant component of non-baryonic dark matter.

Axions Introduced in an attempt to solve the problem of conjugation parity
violation in strong interactions, axions (light bosons) have also often been
discussed as a dark matter candidate. Laboratory searches, stellar cool-
ing and the dynamics of supernova 1987A constrain axions to be very
light (< 0.01 eV). Furthermore, they are expected to be extremely weakly
interacting with ordinary particles, which implies that they were not in
thermal equilibrium in the early Universe. The calculation of the axions
relic density is uncertain, and depends on the assumptions made regarding
the production mechanism. Nevertheless, it is possible to find an accept-
able range where axions satisfy all present day constraints and represent a
possible dark matter candidate [12].

One of the extensions of the SM is supersymmetry (SUSY). It is a symmetry of
space-time that has been discovered in the process of unifying the fundamental
forces of nature (electroweak, strong, and gravitational), and relates bosons
(interaction mediators) with fermions (the constituents of matter). Of importance
for cosmology is the fact that SUSY requires the existence of a new particle for
each particle in the SM but with a different mass (since SUSY must be broken).
SUSY particles have the same quantum numbers as their SM partners apart from
the spin (SUSY partners differ by half a unit of spin), and a new quantum number
R, which distinguishes between ordinary matter and SUSY partners. It can be
defined in terms of baryon B, lepton L and spin S quantum numbers as [13]:

R = (_1)BB+L+ZS. (112)

It follows that R = 1 for ordinary particles and R=- 1 for SUSY particles. The
latter come under the names of sleptons (partners of leptons), squarks (partners
of the quarks), gauginos (partners of the gauge bosons) and higgsinos (partners
of the Higgs bosons).

Weakly Interacting Massive Particles It wasrealized long ago by Goldberg [14]
and Ellis [15] that the lightest superposition of the neutral gauginos and the
neutral higgsinos (which having the same quantum numbers mix together)
is an excellent dark matter candidate. It is often the lightest supersymmet-
ric particle, it is stable under the requirement that superpartners are only
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produced or destroyed in pairs (R-parity conservation), it is weakly inter-
acting (even weaker than the standard weak interaction) as dictated by
SUSY, and it is massive.

WIMPs are assumed to carry a conserved quantum number R, which sup-
presses or forbids the decay into lighter particles. Such particles should
have been copiously produced in the early Universe. As the Universe ex-
panded and cooled, the number density of the WIMPs successively became
too low for the annihilation process to keep up with the Hubble expansion
rate. A relic population of WIMPs should thus exist. The CRESST experi-
ment aims to detect such particles.

Gravitinos The gravitino, being the superpartner of the graviton, is the gauge
field of local supersymmetry transformations. Its mass is intrinsically
connected with the underlying SUSY breaking mechanism and in some
models (e.g. gauge mediated SUSY breaking) the gravitino can be the
LSP. It is an extremely weakly interacting particle with its interactions
to the (MS)SM fields suppressed by inverse powers of the Planck mass
Mp =12 x 10" GeV [16]. Therefore, it is impossible to detect gravitinos
in direct dark matter searches.

1.3 Direct detection of WIMPs

As already mentioned, one of the strongest observational evidence for the ex-
istence of dark matter comes from the dynamics of spiral galaxies with WIMPs
supposed to be gravitationally bound to the galaxy, and forming a halo around
its center. Direct searches for dark matter can therefore be performed in the
Milky Way. The basic idea on which all direct experiments are based on relies
on the fact that if our galaxy is filled with WIMPs, then many of them should
pass through the Earth. Thus it may be possible to detect the interaction of dark
matter particles with ordinary matter via their elastic scattering off nuclei in the
target material of a suitable detector.

The key ingredients for the calculation of the signal in direct detection ex-
periments are the local dark matter density p,, the WIMP velocity dispersion
o = /(v?) in the solar neighborhood, and the WIMP-nucleon scattering cross-
section o.

Theoretical and experimental results on direct detection are usually obtained
under some simplifying assumptions on the dark matter profile. The most
commonly used model for the halo is the spherical halo, whose density profile
Py x r2
General dynamical arguments suggest that WIMP velocities were thermalized
by the fluctuations in the gravitational collapse. In this model WIMP particles
are assumed to have a Maxwell-Boltzmann velocity distribution in the galactic

is consistent with the observed flat rotation curves of spiral galaxies.
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rest frame (the halo is assumed to be non-rotating). The canonical value for

the velocity dispersion in our galaxy is o = 270 km s~

adopted for the local dark matter density p, at the position of the Sun and the

A value commonly

Earth is p, = 0.3 GeV cm™ [9]. Yet, one has to take into account considerable
uncertainties and model dependencies while using these values.
The flux of the dark matter particles @ at the position of the Earth can be

calculated as
Px <U/\*> 7G6V/C2
=10
my my

b =

1/cm? s, (1.13)

where m, and (v, ) are the mass and the average WIMP velocity respectively.

1.3.1 Low recoil energy

Direct detection of dark matter particles is based on the scattering of WIMPs off
target nuclei. With

ny, MmN

my = (1.14)

T m x TMN
the reduced mass of the WIMP-nucleus system, where my is the mass of the
nucleus and m, is a WIMP mass, the energy of the recoiling nucleus E, is

2

E, = 25 21 - cos0), (1.15)
N

with O being the scattering angle in the center of mass system and v is the
velocity of an incoming WIMP. Nuclear physics and astrophysics imply the
maximum recoil energies of O(10keV), thus requiring detectors with very low
energy thresholds.

1.3.2 Event rates

The event rate in a target material is determined by the incoming WIMP flux ®,
the cross-section for WIMP-nucleus scattering o, and the number of nuclei in the
laboratory target as

(1.16)

Here, no = p,/m, is the local number density of WIMPs, (v, ) is their average
velocity, Miargt is the target mass of a material with mass number A and nucleon
mass my. From Equation 1.16 it is evident that the WIMP-nucleus cross-section
is a very important property in determining the detection rate.

Present direct dark matter search experiments constrain the WIMP event rate
to be less than 0.1 events per kilogram of the target and per day [17, 18, 19, 20].
At the same time the background rate is orders of magnitudes higher, even
after placing detectors in a well-shielded facility. Therefore, together with low
energies anticipated in WIMP-nucleon interactions, this sets the challenge for
any direct dark matter detection experiment.
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1.3.3 Interaction modes

WIMP scattering off nuclei is commonly discussed in the context of two classes
of couplings, namely, spin-dependent (axial) and spin-independent (coherent).
For the first class of interactions WIMPs may couple to the net spin of the target
nucleus. For direct detection experiments this suggests to use light nuclei with
odd number of protons and/or neutrons.

On the other hand, estimation of the de Broglie wavelength of a hypotheti-
cal WIMP shows that it is of the order of an atomic nucleus (A/27T = 7,cleus)-
Therefore, a WIMP may be not able to resolve individual nucleons but instead
interacts coherently with the nucleus as a whole. Thereby, for spin-independent
interactions, the WIMP-nucleon cross-section is proportional to A? (where A is
atomic mass, thus favoring heavy nuclei in the target).

The total elastic scattering cross-section o is the sum of these two contributions.
In the CRESST-II experiment CaWOQj crystals are used as the main target material.
Since the contribution of nuclei with the net spin is minor in this material, the
experiment is not sensitive to spin-dependent interactions. Therefore, in the
following, only the spin-independent mode of interaction will be considered.

1.3.4 Expected recoil spectrum

The elastic scattering cross-section is modified by the form factor F(g) at high
momentum transfer q. The latter reflects the spatial distribution of nucleons in-
side the nucleus. The form factor parameterizes the loss of coherence due to the
finite size of the nucleus for the WIMP-nucleus interaction as the WIMP energy
increases, and thus it reduces the effective cross-section for heavy WIMPs and
heavy nuclei. For spin-independent scattering the form factor can be derived
analytically, being defined at non-zero momentum transfer as the Fourier trans-
form of the nuclear matter distribution. The effective cross section can then be
written as

a(q) = aoF*(9), 1.17)

where o0y is the zero momentum transfer cross-section which contains all de-
pendencies on the specific interaction and F(g) depends only on the momentum
transfer. More details on parameterization of the form factor describing elastic
scattering of WIMPs can be found in [21].

The differential rate for the elastic WIMP-nucleus scattering is given by [9]:

Cesc flub(v) Er mN
o dU, Omin = W (118)

dR Px 00 5
— =Nr——F
dE, ' 2my m? @

Umin r

where Nt represents the number of target nuclei, f;,,(v) is the velocity distribution
of WIMPs in the laboratory frame, my is the mass of the nucleus, and m;, is the
reduced mass. Assuming a simple Maxwellian WIMP halo and neglecting the
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motion of the Earth and Sun, the integration over all detectable recoil energies
between the energy threshold of the detector E;;,, and maximum recoil energy
Evax = 2m‘:~v2 /my gives the total event rate as
op 2 E
_ NT Px 00 (_ thr mN]’ (119)

2
2 my v

with 99 = 220 km s~! being the rotational velocity of the Sun around the galactic
center and the form factor F(q) ~ 1 for light WIMPs.

In order to obtain a more realistic WIMP event rate than the one described by
Equation 1.19, one has to take into account the motion of the Earth around the
Sun. This increases the total WIMP rate and yields a yearly modulation in the
event rate which may serve for discriminating background from a dark matter
signal. In June the Earth’s rotation velocity adds to the Sun velocity through
the halo, whereas in December the two velocities are in the opposite directions.
An exact expression for the velocity can be found in [22]. These fluctuations
produces a rate variation of about 7 % over the course of the year. Therefore
direct detection experiments based on this signature need large statistics.

Figure 1.2 shows the integrated recoil spectra plotted as a function of the
discrimination threshold energy expected for 100 GeV/c? WIMPs scattering on
various scintillating targets with a spin-independent WIMP-nucleon scattering
cross-section of 1 pb.

Direct detection experiments always only measure the product p,o¢, and the
individual local WIMP density p, cannot be disentangled from the cross section
0¢. To assist the comparison between different direct detection experiments, the
cross section is not quoted for the particular nucleus because different experi-
ments use different targets. Instead, assuming a spin-independent interaction
of WIMPs with the target nucleus, and following [24] the WIMP-nucleus cross
section is rescaled as

Lemim g 0

O coherent,nucleon = ( 1+ m)(/mp E

where my and 11, are the mass of the target nucleus and of the proton respectively.

1.3.5 Signal Identification

As can be seen in Figure 1.2 the expected recoil spectra of WIMPs on different
targets is rather featureless and rapidly decreases towards high energies. Since
it is very reminiscent to the shape of typical background, the suppression of the
latter caused by known particles which may mimic a WIMP signal is of crucial
importance.

Furthermore, a special approach is needed in order to identify events as being
caused by WIMPs. Since the expected WIMP spectrum and rate depend in a
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Figure 1.2: The integrated recoil spectra expected for 100 GeV/c? WIMPs scat-
tered elastically on CaWOy (solid line), ZnWO, (dashed line), and CaMoOy4
(dotted line) targets. The coherent WIMP-nucleon scattering cross-section is
1 pb [23]. The count rate on a CaMoQy target above a discrimination threshold
of ~14 keV is higher than that on a CaWOQj target. In a CaWOy target most of the
WIMP induced recoils are expected to appear below 40 keV, while in a CaMoOy4
target this value is shifted towards a higher energy of ~60 keV.

known way on the target nucleus, the comparison between the WIMP-nucleon
interaction rate on different target materials would give us an unique possibil-
ity to verify a positive WIMP signal and to learn about WIMP properties. In
CRESST-II, such multi-targets are intrinsic to CaWOj crystals (O, Ca, W). More-
over, extensive research on alternative target materials is ongoing. In particular,
investigation of CaMoO4 and ZnWO; as new target materials for the CRESST-II
experiment is the topic of this work. On CaMoOQj crystals WIMPs are expected
to scatter mainly on molybdenum nuclei!, whereas on CaWOy (or ZnWOy) tar-
gets they would mainly scatter on tungsten nuclei. Once we see a signal with
consistent behavior in various targets, this will be a very strong point for the
dark matter discovery claim.

IThis is due to the factor A2 in the spin-independent scattering cross-section.






Chapter 2

The CRESST-Il experiment

The aim of the CRESST experiment is to measure signals caused by WIMP dark
matter particles via their elastic scattering off nuclei in a target [25, 26]. As
discussed in Section 1.3.4, the maximum energy transfer to the target following
a WIMP-nucleus interaction is expected to be in the order of a few tens of keV.
To be able to detect such a small amount of energy the CRESST experiment
employs very sensitive cryogenic calorimeters. Furthermore, due to the small
WIMP-nucleus interaction cross-section, the event rate is expected to be less
than 0.1 events per day per kg of the target mass. Therefore it is of crucial
importance to quell background from various sources and/or to discriminate
against it. Besides placing the experimental facility deep underground and
shielding it, the CRESST-II experiment uses active background discrimination
technique to further suppress the residual background.

This chapter presents the setup of the experiment and discusses the main
aspects of the CRESST-II light-phonon measuring technique with cryogenic de-
tectors.

2.1 Background and shielding

The sensitivity of rare event searches is limited by the presence of the unidentified
radioactive background which can be caused not only by radioactivity inside or
in the surroundings of the detectors, but also induced by cosmic radiation. It is
therefore very important to consider various sources of background in the design
of an experiment with low counting statistics. In the following sections, some
possible background sources and the ways to suppress them will be discussed.

13
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Element flux in m=2 s71

muons ~400

photons ~300
electrons, positrons ~200

protons ~6

Table 2.1: Composition of the cosmic ray flux at sea level [27].

2.1.1 Muons

At sea level cosmic rays are subdivided into a soft (electrons/positrons, photons)
and a penetrating muon component, see Table 2.1.1. Muons, with energies
ranging from ~ 100 MeV to ~ 1 TeV, contribute to the detector background in
different ways, e.g.

e by depositing energy while traversing the detector

e by interacting with materials surrounding the detector, and thus leading
to X-rays, )’s or neutrons spallation

e by cosmogenic activation, i.e. neutrons produced by muons through the
spallation processes can produce radionuclides.

The shielding of the experiment against cosmic radiation can be achieved by
installing the setup in a deep underground site. The CRESST-II experiment is
hosted by the Laboratori Nazionali del Gran Sasso (LNGS) [28], located in the
Gran Sasso highway tunnel connecting L’Aquila to Teramo, in central Italy. The
laboratory is operated by Instituto Nazionale di Fisica Nucleare (INFN). It is
located on the vertical of Monte L’ Aquila (2600 m high) and has an average rock
coverage of 1400 meters; see Figure 2.1. The underground area includes three
main halls called A, B and C; see sketch in Figure 2.2. The facility of the CRESST-
IT experiment is situated in the hall A. Such a deep underground location helps
to reduce the muon flux by six orders of magnitude to about 2 m~2 h=! [29].

To further reject prompt muon background the second phase of the CRESST
experiment uses an anti-coincidence technique, namely, a muon veto counter.
A system of 20 plastic scintillator panels, each read out by a photomultiplier,
surrounds the experimental setup with a solid angle coverage of ~ 99 %. When a
muon triggers a veto, events recorded in the detector are rejected. Moreover, cos-
mogenic activation of the materials used in the experiment can be prevented by
storing them deep underground. Muon-induced secondary electrons, photons
and protons can be suppressed by various passive shields.
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Figure 2.1: The muon flux versus depth. Superimposed are the minimum over-
burdens of a few underground laboratories. At depth greater than ~ 10 km water
equivalent the muon fluxlevels off due to neutrino induced muons. The CRESST-
IT experiment is located at Gran Sasso laboratories. Figure taken from [27].

2.1.2 Radionuclides

Besides cosmogenically activated radionuclides, the main contribution to the en-
vironmental radioactivity comes from primordial radionuclides and from man-
made radioactive isotopes (*Sr, 13’Cs). Form the background point of view, the
most abundant radionuclides are those belonging to the natural uranium and
thorium decay chains as well as potassium originating in the target material it-
self. A thorough investigation on a-active contaminants present in some ZnWOy
and CaWOjy crystals will be presented in Section 8.2.2.

An important contribution to the total background activity at LNGS
comes from the decay of radon and its daughters. The half-life of ??Rn
(t12 = 3.8 days [30]) is long enough for this gas to diffuse through the rock
to the air or to the ground water. Hence, the radon content in a low background
facility strongly depends on the ventilation. For example, in the Gran Sasso
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Figure 2.2: Sketch of the Gran Sasso underground laboratories.

laboratories the radon content is reduced with the help of the ventilation from
about 300 Bq m™2 to 20 - 50 Bq m~2 [31, 32]. To prevent the radon from diffusing
inside the shielding, the latter is enclosed in an air tight stainless steel container.
This so-called radon box is constantly flushed with gas boiling off from liquid
nitrogen and kept at a small overpressure.

Furthermore, in addition to radionuclides from natural decay series, also
potassium may contribute to the total environmental radioactivity. In spite of its
low isotopic abundance there is more potassium than uranium or thorium in the
environment. Therefore, the background level from this isotope is comparable
with that from the *8U or 2*2Th decay chains.

In the decays of the radionuclides a variety of a- and p-particles are produced.
Alpha-particles, emitted in the surrounding of the detector due to environmental
radioactivity, are monoenergetic with energies up to ~ 10 MeV. They can be easily
stopped by less than one millimeter of a solid material since their penetration
depth is of the order of um. Beta-particles have continuous energy spectra with
endpoints below a few MeV. They can also be stopped by a solid material of a few
mm thickness. Depending on the energy!, y-particles can travel considerable
distances without energy loss. The measured gamma activities from the 233U
and the 22Th decay chains as well as 40K present in the Gran Sasso laboratories,
are reported in Table 2.2. The integral gamma flux for all natural decay chains is
measured to be about 1 cm™2 s™! [34].

The interactions of a-, f- and y-particles with the target material induce elec-
tron recoil events. In principle, these events can be identified with the help of
the CRESST-II light-phonon measuring technique which will be explained in the
subsequent sections. Nevertheless, a high count rate caused by electron recoil

'Energies of y-particles produced in the 2*Th decay chain can reach up to 2.6 MeV.
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sample By 22Th 4K

Hall A rock 116 12 307
Hall B rock 7 0.3 7
Hall Crock 11 0.4 4

Table 2.2: Measured gamma activity in Bg/kg for various rock samples from
the Gran Sasso laboratories. Errors are less then 1 %. The difference between
various samples is due to the different local composition of the rock. Data taken
from [33].

events may sufficiently increase the dead time of the experiment thus prolong-
ing its measuring time. Therefore, it is important to passively shield the target
detectors from this type of background as much as possible.

Special attention should be paid to the choice of shielding materials, since
they may themselves be a source of background. For example, the isotope !°Pb
(t1/2=22 years [30]), which occurs in natural lead, is unstable. 210Ph and its
daughters are the source of a-, -, and y-particles, which, in turn, may contribute
to the low energy background of the experiment. One way to avoid this type
of background is to use ancient (Roman) lead or Boliden lead. Alternatively, an
additional copper layer within the lead shielding can be used to avoid residual
radioactivity from 2°Pb and to shield the bremsstrahlung. The impurity content
of some shielding materials measured within the framework of this thesis is
presented in Appendix A.

In order to reduce the flux of )’s, detectors are enclosed by a high density,
large atomic number, massive shield. In CRESST-II a 20 cm thick Boliden lead
shield, followed by a 14 cm thick radiopure copper shield is used. Both of them
surround the experimental volume and are mounted on movable wagons to
allow access to the detectors.

Furthermore, most of the background remaining after shielding originates
from intrinsic radioactive impurities in the target material. Due to the powerful
active discrimination capabilities of the CRESST-II detectors this source of back-
ground can be suppressed with high efficiency. Nevertheless, in order to reach
the highest possible sensitivity of the experiment, special precautions must be
taken to obtain as radiopure targets as possible.

2.1.3 Neutrons

In direct dark matter searches neutrons are very dangerous background since
they produce the same signature as expected from WIMPs. Neutrons can scat-
ter elastically on target nuclei and induce nuclear recoil events. Even at deep
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Energy range Neutron flux

in MeV in10®ecm—2s!

below 5x1078 1.07 + 0.05
5%1078 to 1073 1.99 + 0.05

103 t0 2.5 0.53 £0.01
25to5 0.18 £ 0.04
5to 10 0.04 £ 0.01
10 to 15 below 1073
15t0 20 below 107>

Table 2.3: Neutron flux measured in the Hall A of the Gran Sasso underground
laboratory with the help of BF3 counters. Data taken from [35].

underground sites the experiments have to cope with the problem of neutrons.
There are several sources of low energy (few MeV) neutron production, namely,

¢ (a, n) reactions on light elements;
e fission of nuclei in the experimental setup and surrounding rock;
e muon-induced spallation reactions in the rock and shielding.

Due to the low content of uranium and thorium isotopes in the dolomite rocks
of the mountain at Gran Sasso laboratory, the neutron flux is reduced by three
orders of magnitude from the sea level flux [28]. The residual neutron flux in the
Hall A is presented in Table 2.3.

To further suppress the flux of neutrons, the experimental volume should be
surrounded by materials with a high hydrogen content. Such materials are ideal
to moderate neutrons, since the energy transfer is maximized. Polyethylene
or water are commonly used to slow down neutrons to thermal energies. The
CRESST-II setup is surrounded by a 45 cm thick polyethylene neutron moderator.

Simulations of the expected neutron recoil spectra in a CaWOjy target, induced
by various neutron sources and with possible neutron shielding, have been
performed in [36]. From Figure 2.3 it can be seen that with an installed neutron
moderator the remaining neutron flux is dominated by muon-induced neutrons.
This background can be suppressed with the help of the muon veto.

Finally, computing the interaction of a neutron of mass m, = 939.6 MeV [16]
and energy E,; and a WIMP of mass M, with a nucleus of mass My gives the
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Figure 2.3: Simulated recoil spectra in a CaWO, crystal induced by various
neutron sources in the CRESST-II setup. Shown in red is the spectrum caused
by low energy neutrons from the rock or concrete and which can be moderated
with a 50 cm thick PE shield (green). Other sources of background are neutrons
induced by muon interactions in the rock (black) or in the setup (orange). The
spectrum caused by low energy neutrons from fission reactions of 0.1 ppb 233U
in the lead shield is shown in blue. Figure taken from [37].

recoil energy E,qqoi as

2E,Mnm
Erni(1) = G s (1= c0s0), 2.1)
n
M2My
Erecoil(X) = ﬁzm (1-cosb), (22)
X

where = v/c is the WIMP velocity in the units of c and 0 is scattering angle in
the center of mass frame. Assuming an average WIMP velocity at the position
of the Earth of v = 230 km/s ~ 8 X 10~*¢ [38], and a head-on collision of 60 GeV/c?
WIMPs or 1 MeV neutrons with the nucleus, the calculated maximum recoil
energy for several nuclei is presented in Table 2.4. It can be seen that the recoil
energies for various nuclei in case of neutron-induced events overlap with the
ones from WIMP-induced events. Moreover, the heavier the nucleus is, the
smaller the energy transfer from the scattered neutron is. Consequently, less
energy is converted into the scintillation light. Hence for heavy nuclei it is
more difficult to identify neutron-induced recoils and to distinguish them from
possible WIMPs.
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element nucleus neutron-induced 60 GeV/c*
mass in GeV WIMP-induced
160 14.89 223 11
28gj 26.06 134 15
40Ca 37.21 96 17
647n 59.54 61 18
%Mo 91.18 40 17
2¢cq 104.21 35 16
184y 171.31 22 14

Table 2.4: Maximum recoil energies of various nuclei in keV for 1 MeV neutron-
induced and 60 GeV/c? WIMP-induced events.

2.2 Layout of the experiment

2.2.1 The cryostat

The CRESST detectors are operated as cryogenic calorimeters at temperatures of
about 10 mK. In order to obtain such a low temperature, a *He/*He dilution re-
frigerator? is used. This is the so-called cryostat which has a base temperature of
~ 6 mK. A sketch of the CRESST-II experimental setup is presented in Figure 2.4.

To provide a low background environment, the detectors are housed in the
custom made cold box constructed from a specially selected materials. It is
kept away from the cryostat, while the cooling power of the mixing chamber is
transfered to the shielded detector volume via a 1.3 m high purity copper cold
finger. Moreover, to prevent any line of sight from the experimental volume to
the cryostat, there is a Boliden lead shield installed directly below the mixing
chamber and on the thermal shield at nitrogen temperature.

The cold box contains five thermal shields made of radiopure copper. These
are at 80 mK, 600 mK, 4 K, 77 K and at room temperature; see the right panel
of Figure 2.5. Each shield was electropolished in order to reduce surface con-
taminations. Since mechanical vibrations can limit the operation capability of
the CRESST detectors, the cryostat rests on air dampers and does not touch the
passive shields. The pumping lines of the cryostat are also decoupled from the
setup. Under normal operation conditions, the main helium bath of the cryostat
lasts for three days before refilling with cryogenic liquids.

ZPrinciples of the operation of dilution refrigerators can be found in [39].
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Figure 2.4: Illustration of the CRESST-II cryostat (Oxford Instruments S1000
dilution refrigerator), shields, and the cold box. See text for details.
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2.2.2 Setup

To protect sensitive electronics from electromagnetic interferences, the cryostat
and the surrounding shields are installed inside a two-storey Faraday cage. To
reduce the contaminations with radioactive isotopes while detector mounting,
the ground floor of the cage is equipped as a clean room. From the upper level
of the cage the maintenance of the cryostat and electronics can be performed.
Gas handling, pumping system and data acquisition electronics are located out-
side the Faraday cage. Finally, on the top level of the CRESST hut there is a
small chemistry lab, a small clean room where detectors can be prepared for the
installation in the cold box, and some workspaces.

2.2.3 Experimental volume

The current 80 mK thermal shield has a capacity to enclose 24 liters of the
experimental volume. A support structure, the so-called carousel, is designed
to hold up to 33 detector modules arranged in the 12 towers; see Figure 2.5.
Equipping all 33 detector modules with CaWQO, crystals allows for a target
mass of ~ 10 kg (with ZnWOjy crystals for ~ 13 kg). With this target mass and
the present design, the experiment probes the spin-independent WIMP-nucleon
cross-section at the level of 1078 pb [40].

The carousel is decoupled from the mechanical vibrations of the cryostat
(mainly caused by boiling cryogenic liquids) with custom made springs [41]
and is only weakly coupled thermally to the cold finger of the cryostat, thus pro-
viding an efficient "filter” to fast temperature fluctuations of the mixing chamber.

A significant advantage of the CRESST-II detectors is their modularity. Indi-
vidual handling and dismounting of the modules is possible. Once a design for
an individual module has been successfully established, the same design can
be replicated in many copies of the module. Another important feature of the
modular structure is the possibility to host various target materials. Moreover,
arranging the detectors in array allows for testing of a uniform WIMP event rate
within various modules. This provides an additional dark matter signature by
requiring a single interaction only for a dark matter candidate event and allows
for identification of residual background caused by neutrons through coincident
events.

2.3 The CRESST-Il detectors

In order to detect a small recoil energy (typically of the order of some tens of
keV), expected in elastic WIMP-nucleon scattering, CRESST employs cryogenic
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Figure 2.5: Left: Drawing of the detector support structure. Detector modules
are mounted on towers which can be handled as a whole. Right: Photograph of
the carousel equipped with the detector modules for the Run 31. The top parts
of the five thermal shield are visible.

calorimeters. The basic concept of a calorimeter is to measure the energy via a
temperature rise AT. A calorimeter usually consists of:

e a target with heat capacity C in which a particle interaction takes place,
e a thermometer which is thermally coupled to the target,

e and a thermal link to a heat bath that returns the target to the equilibrium
temperature T}.

2.3.1 Active background discrimination

The main limitation in rare event searches is the residual radioactive back-
ground. Dramatic improvements in sensitivity are achieved by the powerful
active background discrimination technique. It utilizes the fact that the light
output from nuclear recoil events in the crystal caused by neutrons and expected
from WIMPs, is reduced/quenched compared to the light output observed from
electron recoil events, induced by a-, -, or y-particles.

For the simultaneous detection of scintillation light and phonons the experi-
ment uses dedicated detector modules. A single module consists of two cryo-
genic calorimeters: a scintillating target crystal with a temperature sensor at-
tached to its surface, referred to as the phonon detector, and the nearby but
separated light detector, which is a wafer with a temperature sensor on its sur-
face. To increase the collection efficiency of scintillation light, the module is
encapsulated with the scintillating and reflecting foil VM2002 from 3M com-
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Figure 2.6: Schematic representation of a CRESST-II detector module for coinci-
dent phonon and light signal measurements. See main text for details.

pany. The arrangement of these two cryogenic detectors is shown schematically
in Figure 2.6. Figure 2.7 is a picture of an open detector module.

The first active background discrimination proof-of-principle experiment was
carried out with a phonon detector realized on a small CaWOy crystal and
operated together with a light detector made of a small sapphire wafer with a
silicon layer [42]. A more recent study proved that the discrimination technique
also works nicely with a phonon detector based on a small ZnWOjy crystal and
operated together with a silicon light detector. The results of the later work are
shown in Figure 2.8. Two bands in the scatter plot presented in the right panel
of Figure 2.8 are clearly distinguishable down to ~15 keV energy in the phonon
detector. The upper band is due to electron recoil events in the ZnWQ; crystal
caused by cosmic background as well as y’s from a >’Co and a '¥Cs calibration
source. The lower band is due to nuclear recoil events caused by neutrons from
an americium/beryllium source.

2.3.2 Phonon detector

A standard phonon detector consists of a cylindrical scintillating crystal (40 mm
in diameter and 40 mm in height) and a thermometer deposited directly onto its
surface®. The active discrimination technique can work with various scintillating
crystals. They, however, must satisfy several criteria:

3The thermometer layout will be described in Section 2.3.4.
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Figure 2.7: Picture of an open CRESST-II detector module. On the left is a light
detector, on the right is a phonon detector. Each detector is mounted on a copper
holder which is thermally coupled to the carousel. The setup is surrounded by
a highly reflecting cavity in order to improve the light collection efficiency.

no surface degradation of light yield;

high scintillation efficiency at low energy threshold;

minimal amount of radioactive impurities;

heavy nuclei;

diamagnetic;
e mechanically and chemically stable.

Given all those requirements the list of scintillating crystals suitable for the
experiment becomes limited. Currently CRESST-II employs CaWO; crystals as
the basic target material [40, 25, 17]. Among different scintillators it was selected
because of its scintillation properties at low temperature. However, in order
to further improve the capability of rejecting background caused by known
particles, crystals with scintillation efficiency higher than that of CaWQO, are
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Figure 2.8: Scatter plots of the energy in the silicon light detector versus the
energy in the phonon detector based on a ZnWOj crystal, on the left measured
by irradiation of the crystal with a >’ Co and a '3’ Cs y-source, and on the right with
an additional Am/Be neutron source. Electron recoils are clearly distinguishable
from nuclear recoils. A well defined class of events with zero energy in the
phonon detector originates from direct hits on the light detector. The straight
lines depict the recoil bands.

constantly under investigation. Moreover, the comparison between the WIMP-
nucleon interaction rate on various target crystals would give the experiment an
unique possibility to verify a positive WIMP signal and to learn about WIMPs
properties. In this regard, materials containing heavy nuclei different from
tungsten are particularly interesting.

Alternative target materials

Among the ABOj, ternary materials (with A = Ca, Zn, Pb, Cd, etc., and B =Mo or
W) CdWOj crystals have the highest scintillation efficiency* [47]. However, in
contrast to CaWQy, this material similarly to the commonly used PbWOj crystals
has an intrinsic long-lived radioactive isotope. Hence, CdAWOy crystals are not
favorable for the rare event searches unless enriched in 1°°Cd or '°Cd.

Resent studies carried out with ZnWO; [48, 49, 50, 43] and CaMoO; crys-
tals [51, 52, 43] revealed their high potential to be employed as targets for
rare event search experiments. In particular, the measurements with a small
(20 x 10 x 5) mm?® ZnWOj crystal at mK temperatures have shown that its scin-
tillation efficiency is comparable with that of CaWO,. Moreover, due to the zinc

4The research on alternative scintillating materials for CRESST-II but different from ABO,
crystals can be found in [43, 44, 45, 46].
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based powders used for ZnWOy crystal growth versus the calcium based ones
used for CaWOy, ZnWOj crystals promise better radiopurity [53].

On the other hand, CaMoQOj crystals have an advantage of having the heaviest
nuclei different from tungsten. In these crystals WIMPs are expected to scatter
mainly on molybdenum (Mo) nuclei whereas on a CaWQO4 or a ZnWO; target
they would mainly scatter on tungsten (W) nuclei. Figure 1.2 shows simulations
of integrated recoil spectra plotted as a function of the discrimination thresh-
old energy expected for a 100 GeV/c*> WIMP scattering on CaWQ,, ZnWOy,
and CaMoOjy crystals with a spin-independent WIMP-nucleon scattering cross-
section of 1 pb. The count rate on a CaMoO;, target above a discrimination
threshold of ~ 14 keV is higher than that on a CaWOj target. In a CaWOj target
most of the WIMP induced recoils are expected to appear below 40 keV, while in
a CaMoOQy target this value is shifted towards a higher energy of ~ 60 keV. Thus,
in case of a positive WIMP signal a scaling in the nuclear recoil spectrum should
be observed.

Last but not least, ZnWO, and CaMoOy crystals are excellent candidates to
search for rare double beta decay (2f) processes which are important for the
determination of the absolute neutrino mass scale [50, 54, 51, 55]. With the
help of the CRESST-II measuring technique a competitive upper limit on the
half-lives of some 2f-processes can be obtained, e.g. with the 1Mo isotope
(natural abundance is 9.667% [56]) present in CaMoOj crystals or with the ®4Zn
(natural abundance is 48.268 % [56]) presentin ZnWOjy crystals. Thus, integration
of phonon detectors based on these materials would provide a possibility to
perform multi-purpose experiment on one target simultaneously.

2.3.3 Light detector

Alight detector consists of a light absorbing wafer and a thermometer. In order to
absorb the scintillation light emitted by a crystal, silicon or silicon-on-sapphire
(SOS) wafers of circular shape (¢ 40 mm) are used. As shown in Figure 2.9,
the absorption properties of these materials are wavelength dependent. Hence,
special attention should be paid for finding an optimal light detector suitable for
materials different from CaWOQOy.

2.3.4 Thermometers

For measurements of the temperature rise after a particle interaction, both cryo-
genic calorimeters, namely, the phonon detector and the light detector, have
superconducting phase transition thermometers made from tungsten (W-SPT,
W-film). In this section we shall concentrate on the design of the thermometer
layout, whereas information about the fabrication of W-films will be presented
later on in Section 5.3.1.
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Figure 2.9: Absorption efficiency of the silicon on sapphire wafer between 350 nm
and 600 nm. Shown in green and red are the different values obtained by
measuring on the silicon and on the sapphire side, respectively. Clearly visible
for wavelengths larger than 450 nm is an interference due to the reflection on the
two surfaces of the thin silicon layer. Figure taken from [57].

Thermometer on phonon detectors

Tungsten-thermometer of a phonon detector consists of a ~ 200 nm thick
tungsten layer evaporated on the crystal surface. The area of the W-layer is
(6 x 8) mm? small. A silicon dioxide buffer layer is evaporated between the
W-film and the crystal for preventing interdiffusion between the two. The elec-
trical and thermal connections of the thermometer are shown in Figure 2.10. A
gold contact pad in the middle of the film is connected to the copper detector
holder via a gold bond wire of 25 ym in diameter, providing both, an electrical
ground and a thermal link to the heat bath. Aluminium contact pads are used to
connect the W-SPT to the readout circuit. Electrical connections are provided via
superconducting aluminum wires, ultrasonically bonded from the aluminum
pads to the insulated Cu-Kapton-Cu pads on the detector holder. Temperature
control is provided by an electrical heater in the form of a 25 um in diameter
gold wire bonded to the gold pad and two aluminum circular pads on both
sides of the W-SPT. In order to avoid electrical cross talk with the readout circuit,
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Figure 2.10: Schematic representation of a thermometer layout realized on a
phonon detector.

the heater is only in point-like contact with the thermometer. Aluminium bond
wires connect the heater structure pads to the temperature control circuit®.

Phonon detectors with glued thermometers

It has been observed that the scintillation efficiency of a CaWOj crystal degrades
due to evaporation of the W-film [58]. In order to prevent this, a new technique
for producing phonon detectors was developed on the basis of research carried
outin [59]. The thermometer is grown on a small (20 X 10 x 1) mm? crystal wafer
which is then glued to the target crystal.

Thermometer on light detectors

In order to achieve good sensitivity and a low energy threshold of the light
detectors, a small heat capacity of the W-films is obligatory. The light detectors
have a modified tungsten thermometer which includes phonon collectors made
of an Al/W bilayer [60, 57]. It provides a collection area for phonons. The
area of the W-layer is only (0.45 x 0.3) mm? small. Since phonon collectors get
superconducting at much higher temperatures than the operating temperature
of the detector, they do not contribute to the heat capacity of the thermometer.
The thermal link of the light detectors to the bath is weak enough to enable
the thermometer to integrate over the scintillation light which is typically of the
order of several hundred us. The design of the thermometer layout on the light

The readout and heater circuit will be presented in Section 2.4.1 and 2.4.3, respectively.



30 CHAPTER 2. THE CRESST-1II EXPERIMENT

detectors was subject to several optimization studies, and more details can be
found in the dedicated theses [57, 61, 62].

2.3.5 Pulse formation model

Different parts of the detector and the thermal couplings among them govern
the signal formation. Let us consider the processes that take place in the detector
following a particle interaction.

Creation of phonons

Ionizing radiation releases its energy mainly in the electron system of the target
via inelastic scattering with its electrons. This creates highly excited electrons
which relax back to the ground state via the transfer of their excitation to other
electrons and/or by creating electron-hole pairs. In dielectrics, once the energy of
the excited electrons is lower than twice the energy gap E,, the relaxation occurs

via the emission of optical phonons® which rapidly decay into acoustic phonons”

of about half the Debye frequency vp®

. As a result, an almost monoenergetic
population of acoustic phonons is created. The energy released in the nuclear
system of the target via elastic interactions with nuclei leads to a continuous
spectrum of acoustic phonons up to vp. The fraction of energy released via
this channel is negligible for )’s and electrons, but becomes important for a-
particles, and is dominant for neutrons and WIMPs interactions. Thus, within
a nanosecond, most of the energy deposited in the target is transferred to high
frequency acoustic phonons. Both, ionizing and nuclear events, produce acoustic
phonons but their initial phonon spectra are different.

For example, for dielectric crystals like ZnWOy, vp/2 = 1.9 THz (see Table 5.1),
so that the associated phonons have energies of a few meV. Since at the temper-
ature of interest (~ 15 mK) thermal energies are very small E = kgT ~ 1 ueV,
these THz phonons are called non-thermal phonons. Due to the anharmonicities
of the crystal lattice these phonons rapidly decay with a rate I' o v°. Simulations
show that starting with a phonon population at vp/2, both initial phonon spectra
decay to a distribution with a mean frequency of a few 100 GHz. Due to the
strong frequency dependence of the decay rate, the non-thermal phonon gener-
ation remains almost constant for a few milliseconds. During this time, phonons
spread ballistically throughout the target, and after a few surface reflections they
uniformly fill the crystal.

®Optical phonons are called such because they are easily exited with the electric field of a light
wave [63].

7 Acoustic phonons correspond to sound waves in the lattice [63].

8In dielectric crystals the emission of scintillation photons (which is extremely important for
the event discrimination) is highly suppressed by the small density of states for these excitations.
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Figure 2.11: Thermal model of the calorimeter. T, is the temperature of the
heat bath. T, and T, represent the temperatures of the electron system of the
thermometer and of the phonon system of the target, respectively. C, and C,
are their respective heat capacities. P,(t) and P,(t) are power inputs into the
electron system of the thermometer and the phonon system of the absorber
crystal, respectively. The various G’s are the thermal couplings between the
systems.

Transmission of phonons

Such non-thermal phonons hitting the boundary between the crystal and the
thermometer can be either reflected back or transmitted to the thermometer.
When phonons enter the thermometer they are readily absorbed by free elec-
trons of the tungsten film. This leads to a temperature rise in the thermometer.
Since the lifetime of non-thermal phonons is relatively long (order of ms), their
absorption in the thermometer competes with the thermalization in the target.
Thereby, phonons in the target are considered to be composed of the two popu-
lations, namely, of non-thermal and thermal phonons. The latter determine the
temperature of the target (T,).

Calorimeter model

To describe the process of pulse formation quantitatively, the absorber crystal
and the thermometer are modeled as shown schematically in Figure 2.11 [64].
The phonon system of the target as well as the phonon and the electron systems
of the thermometer are represented as three independent parts. Each part is
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described by the heat capacity C and temperature T.
After an energy deposition in the target (AE), the initial power input to the
thermometer via non-thermal phonons can be defined as:

p, = AE (2.3)
Tn

where 1, is the lifetime of the non-thermal phonons, and € is the fraction of the
non-thermal phonons, which are thermalized in the thermometer. The rest of
the phonons (1 - €) are thermalized in the target. The time dependent power
input of the thermometer P,(t) and of the absorber P,(t) are given as

P.(t) =O(t) e g exp ™, (2.4)

n

P,(t) =0O(t) (1 —¢) % exp_t/f” , (2.5)

where the time between interactions in the target and the formation of a homo-
geneous distribution of non-thermal phonons is expressed by the step function
O(t). The time constant 7, is given as

1 1\
Ty = (— + —) , (2.6)

where 7, and 7, are the time constants for thermalization in the thermometer
and in the absorber, respectively.

The temperatures T, and T, can be described by two coupled differential
equations

Ce Tt = Put) = (T~ T)Gar ~ (T = TG, @)
Ca ar = Pa(t) = (Ta — Te)Gea — (Ta — T1)Gap - (2.8)

With the initial condition T,(t = 0) = T.(t = 0) = T} they obey the following
solution for the thermometer signal AT,(t) = T, — T},

AT (t) = O(t) [An(exp_t/ W —exp /Ty 4+ A (exp T —exp™!/ T")] . (2.9)

Here t;,, is the intrinsic thermal relaxation time constant of the thermometer,
and 1y, is the thermal relaxation time of the target.

According to Equation 2.9, the solution which models the pulse shape consists
of two components. One is the non-thermal component of the signal with
amplitude A,. Itis connected to the direct absorption of the non-thermal phonons
in the thermometer. The other amplitude Ay, is connected to the temperature rise
caused by the thermal phonons. Two different modes of thermometer operation
are possible’:

The different modes of thermometer operation refer to the processing of the incoming flux of
non-thermal phonons. For the incoming particles, all CRESST-II detectors work as calorimeters
measuring total energy depositions on an event by event basis.
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e When 7, < Ty, the duration of incoming flux of non-thermal phonons
is shorter than the thermal relaxation time of the thermometer. There-
fore, the thermometer integrates the flux of the incoming non-thermal
phonons, P.(t). A, then defines the integrated energy of non-thermal
phonons absorbed in the thermometer. Thus, for a given AE, the heat
capacity of the electron system of the thermometer C, determines the am-
plitude A, ~ —€eAE/C,. This mode of thermometer operation is called
calorimetric mode. The life time of non-thermal phonons (7,) defines the
rise time of both, the non-thermal and the thermal signal component. The
intrinsic thermal relaxation time constant of the thermometer (7;,,+;) defines
the decay time of the non-thermal signal component and the thermal re-
laxation time constant of the target (7;,) determines the decay time of the
thermal component. The thermometers of the CRESST-II light detectors
are optimized to work in the calorimetric mode.

e When 7, > 7,4, the duration of the incoming flux of non-thermal phonons
is larger than the relaxation time of the thermometer. Therefore, the ther-
mometer measures the flux of the incoming non-thermal phonons. This
mode of the thermometer operation is called bolometric mode; again
Ayn ~ AE. The rise time of a non-thermal signal component is determined
by Tintr, whereas the decay time is given by 7,. On the other hand, the
rise time of the thermal component is defined by 7,, and its decay time is
defined by 74,. The thermometers of the CRESST-II phonon detectors work
in the bolometric mode.

2.4 Data taking

2.4.1 The thermometer readout

At the critical temperature (T;) a superconducting material undergoes a phase
transition from its normal conducting state to the superconducting state, i.e. the
electrical resistance of the material drops to zero very sharply. The critical tem-
perature of the bulk tungsten is around 15 mK. However, for thin tungsten films
the transition temperature varies depending on the conditions of evaporation.
In particular, the deposition temperature and stress inside the grown films can
play an important role.

Figure 2.12 shows a sketch of a thermometer transition curve. The shape of
the transition curve from the normal to the superconducting state of the W-film
can vary for different thermometers and depend not only on the fabrication
process but also on the type of the material onto which the W-film is evaporated.
Typically, the resistance of the W-SPTs is in the range of 100 to 300 m().
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Figure 2.12: Principle of a superconducting phase transition thermometer (W-
SPT). The detector can be stabilized at the operating point by means of the heater
structure on the W-SPT. A small temperature rise of the detector AT causes a
measurable rise AR of the resistance of the W-SPT.

Within the width of the phase transition a small rise of the thermometer
temperature AT causes a rise of its resistance AR. For measuring this change we
use superconducting quantum interference devices (SQUIDs) which transform
the current change caused by the resistance change AR into a voltage output.

An electrical circuit for reading out the resistance of W-SPT is schematically
shown in Figure 2.13. The resistance R¢(T) of the thermometer is measured by
passing a constant bias current Iy through the readout circuit. In this circuit the
thermometer is connected electrically in parallel with two shunt resistors and an
input coil which matches the impedance of the low-ohmic tungsten thermometer.
The bias current is provided by a floating current source and is typically a few
pA. Depending on the ratio of the resistances in the readout circuit, the bias
current splits into two branches. The current through the SQUID branch (input
coil) is given by

_ ToRy(T)
sq = m . (2.10)

If a change of the thermometer resistance is small, AR¢(T) < R¢(T), the current
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through the SQUID changes as [27]

Al ARK(T) ~

" dR;
IORS
~ ————— ARA(T) = 2.11
R+ Ry RO @11)
ToRs dRy

x AT,
(R¢(T) + Rs)? dT

which is proportional to AT.
The amplified output voltage signal from the SQUID (V,;4) is given as

Vsquid = V((Dinput +ndy) , (212)

where y is the gain of the system, @y = i/2¢ is the flux quantum, and 7 is an
integer number. The ambiguity in the last term of Equation 2.12 is due to the
periodicity of the SQUID’s response (one period is equal to one flux quantum
®p). Consequently, the SQUIDs are operated in a flux-locked mode by means of a
separate feedback loop. In this way the output signal of the SQUID is the current
in the feedback loop and the relation between the input magnetic flux ®;;,,,,; and
the output SQUID voltage is linear. In order for the feedback mechanism to
function properly, the change of the input signal should not exceed the slew rate
of the SQUID. Otherwise, the flux lock can be lost resulting in a change of 1 to a
new value. This mechanism is called a flux quantum loss.

The SQUIDs employed at the main experimental facility at Gran Sasso are
commercially available DC-SQUIDs from the Supracon company [65].

Figure 2.13: Schematic view of the readout circuit. Figure taken from [27].
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Figure 2.14: Block diagram of the upgraded data aquisition system at Gran Sasso.
The readout circuit with SQUID and trigger is depicted in blue. Shown in black
is the bias circuit and in red is the heater system for the temperature control circuit.
Figure taken from [27].
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2.4.2 Data acquisition

A block diagram of the data acquisition is shown in Figure 2.14. The detectors
are connected to their holders via 25 ym aluminuim bond wires. The detector
holders are connected to the SQUIDs with the help of woven twisted pair su-
perconducting NbTi wires with CuNi matrix. In order to handle all 33 detector
modules, a multichannel system which consists of 66 SQUID units is used [66].
These units are located at the bottom of the helium bath at the temperature of
~ 4 K; see Figure 2.4. In addition to the readout-line pair of wires for the SQUID,
each thermometer has a control-line pair for temperature control and for inject-
ing calibration pulses. The readout-line pair and control-line pair are spatially
separated to avoid electrical cross talk. As the number of lines within the mK
environment is relatively large, special attention was paid to the design and fab-
rication of flanges and feed-throughs [65]. Additionally, the thermal anchoring
of the lines is provided on various places in the cryostat.

The bias current for the SQUID readout circuit is supplied by a voltage con-
trolled floating current source. The shunt resistors are thermally linked to the
mixing chamber in order to minimize Johnson noise. After a differential ampli-
fication, the SQUID signals are transferred through 50 kHz low-pass Faraday
cage filters and 10 kHz 8-pole anti-aliasing filters. One branch of the signal is
fed through an 8 Hz high pass filter, amplified x 20, low-pass shaped, and then
AC-coupled to the trigger unit. In the other branch, the signal is DC-coupled to
a 16-bit transient digitizer.

For every triggered event the transient digitizer data is written to the disk for
the off-line analysis. The record length was chosen such that the full decay of a
pulse is recorded and a sufficient number of samples is taken during the pulse
rise. In the runs of interest, namely, Run 31 and Run 32, pulses were sampled
with 25 kHz (40 us time base) and the record length was selected to be 8192
samples (328 ms). The total record length of 8192 time samples includes a pre-
trigger region of 2048 samples (to record the baseline before the event), and a
post-trigger region of 6144 samples which contains the pulse itself. The phonon
and the light detectors of each detector module are read out simultaneously
whenever at least one of them triggers.

2.4.3 Temperature control

The heater structure of each thermometer, explained in Section 2.3.4, is used
to individually stabilize each detector in its operating point and also to inject
heater pulses. They help to monitor the temperature stability of the detector and
provide its energy calibration'’.

0Details on the detector operation and data analysis is presented in Chapter 3.
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Heater pulses are produced by two wave form generators (see Figure 2.14)
and injected independently in different detectors. Since one of the generators
produces pulses for the phonon detectors, while the other one for the light
detectors, a pulse attenuator is used to adjust the amplitude of the pulses. The
attenuated pulser signal is then added to the constant current needed for the
stabilization of the operating point. This current is regulated by a computer
controlled digital analog converter (DAC). In order to linearize the dependence
of the applied heating power with respect to the input voltage, an analog square-
rooter is used.

Heater structures on light and phonon detectors are significantly different
and require heating powers of different strength. Therefore, an additional heater
attenuator with a set of series heater reference resistors allowing for a fine adjust-
ment of the heating power according to the dynamic range and heater resistance
is provided.

2.4.4 Noise sources

The energy threshold and energy resolution of a cryogenic detector are de-
termined by the noise. The main sources of noise are outline below. More
information can be found in [61].

e Thermal noise
There are always fluctuations present in the energy content of the cryogenic
calorimeter. This is due to the random propagation of energy carriers
through the thermal link to the heat bath of temperature T},. The final
limitation on the amplitude of these fluctuations is given by

<AE*> o kg Tp Coper, (2.13)

where kg is the Boltzmann constant and Cypr is the heat capacity of
the thermometer at its operating point. For example, a cryogenic de-
tector with Coper = 1 pJ/K at the operating temperature of ~ 10 mK has
<AE? > of ~1 eV [61].

The thermal noise represents a constant background in the detector and
thus determines the ultimate limit of the achievable energy resolution. The
thermal noise is more significant for the light detectors because they have
a smaller heat capacity.

e Johnson noise
For both types of CRESST-II detectors the thermal noise is exceeded by
Johnson and SQUID noise. For the readout circuit the Johnson noise,
caused by the thermal motion of charge carriers in the shunt resistor and
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tungsten thermometer, gives a current noise of

4kpT

< AI? .
7 Y Ry+R

(2.14)

This noise has a white frequency spectrum and at typical operating tem-
peratures of around 10 mK <A? > «1-3 PA/ VHz [67].

e SQUID noise
The Josephson junctions of DC-SQUIDs require shunt resistors in parallel
to prevent hysteresis effects. Their Johnson noise produce a white noise
spectrum which has <AI? > of ~ 1.2 pA/ VHz [66].

Additionally, thermal fluctuations of the heat bath and electrical interferences in
the surrounding of the detector may lead to additional sources of the detector
noise.

2.5 Recent results

As already mentioned, the CRESST experiment has been upgraded to CRESST-II
by several changes and improvements. This includes a new detector support
structure (carousel), the associated 66-SQUID channels, a neutron shield, and the
installation of the muon veto. In 2007, CRESST-II successfully completed a com-
missioning run and recently published an upper limit on the spin-independent
WIMP-nucleon scattering cross-section [17] presented in Figure 2.15. For the
dark matter analysis!! the data obtained between March and July with the help
of two detector modules based on CaWOy crystals have been used. The cu-
mulative exposure was ~ 48 kg days. Three candidate events of uncertain
origin are present in the acceptance region for tungsten recoils yielding a rate
of 0.063 per kg day. A limit on coherent WIMP-nucleon scattering is obtained,
which at its lowest value, for Mympp =~ 50 GeV, is 4.8 x 1077 pb [17]. This
corresponds to a factor of 3 improvement in the performance with respect to the
previously published limit [25].

"Details on the dark matter analysis of data obtained in commissioning run can be found
in [17] or in dedicated theses [27, 68, 67].
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Figure 2.15: Upper limit on the spin-independent scattering cross-section ob-
tained with the CRESST-II experiment with the help of data recorded in the
commissioning Run 29-30. For comparison, the limits from other experiments
and the range predicted by some SUSY models are also shown. Figure taken
from [17].



Chapter 3

Detector operation and data
analysis

This chapter discusses the principles of CRESST-II detector operation and data
analysis. In Section 3.1 the measuring techniques for a thermometer transition
curve from its normal to the superconducting state are described. Then, criteria
for the selection of a suitable operating point at which the detector is stabilized
during the measurement and its stability control are presented. In Section 3.2 a
detailed description on how to obtain the spectra for low and high energy y- as
well as a-particles is given.

3.1 Detector operation

3.1.1 Transition curve

The performance of a detector mainly depends on its thermometer transition
curve from the normal to the superconducting phase. The lower the transition
temperature, the smaller is the heat capacity of the thermometer and the larger
is the signal for a given interaction. The width of the phase transition in tem-
perature defines the dynamical range of the detector, i.e. the maximum particle
energy measurable with the detector without saturation. The slope of the transi-
tion curve affects the sensitivity of the detector. The steeper the transition curve,
the more sensitive is the detector to small energy depositions.

One way to measure the transition curve is to slowly sweep the temperature of
the carousel or the mixing chamber of the cryostat. Figure 3.1 shows an example
of a transition curve obtained this way. Another way, closer to the actual operat-
ing requirements, is to sweep the heating power through the thermometer heater
structure and record the thermometer resistance while fixing the temperature of

41
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Figure 3.1: Transition curve of detector ZnWQO,-4, measured with a bias current
of 100 nA by slowly varying the temperature of the mixing chamber of the
cryostat.
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Figure 3.2: Transition curves of ZnWO4-4 recorded by varying the heating power
through the thermometer heater structure with fixed mixing chamber tempera-
ture. The shape of the transition curve depends on the bias current.

the mixing chamber. For example, the transition curves presented in Figure 3.2
are obtained with the help of this method. Since the bias current needed for
readout also heats the thermometer, the shape of the transition curve depends
on the current.

Criteria for the optimum transition curve are its critical temperature, steepness,
and linearity. The last criterion affects the linearity of the detector response which
may result in distortions of the measured pulse height spectrum.
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Figure 3.3: Optimization curve recorded with ZnWOQOy-4 with a constant bias
current while sweeping through the transition curve with the help of the ther-
mometer heater structure and injecting heater pulses of various amplitudes. The
dashed line shows the selected operating point of the detector.

3.1.2 Operating point

The operating point is usually selected close to the top of the transition. This
choice typically gives a smaller noise level [61] and thus the best signal to noise
ratio in the energy region of interest. At the top of the transition the noise is
often independent of the operation point. Therefore, in practice, the response is
maximized.

For a fixed bias current, heater pulses of varying amplitudes can be injected,
thus probing the response of the detector to various energies. Figure 3.3 shows
the response of the ZnWO, phonon detector for a given bias current while
sweeping through the transition curve with the help of the thermometer heater
structure. One chooses an operating point where the response to the injected
energy is mostly linear with increasing injected heater pulse energy and shows
little variation with respect to the fluctuations from the operating point for the
energies of interest.

3.1.3 Stability control

The width of a phase transition is around a few mK, whereas a typical measured
temperature rise following an energy deposition of few tens of keV is of the order
of tens of uK. Hence, it is necessary to stabilize the temperature of thermometer
at least to this precision.

Once the operating point has been chosen, each detector is stabilized inde-
pendently via its heater structure by periodically injecting control pulses. They
drive the thermometer out of its transition (or saturate the detector). Their pulse



44 CHAPTER 3. DETECTOR OPERATION AND DATA ANALYSIS

height is evaluated online by software and serves as an input parameter for a PI
(proportional integral) control of the heater circuit. The operating point can be
adjusted via applying a steady voltage across the heater. The rate of the injected
control pulses is chosen to be frequent enough to sample temperature variations
and at the same time not to introduce too much dead time.

The external heater circuit sums the voltages for controlling the temperature
(Ur) and the voltage injected by a heater pulse (Up), and subsequently computes
the square root of the sum so that the heater pulses always deliver a known
heating power proportional to Up!.

Additionally, the heater pulses of amplitudes other than that of the control
pulses are injected periodically. These test pulses serve for energy calibration
down to the lowest energies. Moreover, test pulses are used to monitor the
long-term stability of the detector. As an example, the achieved stability of the
ZnWOy phonon detector in Run 31 is shown in Figure 3.4.

3.2 Data analysis

3.2.1 Pulse height evaluation

The data analysis for the CRESST detectors is performed off-line. The raw data
set consists of records of the pulses for each channel with some parameters
attributed to them. As a first step, several main parameters are being calculated
for each of the recorded pulses. These include baseline?, onset time (the shift
with respect to the trigger time), pulse height, peak position, rise and decay
times, and some other parameters. Both, pulse height and peak position are
calculated using a moving average filter with an adjustable width.

The recorded data sample under analysis have to be cleaned from spurious
pulses originating from temperature fluctuations, vibrations, and other noise
sources. For this, a stability cut is performed. In this cut, time intervals in which
the pulse height of the control pulses deviate more than 2¢ from their mean value
are omitted.

The next step is to determine the linear range of the detector response, i.e the
regime in which the pulse amplitude is proportional to the deposited energy,
and to reconstruct the amplitude spectrum of the detector. This is usually done
with the help of a standard event (template) fit procedure.

ISince the heating power depends on the square of the input current (P = R I?), the square
rooter removes this dependence and thus linearizes the relation.

2The SQUID outputs a constant value that is substracted from the pulse. Due to flux quantum
losses, a SQUID can reset. Therefore, the SQUID offset (baseline) can vary.
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Figure 3.4: Pulse heights of the heater test pulses versus time for the prototype
ZnWOy phonon detector during half a month of data taking in Run 31. The
detector response can be seen to be stable within the resolution. The small time
gaps and slight variations in the test pulse height are due to interruptions of the
measurement in order to refill the cryostat (warm-up). The variations can be
corrected with a spline fitted through all test pulses of a given amplitude.

Linearization of the spectrum using standard events

Standard events are built from averaging many pulses of a given type, i.e. from
particle pulses or heater pulses selected in a certain energy interval. The only
constraints on the event selection criteria are that the chosen energy interval
must be entirely in the linear region of the detector response and that there have
to be enough events in the chosen region in order to allow for a high statistics
template (to average out noise).

The created template is then fitted to the individual pulses with baseline,
onset time, and amplitude of the pulse set as free parameters. The root mean
square value (RMS or the x?) defines the quality of the fit and is used for making
further cuts. The left panel of Figure 3.5 shows the scatter plot of the RMS of the
standard event versus the amplitude reconstructed with the help of the template
fit described above. The region in which the RMS value is constant is called the
linear region of the detector response. The maximum linear amplitude can be
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Figure 3.5: Left: The RMS of the standard event versus amplitude scatter plot
reconstructed from a standard event fit with detector ZnWO,-4. The template is
produced from 122 keV pulses from a *’Co calibration source. Above an ampli-
tude of ~ 0.8 V the fit quality decreases due to non-linearities of the thermometer
transition curve. Right: The same data set reconstructed with the help of the
standard event fit with the same template but truncated at 0.8 V. The detector
response is now linearized up to the highest amplitudes (1 V corresponds to
~ 193 keV).

obtained from the kink position in the RMS.

This standard event fit works as long as the pulse amplitude is in the linear
regime of the detector response. Since at the top of the transition curve the
resistivity bands over to its normal conductivity (see Figure3.1), the detector
response starts to be non-linear above a certain energy deposition. This results
in an increasing RMS value of the fit with increasing amplitude. For signals that
approach the top of the transition, the pulse height is extracted by excluding
from the fit the part of the pulse where the response becomes non-linear (i.e.
only the data points in the linear region are included in the fit); see Figure 3.6.
After applying the truncated fit procedure the detector response is linearized up
to energies of a few hundreds of keV; see the right panel in Figure 3.5. However,
a necessary condition for the applicability of the truncated fit procedure is the
absolute stability of the detector at its operating point.

3.2.2 Calibration

After linearization of the detector response, the energy scale of the detector has
to be established. This is done with the help of a >’Co source inserted inside
the shielding. The source emits 122 keV and 136 keV photons; the decay level
diagram of this isotope is shown in Figure 8.2. The calibration at 122 keV is
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Figure 3.6: Pulses (black points) recorded with ZnWQO;-4 in Run 31. Shown in
green are fits. When pulse heigh is below the truncation limit of 0.8 V the fit
procedure is standard (left panel), otherwise only the data points in the linear
region of the detector are included in the fit (right panel).

transferred to low energies with the help of heater test pulses. They are injected
at regular time intervals with a set of fixed voltages. Similarly to particle pulses,
the amplitude spectrum of the heater test pulses is reconstructed with the help of
the truncated fit procedure as has been described in Section 3.2.1. The amplitude
scale factor (proportional to energy) yields the pulse height. Comparing the
amplitude of pulses from the 122 keV peak with the test pulses of a similar
amplitude, the injected voltage can be translated into a y-equivalent energy; see
Figure 3.7.

Time variations

As already mentioned in the previous section, the pulse height probes the transi-
tion curve of the thermometer. Depending on the shape of the transition curve,
pulses of a particular energy range can suffer more from slight variations from the
operating point than others; see Figure 3.4. In most of the cases, these variations
happen after refilling of the cryostat with cryogenic liquids or after earthquakes.
Using the test pulses, such variations can be corrected by fitting a spline through
all heater pulses of a given amplitude; see Figure 3.8. The values of the splines,
obtained at the time of the pulse, then give the detector response to the discrete
set of injected energies. Following this procedure, an excellent energy resolution
for the phonon detectors over the full energy range of interest can be obtained;
see Figure 8.2.



48 CHAPTER 3. DETECTOR OPERATION AND DATA ANALYSIS

Figure 3.7: Response function of detector ZnWQO,-4 recorded in Run 31. Shown
in black are the amplitudes for the heater test pulses. They are reconstructed
with the help of the truncated fit procedure using an appropriate template. The
polynomial function is then used to calibrate the amplitudes of test pulses down
to the lowest energies. The scale factor between the injected heater voltage and
y-equivalent energy is obtained comparing the amplitude of >’Co pulses with
heater test pulses of similar amplitude.

3.2.3 Parametric fit

In Section 2.3.5 a thermal model for the signal formation in the CRESST detectors
has been described. According to this model the pulse shape can be described
following Equation 2.9. However, (2.9) describes correctly only the pulses with
amplitudes in the linear range of the detector response. A detector response
in the MeV energy range which is of interest for the a-background analysis is
highly non-linear and pulses are almost saturated. This means that the pulse
shape changes dramatically with energy and the same template cannot be used
over the full energy range for reconstructing the amplitude spectrum of the
detector without truncation.

To model the non-linearities of the detector response, a fitting procedure based
on a polynomial expansion of Equation 2.9 has been formulated. The function
which describes the pulse shape of saturated pulses is approximated by

AT(t = to) = U(t = to) = ) bi Un(t ~ to)) , (3.1)
i=0

where by is the baseline, by = 1 and b; < 1 are expansion parameters and U is
the detector response in the linear region. These parameters together with ones
describing the pulse shape (Tintr, Tn, T, An, and Ayy,) can then be determined by
a simultaneous fit of several pulse templates which are produced from various
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Figure 3.8: A set of heater test pulses of the ZnWO, phonon detector recorded in
Run 31. Slight variations in the operating point can cause variations for pulses
with a given amplitude. A spline, shown as solid violet line, is fitted to correct
for such variations.

amplitude regions. An example of such a set of templates superimposed with
fits according to Equation 3.1 is shown in Figure 3.9.

The parametric fit method described above allows for the reconstruction of
amplitude spectra of the phonon detectors up to energies of more than 8 MeV
with a resolution high enough to separate various a-lines from radionuclides.
The method was applied for the a-background analysis of some phonon detectors
of interest. Their spectra will be presented later on in Section 8.2.2.
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Figure 3.9: A set of the templates produced from both, linear and non-linear,
amplitude regions of ZnWQOj4-4. Shown in gray are data points and dashed red
lines are fits according to Equation 3.1.



Chapter 4

Scintillation mechanisms in
crystals

The interpretation of the measurements performed with CaMoO, and ZnWOy
crystals and which presented in the subsequent chapters requires an understand-
ing of their scintillation mechanism. Therefore, in this chapter, an introduction
to the scintillation mechanisms in inorganic crystals with an emphasis on self-
activated scintillating crystals is given. Special attention is payed to quenching
mechanisms and temperature dependent effects which influence on the scin-
tillation efficiency and are particularly relevant for the rare event search with
CRESST.

Figure 4.1: Photograph of a scintillating CaWOy (left) and a CaMoOy (right)
crystal under excitation with UV-light.

51
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4.1 Introduction to the scintillation process

Figure 4.1 shows the phenomenon of scintillation, widely observed in nature,
in CaWO, and CaMoOy crystals. A scintillator can be viewed as a wavelength
shifter. The energy of an incident particle (UV-light, X-ray, y-ray, etc.) which is
deposited in the crystal is converted into photons in the visible or near visible
range of the electromagnetic spectrum. For the understanding of the scintillation
process a simple band structure model can be used.

4.1.1 Band structure

The band structure of a scintillating crystal is represented schematically in Fig-
ure 4.2. Within a solid crystal electrons occupy extended energy bands. The
outermost electrons of the atoms occupy levels in the valence band. This band
is separated from the conduction band, which is not populated in an insulator,
by the forbidden band which is several eV wide.

The lattice of solid crystals is not ideal and usually contains point defects. The
simplest type of point defects are ions missing from their regular lattice sites,
known as Schottky defects. Another type of point defects are atoms occupying
interstitial positions in the crystal lattice, known as Frenkel defects. The point
defects may be thermal in origin, be present by impurities or created if there
exists a stoichiometric excess of one type of ion in the lattice, be created directly
by incident nuclear radiation, or even be excited by electronic excitations (e.g.
electron-hole (e-h) pairs, excitons). By capturing either electrons or holes, defects
can form a localized electronic energy level within the energy band gap called
the exciton level. The regions of the lattice where the exciton band is present
are called emission centers (luminescent centers, color centers). Additionally,
various impurities and defects form energy levels within the band gap which
may act as electron traps.

At temperatures of ~ 300 K the width of the forbidden band is too large for
an electron to be thermally excited across it (kpT =~ 26 meV). To pass from the
valence band to the conduction band, an electron must gain energy equivalent to
the energy of the band gap of the crystal, E,. After a particle interaction within
the crystal, primary or secondary electrons in the keV range excite electrons from
the occupied electronic states (valence or deeper bound states) to different levels
in the conduction band. This results in a hole with an effective positive charge in
the valence band; an electron-hole pair is created. Typically, it takes two to seven
times the band gap energy in order to create an (e-h) pair [69]. The number of
created (e-h) pairs (N,,) is usually expressed via the average energy required for
the creation of the thermalized (e-h) pair (E.; =  E;). If the deposited energy by
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Figure 4.2: Schematic representation of the band structure in scintillating crystals.
A sketch of the energy conversion mechanism in self-activated scintillators is
superimposed. The entire process is divided into three stages: conversion,
transport, and emission. See main text for discussion.

an incoming particle into the crystal is E;, then

Eubs Eabs

= —, 4.1
where f is a constant. The larger Eq is, the lower is Ng,. If the energy of an
electron in the (e-h) pair is high enough to reach the ionization threshold, it can

be considered as a free carrier.

N, =

Electrons and holes can also be bound by the Coulomb potential and form an
exciton whose energy is slightly smaller than the energy of the band gap. The
energy level of an electron (E,) in the exciton is given by

Eg = Eg - Eb 7 (4.2)

where Ej is the exciton binding energy.

4.1.2 Stages of the scintillation process

A consistent phenomenological description of the energy conversion into scin-
tillation light was developed in the seventies [70] and further refined later [71].
Scintillation, which occurs as the result of a relatively complicated chain of pro-
cesses, can be divided into three stages, schematically presented in Figure 4.2.
They are called energy conversion, energy transport, and scintillation emission
stage.
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Energy conversion and thermalization

The formation of thermalized (e-h) pairs occurs within 1071® s to 107 s after
an initial energy deposition in the crystal [47]. When electron energies become
smaller than the ionization threshold, (e-h) pairs can thermalize by intra-band
transitions (inelastic scattering) and relax via electron-phonon interactions until
holes reach the top of the valence band and electrons reach the bottom of the
conduction band. The time range of this process is rather fast being 107 s to
10712 5 [47].

Energy transport to luminescent centers

Free or quasi-free electron-hole pairs and excitons can migrate and thus trans-
port their energy through the crystal lattice. During migration, (e-h) pairs may
sufficiently ionize the lattice and create a potential well in which they become
trapped. This phenomenon is called self-trapping. In the process of thermal-
ization after reaching the top of the valence band, a hole can bind to a certain
molecular group of a crystal. This state is called a self-trapped exciton (STE).

During the energy migration process a considerable amount of electronic ex-
citations can repeatedly be trapped and released in the forbidden band. Since
the number of point defects, flaws inside a crystal, and the quality of crystal
surfaces differ among species of a crystal, the number of energy trapping sub-
levels introduced into the forbidden band is also different. Therefore, migration
of electronic excitations can be affected in many different ways before interacting
with luminescence centers. This makes the stage of the energy transport very
unpredictable.

During the energy transport stage, electronic excitations transfer their energy
to luminescent centers which also become excited. The formation of excitonic
states and groups of excited luminescent centers happens between 10712 s to
1078 s [47].

Emission of scintillation light

The excited luminescent centers relax to the ground state by non-radiative pro-
cesses or by emitting a scintillation photon (radiative process). The emission
mechanism depends on the electronic structure of both, the luminescent ions
and the crystal lattice in which they are embedded as well as on their mutual
interactions. The radiative process can be as short as 1072 s for (e-h) pair re-
combination and free exciton or STE emission. Time constants (7s,;) which
characterize the scintillation emission are determined by the wave-functions
which describe characteristics of the different levels participating in radiative
transitions.
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The precise mechanism of scintillation emission varies among different mate-
rials. In general, the physics of various mechanisms is well studied. The reader
is referred to [70, 72, 73] for more details.

Summary

It has been pointed out that the lattice structure of the crystal determines not only
its band structure but also has a major influence on the scintillation properties of
the crystal. For a crystal to be a scintillator it should contain luminescent centers.
Depending on the type of the emission center one distinguishes between extrinsic
(or activated) and intrinsic (or self-activated) scintillators. The first class of
crystals is generally doped with ions, while in the second class molecular systems
of the crystal lattice (or defects incorporated into it) possess a radiative transition
between an excited and ground state of the luminescent center. The luminescence
may involve (e-h) pair recombination, free, self-trapped, and defect-trapped
exciton luminescence as well as charge transfer transitions within a molecular
complex.

The crystals studied in this work, namely, CaWO,, ZnWQO,, and CaMoQy,
belong to the class of the self-activated dielectric inorganic scintillators with a
wide energy band gap (~ 4 eV). In the next chapter their lattice structure and
individual scintillation mechanisms will be discussed in more detail.

4.1.3 Light yield

The absolute light yield (LY) of a crystal, also known as scintillation efficiency,
is the constant that links the generated energy of scintillation photons to the
amount of energy dissipated in the crystal. Attemperature T it can be defined as
the ratio of the total energy of produced scintillation photons E;,; to the energy
deposited in the crystal E,

LY(T) = Etotar (4.3)
Eubs
where
Nproduced
Etotal = Z E;, (4.4)

i=1
with E; being the energy of a single scintillation photon. In reality, the amount
of light emitted by a scintillating crystal is not strictly proportional to the energy
deposited by an ionizing particle.
In the literature the absolute scintillation efficiency of a crystal is usually
expressed as the number of photons produced (Npoquced) by @ 1 MeV energy
deposition by a photon. Taking into account all stages of the scintillation process,
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the scintillation efficiency can be expressed as a product of three factors [47]

N, produced

LY(D) = 5 < N,
aps

1 S(T) Q(T) . (4.5)
Here, N, is the conversion efficiency of E,;, into energy of electronic excitations
expressed as a number of (e-h) pairs and excitons (see Equation 4.1). S(T) is the
quantum efficiency of the transfer of energy of the termalized electronic excita-
tions to the excited states of the luminescence centers and Q(T) is the quantum
efficiency of luminescence, i.e. the efficiency of the luminescent center for emit-
ting photons!
structure not all created (e-h) pairs (N,;) are translated into electronic excita-
tions leading to the emission of scintillation light. Therefore, the absolute light
yield expressed by Equation 4.5 is usually much higher than the experimentally

. It should be noted that in crystals with complicated electronic

observed light yield.

4.2 Quenching mechanisms

From Equation 4.5 it follows that only a fraction of energy deposited in a scintil-
lator by incident particles is eventually converted into scintillation light. There
are many mechanisms occurring during the various stages of the scintillation
process which may finally limit the scintillation efficiency of a crystal. For ex-
ample, the trapped excitations lead either to the emission of scintillation light or
to the radiationless recombination of electronic excitations. The process of the
non-radiative energy transfer in scintillators is known as quenching. Various
types of quenching phenomena exist. Most of them are well known and detailed
information can be found in [70, 47, 72, 73]. Here, only the most important ones
are mentioned.

4.2.1 Impurity quenching and reabsorption

The path which the scintillation light travels before escaping the crystal usually
extends over many lattice constants and depends on the material, size, and
shape. An important requirement for a crystal to emit scintillation light is that
energy levels involved in the radiative transition must be smaller than the energy
gap of the crystal (to avoid self-absorption). This phenomenon is described by
Stokes law and the difference in wavelength between emitted and absorbed
scintillation light is called Stokes shift; see Fig 4.3. If emission and absorption
occur at the same wavelength most emitted photons will be reabsorbed within
a short distance.

LA theoretical description of the dependency of the energy transfer and the luminescence
quantum efficiency on temperature can be found in [44].
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Figure 4.3: Schematic representation of the absorption and emission spectra.

Many types of light absorbing centers may be present in a crystal (e.g. point
defects, lattice flaws, color centers). Therefore, the emitted scintillation light,
while travelling through the crystal, may be reabsorbed. Overall, the reduction
of the number of defects and improvement of crystal transparency in the wave-
length region of the scintillation emission increase the scintillation efficiency of
the material.

4.2.2 Thermal quenching

Thermal quenching of scintillation light is related to the interactions of the ions in
the host lattice with vibrations, i.e. electron-phonon interactions, which usually
result in radiationless processes.

Configurational model

The development of a radiationless process may be explained by the potential
energy diagram which represents the Franck-Condon principle; see Figure 4.4.
Each curve represents an electronic energy state of a molecule. The potential
energy is plotted against the interatomic distance X, which is taken to be the
average change in the normal radial distance between an ion and one of its
nearest neighbors. When a molecule is thermally excited, the distance changes.
The curve aAa’ represents the ground state of a luminescence center, while
the curve bBb’ represents one of its electromagnetically excited states. In both
states the luminescent center vibrates around its equilibrium positions A and
B, which are sufficiently separated (in the X-coordinate) in order to yield the
adequate Stokes shift. The horizontal lines represent the vibrational levels of
the emission center. For small vibrational amplitudes the curves aAa” and bBb’
are approximately parabolic. The occupation number of each energy level is
determined by the temperature of the crystal.

The transition A — C represents the excitation of the luminescent center
due to the capture of an electronic excitation (e.g. photon absorption). Since
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Figure 4.4: Potential energy diagram illustrating the Franck-Condon principle.
The curve aAa’ represents the ground state of a molecule, curve bBb' represents
an excited electronic energy state and horizontal lines represent various vibra-
tional levels. Absorption and emission processes are indicated by vertical lines.
Figure taken from [70]. See text for details.

electronic transitions proceed much more rapidly than the rearrangement of the
nuclei or the lattice in the crystal (Franck-Condon principle [74, 75]) they are
represented by vertical lines in the configurational space. The position C is not
in thermal equilibrium with the surrounding and the system relaxes back to the
equilibrium position C — B with the creation of phonons. Now the system can
relax to its ground state B — D with the emission of photons which are observed
as scintillation light.

Since positions of A and B are not the same, the potential energy curves can
approach each other at large vibrational levels, such as in the position F. If the
vibrational amplitude of the excited state is large enough, the transition F — F;
is possible. The system relaxes from F; back to the thermal equilibrium position
A with the emission of phonons. This process is known as thermal quenching.
This non-radiative process competes with the scintillation process and therefore
can significantly reduce the scintillation efficiency. In some crystals the proximity
region F — Fy is very close to the minimum of the excited state. These crystals
are heavily quenched.
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Temperature dependence of the scintillation efficiency

The emission and absorption spectra are schematically presented in Figure 4.3.
The emission spectrum is shifted to longer wavelengths relative to the absorption
spectrum. At temperatures of ~300 K the absorption and emission bands are
broadened. This increases the overlap between their respective bands which
results in the loss of scintillation photons due to reabsorption. Decreasing the
temperature narrows the overlap and thus decreases the probability for non-
radiative transitions. Therefore, at low temperatures, crystals reveal higher
scintillation efficiency than at room temperatures.

The gradual decrease of the scintillation efficiency with increasing temper-
ature is caused by thermal quenching [72]. The temperature dependence of
the quantum efficiency of luminescence Q(T) is usually described by the Mott

equation [72]
1

1+ Cexp (_%)
where C is a quenching constant, E; is the quenching energy, and kg is the
Boltzmann constant. At low temperatures (kpT < E;), the radiative decay mode
is dominant and variation of Q(T) in this temperature range is small. When the
temperature increases, the non-radiative decay mode starts to compete with the
radiative decay mode and the luminescence becomes quenched.

For various crystals the dependence of scintillation efficiency on temperature is

different. Since in CRESST-II detectors are operated at a few mK, the scintillation
efficiency of a crystal at low temperatures is of major importance.

Q(T) = / (4.6)

4.2.3 lonization quenching

For weakly ionizing particles (for example, fast electrons) the spacing between
successive ionization or excitation sites is relatively large (several molecular
distances) and interactions between these sites are negligible. Under these con-
ditions the scintillation response of a crystal (L) is proportional to the particle
energy (E) deposited in it [70]

L=AE 4.7)

with A being the absolute scintillation efficiency of a crystal in terms of number
of photons per unit energy. Differentiation of (4.7) yields

dL dE
L

with x being the residual track length of a particle in the scintillator.

(4.8)

Ionization and excitation densities are high for large energy deposition per unit
length dE/dx. This is the case for highly ionizing particles (for example, slow
electrons, protons, or a-particles). A highionization density leads to overlapping
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excitations and the energy migration can occur via radiationless energy transfers
which decrease the scintillation efficiency of a crystal. Losses in emission due to
high ionization or excitation density are called ionization quenching.

For a phenomenological parameterization of the described energy deposition
per unit length as a function of ionization density the semi-empirical Birks’
formula [70] can be applied

d_L _ AdE/dx
dx 1 + kBdE/dx '

Here, dL/dx is the differential light yield in terms of number of photons emitted
per unit length, k is a quenching parameter, and B is Birks’ constant. The

(4.9)

parameters A and kB relate the amount of emitted scintillation light to energy
deposition per unit length dE/dx. These values are specific for every scintillating
material and have to be obtained experimentally. At large ionization densities
the differential light yield (dL/dx) becomes constant

dL A

=B const . (4.10)
This model thus predicts that for heavily ionizing particles the scintillation light
yield varies linearly with the track length.

4.3 Quenching factor measurements and interpretation

Nuclear recoils, caused by neutrons and expected from WIMPs, produce much
less scintillation light than electron recoils, caused by a-, p-, or y-particles. The
difference in the light output, which depends on the ionization density of an
incident particle, is the basis for the CRESST-II active background discrimination;
see Section 2.3.1. As already mentioned in Section 2.1.3, neutrons are the most
dangerous background for direct dark matter searches because they may mimic
a WIMP signal. The cross section for coherent scattering of both WIMPs and
neutrons is proportional to A2. However, due to the interaction kinematics,
neutrons transfer more energy to the light elements (like oxygen). In contrast,
WIMPs are expected to transfer more energy to heavy nuclei (like tungsten or
molybdenum).

To compare the light output of different events we define the quenching factor?
(QF) as the ratio of the light output from an electron recoil of energy E to the
light output from a nuclear recoil of the same energy:

_ light output from electron recoil of energy E

= . 4.11
light output from nuclear recoil of energy E (411)

ZNote that in the literature the effect of the ionization density on the scintillation efficiency
of a crystal is often expressed in terms of the ratio a/f. It is defined as the ratio of the light
output per unit energy loss for 2°Po (5.3 MeV) a-particles and ¥Cs (624 keV) internal conversion
electrons [72].
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Energy range in keV QF

40 - 60 104 + 0.1
60 - 80 10.7 + 0.1
80 -100 10.1 = 0.1
100 - 150 11.3 + 0.1

Table 4.1: Quenching factors for oxygen recoils measured with the
(20 x 10 x 5) mm? ZnWO, crystal and an americium-beryllium neutron source
at ~20 mK. Statistical error of 10 on the fitted peak position are given.

As the tungsten recoil is relevant for a WIMP search with CaWO, or ZnWOj tar-
gets, the knowledge of the light quenching factor for W recoils is very important.
Knowing the QF for oxygen, it would allow for discrimination between neutron
background and possible WIMP events, thus providing additional sensitivity
for the experiment.

The CRESST collaboration developed several techniques to measure the
quenching factors of various recoiling nuclei in the crystal. One possibility
to measure the quenching factor is to study the scintillation response of a crystal
to nuclear recoils via neutron scattering. Measurements with an americium-
beryllium neutron source using the active background discrimination technique
were carried out with CaWQy in [76] and with ZnWOQO4. However, the observed
nuclear recoils are induced mainly by neutrons scattered off oxygen nuclei and
to a lesser degree on calcium or zinc nuclei. Tungsten recoils, which become
dominant only at energies well below a few keV , were not distinguishable from
the background. Table 4.1 shows the QF for oxygen recoils measured in the en-
ergy interval between 40 keV and 150 keV with a ZnWOj crystal. The quenching
factor for oxygen recoils in the ZnWOjy crystal was found to be ~ 10.

Another study based on neutron scattering involves irradiation of a scintillator
by a11 MeV neutronbeam [77,78]. The scintillation light emitted from the crystal
is detected by two PMTs facing the crystal on the opposite sides. Scattered
neutrons are detected by arrays of neutron detectors whose angles are fixed
with respect to the beam axis. With such an arrangement the kinematics of the
scattering process is completely fixed. Therefore, for each event, the energy
release and the scattering partner are known so that the quenching factors can be
calculated. This technique was applied to study the quenching factors of CaWOy,
nuclei at room temperature. However, most of the tungsten recoils are hidden
in the background or lie below the threshold of the experiment. Thus, only an
upper limit for heavy nuclei has been obtained. A low temperature neutron
scattering experiment is ongoing [79, 80].
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Figure 4.5: Results of various measurements of the quenching factor for different
nuclei in CaWOj crystals. In blue measurement results using the time-of-flight
mass spectrometer technique at room temperature are shown (errors are sta-
tistical) [58]. The black points show refined measurements obtained with the
same technique (errors are statistical and systematic) [62]. Shown in green are
measurements using the neutron scattering technique at room temperature [76].
Figure taken from [83].

Finally, a third technique, the time-of-flight mass spectrometer (TOE-MS),
simulates nuclear recoils by bombarding a scintillating crystal with different
ions of fixed energy. The method uses a mass spectrometer to accelerate an ion
and measures the number of photons produced when an ion is impinging on the
crystal [81, 58, 62]. This technique was applied to study the quenching factor of
many different nuclei in CaWOQj crystals at room temperature. Measurements
with a ZnWO, sample are in preparation [82].

Figure 4.5 shows the results of various measurements of the quenching factor
for different nuclei in CaWO,. The quenching factor smoothly increases with
the atomic mass of the ion. It should be noted that the quenching factors are
approximately energy independent, since various measuring techniques involve
ions of different energies. A rough consistency between various measurements
performed at room temperature is observed. A more detailed interpretation of
the light-quenching factor measurements can be found in [83].

The quenching factor for tungsten recoils in CaWO, was found to be ~ 40 [81].
For tungsten recoils in ZnWOQOy crystals the quenching factor is expected to be
approximately the same. It should be noted that such a large quenching results
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in a very small amount of scintillation light (only few photons per tungsten
recoil) which is eventually seen in the light detector. From this point of view, a
material with a smaller quenching factor for the heaviest nuclei in the compound
than that for tungsten in CaWOy (Aw = 184) would be desirable, whereas, at low
temperatures, a scintillation efficiency similar to it would be favorable. As the
quenching factor for molybdenum recoils in CaMoOy crystals (A, = 96) is
expected to be well below 40, this material is very interesting in this respect.






Chapter 5

Crystals properties at room
temperature

For the CRESST-II dark matter search good crystal quality means high trans-
parency of a large single crystal, high purity, and excellent scintillation efficiency.
An initial assessment of the potential of the new scintillating materials can be
obtained by comparing their properties with that of CaWOy crystals which is the
standard material for the experiment!. Since large CaMoO, and ZnWOQj crystals
with the dimensions of (¢ 40 X 40) mm? became available only recently, detailed
studies on various characteristics of these materials have been performed in this
work. Moreover, to obtain crystals of the desired quality, a strong feedback to
the producers is required in order to optimize the crystal growth process.

Since the crystal lattice defines the fundamental properties of a material, this
chapter starts with a presentation of lattice structures for the crystals of interest.
Afterwards, the conditions of crystal growth and after-growth processing are
described. Studies on optical properties of CaMoO; and ZnWOy crystals are
presented in Section 5.4. Then, luminescence properties of these crystals are
discussed in Section 5.5. Finally, in Section 5.6 the results of the room temperature
studies on the scintillation efficiency of the crystals are presented.

5.1 Lattice structure

CaMoOy4 and ZnWOy are naturally occurring minerals which can also be pro-
duced synthetically. The mineral names associated with these materials are
powellite and sanmartinite [96, 97], respectively. CaMo0Qy, similarly to CaWOy,

ICharacteristics of CaWOy, CaMoO;, and ZnWO, crystals that are useful in the following
discussions are summarized in Table 5.1

65
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| cawo, ZnWO, CaMoO,
Atomic mass in g/mol ‘ ~ 288 ~ 313 ~ 200
Lattice structure ‘ scheelite wolframite scheelite
Cleavage (plain) weak (101) marked (01 0) weak (001)
Melting point (°C) ~ 1650 [51] ~ 1200 [84] ~ 1430 [51]
Density in g/cm3 ‘ ~ 6.1 [49] ~ 7.8 [85] ~ 4.5 [86]
1.93 2.32 1.96

Index of refraction
at475nm [87] at490 nm [88] at ~ 600 nm [87]

Critical angle, O, 31.3° 25.5° 30.3°
crystal—air interface

Energy gap, E¢ in eV ~6.0 [89] ~4.6 [89] ~3.4 [90]
Amax in nm at 300 K 420 480 520
Light yield at 300 K ~16200 [91] 21500 [88] 2072 [92]
in photons per MeV

Tscint N ps (at 300 K) 6 [47] 20 [88] 20 [92]
Debye frequency in THz ~4.7 ~3.8 ~8.2
Hydroscopicity no no no

Table 5.1: Physical properties of CaWQOy4, ZnWO,, and CaMoOy scintillating
crystals [84, 47, 72]. Debye frequencies are calculated from Debye temperatures,
taken from [93, 94, 95]. In the case of CaWO, and CaMoO;, ordinary index of
refraction is given.

crystallizes in a scheelite structure, whereas ZnWOj crystallizes in a wolframite
structure. The parameters of the primitive unit cells for the crystals are listed in
Table 5.2.

The scheelite structure (or tetragonal structure) has a I41/a or Cih space group
(listed as No. 88 in the International Tables [100]). In this structure, the primitive
unit cell has two ABOjy units (for example, with A =Ca and B = Mo or W). The A
and B sites possess an S4 point symmetry and the crystal has an inversion center.
The O sites only have a trivial point symmetry and are approximately arranged
in a tetrahedral coordination about each B site.
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wolframite (monoclinic) scheelite (tetragonal)
a#b#c a=b+#c
a=y=90°#p a=y=p=90°
a(d) b(Ad) c@A) B a(d) @A
ZnWQOy[98] 4.7 5.7 49  90°6 ‘ CaMo0Oy[99] 5.2 11.4

Table 5.2: Unit cell dimensions for some ABO, (with A=Zn or Ca and B=W or
Mo) crystals at room temperature.

The wolframite structure (or monoclinic structure) has a P 2/c or C‘zlh space
group (listed as No. 13 in the International Tables [100]). In this structure, the
primitive unit cell also has two ABO4 units (for example, with A = Zn and
B = W). Each W site is surrounded by six O atoms in approximately octahedral
coordination. The O sites have two distinct positions. The O; forms one short
length bond to the W site and two longer bonds to the Zn sites. The O, connects
to two different W sites with longer bond lengths and to one Zn site.

The wolframite structure is generally more closely packed, naturally forming
in materials with small A2* ions, whereas the scheelite structure naturally forms
in materials with larger A%* ions [98]. For example, ZnMoOy4 and ZnWO; with a
radius of Zn2* of 0.74 A have wolframite structure, while CaMoQO4 and CaWOy,
with a radius of Ca?*=0.99 A have the scheelite structure [87].

Because of their crystallographic structure CaMoO; and ZnWO, are
anisotropic. Therefore, the speed of light propagation varies with the crys-
tallographic direction. Anisotropic crystals are subdivided into the isodametric
class, which embrace crystals with the tetragonal structure and the anisometric
class, which embrace crystals with the monoclinic structure. Isodametric crys-
tals are uniaxial. This means that the speed of light is constant in all directions
perpendicular (or equally inclined) to a fixed optical axis, and there is no double
refraction in this direction. Anisometric crystals exhibit two directions analo-
gous in character to the single optical axis of isodametric crystals and are called
biaxial.

Due to the split of incident light into two polarization components which
travel at different speed optically anisotropic crystals are known to be multiple
refractive or birefringent. The latter refers to the difference between ordinary
and extraordinary refractive indices, An = n, — n,. For example, CaMoOy4
crystals have 1,=1.959 for light propagating perpendicular to the c-axis of a
crystal, and 7n,=1.967 for light propagating parallel to it (at A = 667 nm [87]).
For light propagating through the crystal in directions between parallel and
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Figure 5.1: Illustration of the birefringence of a CaMoOj crystal. A single line by
viewing through the crystal looks doubled.

perpendicular to the c-axis, the refractive index is intermediate between those
values. Birefringence can be illustrated, for example, by viewing lines through
a crystal with anisotropic structure, see Figure 5.1.

Propagation of scintillation light

The propagation of scintillation light through a crystal is accompanied by mul-
tiple reflections from the crystal surfaces. The critical angle (0.) of a crystal
determines whether light will be totally internally reflected back into a crystal
or refracted at the surface. It is calculated by Snell’s law [101]

0. = arcsin (M) . (5.1)
Nerystal
The critical angles for the crystals of interest are presented in Table 5.1.

Let us consider light traveling in a cylindrical crystal (¢ 40 X 40) mm? with the
roughened? flat surface facing a separate light detector; see Figure 2.6. A photon
propagates though the crystal under the angle O with respect to the crystal axis.
According to Equation 5.1, photons can escape the crystal and, hence, reach the
light detector only when moving at angles 0 < 0, i.e. inside the cone defined
by the solid angle [84]

Q =2n(1—-cosb,). (5.2)

The smaller the critical angle 0, the more likely a photon will be reflected at the
crystal surfaces. The corresponding exit angle aperture w is defined as the ratio
of the doubled solid angle Q2 inside the cone to the full solid angle of 47 [84]

w =1-cosO,. (5.3)

However, the solid angle () is only a small fraction of the total solid angle, within
which scintillation photons are emitted. Therefore, the amount of photons which
can escape from the crystal directly to the light detector is also small. The

2A roughened surface is a large set of smooth microareas, each oriented randomly with respect
to the normal surface. It is often assumed that each elementary area reflects specularly.
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Figure 5.2: Schematic views of the light trajectory in the transverse plane of a
rectangular crystal (left) and cylindrical crystal (right).

remaining photons (emitted outside Q) can escape from the crystal only after
changing the propagation direction by scattering off the roughened surface.

The efficiency of the scintillation light collection by the light detector is largely
determined by the angular distribution of photons reflected at the crystal surface.
Moreover, the collection efficiency is dictated by the path length of a photon in
the crystal. When the path length of a photon trajectory before escaping the
crystal is larger than the effective absorption length of the crystal, the probability
for the photon reabsorption is high. Thereby, the factor that limits the collection
efficiency is the reabsorption of the scintillation light in the bulk.

There is an essential difference in the light collection efficiency of scintillation
photons produced in cylindrical and in prism-shaped crystals. Let us consider
the light collection efficiency as a function of the transverse coordinates (x, v)
of the scintillation points in cylindrical and rectangular crystals, see Figure 5.2.
In the case of a cylindrical crystal the probability to reach the exit surface for a
photon emitted at the point beyond the exit angular aperture (w) depends on the
transverse coordinates (x, y). This entails an essential transverse nonuniformity
of light collection in cylindrical crystals. In the case of rectangular-prism crystals
this transverse nonuniformity is always negligibly small [84]. If longitudinal and
transverse dimensions of a crystal are approximately the same, then longitudinal
nonuniformity in a prism and in the cylindrical crystal are almost the same.
Simulations have shown that the optimum geometrical shape for crystals with
high index of refraction is a truncated prism [60, 84].

5.2 Crystal growth

All calcium molybdate crystals considered in this work were grown from purified
raw materials by the conventional Czochralsky technique [47] at the Bogoroditsk
Plant of Technochemical Products (BTCP, Bogoroditsk, Tula region, Russia). The
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zinc tungstate crystals were produced by the unique low temperature gradient
Czochralsky (LTG) technique [102] at the Nikolaev Institute of Inorganic Chem-
istry (NIIC, Novosibirsk, Russia). They have been grown from zinc oxide (ZnO)
powder of 99,995 % purity (Umicore company, Belgium) and tungsten oxide
(WO3) powder produced at NIIC.

In the Czochralsky technique the melt of the polycrystalline material is held in
a vertically positioned crucible. The top surface of the melt is just barely above
the melting temperature. A seed crystal is then lowered into the melt and slowly
withdrawn. As the heat from the melt flows up to the seed, the melt surface
cools and the crystal begins to grow. The conventional Czochralsky technique
uses high temperature gradients between the melt and the crystal during the
process of solidification in order to suppress the face formation and to archive
the fully rounded front of the crystal.

In contrast, the LTG Czochralsky technique uses very low temperature gradi-
ents (~ 0.05-1 °/cm), so that the solidification front becomes fully faceted. Details
on the growth process of ZnWOQj single crystals with the help of the LTG can
be found in [103]. With the LTG Czochralsky technique the ingot crystal stays
inside the crucible during the entire growth process. This prevents temperature
fluctuations in the melt which are usually causing crystal inhomogeneity. Also,
residual thermoelastic stress within the crystal then remains small. Additionally,
the shape of the crucible precludes the melt from the hits of unintended impu-
rities from the heating system of the LTG puller, which further improves the
crystal quality. The LTG technique keeps the ratio of the diameters of the ingot
crystal to that of the crucible almost at unity which points towards an efficient
usage of raw materials.

The growth of large, optically clean ZnWOj, crystals is a very challenging
task since the material tends to easily cleave along the (0 1 0) plane. Moreover,
the crystals are very sensitive to mechanical treatments; see Figure 5.5. Given
those difficulties NIIC is currently one of the worldwide few producers growing
large volume ZnWOy crystals. An example of a ZnWOQO, sample pulled in air
atmosphere from a platinum crucible of 70 mm in diameter and 150 mm in height
with help of the LTG Cz technique at NIIC is shown in Figure 5.3.

One of the main problems associated with the growth of ZnWOy crystals is
the undesirable high segregation of ions from the iron group [104]. This makes
the utilization of the residual ZnWOy parts left after cutting the crystal and
the re-crystallization of the raw materials unprofitable. On the other hand, for
CaMoOy crystals two or three re-crystallizations of the raw materials typically
improve the optical quality of the crystal. The question of finding an optimum
between the number of CaMoQOy re-crystallizations and acceptable number of
crystallizations from one crucible is still under investigation [86].

The quality of a crystal depends on many parameters and is very sensitive
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Figure 5.3: Ingot of a large zinc tungstate crystal grown with LTG Cz technique.

to the conditions of the growth process. For example, it is crucial that the
producer maintains the purity of the exchange gas in the system, of the oven
and surrounding environment, of the raw materials, and of the crucible. It
is evident that for the mass production of high quality crystals with identical
properties, which is an important issue for the CRESST-II or the future large
scale project EURECA [105], special attention should be paid to the mentioned
growth conditions.

5.2.1 Orientation

According to simulations [43], the orientation of the principal optical axis of a
cylindrical crystal may influence the scintillation light extraction efficiency from
the crystal, and hence the light collection efficiency of the CRESST-II detector
module. For example, in the case of CaWOQy, the orientation of the optical axis
produces little difference on the light collection efficiency, whereas in the case
of ZnWOy inclining the optical axis by 45 ° or more relative to the cylinder axis
leads to an increase in detected light by ~ 5 %. Moreover, information about
the crystal orientation is important for the implementation of the novel gluing
technique discussed in detail in Section 7.2.

The orientation of cylindrical CaMoO, and ZnWO; crystals from the first
delivery was checked by the X-ray diffraction technique; see Figure 5.4. The
measurements have shown that the ZnWQ; crystals have one of their optical
axis aligned in parallel with the cylinder axis, while the CaMoOy crystals exhibit
a ~ 6 °disorientation. Since the growth direction of zinc tungstates was specified
by the producer to be perpendicular to the cleavage plane (0 1 0), the flat surface
of the crystal is the (0 1 0) plane, the other two axis are aligned arbitrarily.
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Figure 5.4: Representative images of the Laue diffraction pattern of a CaMoOy
crystal (left) and a ZnWOjy crystal (right). See main text for details.

5.2.2 Purity

As discussed in Chapter 1, the event rate from WIMPs in a typical direct dark
matter detection experiment is expected to be less than 0.1 event per kg of target
mass per day [17, 18, 19, 20] whereas the background rate is orders of magnitudes
higher, even after placing the detector in a well-shielded facility. The CRESST
simultaneous light-phonon measuring technique demonstrates the very good
capability to reject events caused by interactions of y-, -, and a-particles with the
scintillating crystal. Nevertheless, the count rate due to intrinsic radioactivity of
a crystal may noticeably affect the sensitivity of the experiment to the detection of
rare processes. Therefore, it is mandatory to inspect intrinsic contaminations of
scintillating crystals. Moreover, the light output of a scintillator may be reduced
due to the presence of impurities, see Section 4.2. Thus understanding of the
impurity content of a crystal may provide a hint for the potential optimization
of its optical properties.

Non-radioactive impurities of the CaMoOy4 and the ZnWO, samples were
studied with the help of inductively coupled plasma mass spectrometry (ICP-
MS). The results of the measurements are summarized in Table A.1 and A.2,
respectively. Significant amounts of rare earth elements were present in the
CaMoOQOy crystal (Y ~ 0.7 ppm; La ~ 3 ppm; Lu ~ 0.23 ppm; Ce, Nd, Eu, Gd,
Er, Yb, all < 93 ppb) while the ZnWQO,4 sample was almost clean from them (all
rare earth elements < 34 ppb). A samarium contamination was found in both
samples (in the CaMoOy < 10 ppb; in the ZnWO, < 5 ppb). High concentration
of oxygen group elements was present in both samples (Te, Se; ~ 6 ppm in the
CaMoQOy; ~ 1.5 ppm in the ZnWOy ). A significant amount of iron (~ 5 ppm)
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and sodium (~ 5 ppm) was detected in the ZnWO, sample. Contamination
with lead was relatively low in both samples (in the CaMoOy < 33 ppb; in the
ZnWOy < 58 ppb). Overall, the ZnWQO, sample appeared to be much cleaner
than the CaMoQOy sample.

Finally, the operation of the prototype ZnWQO, phonon detector in the CRESST-
IT low background facility provides an opportunity to examine radioactive con-
taminations of this crystal with an extremely high sensitivity (better than a few
uBg/kg). Details and results of the analysis will be presented in Chapter 8.

5.3 After-growth crystal processing

The quality of a crystal may be greatly modified by the after-growth crystal
processing. Various conditions of thermal (annealing, tungsten film deposition)
and/or mechanical (surface roughening) treatment were applied to the CaMoOy4
and ZnWOj crystals in order to test how they influence their light yield. In the
following sections, the description of these treatments is given and mechanisms
via which they may influence the quality of crystals are discussed.

5.3.1 Thermal treatment
Annealing

Intrinsic defects, such as vacancies and interstitial ions or impurities arising in-
side the crystals during their growth are responsible for a number of point like
defects. During annealing those defects may be substantially modified. More-
over, new color centers can be formed. Thereby, crystal annealing at different
temperatures and in various atmospheres is an efficient tool for influencing the
crystal defect system. As a result, annealing under certain conditions may help
to improve its scintillation efficiency.

The emission of the scintillation light in CaMoOy4 and ZnWOj crystals is as-
sociated with the molecular anion groups (MoO4)?~ and (WOg)®~, respectively.
The details of scintillation light emission in these crystals will be discussed in
Section 5.5. Defects such as oxygen vacancies, may influence the energy structure
of these regular complexes. Measurements performed in [106] have shown that
high temperature annealing in vacuum increases the oxygen vacancy concen-
tration. This reduces the scintillation efficiency of tungstate crystals. However,
the deficit of the oxygen content may be compensated by the annealing in air
or in oxygen flow. Indeed, the studies performed with CaWQOy revealed up
to 50 % improvement of the scintillation response after annealing in oxygen at
1150 °C [58].

Before annealing, the crystal under test is preliminary cleaned in an ultrasonic
bath in acetone, isopropanol, and deionized water (for 5 minutes each) and then
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dried with nitrogen gas. This is done in order to remove accumulated dirt from
the crystal surface. All these operations are performed in a clean room. After-
wards, the crystal is placed inside a high quality quartz glass tube HSQ 300 [107],
which is thermally stable up to 1160 °C. The oven with the crystal inside is slowly
heated up to the desired temperature with a ramp of 1-2 °C per minute where
it can be kept stable up to several days. Usually, we anneal crystals in a flow of
high purity oxygen at 800 °C for 48 hours. The influence of annealing on op-
tical and luminescence properties of ZnWOQj is presented in Section 5.4 and 5.5
and Section 5.6.3 and 5.6.4 discuss the effect of annealing on the scintillation
properties of the crystals under study.

Thermometer production

The production of a tungsten superconducting-phase-transition thermometer on
a scintillating crystal involves several steps. These are tungsten layer deposi-
tion, aluminum layer evaporation, gold layer sputtering, and structuring of each
detector layer. The description of the thermometer layout is presented in Sec-
tion 2.3.4. As already explained in the previous section, oxide crystals are very
sensitive to thermal treatments. The conditions of tungsten layer deposition are
such that this process may be thought of as a high temperature annealing of a
crystal in vacuum and which is harmful for its scintillation efficiency. This effect
may be partially explained by the increase of the oxygen vacancy concentration.

Clearly, there is a need for a technology which allows the production of a
phonon detector without affecting the crystal quality. Therefore, research on the
development of phonon detectors with a separate thermometer carrier has been
started [108, 109, 110]; see Section 2.3.4. Results of the first glued ZnWO, phonon
detectors will be presented in Section 7.2. An alternative solution involves
a different method for W-film production, namely, tungsten chemical vapor
deposition. The research in this direction has begun only recently [85].

Prior to the deposition of the tungsten film the crystals are cleaned in a special
procedure (ultrasonic cleaning in acetone, isopropanol and deionized water, each
for 5 min; drying with clean nitrogen gas). This is necessary in order to obtain
reproducible transition temperatures of the films. Already small amounts of fer-
romagnetic contaminations (ppm range) on the surface can lower the transition
temperature by 1-10 mK [60].

The tungsten films are grown by electron-beam evaporation in a dedicated
ultra high vacuum system. For the W-film deposition a crystal is mounted in a
tantalum holder. The holder surrounds the crystal from all sides and is supported
by a shadow mask with an opening of (6 X 8) mm?. This shadow mask is used
for large crystals (¢ 40 X 40 mm?). In this way the deposition is realized only
on the area above the hole in the mask. When evaporating a tungsten layer
on small (20 x 10 X 1) mm? crystal wafers almost the complete (20 x 10) mm?
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surface is covered with tungsten. The deposition system is slowly heated up
to the desired temperature via radiative heating. The temperature at which the
deposition of the SiO; buffer layer and the tungsten layer take place depends on
the material and is normally higher than 450 °C. The design of the deposition
system allows to maintain small temperature gradients and high temperature
uniformity. The environmental conditions during the deposition of the tungsten
layers on CaMoOy4 and ZnWOy crystals are presented in Section 7.2 and 7.1,
respectively.

After tungsten layer deposition the films are structured with photolithog-
raphy and wet chemical etching. For tungsten etching, a dilute mixture of
NaH;PO4, NaOH, and NazFe(CN)s is used instead of conventional potassium
based etchants in order to avoid contamination of the surface with radioac-
tive K. Then, aluminum and gold contact layers are produced and structured.
During their production the temperature of the crystal is kept below 100 °C. A
very detailed description of all structuring steps is presented in [60].

5.3.2 Mechanical treatment

The CRESST-II crystal housing is designed to hold cylindrical crystals, see Sec-
tion 2.3. As a drawback of such a shape, scintillation photons may be trapped
inside cylindrical crystals with high index of refraction. This is due to the total
internal reflections at the crystal-vacuum(air) surface; see Section 5.1. Studies
with CaWO, have shown that surface roughening minimizes the effect of light
trapping and, moreover, helps to make the light collection more uniform [111].
Therefore, surface roughening was also performed on CaMoO,; and ZnWO;4
crystals.

Usually, a 800 um grain size boron carbide (BC4) powder [112] is used. The
carbon component is extracted from a fossil oil. Therefore, radioactive impurities
should not be an issue. The ZnWOjy crystals have been roughened at NIIC with
silicon carbide (SiC) powder [113]. The influence of ZnWQO,4 and CaMoO; surface
roughening on the light collection efficiency is discussed later on in Section 5.6.3
and Section 5.6.4.

A tight holding of a crystal is usually employed in cryogenic work in order to
avoid problems with microphonic noise. The CRESST-II crystals are tightly held
by six pairs of metal clamps inside the detector module. However, the holding
may be so tight that it induces cracks inside a crystal. Since cracking may cause
an enormous count rate, which definitely would spoil the measurement of rare
events [114], the holding of crystals is an important issue. In order to reduce
stresses inside crystals they are usually annealed at high temperatures. Also
bevelling of the crystal edges helps to decrease mechanical stresses. Therefore,
CRESST-II crystals normally have small ~ 0.5 mm bevels on each side.

The marked cleavage of ZnWOj, crystals makes them extremely sensitive to
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Figure 5.5: Photograph of a ZnWOQOj crystal with a crack along its cleavage plane.

mechanical treatments. Cutting of a cylindrical crystal from an ingot as well
as surface polishing are very challenging and require special technologies. Fig-
ure 5.5 shows the cracking of a cylindrically shaped ZnWOy crystal along its
cleavage plane after careless surface treatment. The operation of a phonon de-
tector based on a cylindrical ZnWOj crystal as cryogenic calorimeter has shown
a reasonably low count rate; see Chapter 8. Moreover, a careful inspection of the
crystal surface after dismounting it from the holder has shown that the surface
remained unchanged. Hence, the ZnWOy crystal has proved to be mechanically
stable under conditions of tight holding inside a CRESST-II detector module at
low temperature.

The crystal surface is usually polished by a method called wet polishing. A
silk cloth with diamond paste of some um grain size is used to achieve optical
quality with an accuracy which is better than the wavelength of scintillation
light. Usually all the mechanical processing is performed at the Kristall-Labor
of the Technische Universitdt Miinchen.

5.4 Optical properties

Besides the geometrical shape of a single crystal, its transparency at the emission
wavelengths is one of the key characteristics which determines the efficiency of
the scintillation light extraction and, hence, the efficiency of the light collection;
see Section 2.3. Typically, only ~ 1% of the energy deposited by a y-particle in a
CaWOQy crystal is detected in form of scintillation light by the corresponding light
detector. Thereby, finding a way to improve the crystals” transparency holds the
potential to increase the total amount of light collected from the scintillator per
particle event. In this section we discuss the results of the optical transmission
and absorption studies on CaMoOy4 and ZnWO; crystals performed at room
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Figure 5.6: Left: Absorption curve of a ZnWOjy crystal from NIIC before (black)
and after (red) annealing at 900 °C in oxygen flow, measured by [115]. Right: Ab-
sorption spectra of two different CaMoOj crystals from BTCP, measured by [116].

temperature3 .

5.4.1 Absorption

In general, optical absorption is related to the crystal color. The presence of
undesired impurities may lead to crystal coloration and thus to an optical ab-
sorption in the emission range of a crystal. Therefore, extraction of scintillation
light from a highly transparent crystal is more efficient. Moreover, simulations
performed in [60] have shown that scintillation photons produced in crystals
with cylindrical geometry have to travel a relatively long path before escaping
the crystal. Thereby, they are more likely to be reabsorbed by a colored crystal.

The ZnWO, crystals delivered from NIIC have a weak pink coloration. Previ-
ous studies attributed the pink coloration of ZnWO, crystals to the presence of
iron impurities [117, 118, 104, 119]. Indeed, from the ICP-MS measurements we
find that the concentration of Fe in the ZnWOy tested sample is approximately
5 ppm, see Table A.2. Other possible sources of the pink coloration of ZnWO;,
crystals suggested in literature are chromium impurities [120], trace presence of
platinum4 [121], or a stoichiometric excess of Zn ions [44].

The influence of the high temperature annealing in oxygen atmosphere on the
absorption properties of a ZnWOQO, sample from NIIC is illustrated in the left
panel of Figure 5.6. After annealing of the sample the absorption band around
500 nm decreases, while for the band around 360 nm it increases. Since ZnWQ,
crystals from NIIC contain traces of Fe impurities, the enhancement of the Fe3*

Optical properties of CaWO; crystals were studied in [58]
#The crucible used during growth of the zinc tungstate crystals is fabricated from platinum.
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Figure 5.7: Diagram of the setup for the transmission measurements at room
temperature, see text for details.

concentration by converting Fe?* to Fe’* due to the oxidation® may explain
the change of the spectral shape of the absorption curve after annealing [119,
122, 117]. Impurities like Fe and Cr can be removed from the raw materials
by chemical purification [122]. Therefore, further studies on the purification of
raw materials at the producers’ side could help to improve the optical quality of
ZnWOy crystals.

The absorption spectra of CaMoO, samples produced at BTCP are presented in
the right panel of Figure 5.6. Both samples have a pronounced absorption band
around 420 nm. It may be attributed to the yellow coloration of the samples,
which is also observed in large CaMoOjy crystals delivered from BTCP. A yellow
coloration may be caused by oxide based impurities present in CaMoOQj crystals.
Upon annealing of the large CaMoOy crystal performed at 800 °C in oxygen
flow for 48 hours the yellow coloration became even more intense. This points
to further oxidation of the impurities. Moreover, after being stored at room
temperature in air for one year the transparency of this CaMoOjy crystal further
degraded.

5.4.2 Transmission

The transparency is an intrinsic property of a crystal and is partially determined
by purity and stoichiometry of the raw materials. In this work a study on
transmission properties of CaMoO,4 and ZnWOj crystals from the first delivery
has been carried out. For this purpose, a setup for comparative transmission
measurements was assembled.

Experimental setup

Figure 5.7 shows a schematic diagram of the experimental setup for the trans-
mission measurements at room temperature. It consists of:

5The Fe®* ions have an absorption band around 350 nm, while the Fe?* band is around 460 nm.
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e AS222 tungsten lamp from the CVI Laser Corporation: The output spec-
trum of the light source is related to a black body temperature of 3100 K.
The light output of the lamp is stable after a warming-up period of ~ 1 hour;

e Monochromator DIGIKROM CM110 from the CVI Laser Corporation: The
width of the output slit is 0.6 mm. The monochromator can be controlled
from a PC via a serial port. The optical filter BG-18 from Schott is coupled
to the exit of the monochromator. The output window of the filter is 5 mm
in diameter;

e Cylindrical holder for crystals: The side wall of the holder (diame-
ter=40 mm, height=40 mm) is covered with a highly reflecting polymeric
foil VM2002. One flat surface of the portable cylindrical holder is open and
is facing the output window of the light source. The opposite surface has
a (20 X 20) mm? hole which is matching the size of the photosensor;

e The photosensor is a silicon photodiode S6337-01 from Hamamatsu Pho-
tonics: In order to collect the transmitted light, the (18 x 18) mm? photodi-
ode is placed in parallel to a flat crystal surface at ~ 1 mm distance from it.
There is no optical coupling between the crystal and the diode. Since the
photodiode generates current due to the photovoltaic effect there isno need
for the external biasing. In order to create an ideal dark environment, the

monochromator, the holder, and the photosensor are housed in a metallic
black box;

o A Keithley 6517A electrometer is used to measure the current produced in
the photodiode. The electrometer is read out via a digital interface. The
obtained data are stored on a PC for off-line analysis.

Most of the components were kindly provided by the MAGIC collaboration.

Discussion

The transmission spectra have been taken in the visible range of the electromag-
netic spectrum from 400 nm to 600 nm in 2 nm steps with a screening speed
of 2 nm per second. The transmission curve is obtained by normalizing the
average transmission at a certain wavelength recorded with a crystal mounted
in the holder to the average value recorded with the empty holder. The average
dark current of the photodiode, obtained in the beginning and in the end of each
measurement, is subtracted from the data.

The transmittivity of the ZnWOy crystals from NIIC is checked with the help of
ZnWOy-5 and ZnWO4-6 crystals. Each of them is measured along the cylindrical
axis. The left panel in Figure 5.8 shows their transmission curves which are
almost identical in the wavelength region between 400 nm and 600 nm. As



80 CHAPTER 5. CRYSTALS PROPERTIES AT ROOM TEMPERATURE

85F 85F p—
80 80:““,“»"””“
s ‘-‘r 75
70+ 0k
‘?\: 65 i'f § 65|
g or ,Fi —-=ZnWo 5 ; or
E S f f-onwoj-s £ T
g o f s @
= 45_77 Fosl
40-;/' ot
355/ 3BE
1] T S SR U S S 30 Y T
400 420 440 460 480 500 520 540 560 580 600 400 420 440 460 480 500 520 540 560 580 600

Wavelength in nm Wavelength in nm

Figure 5.8: Left: Comparison of optical transmission spectra of the ZnWO,-5 and
the ZnWQOy-6 crystals measured as delivered. Right: Optical transmission spec-
trum of the CaMoQOjy-2 crystal. All crystals are measured along their cylindrical

axis.

crystal ingots were produced in different growth runs, the obtained results point
towards good reproducibility of the ZnWOjy crystal quality. Both crystals have
shown a good transmissivity, which was measured to be higher than 75 % above
450 nm. The transmission decreases towards lower wavelengths due to intrinsic
absorption. No peculiar absorption regions are observed in the shape of the
transmission spectra of these ZnWO, samples.

The right panel in Figure 5.8 shows the transmission curve recorded with the
CaMoQ4-2 crystal measured as delivered. This sample shows a good transmit-
tivity which was measured to be higher than 80 % above 430 nm. No peculiarities
in the spectral shape were observed. Since some parts of the experimental setup
were available only temporarily, comparative studies between the CaMoOjy crys-
tals were not possible.

It should be noted that the data presented in Figure 5.8 is systematically high by
a few percent. This is due to multiple Fresnel reflections appearing on the crystal-
air and air-silicon surfaces between the crystal and the photodiode, respectively.
Thereby, the light which is initially reflected by the silicon surface bounces back
from the crystal and may eventually be absorbed by the photodiode (the initial
reflection drops out in the measurement without a crystal in the holder used for
the normalization). This leads to a systematic enhancement of the transmission
measurement by a factor of 1/x =~ 1/(1 — RcRs;) which arises from a geometrical
series with R; denoting the respective reflectivities.

It is, however, not possible to correct for this effect since there seem to be no
measurements of the crystal refractive indices n, of ZnWO, and CaMoOj over
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the whole optical range. Nevertheless, using

2
1- nc/Si)
1+ Ne/si

Ressi = ( (5.4)
for perpendicular light incidence relative to the reflecting surface, ¥ can be
estimated at a fixed wavelength for which 7, is available. For ZnWOQOy, at A =
490 nm, one finds x ~ 0.95 with n, = 2.32 [88] and ng; = 4.35 [123]. For CaMo0Qy,
at A = 600 nm, ¥ = 0.96 with n. = 1.96 [87] and ns; = 3.94 [123]. Thereby, the
effect on the transmission is of the order of ~ 5 %. Moreover, by noting that the
maximum transmission (without absorption) is given by

1-R,

Timax =1 = Ryt = m
c

(5.5)
one may calculate the attenuation length of the crystals at these wavelengths.
For A = 490 nm (ZnWQy,) and A = 600 nm (CaMoQy) one finds Ty = 73 % and
83 %, respectively. However, after correcting by « at the measured data points,
the associated transmittivities read T = 73 % and 82 % so that the losses inside
the crystal due to absorption and scattering in the bulk are not resolved by the
measurements (the expected attenuation is ~ 1% per cm, see Figure 5.6).

5.5 Luminescence properties

As discussed in Section 2.3.3, the sensitivity of silicon and silicon-on-sapphire
light detectors to the absorption of scintillation light is wavelength dependent.
Hence, it is important to know the emission characteristics of a scintillating crys-
tal in order to maximize the light collection efficiency of the CRESST-II detector
module by selecting the appropriate light absorber. Thereby, emission spectra
of the large ZnWO, and CaMoOy crystals have been examined. Additionally,
the influence of thermal treatments on the emission characteristics of a ZnWQ,
crystal has been investigated.

Experimental setup

The measurements were carried out at the spectroscopy laboratory of the E12
group at the Technische Universitdt Miinchen. Figure 5.9 shows the schematic
diagram of the experimental setup. The scintillation was induced by illuminating
a crystal with UV-light emitted by a deuterium lamp. The lamp is a low-pressure
gas-discharge light source. The optical output window of the lamp is made of
magnesium fluoride in order to prevent absorption of UV-light. The emission
spectrum of the deuterium lamp is presented in the left panel of Figure 5.10.
The UV-light was focused onto a sample with the help of a quartz lens. The
latter was positioned such that the image of the light source was sharp. The
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Figure 5.9: Diagram of the setup for measurements of emission spectra at room
temperature. Components discussed in main text.
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Figure 5.10: Left: Emission spectrum of the deuterium lamp. The contribu-
tion in the UV-region originates from the molecular continium of the deuterium
molecule D,. Molecular transitions of D, are responsible for the Fulcher-a band
between 560 nm and 640 nm. The lines at 486 nm and 656 nm are the char-
acteristic hydrogen Balmer lines. Right: Spectral response of the Ocean Optics
spectrometer. The substructures on the curve are due to the presence of filters in
front of the CCD array.

emitted scintillation light was detected by a medium-resolution miniature Ocean
Optics HR2000CG-UV-NIR spectrometer via a quartz-guide (length = 210 cm,
¢ = 600 um) [124]. The guide was placed under the angle of 45 ° relative to
the crystal surface. Inside the spectrometer the light transmitted via the guide
was focused on a blaze grating and then on a detection plane, where it was
absorbed by a linear ILX511 CCD array from Sony. The data were read out by
the Ocean Optics software for off-line analysis. All recorded spectra are corrected
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Figure 5.11: Schematic diagram of the energy levels in scheelite (left) and wol-
framite (right) crystals. The full arrows indicate allowed absorption and emission
transitions. The dotted arrows denote forbidden transitions. ! A; represents the
ground state, while triplet T denotes for various excited energy states. Figure
taken from [127].

for the spectral response of the spectrometer, which is shown in the right panel
of Figure 5.10 [125].

Discussion

In order to explain the shapes of the measured CaMoO,4 and ZnWQO, emission
curves the band structure of their luminescence centers should be introduced
first. A schematic representation of energy levels responsible for the radiative
transitions in generic tungstates with scheelite and wolframite lattice structure
are showninFigure5.11. These diagrams are obtained from molecular orbital cal-
culations in the (WO,)~2 complex in T; point symmetry [90] and in the (WOg)~®
complex in Oy, point symmetry [126]. The emission characteristics of CaMoO,
crystals are almost the same as for CaWOjy crystals because of the similarities in
their electronic configurations [90].

It is generally accepted that the intrinsic luminescence component in CaMoOy4
crystals is due to electronic transitions 3T, —!'A; and 3Ty —!A; in the tetrahe-
dral oxyanion (MoOy)™2 complexes [128, 129, 130]. As shown in the left panel of
Figure 5.11 the emission in crystals with scheelite structure is composed of a su-
perposition of bands separated only by ~ 100 meV [90]. The allowed transitions
1A; -!Ty, 'T; account for the fundamental absorption edge.

The intrinsic luminescence component in ZnWOjy crystals is due to electronic
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Figure 5.12: Left: Emission spectrum of the CaMoO, sample. Right: Emission
spectrum of the ZnWO, sample. Both spectra were recorded under excitation
with the UV-light source at room temperature. Gaussian fits are superimposed.

transition 3Ty, —!'A; between O?~ and W®* ions within the octahedral (WOg)®~
molecular complexes [131, 132, 127]. Absorption by the (WOg)®~ complex is
assigned to the 1Ag1 —1Ty, transitions.

The left panel of Figure 5.12 shows the emission spectrum of the CaMoO4
crystal obtained under excitation with the UV-light source at room tempera-
ture. The luminescence spectrum of the CaMoO; crystal spans from ~ 380 nm
(3.26 V) to ~ 750 nm (1.65 eV) and has its maximum intensity around 515 nm
(2.40 eV). The emission curve can be decomposed into two Gaussian curves,
corresponding to the green emission band peaking around 515 nm (solid line)
and orange emission band peaking around 630 nm (1.97 eV) (dashed dotted line).
The shorter wavelength emission band is attributed to the intrinsic emission in
CaMoOQ; crystals; see discussion above. The longer wavelength band is ascribed
to a similar transition in a molybdate group lacking an oxygen ion, i.e. the MoO3
center [128].

The right panel in Figure 5.12 shows the emission spectrum of the ZnWQO,
crystal. The luminescence spectrum of the ZnWOj crystal spans from ~ 350 nm
(3.54 eV) to ~ 650 nm (1.90 eV) and has its intensity maximum around 480 nm
(2.58eV). The spectrum can be decomposed into two broad Gaussians, corre-
sponding to the blue-green emission band peaking at ~ 480 nm (2.58eV) (solid line)
and green emission band peaking at ~ 556 nm (2.23 eV) (dashed dotted line). The
blue-green emission is intrinsic to ZnWOjy crystals. The green emission is often
ascribed to the presence of impurities and different structural defects. However,
the origin of these defects is still under discussion [133, 106].

To check the role of oxygen vacancies (WO; centers) in the process of the
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green luminescence emission in ZnWOj crystals the emission spectrum of the
ZnWOy sample was measured before and after annealing in oxygen flow (see
Section 5.3.1). Since annealing in oxygen flow leads to the reduction of oxygen
vacancies, one expects a decrease in the green emission intensity with respect to
the blue-green emission. However, the experiment revealed that the ratio of the
blue-green maximal intensity to the green one remains constant at ~ 2.9. The
annealing in oxygen flow did not reduce the green luminescence with respect
to the blue-green. The observed effect may be explained by the fact that oxygen
vacancies are not involved in the formation of luminescence centers responsible
for the green emission. Indeed, the authors in [106] suggest that radiative relax-
ation of excited W®-O%~ bonds could be an origin of the green luminescence in
ZnWOy crystals.

5.6 Scintillation properties

The amount of absorbed ionizing radiation which is converted into scintillation
light is one of the most important characteristics of a crystal. This quantity, the
so-called light yield, differs for the various scintillators®. As already mentioned
in Section 2.3.1, the scintillation efficiency is one of the key parameters that
defines the discrimination threshold between nuclear and electron recoils. Thus,
a measurement of scintillation light yield at room temperature can be considered
as the first step in the selection process of crystals for the production of a phonon
detector.

This section discusses the technique for measuring the light yield of a scintillat-
ing crystal and presents the results of the comparative light yield measurements
of the CaMoOy and the ZnWOj crystals.

Experimental setup

The experimental setup used for the comparative light yield measurements is
depicted in Figure 5.13. The photomultiplier tube (PMT) is Photonis, type num-
ber XP3461B, with a bialkali photocathode sensitive to the green part of the
electromagnetic spectrum; see Figure 5.15. The base of the PMT is modified
to integrate the scintillation light over ~ 500 us. Pulses from the PMT’s anode
are then fed to a differential amplifier. An Ortec 450 research amplifier with
individually selectable integration and differentiation time constants is used for
pulse shaping and further amplification of the signal. Histograms of the pulses
are obtained by using an Ortec 926 multichannel buffer which is read out by the
Ortec MAESTRO software installed on a PC. The position of the photopeak in
the histogram is a measure of the scintillation efficiency of the crystal.

®The generally accepted room temperature values of the absolute light yield for crystals
considered in this work are presented in Table 5.1.
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Figure 5.13: Schematic view of the experimental setup for measuring the relative
light yield of scintillating crystals at room temperature.

The crystal is mounted in a cylindrical plastic holder whose walls are covered
with a highly reflecting 3M polymeric foil VM2002. The crystal holder with a
crystal inside and the PMT’s entrance window form the optical system, which
is mounted in a light-tight black box. Since there is no optical coupling between
phonon and light detectors, an optical coupling between the crystal and the PMT
is not used. To induce scintillation in a crystal as well as for calibration, a 137Cg
source is used. Figure 5.14 depicts the decay scheme of this isotope.
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Figure 5.14: '%Cs decay scheme. In 94.4 % of the cases '*’Cs f-decays into the
metastable 137Ba isotope which, upon emission of a 661.66 keV y-ray, becomes
stable. Figure taken from [30].
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Figure 5.15: The quantum efficiency curve of the XP3461B PMT (dashed line)
[134], together with the luminescence spectra of a CaWOy (blue line), a ZnWOy,
(light-blue line) and a CaMoOjy crystal (light-green line). All spectra are normal-
ized to unity for convenience.

5.6.1 Spectral corrections

The light yield of the measured crystals is evaluated relative to the reference
CaWOy crystal BORIS’, e.g. for each test sample the measured position of the
photopeak is normalized to the one recorded with BORIS. However, it should be
noted that photon detection and photoelectric conversion of the optical system®
are wavelength dependent. Therefore, if the emission spectrum of a crystal under
test is different from the reference crystal, the result of light yield measurement
can be strongly affected.

From Figure 5.15 it can be seen that the quantum efficiency of the PMT in the
energy range of the CaWQy scintillation emission is higher than that for ZnWO,
or CaMoQy. In order to correct for this effect, spectral corrections have to be
taken into account.

The spectral relationship between the optical system and the response of the
PMT, in terms of number of photoelectrons liberated from the photocathode
(Npe), can be expressed quantitatively by the following relation [135]:

Ny = Eu fO () TN) Neatiode (V) dA. (5.6)

Here, E,ps is the energy which a particle dissipates in the crystal, €(A) is the

"Properties of the reference crystal BORIS are discussed in [58]
8The optical system consists of the crystal under test, reflector of the crystal holder, and the
PMT’s entrance window.
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number of scintillation photons generated per unit wavelength interval and per
unit absorbed energy, t(A) is the fraction of photons which actually arrive at
the PMT’s photocathode, and n¢gede(A) is the quantum efficiency. In order to
account for the spectral corrections, the quantities in the integral of Equation 5.6
are usually separated into two factors, one giving the magnitude and the other
one the spectral shape factor,

e(\) — LYs(A), (5.7)
T(\) — THN), (5.8)
ncathode()\) — PPU\)/ (59)

with LY= fooo €(A) dA and fooo s(A) dA=1. Now, P is simply the maximum of
the quantum efficiency neunode(A) While p(A) is normalized to unity at the peak
position [135]. Equation 5.6 then becomes

Ny = ELYTPm, (5.10)

where

m = Lm s(A) HA) p(A) dA . (5.11)

The parameter m contains all the spectral relationships between the crystal under
test and the PMT’. It is a dimensionless quantity ranging from 0 to 1 and may be
thought of as a spectral matching factor. It is apparent from Equation 5.10 that
the light yield of a crystal ”1” relative to a crystal “2” is simply

LYl _ PP1 myo
LYZ B PP2 mq !

(5.12)

with the position of the photopeak in the histogram (PP,) being proportional to
the number of liberated photoelectrons (Ny).

Our measurements are concerned with the determination of the light yield
of ZnWQO, and CaMoOy crystals relative to BORIS. By numerical integration of
the curves shown in Figure 5.15 (in accordance with Equation 5.11) the spectral
matching factor for CaWO,, ZnWQOy, and CaMoOy are calculated to be 0.87,
0.66, and 0.54, respectively. Thus, the ratios of the spectral matching factors for
CaMoO4 and ZnWOy crystals relative to CaWOy are

°Since in all tests we use the same type of the reflector whose reflectivity remains almost
constant above ~390 nm, we assume here that fom T(A) dA = constant.
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5.6.2 Energy resolution

The energy resolution can be estimated as the ratio of the full width at half
maximum (FWHM) of the photopeak to the position of its maximum:

FWHM vVE

Resolution = ———— = k—
peak position E

; (5.13)
k is a constant of proportionality. Statistical broadening of the photopeak is the
dominant source for the loss of energy resolution.

5.6.3 Studies with ZnWO, crystals
Cesium absorption spectrum

Calibration photons of 662 keV entering a crystal can undergo a photoelectric
effect or Compton scattering. In the latter process, a photon can escape the crystal
depositing only a part of its energy. Based on the reaction kinematics, the ratio
of the scattered photon energy (E;,) to the incident photon energy (E,) is given
by [136]

E;/ 1

E_y ~ 1+e(l-cosby)’ (5-14)

where € = E, /m,c? is the reduced photon energy (i, is mass of an electron at
rest), and 0, is the scattering angle of the photon. The energy transferred by a
Compton-scattered photon to the crystal is

’

Er=E,-E,. (5.15)

The amount of transferred energy varies with 6,. For 6, — 0 no energy is
transferred to the crystal whereas for 6, — 7 the maximum amount of energy is
transferred. Thus, the maximum energy transfer of a Compton scattered photon
is oE2

4

_ 5.16
mec? + 2E,, (5.16)

ECompton edge =

with the cutoff energy of Ecompion edge called the Compton edge.

Photons emitted by the calibration source in a direction other than directly
into the crystal may be scattered by the local environment and eventually be
absorbed by the crystal after one or more collisions with the surrounding. In
each scattering the photon loses energy. Therefore, once detected, it will appear
in the spectrum at a lower energy than the photopeak energy. This is where the
backscatter region of the spectrum originates from. The backscatter edge is due
to photons emitted directly away from the crystal (6, = ) and then scattered
back, i.e.

Epackscatter edge = EV - ECompton edge - (5.17)
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Figure 5.16: Spectrum measured with ZnWQO4-4 crystal (annealed) at room tem-
perature under irradiation with a '¥Cs source. See main text for details.

Figure 5.16 shows a typical spectrum measured with the ZnWQ; crystal under
irradiation with a 13Cs source. Both edges mentioned above, i.e. the Compton
edge and the backscatter edge, can be found in the spectrum on top of the
background. The sharpness of the Compton edge is smeared by the resolution
of the crystal and by secondary photon interactions.

Structure of the photopeak

From Figure 5.17 it is evident that the decomposition of the photopeak into two
Gaussians gives a much better fit to the measurement than the fit of a single
Gaussian. Independently on their dimensions, the cesium spectra measured
with ZnWOy crystals show a double structure of the photopeak. The effect is
more pronounced for the crystals with all surfaces polished to optical quality; see
Table 5.3. As already mentioned in Section 5.1, the amount of scintillation light
trapped inside crystals with large index of refraction and cylindrical geometry
is high. From simulations of cylindrical crystals [60] one expects that the num-
ber of scintillation photons escaping the crystal after y-absorption at high radial
position to be lower than that for y’s absorbed at small radial position. There-
fore, the differences in amount and energy distribution of photons escaping the
crystals through the cylindrical and the flat surfaces may result in the observed
broadening of the photopeak. In order to demonstrate this effect the ZnWQOj4-1
crystal was measured as delivered, after annealing, and after subsequent sur-
face roughening while keeping the experimental setup unchanged. Figure 5.18
presents the results of these measurements. Though annealing improved the
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Figure 5.17: Structure of the photopeak measured at room temperature with
ZnWOy-1 crystal (as delivered) under irradiation with a 137Cs source. Gaussian
fits are superimposed. See main text for details.
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Figure 5.18: Spectra measured with ZnWO,-1 crystal as delivered, after anneal-
ing, and after subsequent surface roughening under irradiation with a '¥Cs
source. Gaussian fits are superimposed. See main text for details.

relative light yield '° of the crystal from ~ 117 % to ~ 124 %, the broad structure
of the photopeak was still present. However, after roughening of one of the flat
surfaces of the crystal (facing the PMT) the double structure disappeared. The
RLY further improved from ~ 124 % to ~ 138 %. A good energy resolution of 13 %
from the fit of the photopeak with a single Gaussian was obtained. Thus, the

effect of light trapping was minimized and scintillation light collection became

more uniform.

0The relative light yield (RLY) is calculated according to Equation 5.12.
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Name Diameter inmm Heightinmm Massin grams  Surface
ZnWOy-1 40 10 93 polished
ZnWOy-2 40 10 93 polished
ZnWOy-3 40 16 163 roughened
ZnWO,-4 40 40 404 roughened
ZnWOy-5 40 40 399 polished
ZnWO4-6 40 40 401 polished
BORIS 40 40 300 polished
As delivered After annealing
RLY (%) Res (%) RLY (%) Res (%)
at 662 keV at 662 keV

ZnWO4-1 109.2 (125.7) 14.1 (15.2) 116.1 (131.7)  13.1(12.7)
ZnWO,-2 109.7 (128.2) 15.3 (15.2)
ZnWQO;4-3 132.5 (142.1) 10.8 (12.1)
ZnWOy-4 83.4 (97.0) 16.5 (15.5) 98.0 (108.3) 12.8 (12.3)
ZnWO4-5 51.8 (67.6) 27.4(23.1) 54.5 (65.6) 25.8 (18.5)
ZnWO4-6 57.5 (68.5) 24.5 (22.0)
BORIS 100.0 14.0

Table 5.3: The relative light yield of the ZnWO, crystals measured at room
temperature with the PMT. The light yield of each ZnWOj, crystal with applied
spectral correction is normalized to the light yield of BORIS. When a double
structure of the photopeak is present, the position of the second peak is given in
parenthesis. Statistical errors for the RLY and the energy resolution are signifi-
cantly below 0.1 %. See main text for details.

Relative light yield of ZnWO, crystals

Table 5.3 presents dimensions of the ZnWOQ; crystals considered in this work
and summarizes the results of their relative light yield (RLY) measurements at
room temperature in the experimental setup described in Section 5.6. In general,
the RLY of the ZnWOjy crystals is comparable with that of the reference crystal.
All measured ZnWOjy crystals, independently on their dimensions, exhibit the
broad structure of the cesium photopeak. As discussed in the previous section,
this effect is caused by geometrical trapping of scintillation light. Roughening
of the flat surface of the ZnWQ;, crystal substantially reduces the trapping of
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scintillation light and thereby improves the RLY and energy resolution of the
ZnWOy crystals; see Figure 5.18.

Additionally, we observe an increase of the RLY of 10-30 % after annealing of
the ZnWOy crystals at 800 °C for 48 hours in oxygen flow. The energy resolution
is typically improved by ~ 4%. Further studies on the influence of annealing
temperature and atmosphere on the scintillation properties of ZnWO; crystals
are in progress.

Thin ZnWOy crystals (ZnWOy-1, ZnWOy-2, ZnWO,-3) exhibit better scintil-
lation efficiencies than large crystals with the standard dimensions because less
scintillation photons are reabsorbed before escaping. The large crystals from
the first delivery (ZnWQO4-4 with RLY = 90 %) and from the second delivery
(ZNWOQO4-5 with RLY = 60 % and ZnWQO4-6 with RLY ~ 63 %) have shown com-
parable scintillation efficiency. Since the ZnWO4-4 crystal was delivered with
one flat surface roughened its RLY is higher. An increase of the RLY by ~ 15 %
for the crystals from the second delivery is expected after roughening of the flat
surface. Taking into account that each large ZnWOj crystal was chopped from a
different ingot, the results of the comparative light yield measurements point to
a good reproducibility of the crystal quality.

Photopeak to Compton ratio

The photopeak to Compton ratio is an indicator for the ability of a crystal to
distinguish low-energy peaks in the presence of high-energy sources. The peak
to Compton ratio is obtained by dividing the height of the photopeak at the
position of its maximum by the average height of the Compton continuum
associated with the peak. For the Compton continuum associated with the
cesium peak the average is defined between ~ 358 keV and ~ 382 keV!!. Due to
the high atomic number of tungsten (Z = 74) and its high density, ZnWO; is a
very efficient y-ray absorber. Because of its high effective atomic number, Z, ¢ 12
the photofraction for y-ray absorption is high (see Appendix B.1). This should
result in a good photopeak to Compton ratio. In our experimental configuration,
in which there is no optical coupling between a crystal and the PMT, the typical
value of the photopeak to Compton ratio was found to be ~ 4.6 and ~ 5.1 for the
ZnWOQy crystals and the reference CaWQy crystal, respectively.

Linearity

Figure 5.19 shows the dependence of the scintillation response on the absorbed
energy for the crystal ZnWQO,-4. The measurements were performed before and

The region is officially defined by the ANSI/IEEE standards.

2Gcintillating crystals usually contain several compounds. In this case, it is necessary to
use mean parameters for the interaction cross-section calculations. The precise definition of the
effective atomic number Z,¢f of the A,B,C, compound can be found in [72].
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Figure 5.19: Linearity of the scintillation response of the ZnWO,-4 before and
after thermal treatment. Measurements were taken with the PMT at room tem-
perature via irradiation of the crystal with y’s from a *’Co, a 13 Cs and a %°Co
source. During the measurements the roughened surface of the crystal was
facing the PMT. See main text for details.

after thermal treatment via irradiation with 122 keV and 136 keV s from a %’Co,
662 keV »’s from a 13Cs, and 1.17 MeV and 1.33 MeV ’s from a *°Co source.
The geometry of the setup was kept unchanged. No deviations from the linear
behavior of the scintillation response of this ZnWOy crystal between 122 keV
and 1330 keV can be observed.

5.6.4 Studies with CaMoO, crystals

Table 5.4 gives the dimensions of the CaMoOy crystals considered in this work
and summarizes the results of their relative light yield measurements at room
temperature. The RLY of the CaMoOjy crystals measured after delivery is only
~ 20 % of that for BORIS. It was found that annealing at 800 °C for 48 hours in
oxygen flow, improves the scintillation efficiency of a small (20 x 10 x 5) mm?
CaMoO, sample by ~ 15 %, see the left panel of Figure 5.20. Therefore, the
large CaMoO4-1 crystal was annealed under the same conditions. However, the
optical properties of this crystal have changed after thermal treatment. The slight
yellow coloration of the crystal became more pronounced and its RLY and the
energy resolution degraded. Figure 5.21 illustrates this effect. The fact that the
producer annealed the crystal at ~ 1300 °C in oxygen flow before delivery may
explain why annealing at 800 °C (which probably modified the defect system of
the crystal) degraded the crystal properties. Unfortunately, information about
the annealing history of the crystal became available only after the thermal
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Name Diameter  Height Mass Surface
in mm in mm in grams
CaMoOg4-1 40 40 217 polished
CaMoQOg4-2 40 40 216 polished
BORIS 40 40 300 polished
After W-film
As delivered After deposition,
annealing roughening

RLY (%) Res (%) | RLY (%) Res (%) | RLY (%) Res (%)

CaMoOy-1 17.0 36.2 155 37.6 204 30.2
CaMoQy-2 20.3 37.8 22.0 23.7
BORIS 100.0 14.0

Table 5.4: The relative light yield of the CaMoO, crystals measured at room
temperature with the PMT. The light yield of each CaMoQO4 with applied spectral
correction is normalized to the light yield of the reference crystal BORIS. The
energy resolution is estimated as FWHM at 662 keV. Statistical errors for the RLY
and the energy resolution are significantly below 0.1 %. See main text for details.

treatment had been performed.

The position of the cesium photopeak after W-film deposition onto the
CaMoOy crystals at 450 °C in vacuum was not distinguishable from the back-
ground. Therefore, the RLY after deposition is not given. It should be noted that
for CaWOjq crystals, which also have scheelite lattice structure, a decrease of the
RLY up to 40 % after W-film deposition under the same conditions was observed
[58].

Roughening of the flat surfaces of the CaMoOjy crystals, which followed tung-
sten deposition, increased the RLY and improved the energy resolution of the
crystals; see Figure 5.21. This behavior was expected since a smaller number of
scintillation photons is trapped inside a roughened crystal due to total internal
reflections.

The relative light yields of both large CaMoOy crystals were found to be ~ 5
times worse than that of the reference crystal. Though we measure the RLY of a
particular experimental configuration, which is different from the absolute light
yield of a crystal, it is interesting to compare the measured scintillation efficien-
cies of the CaMoQy crystals with the results of previous studies. Since the abso-
lute light yield of CaWOy at room temperature is ~16200 photons per MeV [91],
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Figure 5.20: Left: Spectra measured in the PMT setup at room temperature with
the small (20 X 10 X 5) mm?® CaMoOy crystal as delivered (blue line), and after
annealing at 800 °C in oxygen flow for 48 hours (black line). Right: Comparison
of spectra of the small CaMoOy crystal (green line) and the CaWQy crystal of
the same dimensions (blue line). All measurements have been performed in
a (20 x 10 x 5) mm? plastic holder with walls covered by the reflector and
under irradiation of the crystal under test with a 13Cs source. Gaussian fits are
superimposed. See main text for details.

the observed RLY of 20 % for the CaMoOj crystal equals ~ 3560 photons per MeV.
Scintillation efficiencies of ~ 2070 photons per MeV and ~ 8900 photons per MeV
were measured in [92] and [52], respectively. The obtained result lies between
these two values.

Reproducibility of good crystal quality is essential for large scale experiments
like CRESST-II or EURECA. Relative light yield measurements have shown that
a strong R&D is needed in order to further improve quality of the CaMoOy
crystals from BTCP.

Due to the difference in dependency of the scintillation efficiency on temper-
ature between CaWO, and CaMoOQj crystals (see Section 4.2.2), at low tempera-
ture, the latter may exhibit similar or a higher scintillation efficiency relative to
CaWOy. Therefore, despite the relatively low light yield of the CaMoOy crystals
at room temperature, this material was also tested at mK temperatures. The
results of the low temperature measurements are presented in Chapter 6.
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Figure 5.21: Spectra measured at room temperature in the PMT setup with
CaMo0Oy4-1 crystal as delivered (black line), after annealing (dashed line), and
after W-film deposition with the subsequent surface roughening (blue line) under
irradiation with a '¥Cs source. During the measurement, the roughened surface
of the crystal was facing the PMT. Gaussian fits are superimposed. See main text

for details.






Chapter 6

Crystals properties at low
temperature

Due to the small energies in the range of a few keV to several tens of keV
expected to be transferred by a WIMP particle to the recoiling nucleus after
elastic scattering off CaMoO, and ZnWO, targets, the amount of detectable
scintillation light is a crucial quantity for the event discrimination. Following an
electron recoil event after a particle interaction with a CaWO; crystal, typically
only about 1 % of the deposited energy is detected in form of scintillation light.
In order to explore the potential for the discrimination between nuclear and
electron recoils, the scintillation efficiency of CaMoO4 and ZnWO4 crystals have
to be investigated.

This chapter reports on scintillation efficiency studies of CaMoOy crystals
(produced at BTCP) and ZnWOjy crystals (produced at NIIC), performed at mK
temperatures. In particular, the light yield and scintillation decay time constants
of these crystals were measured for the first time. The obtained characteristics
are compared with those of CaWOjy crystals.

6.1 Detected light yield

The energy deposition by a photon in a target crystal can be divided into three
channels:

Edep = Ephonon + Escint + Ejost - (61)

Here, Epponon is the energy transferred to phonons and Ey is the total energy
of all scintillation photons detected by a corresponding light detector. Ey; is
the energy lost in form of scintillation photons escaping the reflector system of
a detector module (or absorbed in it). Epponon and Ejpst constitute the dominant

99
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part of Eg,,. Finally, the scintillation light yield of the crystal is defined as the
fraction of the total energy deposited in the scintillator eventually seen in the
light detector (&)

Escint

=—. 6.2

Ede (6.2)
This ratio reflects not only the efficiency of the scintillation light production in the
crystal, but also the efficiency of the light detector for absorption of the emitted
light (see Section 2.3.3) and the light collection efficiency of the detector module,
which is mainly given by the properties of the reflector system.

Absorption of scintillation light

It is important to note that the maximum of the emission intensity in ZnWO,
crystals shifts significantly from ~ 480 nm to ~ 510 nm as temperature decreases
from room temperature to below 8 K [49]. Such a shiftis a characteristic feature of
a crystal with the wolframite lattice structure [87]. The position of the emission
maximum of CaMoOQy crystals remains the same as at room temperature and
peaks around 520 nm; see Section 5.5. The silicon layer of silicon-on-sapphire
light detectors absorbs about 60 % of the emission intensity at the maximum of
both, CaMoO4 and ZnWOQy, crystals. It increases to about 70 % when measured
through the sapphire layer; see Figure 2.9. In normal operating conditions both
sides of the light detector absorb the scintillation light with the side facing the
crystal being the dominant one [60]. Hence, the total absorption of silicon-on-
sapphire light detectors is an average of the two and, at ~ 515 nm, itis ~ 65 %. The
absorption efficiency of silicon light detectors around 515 nm is approximately
the same [61]. Though above 500 nm the absorption efficiency of both detector
types is almost the same, studies performed in [57] have shown that from the
scintillation detection point of view the silicon light detectors are superior for the
measurements with ZnWOj crystals. In the mean time the silicon light detectors
are in favor for measurements with CaMoO4 or ZnWOj crystals.

6.2 Experimental setup

The tests were carried out in a cryostat at the Max-Planck-Institute for Physics in
Munich. In order to obtain temperatures below 30 mK a small self-made He?/He*
dilution refrigerator was used. Information about thermometer readout is given
in Section 2.4.1; details on detector operation, stabilization, and data analysis
have been presented in Chapter 3.

The measurements were performed in an assembly similar to the standard
detector module; see Figure 2.6. It consists of a scintillating crystal sample and
a nearby but separated light detector. The crystal and the light detector are
mounted on copper holders which are thermally coupled to the mixing chamber
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Figure 6.1: Left: °Fe decay scheme. This isotope has a half-life of 2.73 years
and decays via electron capture into stable >Mn, emitting manganese K, and
Kp X-rays of energy 5.9 keV and 6.5 keV, respectively. Figure taken from [30].
Right: Sketch of the irradiation scheme of a light detector during the light yield
measurements.

of the dilution refrigerator with a copper wire. In order to maximize the amount
of the detected scintillation light the setup is surrounded by a highly reflecting
cavity of VM2002 foil.

For the absolute energy calibration of the light detector an Fe X-ray source
with an activity of ~ 10 kBq is installed inside of the cryostat. It illuminates the
light detector in one single spot (¢0.5 mm) using a collimator positioned close
to the light detector at a distance of ~ 15 mm; see sketch in Figure 6.1. In order
to induce scintillation, the crystal under test is irradiated with 59.5 keV photons
from an external 2! Am source. The absolute amount of the scintillation light
detected by the light detector for each 59.5 keV photon is used to calculate the
scintillation light yield of the crystal.

Since measurements are performed in an unshielded cryostat at ground level,
the rate of cosmic-ray particles per unit area is rather high. Due to the high count
rate, it is very challenging to stabilize and to operate the sensitive light detectors
together with big scintillating crystals of the standard CRESST-II dimensions.
Therefore, only (20 X 10 X 5) mm? or smaller crystal samples have been tested in
the Munich setup.
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Figure 6.2: Left: (20 X 10 X 5) mm® CaMoO, sample mounted in a holder.
The crystal is held by two pairs of copper clamps covered with an aluminum
tape. Middle: Silicon light detector BE11 mounted in a copper holder which is
surrounded by a teflon ring. The detector is held by four thin teflon pegs. Right:
Silicon—on-sapphire light detector HANS mounted in a copper holder which is
also surrounded by a teflon ring. The detector is held by three copper clamps
covered with a layer of sputtered aluminum. The bond wires for the electrical
contact are visible.

Detector module with the CaMoO, crystal

The left panel of Figure 6.2 shows a picture of the (20 x 10 X 5) mm?® CaMoOy
sample mounted on the holder used in the measurement. The light yield of
this crystal at room temperature was measured to be 3.8 times lower than that
of the reference CaWOjy crystal of the same dimensions; see the right panel of
Figure 5.20. The comparative measurements were performed with the PMT
setup in a (20 x 10 X 5) mm? plastic crystal holder whose walls were covered
by the reflector (see Section 5.6.4 for more details). In order to improve the
scintillation output of the crystal it was annealed at 800 °C in oxygen flow
for 48 hours before the low temperature test. The influence of this thermal
treatment on the scintillation efficiency of the CaMoQO, sample is presented in
Figure 5.20 (left). Additionally, the (20 x 10) mm? surface of the crystal was
roughened with boron carbide powder. The roughened surface was facing the
light detector during the measurement.

For the detection of the CaMoOj scintillation light we used the silicon light
detector BE11; see middle panel in Figure 6.2. Itis based ona (30 x 30 x 0.45) mm?
silicon wafer with a 20 nm SiO, layer on both surfaces. The transition from
normal to superconducting state of the W-SPT deposited on the wafer occurs
around 20 mK. The detector was stabilized at a few tens of a uK below the top
of its transition via the heater structure of the thermometer while applying a
constant bias current of 3.5 yA.



6.3. RESULTS 103

Detector module with the ZnWO, crystal

A (20 x 10 X 1) mm® ZnWOy crystal with all surfaces polished to optical quality
was tested. The light yield of this sample at room temperature was measured to
be 107 % relative to the CaWO, sample of the same dimensions.

During the test, silicon light detectors were not available. Therefore, the
silicon-on-sapphire light detector HANS, shown in the right panel of Figure 6.2,
was used. This detector is based on a 40 mm in diameter and ~0.46 mm thick
sapphire substrate with a ~1 um layer of silicon. The transition of the W-SPT
occurs around 25 mK. The detector was stabilized several tens of a uK below the
top of its transitions via the heater structure of the thermometer while applying
a constant bias current of 6 pA.

6.3 Results

Besides being exposed to background radiation, the light detectors are irradi-
ated with manganese X-rays and scintillation light coming from the test crystal.
Whereas the energy input into the light detector in form of X-rays and back-
ground radiation is instantaneous, the scintillation light arrives over a certain
time interval, reflecting the time response of the crystal. This results in differ-
ent pulse shapes for different event classes. Figure 6.3 shows an energy versus
rise time scatter plot for the events recorded with BE11 under irradiation with
manganese X-rays and scintillation light from the CaMoO, sample. Two classes
of events clustered in bands are clearly distinguishable. The upper band corre-
sponds to the absorption of the CaMoO; scintillation light in the light detector.
The lower band corresponds to the absorption of background radiation and
X-rays (these events are called direct hits).

For each class of events a template is made by averaging many measured
pulses of the given type. They are selected in the linear region of the detector
response. In order to illustrate the time response of light detectors BE11 and
HANS, Figure 6.4 shows templates obtained for direct hit events (solid lines)
and templates for events caused by the scintillation light (dashed lines). In
both cases a longer rise time is observed for pulses caused by the collection of
scintillation light.

Comparison of the pulse heights of the 5.9 keV X-rays with heater pulses
of similar energy provides an absolute calibration for the voltage of the heater
pulses in terms of energy. The calibration is transfered to lower energies by using
the heater test pulses.
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Figure 6.3: Energy versus rise time scatter plot recorded with the silicon light
detector BE11 under irradiation with manganese X-rays and scintillation light
coming from the (20 x 10 x 5) mm3 CaMoOj crystal. The rise time is measured
from the pulse onset to its maximum. The crystal is excited by 59.5 keV photons
from an external ?! Am source. The upper band in the peak position corresponds
to the absorption of the CaMoOy scintillation light in BE11. The lower band
corresponds to the absorption of X-rays and direct background hits in the light
detector.

6.3.1 Light yield of CaMoO,

Figure 6.5 shows the energy spectrum measured by the silicon light detector BE11
facing the CaMoO, sample. Characteristic manganese K, and Kj lines together
with the sharp photopeak at (0.286 + 0.001) keV caused by the absorption of
the CaMoOy scintillation light (induced by 59.5 keV photons) are visible on the
top of the background. The energy resolution of the silicon light detector BE11,
estimated as the FWHM of the 5.9 keV line, is ~ 5 %. The energy resolution of
the 24! Am photopeak is ~ 63 eV.

Only about 0.48 % of the energy deposited in the CaMoOy crystal by 59.5 keV
photons is observed in form of scintillation light in the light detector at ~ 20 mK.
Taking into account that the maximum intensity of the emission spectrum of
CaMoOQ; crystals is at ~ 520 nm (~ 2.38 eV), this translates the obtained scintilla-
tion peak position of 0.286 keV into ~ 120 photons per 59.5 keV. Assuming that
towards higher energies the relation between energy input into the crystal by )’s
and its scintillation light output is linear, about 2000 scintillation photons can be
detected at 1 MeV.
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Figure 6.4: Left: Pulse templates for direct hit events (solid line) and CaMoOy4
scintillation light events (dashed line) recorded with detector BE11. Right: Pulse
templates for direct hit events (solid line) and ZnWOj scintillation light events
(dashed line) recorded with detector HANS.

6.3.2 Light yield of ZnWO,

The top panel of Figure 6.6 shows the background energy spectrum measured
by detector HANS facing the ZnWO, sample. A very good energy resolution
of ~ 2 % at 5.9 keV was measured with this silicon-on-sapphire light detector.
It is almost 2.5 times better than that measured with detector BE11 at the same
energy. The fact that the transition of the W-SPT on the detector HANS is
very broad in temperature explains the good sensitivity of this detector to large
energy depositions of ~ 6 keV. The structure below 5.5 keV is caused by direct
absorption of background radiation and by ZnWQ; scintillation light induced
by absorption of background radiation in the detector HANS. When the external
241 Am source is present, a broad peak at (1.257 + 0.007) keV appears on the top of
the background; see the bottom panel of Figure 6.6. It is caused by the absorption
of the ZnWOj scintillation light induced by 59.5 keV y’s. The energy resolution
of the scintillation peak is ~ 295 eV.

With the ZnWOy crystal ~ 2.1 % of the energy after absorption of 59.9 keV y’s
were detected. Taking into account that the maximum intensity of the emission
spectrum of ZnWOj crystals at low temperatures is at ~ 510 nm (~ 2.43 eV) [49],
this translates the ZnWO, scintillation peak position of 1.257 keV into ~ 517
scintillation photons per 59.5 keV. Therefore, at least ~ 8690 photons per 1 MeV
can be detected if we assume that the dependence of the ZnWQO; scintillation
response to the absorbed energy is linear. As this is about 4 times higher than
for the BE11/CaMoQ; pair, one would expect the energy resolution of the Am
photopeak recorded with the detector HANS to be much better than the observed
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Figure 6.5: Energy spectrum measured at ~ 20 mK by detector BE11 facing
the CaMoQO,4 sample. A sharp peak at (0.286 + 0.001) keV on the top of the
background is caused by the absorption of the CaMoO; scintillation light induced
by 59.9 keV photons from an 2! Am source. Characteristic manganese X-ray
lines at (5.900 + 0.001) keV and (6.43 + 0.01) keV are visible. Gaussian fits are
superimposed. See text for details.

one.

Non-uniform light collection in the detector module with the non-roughened
ZnWOQO, sample may be a source for broadening of the photopeak structure. A
measurement to check the influence of the ZnWQ;, surface roughening on the
light collection uniformity within the same detector module has still to be carried
out.

6.3.3 Scintillation decay time constants

Another important property of a crystal is the duration of its scintillation emis-
sion (Tscint) after excitation. As already mentioned in Chapter 4, Ty, is governed
by the kinetics of the scintillation process. It is related to the time variation of the
number of luminescence centers. For crystals which have more than one type of
luminescent center, the time variation of the scintillation emission intensity I(f)
is often described by a series of exponentials with different decay time constants,

I(t) = Z (I\{fﬁ)i exp (—i) , (6.3)

Ti
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Figure 6.6: Top: Background energy spectrum measured at ~ 25 mK by detector
HANS facing the ZnWQO, sample. Characteristic manganese K, and Kj lines
at (5.895 + 0.008) keV and (6.494 + 0.006) keV are visible. The structure below
5.5 keV is caused by the absorption of background radiation. Bottom: Energy
spectrum measured at ~ 25 mK by detector HANS facing the ZnWO, sample.
The peak at (1.257 + 0.007) keV visible on the top of the background is caused
by the absorption of the ZnWOj scintillation light induced by )’s from an 4! Am
source placed outside the cryostat. Gaussian fits are superimposed.
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Figure 6.7: Three level scheme of ABOj trinity crystals used to explain anincrease
in the scintillation decay time constant at low temperatures. The energy gap
between the radiative level and the metastable level is a few meV. The various
P’s are the probabilities of the transitions between the levels.

where (N,y,); is the number of photons emitted within the decay time component
7; of the i-th type of the luminescent center [72].

The scintillation decay time constants for the main intrinsic emission of
CaWOQ4, CaMo00y, and ZnWOy crystals have been measured at 300 K by various
authors; see Table 5.1. The decay time constant of CaWOjy crystals at mK temper-
atures is reported to be ~ 400 us [137, 138]. The integration time of the CRESST-II
light detectors is adjusted for the detection of CaWOj, scintillation light. For
CaMoO4 and ZnWOQO, the temperature dependence of 74+ from room temper-
ature to temperatures of ~ 4 K was recently studied in [128, 133, 52, 139, 140].
However, no data on the time constants of CaMoO,4 and ZnWOj crystals at tem-
peratures below 30 mK were found. Therefore, a dedicated analysis in order to
determine the time characteristics of the mentioned crystals was performed. The
results of the analysis are summarized in Table 6.1.

Temperature dependence

Decreasing the temperature of a crystal leads to a prolongation of its scintillation
decay time constants. It is thought that spin-orbit splitting! of the radiative 3T;
level in scheelites and the 3Ty, levels in wolframites is responsible for the prolon-
gation of the emission time 74, at low temperatures [141]; see Figure 5.11. To
understand this, let us consider the diagram in Figure 6.7. The energy structure
of a luminescent center may contain the metastable energy level just a few meV
below the radiative energy level. Transitions from the metastable to the ground
state are thought to be forbidden. At temperatures higher than 50 K, the energy
gap of a few meV is small compared to the kinetic energy of electrons. Both

ISpin-orbit splitting can be due to the perturbations caused by the inter-ionic bonding [43].
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levels are equally populated, so that excited electrons can go to the ground state
via the radiative transition from the radiative to the ground level.

Atlow temperatures the probability of excitation from the metastable to the ra-
diative level Pp3 is suppressed because the kinetic energy of the electrons is small
compared to the energy gap. Hence, the radiative level is de-populated, and re-
laxation to the ground state is significantly suppressed. This slows down the
entire scintillation emission process. Therefore, scintillation decay time constants
of crystals at mK temperatures may be much larger than at room temperature.

Discussion

Due to the different time characteristics seen in the light detector between two
classes of events, namely, the class of faster direct light detector hits and the class
of slower events caused by scintillation light coming from the crystal, the light
emission curve of CaMoOy and ZnWOy crystals can be deduced. Assuming
that the shape of pulses in the linear region of the light detector response is
energy independent, a scintillation photon (similar to a direct hit event) would
be instantaneously absorbed in the light detector but be scaled down in energy.
Thus, the scintillation light pulse can be thought of as a convolution of the
direct hit pulse and the light emission curve of the crystal. The latter can then
be obtained via deconvolution of the pulse templates for scintillation light and
direct hits using fast Fourier-transformation. In order to prepare a data sequence
for the analysis in Fourier space the onset of each template (found with the help
of the fitting Equation 2.9) was moved to time zero, the pre-trigger region was
omitted, and templates of equal length were selected. Additionally, data sets
were padded with zeros in order to obtain periodic data samples.

The convolution theorem states that a convolution in the time domain corre-
sponds to multiplication in the frequency domain. Thus, dividing the Fourier
spectrum of the scintillation template by the one of the direct hit template results
in the Fourier spectrum of the light emission curve. Accordingly, the amplitude
of its inverse Fourier transform then gives the time evolution of the light emission
curve of the crystal. The emission curves of the ZnWO, and the CaMoO, sam-
ples obtained with the procedure described above are presented in Figure 6.8.

The best fit of the CaMoOy crystal scintillation decay curve is achieved by
using a sum of a single exponential function (according to Equation 6.3) and a
constant offset yo. At a temperature around 20 mK the rather slow decay time
constant of this material is measured to be ~ 340 us.

The scintillation decay spectrum of the ZnWOj crystal is fitted by a function
which is a sum of two exponentials plus a constant offset yy. The values of the
decay time constants of this sample are given in Table 6.1. Around 25 mK the
largest decay time constant of the ZnWO; crystal is almost two times smaller
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Figure 6.8: Light emission curve of the ZnWOj crystal (circles) and the CaMoOy4
crystal (triangles) obtained via numerical deconvolution of the templates for
direct hits and scintillation pulses. The ZnWO4 and CaMoO, data points are
titted with bi-exponential and single exponential functions, respectively. See
main text for details.

Crystal ‘ Temperature in K ‘ A1in% | Tpinus ‘ Az in %

Tp in us
CaMoOy 0.02 100 338 +4 - -
ZnWOQOy 0.025 25+1 [203+05| 75+1 | 170+6

Table 6.1: Scintillation decay time constants of CaMoOy4 and ZnWOjy crystals
obtained below 25 mK.

than that of CaWQy, being only ~ 170 us.

6.3.4 Energy dependence of the ZnWO, scintillation response

A constant scintillation efficiency implies that a scintillator is “proportional”,
meaning that the amount of scintillation light is proportional to the energy
deposited in the crystal. The deviation from a constant scintillation efficiency is
referred to as non-proportionality.

Figure 6.9 shows measurements of the scintillation efficiency versus electron
energy for different scintillators [142]. The general shape of the electron response
curves is very similar in almost all crystals. The scintillation efficiency is rising
with increasing energy and then leveling off or decreasing slightly. In the case of
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Figure 6.9: Electron energy response (relative light output is normalized to the
value at 662 keV) for various scintillators. The response of the ideal scintillator
would be independent of the electron energy. Figure taken from [142].

ZnWOjy crystals no deviations from a linear behavior was observed at energies
above 150 keV; see Figure 5.19. However, the analysis of the data recorded with
a small ZnWO, phonon detector? shows that below 150 keV the scintillation
efficiency of the ZnWOy crystal is not constant; see Figure 6.10. A similar
behavior has recently been reported for CaWOy crystals [27].

At energies below ~ 100 keV the shape of the measured scintillation response
curve can potentially be explained with the help of Birk’s equation. However,
due to the difficulty to disentangle a possible non-proportionality of the re-
sponse caused by electrons from the response caused by photons (the crystal
was simultaneously irradiated by f/y-particles) and due to the probable position
dependency of the light output,® no attempt to apply Birk’s equation combined
with the ionisation density in order to explain the shape of the obtained curve
has been performed. Most probably, the shape of the ZnWOy light curve is the
combination of these three effects.

In summary, scintillator non-proportionality has been studied both experi-
mentally and theoretically for more than 50 years [144, 145, 146, 147, 142]. Nev-
ertheless, the origins of the non-proportionality are yet not well understood and
even their implications are not completely clear [148]. The present consensus is
that the origin of the non-proportionality lies in the scintillation efficiency of a
crystal which itself depends on the energy of the particle that excites it.

2Data were obtained in [143].
*Due to the conditions of the W-SPT deposition on the ZnWOj, crystal surface layers with
lower light yield could have been formed.
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Figure 6.10: Response to electron recoils caused by absorption of f/y-particles
in the (20 x 10 X 5) mm® ZnWOj, crystal measured at ~ 20 mK with the help of
a silicon light detector. The y-axis measures the scintillation efficiency in keV.,
per keV normalized to the one at 122 keV as a function of energy. Several tens
of events are taken together as one energy bin. The mean values of Gaussian
tits (applied to each energy interval) are shown. A non-proportionality of the
scintillation efficiency below ~ 150 keV is clearly visible.

6.4 Conclusions

The scintillators measured so far in a CRESST-II like setup at mK temperatures are
BiyGe301, (BGO), BayF, Al,Os(Ti), PbWO,, CaWOQ,, ZnWO,, and CaMoOy [42,
45, 137]. In Table 6.2 the absolute amounts of energy detected by the light
detectors after interaction of y-particles of a certain energy with some of these
crystals are shown. The given numbers are detected energies and they are
not corrected for light detector efficiency and light collection efficiency which
vary for different scintillators because of their different refraction indices and
emission spectra. Taking into account the parameters of the various setups
listed in Table 6.2, in average 1.2 % of the deposited energy in CaWOy can be
observed in form of scintillation light.

Though the choice of a silicon-on-sapphire light detector was not optimal for
the measurement with the ZnWQO, sample, almost two times more scintillation
light was detected from this sample compared to the amount from CaWOs;.
Indeed, this is the largest amount of scintillation light detected among the vari-
ous scintillating crystals tested up to now. The number of detected scintillation
photons is expected to be even larger when using a silicon light detector, and
roughening of the ZnWQ;, surface facing the light detector should further in-
crease the amount of detected scintillation light and make the light collection
more uniform.
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Due to multiple problems with the cryostats, the attempts to operate detectors
were not successful for a long time. In the course of this work this represented an
important limitation on the number of tests performed for the investigation of the
sensitivity of different light detectors to the detection of scintillation light from
ZnWOy and CaMoOy crystals at mK temperatures. Therefore, further studies
are needed in this respect.

Overall, the measurement with the ZnWOj crystal from NIIC revealed its high
scintillation potential at mK temperatures. On the other hand, measurements
with the CaMoQO, sample have shown that its light yield at low temperature is
approximately 2.5 times worse than that of CaWO,. Additional R&D should be
carried on the producers side in order to further improve scintillation properties
of this material.
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Light detector Crystal Detected light, € in %
silicon, W-SPT CaMoOy 0.48
(30 x 30 ) mm? (20x10x5) mm?

silicon, W-SPT ZnWOQOy 14
(30 x 30 ) mm? (20x10x5) mm?

SOS, W-SPT ZnWOq, 2.1

¢ 40 mm (20x10x1) mm?

silicon, W-SPT CaWOQOy 1.3 [137]
(30 x 30 ) mm? ¢ 40 mm X 40 mm

silicon, Ir/Au-SPT CaWOy 1.7 [149]
(20 x 20) mm? ¢ 20 mm X 20 mm

silicon, Ir/Au-SPT CaWO, 1.9 [149]
(20 x 20) mm? ¢ 20 mm X 5 mm

silicon, W-SPT CaWQOy 0.55 [60]
(20 X 20 ) mm? (20x10x5) mm?

SOS, W-SPT CaWO,-VERENA 1.1

¢ 40 mm ¢ 40 mm X 40 mm

SOS, W-SPT CaWOq 0.5 [60]
(20 x 20 ) mm? (20x10x5) mm?

SOS, W-SPT CaWOq, 0.33 [42]
(20 x 10) mm? (20x10x5) mm?

SOS, W-SPT BGO 0.35 [42]
(20 x 10) mm? (20x10x5) mm?

silicon, W-SPT Al,O3 (Ti) 1.3 [45]
(30 x 30 ) mm? (20x10x5) mm?

Table 6.2: Measurements of the absolute amount of energy deposited in the light
detector following a particle interaction in the scintillating crystal performed at

mK temperatures.



Chapter 7

Fabrication of phonon detectors

In order to have the possibility to integrate new target materials into the modular
structure of the experiment, one first has to perform R&D on the production
of phonon detectors on their basis. This includes finding the parameters for
the production of tungsten superconducting phase transition thermometers (W-
SPT) with the desired characteristics. As discussed in Section 3.1, the shape and
the steepness of the thermometer transition curves determine the sensitivity,
the dynamical range, and the linearity of the detector response. Steep and
narrow transition curves with critical temperatures below 20 mK are needed.
The CRESST-II collaboration developed a reliable technique to grow W-films on
CaWOy crystals [40, 25, 17]. Due to the structural differences between CaWO;,
and the crystals under study, this technique has to be tuned in order to grow
W-films on CaMoOy and ZnWOy.

This chapter reports on the fabrication of the first phonon detectors based
on CaMoOy4 and ZnWOy crystals. In particular, the gluing technique for the
production of ZnWQO, phonon detectors with a separate thermometer carrier is
investigated. Results of the first low temperature tests are presented.

7.1 CaMoO, detector

For preventing an inter-diffusion between the tungsten film and the CaMoOy4
crystal surface, a 2 kA layer of SiO; is deposited first. In order to achieve
good adhesion between the SiO; layer and the crystal surface, the area below
the thermometer is roughened on an atomic level with an ion-gun prior to the
SiO; deposition which takes place at 450 °C. The crystal is heated up to this
temperature with a small gradient (the ramping speed is 75 °C per hour). Then,
a 2 kA layer of tungsten is evaporated onto the crystal at the same temperature
with a rate of 2 A/s. The structuring of the deposited film follows the procedure

115
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Figure 7.1: Photograph of detector CaM0O4-1 mounted in the holder for the
transition measurements. The bond wires for the electrical contacts to the readout
circuit are visible.
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Figure 7.2: Transition curve of the tungsten-film measured with detector
CaMoOy4-1 (left) and detector CaMoOj4-2 (right). Both transition curves are
recorded with a 1 pA bias current applied through the readout circuit while
cooling the cryostat to its base temperature.

described in Section 5.3.1. Figure 7.1 shows the CaMoOs-1 crystal with the
structured thermometer deposited on its surface.

Transition curves obtained with the tungsten-films produced on the two dif-
ferent CaMoOQy crystals are presented in Figure 7.2. Both curves have a steep
and narrow shape with a critical temperature around 18 mK and a width of a
few mK. Normal-conductivity resistances of ~ 210 mQ and ~ 130 mQ have been
measured while applying 1 pA bias current. The nonzero (residual) resistance of
the films in the superconducting regions is caused by imperfect contacts to the
readout circuit. The obtained characteristics satisfy the quality requirements of
the films for the phonon detectors.
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Figure 7.3: Photograph of the (20 x 10 x 1) mm?® ZnWO, wafer mounted into a
tantalum holder for the tungsten-film deposition.

The thermal response of detector CaMoQOjy-1 (stabilized in the normal-to-
superconducting state) has shown promising results. However, due to the high
count rate on ground level no calibration spectrum could be recorded.

7.2 ZnWO, detector with glued thermometer

The research performed in [143] has shown that high deposition temperatures
(Tp > 700 °C) are needed in order to obtain transition temperatures of W-films
grown on small ZnWOQO, samples below 20 mK. Heating up ZnWOyj crystals to
such high temperatures in vacuum degrades their scintillation property. There-
fore, the direct evaporation of W-films on large ZnWOy crystals should be
avoided. For that, the detector design with the separate thermometer carrier
has been investigated!.

Thermometer production

In order to grow a tungsten-film on a small ZnWQO,4 wafer the latter is mounted in
the deposition system (see Figure 7.3) where it is slowly heated up to 600 °C and
kept at this temperature during the whole deposition process. A 2 kA layer of
SiO, is deposited first. Then, a 2 kA layer of tungsten is evaporated. ZnWO,
crystals are very brittle due to their marked cleavage and are prone to crack
formation when large temperature gradients occur. Therefore, putting a ZnWO;,
crystal onto hot/cold surfaces or into cold liquids during the thermometer struc-

IThe concept of the glued phonon detectors is introduced in Section 2.3.4
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turing process has to be avoided. An oven, instead of a hot plate, should be used
when needed.

An example of the transition curve of the tungsten thermometer deposited on
a ZnWO, wafer as described above is shown in Figure 3.1. Transition curves
deposited on ZnWOjy crystals often show substructures (kinks). They may be
explained by inhomogeneities of critical temperature across the film. When
cooling down to mK temperatures some locally confined islands of the film
become superconducting first. Then, these islands eventually connect to provide
a superconducting path between the electrical contacts. Each time an island gets
superconducting, the total resistance drops by a certain amount. This leads to
the observed structures in the transition curve.

Tungsten-films which were recently grown on different ZnWQO, wafers have
shown similar properties: transition below 20 mK, width of ~ 1 mK, and presence
of substructures. The substructures may degrade the linearity of the detector
response. Nevertheless, since it was possible to measure reasonable spectra
while stabilizing the ZnWO, phonon detectors close to the top of their transition
curves (see Chapter 8), it can be concluded that the characteristics of the W-films
satisfy the quality requirements for the phonon detectors.

Thermometer gluing

The second step in the production of a ZnWOQO, phonon detector is gluing of the
thermometer carrier to the main target crystal. Since ZnWOjy crystals tend to
easily cleave along the (0 1 0) crystallographic plane, the influence of the glue
layer on the surface properties of this material has been investigated first. For
that, two different glues, namely, Araldite 2011 and Epo-Tek 301-22, and two
different thermometer carrier crystals, namely CaWO, and ZnWOQO,, were tested.
In each test, a CaWOy or ZnWO, wafer was glued with a certain glue type onto a
large ZnWOy crystal (¢ 40X 10 mm?). This composite structure was then cooled
down to mK temperatures; see Figure 7.4.

Only with Epo-Tek 301-2® the quality of the crystal surfaces remained un-
changed, whereas cracks were observed in the case of gluing with Araldite 2011;
see Table 7.1. Though both wafers (ZnWO, and CaWOy) glued onto the ZnWO,
crystal with Epo-Tek 301-2 have shown reasonable surface quality after the tests
at mK temperatures, it was decided to use the ZnWO, wafers as thermome-
ter carriers for the ZnWQO, phonon detectors. This is because ZnWO, wafers
and large ZnWO;, crystals have the same crystal structure and the same crys-
tallographic orientation. Thus, the amount of stress which may originate from

2 Araldite 2011 is a registered trademark of Huntsman Corporation. Epo-Tek 301-2 is a regis-
tered trademark of Epoxy Technology.

3Epo-Tek 301-2 is a two components epoxy mixed in the ratio of 100 parts of resin to 35 parts
of catalytic hardener. It has a density of 0.95 g/cm?, an index of refraction of about 1.53 at 589 nm,
and is suitable for cryogenic applications [150].
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Figure 7.4: Photograph of the ZnWOj;-1 crystal with a ZnWO, wafer glued onto
its surface with help of Araldite 2011 glue after the low temperature test.

CaWOy4 wafer ZnWQO, wafer
(20x 10 x 1) mm® (20 x 10 X 1) mm?

Epo-Tek 301-2 + +
Araldite 2011 - -

Table 7.1: Gluing of different thermometer carriers onto a ZnWO; crystal. Af-
ter cooling to mK temperatures, the surface quality of some crystals remained
unchanged (+), whereas a degradation was observed for others (-).

the thermo-mechanical mismatch between two different materials or their ther-
mal expansion incompatibility in different crystallographic directions during the
temperature change is expected to be small.

Figure 7.5 shows the photograph of the prototype ZnWO, phonon detector.
The (20 X 10 x 1) mm3 ZnWO, thermometer carrier with (0 1 0) plane parallel
to the (20 X 10) mm? surface is glued with Epo-Tek 301-2 on the (¢ 40 X 40) mm?
ZnWOy crystal with (0 1 0) plane parallel to its flat surface. The area of the glue is
~ 40 % of the thermometer area and its mass is (0.06 + 0.01) mg. This translates to
an average thickness of ~ 3 um. For the possible optimization of detector design,
a detailed understanding of the signal evolution is needed. General conclusions
in this respect will be drawn in the following chapter.
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Figure 7.5: Left: Photograph of the cylindrical ZnWO4-4 crystal and the ZnWO,
wafer with the W-SPT deposited onto its surface before gluing. Right: Photo-
graph of the prototype ZnWQO, phonon detector with the glued thermometer
mounted in the copper holder for Run 31. The crystal is held by six pairs of
bronze clamps coated with an Al layer and with an Araldite 2011 scintillating
layer. The whole structure is surrounded by a highly reflecting foil VM2002. The
bond wires for the electrical contacts are visible.



Chapter 8

Measurements with ZnWO,
detectors at Gran Sasso

In spring 2008 the first detector module with a phonon detector based on a
ZnWOjy crystal was integrated into the main CRESST-II experimental setup at
Gran Sasso. During the cool down Run 31 the developed ZnWO, detector
was operated for the first time. Besides allowing for investigation of the novel
detector design, the data taken with this detector made a detailed study of
radioactive contaminations present in the ZnWOjy crystal possible. The obtained
results reveal a high radiopurity of the phonon detector under study. This has
motivated the installation of a second ZnWO, phonon detector in the setup.

This chapter starts with a brief overview of the experimental environment
during Run 31 and Run 32. Afterwards, the investigation of calibration and
background spectra obtained with one of the ZnWQO, phonon detectors is pre-
sented. In particular, the level of identified radioactive contaminants present
in the crystal has been compared with those in CaWQjy. Finally, results on the
performance of ZnWQ, detectors with glued thermometers are presented with
a focus on the pulse shape analysis.

8.1 Experimental environment

The data acquisition system used in Run 31 and Run 32 has been described
in Section 2.4. In both runs the operating point of detectors is kept stable via
monitoring the pulse heights of the control pulses as it has been described in
Section 3.1.3. For details on the data analysis, the reader is referred to Chapter 3.
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Figure 8.1: Example of a heater test pulse of the highest injected voltage am-
plitude recorded with ZnWOy-4 during Run 31. A small king on the top of the
saturated pulse is caused by an electrical cross talk between the heater current
and the readout current. This due to the problem of the open heater line which
was present during the operation of the detector.

8.1.1 Run 31

Run 31 took place between April and December 2008 after commissioning of
the upgraded CRESST-II experimental setup; see Section 2.2. Nine detector
modules have been able to be operated reliably during this run. Unfortunately,
the light detector partner of ZnWQO,-4 was not operational throughout the run.
Additionally, one of the thermometer’s electrical contacts to the heater circuit
(see Fig 2.10) was open when the cryostat reached its base temperature. This
was most probably due to the screwed contacts at the detector holder, where
the superconducting wires of the heater circuit are screwed to an electrically
insulated Cu-Kapton-Cu pad. With one heater line open, the heating current
injected via the other line flows via the Au stripe to the Au wire, serving as
thermal coupling. This current flowing perpendicular to the readout current
produces an electrical cross talk to the readout circuit via critical current effects.
As the amount of cross-talk changes with heater demand, the open heater line
affected the stability control of ZnWQOj4-4. Nevertheless, is was possible to obtain
data of reasonable quality which will be presented later on in this chapter.

8.1.2 Run 32

The currently ongoing Run 32 has started in June 2009. In total, eighteen detector
modules were mounted in the setup. Five of them are phonon detectors with
glued thermometers and two of these are based on ZnWOy crystals. ZnWO,-4
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was faced by the silicon light detector (ULRICH) and ZnWO4-6 by the silicon-
on-sapphire light detector (WERNER), each equipped with a weak “°Fe source
for the absolute energy calibration.

Due to the problem of the dark (no light) events in the WIMP acceptance
region observed with the operational detector modules in Run 31 [151], the
crystal holding clamps have been exchanged. In Run 32 crystals are held by
thinner and therefore less stiffer bronze clamps coated with a reflecting silver
layer. Moreover, all screwed electrical contacts were replaced by soldered ones.
In order to avoid contamination of the detectors with lead! (often present in
soldering alloys) a radiopure lead free tin (Sn) was used instead. The soldering
was done using ammonium chloride as flux [152]. Currently, nine detector
modules are fully operational and one of them is the ZnWO,-4/ULRICH pair.
ZnWOy-6 is also working, while its light detector partner WERNER may still
become operational.

8.2 Spectral analysis and background studies

As already mentioned in Section 5.2.2 measuring and classifying radioactive
background intrinsic to the detectors is crucial for the development of new target
crystals. In general, background rates are so small that they are undetectable
by most of the standard techniques, for example, Ge-spectroscopy. Therefore,
the crystal providers usually rely on analyses from CRESST detectors in order
to optimize their production methods and supply-chains of raw materials. A
background study of ZnWOy from NIIC was performed with the help of detector
ZnWO4-4.

The background rate in different energy intervals obtained with ZnWOy-4 is
compared with those in CaWQO,-VK33. The latter one is the standard phonon
detectors. In Table 8.1 parameters relevant for the background analysis of both
detectors are summarized.

8.2.1 *’Co calibration

The detectors have been calibrated with 122 keV and 136 keV )’s emitted by
a ¥Co source; see decay scheme in Figure 8.2. The source is mounted outside
of the cold box and can be inserted without opening the shielding. Since there
is some material (copper) in between the source and the detectors, emitted )’s
can undergo Compton scattering before reaching the detector. This results in
Compton shoulders below the 122 keV and 136 keV peaks. This is indeed the
case, as can be seen in the calibration spectrum presented in Figure 8.3.

IThe presence of lead in the vicinity of detectors may potentially introduce radioactive con-
taminants.
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Measuring  Dead Stability Mass Total
Detector time time  cut(20) in grams exposure
indays  indays in days in kg days
ZnWO,-4 15.929 2.566 0.369 404.4 5.249
CaW0,-VK33 18.744 2.655 0.865 309.8 4.404

Table 8.1: Measuring time and exposure of ZnWO,-4 and CaWO,-VK33 during
Run 31.

S 271.79 d
VEIY 7/2- 0
OFES
woo, & 57C =
OS2 27 0O
R LU
4w XXX =836.1
D, () Y QEC .
fs8 BZF o,
5/2- SO LY Y 706.416 _0.183% 7.7
4.1 ps ST
KXY WS @
DY~
SIS VS o
- XSS S 366.759
10.5 ps 312 P .
QS W
. N
8.7 ns 5/2- , O o 136.4745 _99.8% 6.4
: 32 T=52 | || | ~ 14.41300
9B ns =5/ 1o 0
stable — = LI &
>eF€e

Figure 8.2: ’Co decay scheme. Taken from [30].

In Table 8.2 the energy resolution measured at the 10 width of the 122 keV
peak in various phonon detectors is presented. It is important to note that,
independently on their type (with glued or standard detector design), all phonon
detectors show excellent energy resolution better than 1 keV (10) at 122 keV.

Escape peaks

At the recoil energies relevant for dark matter searches, i.e. below 100 keV, the
photoelectric effect is the dominant interaction mode for photons. When interact-
ing with matter photons mostly eject electrons from atomic shells. The produced
voids will in turn quickly be filled with electrons from the higher atomic shells
and, therefore, characteristic X-rays will be emitted. If an original y-interaction
happens close to the crystal surface, the produced X-ray may escape from it.
Hence, in the calibration data we can expect to see some escape lines at energies
E, - Eesc, as well as lines at E.sc due to interactions in the neighboring crystals.
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Figure 8.3: Energy spectrum obtained during Run 31 via irradiation of ZnWO,-4
with 122 keV and 136 keV ’s from a *’Co calibration source. The spectrum is
reconstructed with the help of the truncated fit procedure (truncation at 0.8 V).
Marked in red is the energy region zoomed in Figure 8.4.

Resolution (10)
Detector Description at 122 keV

in keV

ZnWO4-4 glued W-SPT 0.77 £ 0.02
ZnWO4-6 glued W-SPT 1.10 £ 0.02
CaWO4-MAJA  glued W-SPT 0.84 + 0.01
CaWQO,4-VK33  conventional 0.75 +£0.01

Table 8.2: Energy resolution (10) at 122 keV in various phonon detectors obtained
during the 57Co calibration in Run 31. In case of ZnWQO,-6 the resolution is
obtained from data collected in Run 32.

The X-ray energies E.; for some relevant materials are presented in Table 8.3.
Indeed, almost all expected escape lines can be identified; see Figure 8.4.
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Element Transition EnergyinkeV Intensity

Cu Ka 8.0 39
w Kot 59.3 47
W Ka2 58.0 27
w Kg1 67.2 10
w Ko 69.1 4

Table 8.3: X-ray energies and the corresponding intensities (per 100 K-shell
vacancies) for some materials. Data taken from [30].
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Figure 8.4: Cobalt calibration spectrum obtained with ZnWO,-4 during Run 31 in
the energy interval between 40 keV and 90 keV. The peaks are labeled according
to their origin.
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8.2.2 a-background

The results of the ICP-MS measurements (see also Appendix A) indicate that the
ZnWOQy crystals are contaminated with various a-unstable rare earth elements at
the ppb level. Therefore, measurable a-activity from long-lived natural actinide
isotopes and corresponding chains of daughters (U, 22Th, and ?*°U decay
chains), along with some lanthanide isotopes may be reasonably anticipated.

Most of the total kinetic energy available from an a-decay (Q-value) is carried
away by the emitted a-particle. The remaining energy goes to the recoiling
nucleus. If the decay takes place in the bulk of a crystal, the a-particle as well
as the recoiling nucleus will be stopped within the crystal. In this case, the
Q-value of the decay will be seen in the phonon detector. On the other hand,
a-decays from external surfaces will deposit only a fraction of their energy in
the volume of the detector, depending on the registered fragment of the decay.
Events in which a-particle escapes the detection and the recoiling nucleus hits
the crystal are the most “dangerous” ones because they may mimic a WIMP
signal. Therefore, these events have to be vetoed carefully [151]. To this end,
radioactive contaminations (including a-unstable ones) that are present in the
crystals and their surrounding have to be understood.

Calibration

The pulse amplitude spectrum of the data used in the a-background analysis
was reconstructed following the parametric fitting procedure described in Sec-
tion 3.2.3. Having produced a linear amplitude spectrum, the energy calibration
is simply a matter of scaling this quantity by an appropriate factor. In princi-
ple, one may derive this factor using the °’Co calibration data. However, the
source emits 122 keV and 136 keV y’s. These energies are well below the typical
energies involved in a- and f-decays of isotopes from the natural decay chains,
O(MeV). Extrapolation over an energy interval of ~ 7 MeV is not accurate due
to the non-linear detector response. Therefore, for the a-analysis the response
of ZnWO4-4 was calibrated using the most prominent a-line, identified as from
the natural ?°Ra decay (**®U decay series; see Appendix D). The Q-value of the
226Ra decay is 4871 keV [153]. The final refinement of the pulse amplitude to the
a-energy conversion is made by fitting a straight line passing through (0, 0).

The calibration of CaWO4-VK33 was done using a-lines identified as from
natural ??°Ra (4871 keV), ?*’Rn (5590 keV), 2?*Ra (5789 keV), and 2?°Rn (6404 keV)
decays; see Appendix D. The resulting calibration curve for this detector is
presented in Figure 8.5.
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Figure 8.5: Energy calibration for the a-background analysis of CaWO,4-VK33.
The energy scale is fixed by the Q-values of 226Ra (4871 keV), ?*2Rn (5590 keV),
224Ra (5789 keV), and 2?Rn (6404 keV) a-emitters. The amplitude positions of
these peaks are obtained with Gaussian fits. The statistical error on each of the
fitted peaks is less than 0.1 %. The fitted straight line is passing through the
point (0,0).

Identification

In principle, the CRESST-II light-phonon measuring technique (see Section 2.3.1)
allows for discrimination between a- and y/p-particles. However, since the cor-
responding light detectors of both phonon detectors under study (ZnWO,-4 and
CaWO4-VK33) were not operational during the measurement, a- and p/y-bands
cannot be separated. Therefore, discrimination cuts were not applied. Figures 8.6
and 8.7 show the reconstructed energy spectra obtained with detectors ZnWO4-4
and CaWQ4-VK33, respectively. The a-peaks are marked by the names of their
(potential) parent nuclei.

The mean energies of most of the peaks observed in the spectra were deter-
mined via Gaussian fits over a flat background. For the (*!°Po + ??Th + ??2Rn)
and (*'®Po + 2!2Bi) peaks in the spectrum of ZnWQ,-4 (see Figure 8.6), and
(*18Po + 227Th + 212Bi) peak in CaWO4-VK33 (see Figure 8.7) fits of two or more
superimposed Gaussians were used. The mean and integral for each peak, along
with the difference between measured and expected energies, is given in Table 8.4
for ZnWOy-4 and in Table 8.5 for CaWO,4-VK33. Since energy calibration towards
lower energies was performed by linear extrapolation from the calibration points
(selected in the region of interest, i.e. above 4 MeV), its accuracy between 4 MeV
and 7 MeV is much better than between 2 MeV and 4 MeV.

In the spectra of both detectors a few peaks were observed between 2 MeV
and 4 MeV, i.e. outside the energy region occupied by the natural decay chains.
It should be remarked that there are not so many a-unstable candidates with a
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Figure 8.6: a-background spectrum of ZnWOQOy-4 recorded in Run 31 with an
exposure of ~5.19 kg days. The spectrum is reconstructed with the help of the
parametric fit. Isotopes marked in blue are belonging to the 2*®U natural decay
chain, in red to 23Th, and in orange are a-unstable rare-earth isotopes. Other
a-active isotopes are marked in black.

Q-value at this energy range. The list of these candidates is given in Table 8.6. It
is worth noting that the a-decay of naturally occurring '®'W was unambiguously
identified for the first time with the help of sensitive CRESST detectors [155].

Tungsten: 8'W is an a-emitter with a half-life of 1.5 x 10'® years [155]
and decays into the stable ground state 176Hf, The Q-value is 2516 keV. This
decay may be the cause of the peak around (2350 + 12) keV seen in the
spectrum of ZnWO4-4 and of the peak around (2362 + 6) keV in CaWO,4-VK33.
Though the energy calibration for both detectors in this energy region is not as
accurate as at higher energies (mismatch between the expected Q-value and
the reconstructed energy is ~ 6 %) the correctness of the assumption can be
checked by comparing the half-life of ¥ W in each detector with its tabulated
value. The isotopic abundance of 8'W translates into 9.3 x 10% nuclei in the
ZnWOy crystal and to 7.7 X 10% in the CaWO, crystal. From the count rate
observed in detector ZnWQOj4-4 (given an exposure of 5.19 kg days) a half-life of
(15+07)x1018 years can be calculated. In detector CaWO,4-VK33 (given an
exposure of 4.37 kg days) a half-life of (1.3 + 0.5) x 10 ' years can be calculated.
Within the error bars, both of the obtained half-lives are in agreement with the
tabulated value.
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Figure 8.7: a-background spectrum of CaWQO,4-VK33 recorded in Run 31 with
an exposure of 4.37 kg days. The spectrum is reconstructed with the help of the
parametric fit. The color coding is the same as in the previous figure. Isotopes
belonging to the >*U chain are shown in green.

Samarium: Contaminations with rare-earth samarium have been found
in the ICP-MS measurements of both representative samples, ZnWO, and
CaWOy [58], at the level of ~ 5 ppb and ~ 5.8 ppb, respectively. This element
has an a-active isotope, ¥’Sm. It is a pure a-emitter with a half-life of
1.1 x 10! years [30] and a 100 % branching fraction for the decay into the stable
ground state 143N d. The Q-value of this decay is 2311 keV [153]. The structure at
(2101 + 4) keV, observed with ZnWQ,-4, and the one at (2158 + 1) keV, observed
with CaWO,-VK33, have been identified as being due to decay of 47Sm.

Platinum: A broad peak at (3140 + 12) keV observed with detector ZnWO,-4
(see Figure 8.6) may be attributed to the internal contamination of the crystal
with platinum. This element has an a-unstable °Pt isotope with a half-life of
(6.5 x 10') years [30] and a 100 % [154] branching fraction for the decay to the
stable ground state of 18¢Os. The Q-value of this decay is 3250 keV. The observed
count rate of (8.6 + 5.1) events per 12.84 days represents a contamination of
the crystal with 190pt at the level of (3.4 + 2.0) ppb. Taking into account that
during the growth process (see Section 5.2) a ZnWOy ingot crystal is completely
surrounded by a platinum crucible, a contamination with Pt seems plausible.
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Reconstructed . Q-value Mismatch Peak
Candidate
mean energy in keV in keV in % integral
2101 + 4 1476m 2311 9.0 249 + 7.7
2350 + 12 180wy 2516 6.5 175+ 89
3140 + 12 190p¢ 3250 3.4 8.6+ 5.1
4825 + 4 230Th 4770 -1.2 25.7 + 8.9
4848 + 4 B4y 4856 0.2 51.9 +20.0
4867 + 23 226Ra 4871 0.1 109.6 + 25.0
5285 + 10 210po 5407 2.3 125+ 5.3
5337 + 4 228Th 5520 3.3 54.3 + 11.0
5379 + 2 222Rn 5590 3.7 168.1 + 16.0
5793 + 4 2%4Ra 5789 0.1 62+ 3.1
6403 + 8 220Rn 6404 0.02 59+ 3.6

Table 8.4: Reconstructed energies with decay parent candidates and deviations
from tabulated Q-values measured with ZnWOy-4 during Run 31 with an expo-
sure of 5.19 kg days. Q-values are taken from [153]. l.znltOPo stands for the internal
crystal contamination. The relatively high errors on the peak integrals result
form the background estimation.

Natural decay chains: In both Figure 8.6 and 8.7, a cluster of a-events
with energies between 4 MeV and 7 MeV can be seen. Most of these are
consistent with decays from natural decay chains (232Th, 238U, and 2°U one).
Their decay schemes are presented in Appendix D.

At energies higher than ~ 4 MeV each line of the obtained spectra fits well
to the Q-value of the a-active candidate. However, in the spectrum of CaWO;-
VK33 (see Figure 8.7) a peak around 5300 keV is observed. There is no Q-value
that fits this energy. However, during contact with the air of the Gran Sasso
laboratory, 222Rn nuclei may have been implanted into the crystal surface or the
surface surrounding the detector. This isotope belongs to the 28U decay chain
and is a pure a-emitter with a half-life of 3.825 days [30] and a 99.92 % branching
fraction for the decay into 28Po which is unstable. The chain ends with the
a-decay of 21°Po into the stable ground state 2°°Pb. The Q-value of this decay is
5407 keV [153], which splits into the a-particle kinetic energy of 5304 keV [30]
and into the recoil energy of 103 keV of the 2Pb nuclei. In decay of ?!°Po at the
crystal surface some of the 2 Pb-nuclei may escape detection, meaning that only
the kinetic energy of the a-particle is deposited into the phonon detector. Then
the total energy seen in the detector is ~ 5304 keV. Therefore, the line around



132 CHAPTER 8. MEASUREMENTS WITH ZNWOQO, DETECTORS AT GRAN SASSO

Reconstructed . Q-value Mismatch Peak
Candidate
mean energy in keV in keV in % integral
2158 + 1 1476m 2311 6.6 473+ 7.3
2362 + 6 180y 2516 6.1 144 + 4.1
4010 + 3 22Th 4083 1.7 379 + 6.6
4207 + 4 28y 4270 1.5 131+ 4.7
4727 + 2 20Th 4770 0.9 206.1 +22.0
4837 + 1 226Ra 4871 0.7 478.6 + 24.2
5142 + 14 231pg 5150 0.2 11.6 + 5.6
5302 + 4 210pg 5304 0.1 66.4 + 9.5
5403 + 3 210pg 5407 0.1 145.6 + 132
5516 + 2 228Th 5520 0.1 314.6 + 20.9
5594 + 2 222Rn 5590 -0.1 432.1 +23.8
5805 + 2 224Ra 5789 -0.3 306.7 + 24.0
5983 + 2 223Ra 5979 0.1 101.0 £ 19.1
6121 + 5 218pg 6115 0.1 88.7 + 24.0
6161 + 3 227Th 6146 -0.2 369.0 + 37.9
6464 + 5 220Rn 6404 -0.9 442 +10.7
6833 + 2 211B4 6751 -1.2 305.8 + 21.1

Table 8.5: Reconstructed energies with decay parent candidates and deviations
from tabulated Q-values measured with CaWO;-VK33 during Run 31 with an

exposure of 4.37 kg days. Q-values are taken from [153]. l.znltOPo stands for the

crystal-internal contamination, whereas 3;?1’0 for the external one. The relatively

high errors on the peak integrals are due to the background estimation.
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Isotopic abundance  Half-life  Q-value

Isotope Name
in % in years in keV
4Nd  Neodymium 23.8 229x 10 1905
1485 m Samarium 15.0 1.06 x 10! 1986
12Gd  Gadolinium 0.2 1.1 x 10 2205
47Sm  Samarium 11.3 7 x10® 2311
1741 f Hafnium 0.162 2.0 x 10 2495
1807 Tungsten 0.1198 1.8 x 1018 2516
1860s Osmium 1.58 2.0 x10¥° 2822
190py Platinum 0.01 6.5 x101 3250

Table 8.6: Parent candidates for a-contaminations in the energy range between
1.9 and 3.5 MeV. Data taken from [30]. Isotopic abundance and half-life of 1807
are taken from [154] and [155], respectively.

Contaminant Activity in mBq/kg
1476m ~0.05

180y ~0.04

190pt ~0.01

all natural decay chains ~11

Table 8.7: Principal a-contaminants present in the representative ZnWOQj crystal
from NIIC. Activities are calculated from values given in Table 8.4.

5300 keV may be attributed to the crystal surface contamination with 21°Po. Also
in the spectrum of ZnWO4-4 (see Figure 8.6) the structure on the left side of the
226Ra peak may be assigned to the surface contamination with 21°Po.

Quantitative analysis

As explained in Section 8.1, the stability control of ZnWO,-4 during operation
was affected by an open heater line. Therefore, the resolution of the reconstructed
amplitude spectrum of this detector is not as good as in the case of CaWO;-
VK33. Since various a-lines present in the spectrum of the ZnWO; crystal
cannot be clearly separated, only the total a-activity due to contaminations with
various isotopes, including radionuclides from natural decay chains, is given;
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see Table 8.7.

In crystal CaWO,4-VK33 a much higher amount of a-active isotopes from the
28U, 222Th, and 2*°U chains has been observed. The estimated activity for the
identified isotopes is given in Table 8.8. It should be stressed that any secular

Contaminant Activity in mBq/kg
1475m ~ 0.13

180y ~ 0.04

2387J chain ~ 59

235U chain ~ 12

232Th chain ~ 19

all natural decay chains ~11.4

Table 8.8: Principal a-contaminants present in CaWO,-VK33. Activities are
calculated from values presented in Table 8.5. The total activity from natural
decay chains does not take into account pile-up a-events.

equilibrium of 28U, 22Th, and 2*°U chains in inorganic crystals is usually broken
(see Appendix D). Therefore, any observed inconsistency in the number of
decays within these chains is not unexpected.

In the spectrum of the CaWOy crystal, a significant amount of isotopes be-
longing to the 2°U chain have been identified, suggesting its contamination
with 227 Ac. Signatures of this isotope were also observed in the spectra of differ-
ent CaWOjy crystals from the same producer [27, 156, 157].

In general, high energy a-events render the detector saturated for some period
of the time (~ 60 ms for a glued phonon detector and ~ 20 ms for a conventional
one). If a second event occurs during this time it will be seen as a pile-up. They

are usually fitted incorrectly due to a distorted pulse shape. Therefore, some

of the expected a-lines, e.g. 21%Rn -5 215Po followed by 215Po 2% 211pp or

220Rn 25 216pPg followed by 216Po "5 212Pb, appear in the spectrum of CaWOy

crystal as a broad peak above ~ 7 MeV. In this analysis pile-up events were not
taken into account, meaning that the actual total a-activity from natural decay
chains is higher than the estimated value.

Furthermore, there are still some other contaminants observed in both detec-
tors which unveil themselves via a-radiation, namely, from 147Sm and 89W. In
case of the ZnWOQO; crystal also a marginal contamination of ~ 10uBq/kg with
190Pt has been observed.

In summary, the total amount of internal a-active impurities measured with
the ZnWOQOy crystal from NIIC turned out to be much lower (~ 1.2 mBqg/kg) in
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Figure 8.8: Background spectrum recorded with ZnWO4-4 in Run 31 during
an exposure of ~5.2 kg days. The energy is reconstructed with the help of the
truncated fit procedure and the standard event template from 122 keV (*’Co). To
clean the data sample from spurious pulses some basic pulse quality cuts have
been applied.

comparison with the CaWOy crystal (~ 11 mBg/kg)?. The main sources of internal
a-radioactivity in ZnWO, have been identified as being due to the daughters of
the 238U/%2Th decay chains. No traces of elements from the 2*°U series as well
as other peculiarities from rare-earth isotopes like neodymium or gadolinium,
often present in CaWQyj crystals, were observed in ZnWOjy. This points to a high
radiopurity level of the ZnWOj, target material.

8.2.3 y-and pg-background

In the preceding section the main sources of radioactive a-background from nat-
urally occurring radionuclides have been discussed. Radioactive decay happens
not only via emission of energetic a’s, but also via emission of f-particles. The
latter gives a rise to the low energy part of the ZnWO,-4 background spectrum
($ 1 MeV). Moreover, some radionuclides may be significant y emitters®. The

21t is generally accepted that higher radioactive contamination in CaWOj crystals is mainly
coming from CaCO; powder, which is one of the raw compounds for the growth of these crystals.
$Gamma radiation is not a mode of radiative decay, but rather a mechanism by which excess
energy is emitted from certain radionuclides. Typical electromagnetic transition times are of the
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. Reconstructed Resolution  Activity
Origin (Energy)
energy (lo) inkeV in uBg/kg
210Pp (46.5 keV) 46.2 +0.1 0.28+0.04 58+18
212pp (238 keV)  236.3+04  1.03+046 68+17
214Pb (295 keV)  297.8+11  3.78+0.89 75+35
28Ac (338keV)  327.0+0.6 220+039 57+16
214pp (352 keV)  340.7+05 220+0.39 94 +19
208T] (583 keV) 5362+1.1 335+121 37+15

Table 8.9: Activity of various y-peaks measured with ZnWOy-4 in Run 31 during
exposure of 5.2 kg days. Gammas are emitted in the de-excitation process of
impurities present in the neighboring crystals and in the vicinity of the detector.
See text for discussion.

associated energies of some major decay modes in the natural decay chains along
with the end points for g-decays are presented in Table D.1, D.2, and D.3.

Figure 8.8 shows the energy spectrum recorded by the detector ZnWOy-4
during Run 31. In general, the spectrum is rather featureless above ~ 100 keV.
The origin of several observed peaks will be discussed in detail below.

Escaped photons

If an a-decay happens in the bulk of a crystal then the total Q-value of the decay
should be seen in the corresponding phonon detector. However, y-particles of
sufficient energy, emitted in the process of a nucleus de-excitation, may escape
the crystal. Since the CRESST-II detectors are assembled in a modular structure
(see Figure 2.5), the probability for the escaped photon to hit the neighboring
detectors is high. Therefore, in the spectrum of the ZnWOQOy crystal several
peaks at energies of the characteristic )’s are expected. Indeed, in the spectrum
presented in Figure 8.8 peaks at (46.2 £ 0.1) keV, (236.3 + 0.4) keV, (297.8 £ 1.1) keV,
(327.0 £ 0.6) keV, and (340.7 £ 0.5) keV are visible on top of the background. Each
of them is attributed to the absorption of photons emitted by 210pp, 212pp, 214Pp,
and 2?8 Ac isotopes present in the neighboring crystals and in the vicinity of
ZnWOy-4, respectively. The corresponding activities in the identified peaks are
listed in Table 8.9.

Furthermore, an escaped y-particle can hit copper, which is abundant in the
vicinity of the detector. In this case, characteristic copper X-rays with an energy of
8.04 keV canbe emitted. Inspecting the low energy part of the ZnWO,-4 spectrum

order of 1 ps.
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Figure 8.9: Low energy part of the background spectrum recorded with ZnWO,-
4 in Run 31 during an exposure of ~ 5.2 kg days. Peaks at (8.93 + 0.04) keV,
(46.2 = 0.1) keV, (65.15 = 0.1) keV, and (73.76 + 0.15) keV are attributed to the
decay of 057n, 210Pb, 17974, and 181W in the bulk of the crystal, respectively.

presented in Figure 8.9 one finds a prominent peak at (8.93 + 0.04) keV. The
unexpectedly high activity observed in this line is (377 + 36) uBq/kg. This value
is approximately three times larger than the activity measured with the crystal
CaWO,4-VK33. However, the module with ZnWQO4-4 is mounted on the inner
carousel tower and is completely surrounded by neighboring modules, whereas
CaWO4-VK33 is placed in the outer tower?. Thereby the line of sight between
ZnWO4-4 and the copper thermal shield is much smaller than that for CaWO;-
VK33. Therefore, the number of Cu X-rays detected with CaWO,4-VK33 must be
the same or slightly higher than in ZnWO,-4. Since this is in contradiction with
the observed activity, there must be another source contributing to the peak at
~ 8.93 keV. Indeed, there is a process which may explain the measured activity.
It will be discussed in the following section.

Cosmogenic activation

An exposure of crystals to cosmic rays may result in their activation. In this
process, some relatively long-lived isotopes can be formed. They may contribute

1Al copper detector holders are identical.
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Figure 8.10: Level scheme of the ®Zn electron capture process. Data taken from
[30].

to the background of the experiment when decaying during the measurement.
The ZnWOy crystals used for the detector fabrication were transported by plane
at an altitude of ~ 10 km, where the hadronic contribution from air showers
is ~ 1000 times stronger than at ground level. Therefore, decay signatures
of cosmogenicaly activated crystal compounds, namely, zinc or tungsten, are
expected”.

Cosmogenic activation of zinc: Capture of thermal neutrons from cos-
mic rays can activate the ®*Zn isotope (48.6 % isotopic abundance) present in
ZnWOj crystals. This results in the production of the °Zn isotope, which
decays via electron capture into the stable ®Cu isotope [30]. Since the half-life
of this process is approximately 8 months, radiation from ®Zn may contribute
to the background of detector ZnWQO;-4. Furthermore, ®*Zn can be produced in
the reaction ®”Zn (p, t) ®Zn (isotopic abundance of ¢ Zn is 4.1 %).

The decay scheme of the ®Zn isotope is shown in Figure 8.10. In 51 % of
the cases the electron capture in ®°Zn is accompanied by emission of 1115 keV
y-particles [30]. Therefore, the energy which will be seen in ZnWO4-4, following
a K-shell electron capture process in 057n, is that of the K-shell binding energy
of Cu (8.97 keV [30]) plus that of the emitted y, namely, 1124 keV. In fact, there
is a peak at (1103.3 + 4.1) keV in the spectrum. The activity in the peak is
(47.95 + 16.45) uBq/kg and it can be attributed to the decay of activated ®Zn. In
the remaining 49 % of the cases, only the K-shell binding energy of Cu will be
dissipated within the detector. This gives rise to an additional peak at ~ 8.93 keV.

Another possible activation channel of Zn which may result in the emission
of low energy radiation (< 100 keV) comes from to the reactions **Zn (p, t) ®2Zn,
647n (p, @) 61Cu, and %Zn (p, @) %4Cu. However, %2Zn, ®1Cu, and ®*Cu have

5A spectral analysis of activated isotopes in CaWOj crystals can be found in [27].
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Figure 8.11: Left: Level scheme of the 17°Ta electron capture process. Right: Level
scheme of the 18!W electron capture process. Data taken from [30].

half-lives of ~ 9 h, ~ 10 min, and ~ 13 h, respectively. Therefore, these isotopes
are not expected to be present in the crystal at the moment of the measurement.

Cosmogenic activation of tungsten: There are two tungsten activation
reactions which lead to radiation below 100 keV. The first one is the (p, @)
reaction on 82W (isotopic abundance is 26.3 %) which results in 17Ta. 17°Ta has
a half-life of ~ 2 years and decays via electron capture into the stable isotope
17Hf [30]. The decay scheme of this process is presented in the left panel of
Figure 8.11. Since no photons accompany the decay, the energy which will be
seen in the detector following a K-shell electron capture process is that of the
K-shell binding energy of hafnium (65.35 keV [30]). In the spectrum of ZnWOy-4
presented in Figure 8.9 the peak-like structure at (65.15 + 0.1) keV may be
attributed to this process. The measured activity of this peak is ~ 21 uBg/kg.

The second proton reaction is 8W (p, t) 181W. Hence, '8'W is expected to be
present in the ZnWOj crystal. This isotope has a half-life of ~ 4 months and
decays via electron capture into the stable isotope '8!Ta [30]; see right panel in
Figure 8.11. In most of the cases, the decay is accompanied by 6.2 keV photon-
emission. Thus, alineat73.6 keV is expected in the spectrum, being the sum of the
tantalum binding energy of 67.4 keV and the 6.2 keV photon energy. Inspecting
the spectrum presented in Figure 8.9 one finds the peak at (73.76 + 0.15) keV. It
may be attributed to the decay of 8!W. The activity in the peak is ~ 148 uBg/kg.

Additionally to the external and internal contaminations discussed above, a
minor contamination with °K has been identified in the spectrum of the ZnWOy
crystal. It is attributed to the peak at (1400 + 1) keV. The measured activity is
(15.6 £ 7) uBg/kg.

Moreover, there is a line at (32.79 + 0.17) keV. A search was performed for ra-
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Energy range | Background rate in counts/keV/kg/day
in keV ZnWO,-4 CaWO4-VK33
2-100 ~4.1 ~7.8

100 - 400 ~ 0.6 ~6.1
400 - 1000 ~0.3 ~12.1

Table 8.10: Background rate caused by y- and p-particles at different energy
intervals measured with ZnWOy-4 in Run 31 during exposure of 5.20 kg days
and with CaWO,-VK33 in the same run during exposure of 4.37 kg days.

dionuclides from natural decay chains but with negative outcome. The observed
activity in this peak is (48 + 19.3) uBg/kg.

Level of contamination

Since it is the first time when ZnWOQOy; is operated at the low background facility,
it is interesting to compare the background rate of this material with that of
CaWOy; see Table 8.10. Below 100 keV the spectrum of the CaWOy crystal is
dominated by radiation from 2’ Ac and 2!°Pb contaminants. Above 300 keV, the
signatures of 17°Lu and anthropogenic '*’Cs have been observed. On the other
hand, no traces of these isotopes as well as other peculiarities (like strontium)
have been identified in the spectrum of the ZnWOy crystal. The total back-
ground rate below 1000 keV measured with the ZnWOy crystal corresponds to
~ 5 counts/keV/kg/day. This is a factor of ~ 5 lower than that of the CaWOj,
crystal. To conclude, the measured radiopurity content of ZnWO; fulfills the
requirements on a new target material for the CRESST-II experiment.

8.3 Performance studies

8.3.1 Pulse shape analysis

For detectors with glued thermometers one expects to see two classes of events
with distinct pulse shapes. The first class originates from interactions of parti-
cles in the thermometer carrier (wafer), whereas the second is due to interactions
in the cylindrical absorber. Wafer pulses are expected to be much faster than
absorber pulses since for the latter phonons have to travel through the absorber,
the glue spot and the wafer boundaries before thermalizing in the W-film. Fig-
ure 8.12 shows the scatter plot obtained with detector ZnWQO,-4 during Run 31.
In this plot, the pulses in the upper band of the rise time plane correspond to
interactions in the cylindrical ZnWQO, absorber, whereas the ones in the lower
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Figure 8.12: Pulse height versus rise time scatter plot obtained with ZnWO,-4
during Run 31. The rise time is measured from the pulse onset to its maximum.
The upper band in the rise time corresponds to signals caused by particle in-
teractions in the cylindrical ZnWOy absorber, whereas the lower one is due to
particle interactions in the (20 X 10 X 5) mm?3 ZnWO, wafer.

band are due to interactions in the ZnWQ, wafer. Moreover, from the data
obtained during Run 32 in which ZnWO,-4/ULRICH module is operational, it
is evident that wafer pulses are not dark, i.e. the scintillation light associated
with the event is visible in the light detector. A typical wafer pulse with the
corresponding light signal recorded with this module is shown in Figure 8.13.

Figure 8.14, 8.15, and 8.16 show the template pulses of detectors ZnWO,-4,
ZnWO4-6, and, for comparison, of CaWO4-MAJA. The latter is a glued CaWOy4
phonon detector®. The pulses for each template were selected in the linear
response region of the corresponding detector. It should be noted that in the
case of ZnWO4-4 no template for a wafer event was generated because most of
the wafer pulses possess a composite structure; see Figure 8.13. This will be
discussed below. Only a few pulses with a single component shape were found
in the whole data set; see Figure 8.14. The reason may be a very fast rise time of
the wafer pulses that exceeds the slew rate of the corresponding SQUID. This, in
turn, causes flux quantum losses and results in pulses with characteristic shapes.
An example of such a pulse is shown in the left panel of Figure 8.17.

The theoretical model for the pulse shape formation in a detector with separate
thermometer is still under development since more experimental data is needed

%Some characteristics of detector CaWQO,-MAJA are discussed in [158].
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Figure 8.13: Coincident signals in the detector module ZnWO,-4/ULRICH
recorded during Run 32. The red line is the measured signal in the thermome-
ter carrier of the phonon detector. The blue line is the measured signal in the
corresponding light detector.
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Figure 8.14: Left: A single wafer pulse obtained in the linear response region of
detector ZnWO4-4 during Run 31. Right: The absorber pulse template obtained
with the same detector for a 122 keV energy deposition.

in order to judge between different approaches [110, 108] which are based on
the extension of the thermal model discussed in Section 2.3.5. In this work the
standard pulse formation model was applied in order to characterize specific
pulse shapes.

Since the thermometers of the phonon detectors are operating in bolometric
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Figure 8.15: Left: The wafer pulse template obtained in the linear response region
of ZnWOy-6 during Run 32. Right: The absorber pulse template obtained with
the same detector corresponding to a 122 keV energy deposition.
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Figure 8.16: Left: The wafer pulse template obtained in the linear response region
of CaWO4-MAJA detector response during Run 32. Right: The absorber pulse
template obtained with the same detector corresponding to a 122 keV energy

deposition.

mode, the pulse shape can be described starting from Equation 2.9 as

£(t) = b+Awt [An (exp_(t_t())/'fn _ exp—(f—to)/’fintr) +(1—-Ap) (exp—(t—to)/m _ exp—(t—to)/fn)] ,

non—thermal component

thermal component

(8.1)

where tj is the onset time of the pulse, A, Ay, Ay, and brepresent the amplitudes

of the total as well as two signal components, and the baseline, respectively. In
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Detector ZnWO,-4 ZnWOQO,-6 CaW0O,-MAJA CaW0,-VK31
Type glued glued glued conventional
Glue area ~ 20 mm? ~ 5 mm? ~ 10 mm?

Thermometer carrier pulses

rise time, 7, <0.04 0.084 +0.001  0.019 + 0.002
fast decay, Tintr 1.97 +0.07 6.85 = 0.01 2.40 +0.08 -

slow decay, 7y,  35.21 +21 52.51 +0.24 18.63 +0.51 -
ATl

A in % 6197 £0.16  94.32 +0.02 76.75 +0.46 -
Absorber pulses
rise time, Tiy 4.46 + 0.002 5.16 + 0.002 5.81 £ 0.01 2.60 £ 0.01

fast decay, 7, 28.89 + 0.01 53.59 £ 0.01 25.65 £ 0.01 12.40 = 0.01
slow decay, 7y, 546.85+24.00 190.36 + 0.06 207.13 £ 0.07 98.77 £ 9.5
A;ﬁj“m in % 98.95 +0.01 78.94 + 0.01 89.80 + 0.01 93.14 £ 0.01

Table 8.11: Relevant parameters produced by fitting of various templates accord-
ing to Equation 2.9. All time constants are given in ms. Parameters of CaWO;-
MAJA and conventional CaWQO,-VK31 are given for comparison. Given errors
are statistical.

this operating mode pulses are characterized by different decay times for each
signal component and by different exponential rises. The rise time of the non-
thermal signal component (A;) is determined by the intrinsic thermal relaxation
time of the thermometer (7;,), whereas the decay time is given by the lifetime
of non-thermal phonons (7,). On the other hand, the rise time of the thermal
component (Ay,) is defined by the lifetime of non-thermal phonons (7,) and
the decay time is given by the thermal relaxation time of the absorber (7).
Absorber pulses presented in Figure 8.14, 8.15, and 8.16 are fitted according to
Equation 8.1 with all parameters set as free variables. It is important to note that
for wafer events the thermometer operates in the calorimetric mode’. Relevant
characteristics obtained with the fits are given in Table 8.11.

From Table 8.11 it can be seen that the amplitude of the thermal component
(Am) gives only a marginal contribution to the signal amplitude, i.e. Ay, is
usually < 5 % of the total amplitude. Moreover, the slow decay time of the
absorber pulses can exceed the time window in which the pulse is recorded. In

7In the calorimetric operating regime pulses are characterized by one common rise time (7,,)
and by two exponential decays, namely fast decay (i) and slow decay (tu).
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these cases, 7y, cannot be determined accurately.

In general, the rise time and the decay time of the wafer pulses in all glued
detectors are much faster than those of the absorber pulses. Since in glued
phonon detectors the shape of the wafer pulses is significantly different from
that of the normal absorber pulses, they can be rejected in the dark matter
analysis. Therefore, thermometer carrier pulses do not affect the sensitivity in a
dark matter search.

Event rate

It is also interesting to check the ratio of the count rates caused by events in
the thermometer carrier and by events in the absorber. Taking into account that
both of them are made from the same material and assuming purely intrinsic
radioactive contaminations, this ratio should be approximately the same as the
ratio of volumes of the wafer and the absorber.

From the data shown in Figure 8.12 a ratio of ~ 0.02 is extracted. This value
is by 0.02 smaller than expected (0.04). The smaller ratio of the observed wafer
events may be explained by SQUID flux quantum losses. Since wafer pulses are
very fast, their rise time often exceed the slew rate of the corresponding SQUID,
causing it to reset. This results in pulses with characteristic shapes (see left panel
in Figure 8.17) which are removed by basic pulse shape cuts.

Stress-relaxation

Additionally to wafer and absorber pulses, another class of pulses with different
shape was observed with detector ZnWO,-4 during Run 31. These pulses are
characterized by very long rise and decay times. Such a pulse is shown in the
right panel of Figure 8.17. Both, the rise and the decay times, are five times
longer than those of the normal absorber pulses.

We believe that these pulses originate from stress-relaxation which may occur
at the contact area between a crystal and its holding clamps due to a rather
tight clamping. In particular, the relaxation may occur in the scintillating plastic
layer covering the surface of the clamp. In this case, one would expect pulses
of different shape due to the slow propagation of created phonons in plastic.
For this reason, the crystal holding has been exchanged to a less tighter one in
Run 32. Moreover, there is no scintillating plastic layer covering a clamp any
more.

Glue area

Independently on the energy content, more than 90 % of the wafer pulses ob-
tained with detector ZnWO,4-4 have a composite structure. Let us consider a
representative wafer pulse presented in Figure 8.18. Its structure can be de-
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Figure 8.17: Left: Example of a wafer pulse with flux quantum loss following a
high-energy particle interaction that exceeds the slew rate of the corresponding
SQUID. The pulse is obtained with ZnWO4-4 during Run 31. Right: Shown in
red is an example of a potential stress-relaxation event recorded with the detector
ZnWOy-4 during Run 31. The rise time is Tju = (22.13 + 0.04) ms and the decay
time is 7, = (148.54 £+ 0.19) ms. For comparison, the 122 keV template obtained
with the same detector is shown by the black line.

scribed by two components with distinct pulse shapes and amplitudes. The first
component looks like a spike and has a very fast rise time, whereas the second
one looks more like a normal absorber pulse. In general, the amplitude ratio of
wafer-like and absorber-like components is arbitrary.

The composite pulse structure can be described by a superposition of two
functions, each of them describing the specific component shape according to
Equation 2.9, together with a common onset parameter £,.

Taking the obtained characteristics for the normal ZnWQOy-4 absorber and the
wafer pulse from Table 8.11 as input parameters, the result of an amplitude fit
is shown in Figure 8.18. It can be seen that the fitting curve agrees reasonably
well with the data points. This provides the origin of the wafer-like and the
absorber-like signal components.

There can be several sources giving rise to a composite structure:

1 Radioactivity in the glue
The kinetic energy of an a-particle, emitted from an a-active contaminant
in the glue, may be deposited in the wafer, whereas a y-particle, emitted in
the de-excitation of the daughter nucleus, can be absorbed in the cylindrical
crystal. An energy deposition in both parts of the glued detector would
result in a pulse with a composite structure.
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Figure 8.18: Shown in red is a typical thermometer carrier pulse obtained with
ZnWOy-4 during Run 31. A composite structure of the pulse is visible. The black
line superimposed on the pulse is the result of a fit.

2 Energetic particle traversing detector
An energetic y-particle can be stopped by Compton scattering either in the
wafer or in the absorber, resulting in the composite structure.

3 Transmission through the glue

When the size of the glue area matches the size of the W-film (48 mm?)
the probability for thermalization of non-thermal phonons in the W-film is
approximately the same as for their transmission into the absorber. Thus,
~ 50 % of the non-thermal phonons created after a particle interaction in
the wafer can be transmitted into the absorber. Some part of transmitted
phonons can, in turn, flow back into the wafer, giving rise to an absorber-
like component of the wafer pulse with time constants typical for a normal
absorber pulse. The fraction of energy going directly into the thermometer
or the absorber depends on the position of the energy deposition in the
wafer, explaining the variable fraction of the components.

In the first case, all glued detectors within a certain energy interval should
deliver approximately the same rate of wafer pulses with composite pulse struc-
ture because the type of glue is the same for all of them. However, most of the
wafer pulses observed with ZnWO4-6 and also with CaWO4-MAJA have a single
component shape; see Figure 8.15 and 8.16. Hence, the first process cannot be a
source for the two-component wafer pulses observed with ZnWQO;-4.

Due to the approximate homogeneity of the external radioactive background,
also in the second case different glued detectors made from the same material
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Figure 8.19: A thermometer carrier pulse obtained with CaWO4-MAJA during
Run 32. A composite structure of the pulse is visible.

should show roughly the same amount of composite pulses. Accordingly, also
this process cannot fully explain the observed effect.

To check the third case let us compare the size of the glue area of ZnWO,-4 and
ZnWOy-6. The latter has a glue area approximately four times smaller than that
of ZnWO4-4 (~ 40 % of W-SPT). Therefore, the amount of non-thermal phonons
which can be transmitted into the absorber of ZnWO4-6 is reduced compared
to ZnWOy4-4. Thus, it can be conjectured that there are fewer phonons that
contribute sufficiently to the rise of the absorber-like component in ZnWQO,-6.
When the energy depositions are high, a composite structure of wafer pulses is
also observed in the detectors ZnWQO4-6 and CaWO4-MAJA (though it is less
pronounced than in ZnWO,-4); see Figure 8.19. Overall, the third process is the
most consistent one with the observed data. Therefore, the composite structure
of wafer pulses may be attributed to the transmission of phonons from a wafer
to the corresponding absorber through the glue area.

Though the size of the glue area in different phonon detectors tested at Gran
Sasso ranges between ~ 10 % to ~ 40 % of the W-film area, all of them can be
operated in a stable manner and show excellent energy resolution in the energy
region relevant for a WIMP search. Nevertheless, optimization and better control
of the glue area size is the topic of ongoing investigations [159, 160]. In general,
the smaller a glue area is the longer an absorber pulse lasts. It is important
to note that the duration of pulses in the linear response region of a detector
is important for the amplitude reconstruction with the help of the truncated fit
procedure. For this reason, glue areas bigger than one fifth of the W-film size are
currently favored.
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Energy in keV  Origin Detector Resolution (1) in keV
8.0 Cu ZnWO,-4 0.40 + 0.05
46.5 210pp ZnWO,-4 0.37 + 0.06
54.8 122 keV-Kg;  ZnWO,-4 0.32 + 0.09
62.7 122 keV-K, ZnWO,-4 0.36 + 0.07
CaWO,;-VK33 0.47 + 0.05
65.4 179Ta ZnWO,-4 0.42 +0.18
73.6 181y ZnWQO,-4 0.56 + 0.12
122.0 5Co ZnWO,-4 0.77 + 0.02
CaWO,-VK33 0.75 + 0.01
136.5 5Co ZnWQO,-4 0.77 + 0.04
CaWO,;-VK33 0.73 + 0.04

Table 8.12: Resolution (10) of ZnWOs-4 and conventional CaWQO4-VK33 from
Gaussian fits to suitable peaks. Data obtained during Run 31.

8.3.2 Energy resolution

In principle, for the dark matter analysis the expected WIMP recoil spectrum has
to be convolved with the energy resolution of the phonon detector. Since a WIMP
spectrum is expected to be rather featureless, the phonon detector resolution is
of little relevance as long as it is significantly better than the discrimination
threshold. For ZnWO4-4 the resolution can be inferred from the observed peaks
in the calibration and in the background data. Table 8.12 gives the measured
resolutions for various energies.

8.3.3 Summary

In Section 8.3.1 it has been shown that events originating from the various parts
of the glued ZnWO, detectors (wafer or absorber) can be clearly separated. An
excellent energy resolution better than 1 keV (1o) at 122 keV can be obtained
with the developed detectors. This is comparable with the resolution of the
conventional CRESST-II phonon detectors. To conclude, the overall performance
of glued ZnWO, phonon detectors competes with the one for the conventional
CaWOy4 phonon detectors.

Furthermore, the analysis of the data® obtained in Run 32 with the help of
the ZnWQO4-4/ULRICH detector module showed a fraction of ~ 2.6 % of the

8The analysis followed the procedure presented in Section 6.3
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deposited energy detected in form of scintillation light”. This is an extraordinary
high value compared to ~ 1% detected from the conventional CaWO, phonon
detectors; see Table 6.2.

With the glued CaWO, phonon detector RITA a fraction of ~ 2.2 % of the deposited energy
is detected in form of scintillation light in the silicon-on-sapphire light detector [158].
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Conclusions

The main goal of this work has been to investigate the potential of large CaMoOy4
and ZnWOy scintillating crystals as new target materials for the CRESST-II dark
matter search experiment and to develop phonon detectors on their basis. For
this purpose, scintillation properties and radiopurity of various ZnWQO, sam-
ples from NIIC and CaMoO, samples from BTCP have been studied at room
temperature as well as at cryogenic temperatures.

Luminescence, optical and scintillation properties as well as the influence
of the mechanical (polishing, roughening) and thermal treatment (annealing,
tungsten-film deposition) on the scintillation efficiency have been investigated.
This has helped to improve both, the light yield and the resolution of the crystals.
Moreover, the studies have allowed to give feedback to the crystal-producers
which may help to further optimize the conditions of crystal growth as well as
after-growth processing.

A number of short cool down runs have been performed at MPI in order to
investigate the scintillation properties of the crystals at mK temperatures. In
particular, the light output and scintillation decay time constants of CaMoO,
and ZnWOy crystals have been measured for the first time. With the small
ZnWQO4 sample almost two times more scintillation light has been detected when
compared to the reference CaWOjy crystal. Indeed, this is the largest amount of
scintillation light detected among the various scintillating crystals tested up to
now. On the other hand, measurements with the CaMoO, sample have shown
that its light yield is a factor of 2.5 worse than that of CaWOj.

Subsequently, first phonon detectors with 200 g CaMoOy and 400 g ZnWOy,
absorbers were built. For ZnWQO, detectors this has been achieved with a new
detector design in which the thermometer carrier is decoupled from the absorber.
This concept allows for a production of phonon detectors without affecting the
scintillation properties of the absorber crystal due to tungsten-film deposition.

151
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Furthermore, this design is particularly interesting for large-scale detector pro-
duction as needed for experiments like EURECA [105]. First results on the
development of CaMoO; and glued ZnWO, phonon detectors have been pub-
lished in [109].

The thermal response of the CaMoO,4 phonon detectors has been tested at
mK temperatures at MPI and has shown promising results. However, because
of the relatively poor scintillation light output of the crystals, the developed
detectors were not installed in the low background facility of the experiment.
Optimization-studies of growth conditions and of raw materials in order to po-
tentially improve the light yield of CaMoOQ; crystals are ongoing [161, 86]. It
should be stressed that CaMoO, detectors are particularly interesting for the
multiple target approach because the heaviest nucleus in the compound is dif-
ferent from tungsten. This is important for establishing a true WIMP signal by
testing for an A? scaling of the elastic WIMP-nucleon scattering cross section.

The prototype ZnWO, detector has been integrated into the setup at Gran
Sasso for Run 31 where it has been operated for the first time. In the course of
this work, extensive studies have been carried out in order to characterize the de-
tector performance. The obtained energy resolution of ~ 0.4 keV (10) at 46.5 keV
achieved for the glued ZnWOy, detectors is perfectly adequate for a dark matter
search experiment and is comparable with that of standard CaWO, phonon de-
tectors. It has also been shown that pulses originating in the thermometer carrier
can be distinguished clearly from absorber pulses and, therefore, represent no
danger for the dark matter analysis.

Furthermore, background from natural radioactive decay chains and other
a-unstable isotopes, as well as background caused by y/B-particles has been
identified in ZnWO, with a sensitivity of a few uBq/kg and described quan-
titatively. The total amount of internal a-active impurities measured in the
detector ZnWOy-4 is ~ 1.2 mBqg/kg. This is one order of magnitude lower in
comparison to the representative CaWQjy crystal. The total background rate in
the energy region relevant for a dark matter search, i.e. below 100 keV, is only
4 counts/kg/keV/day. This is a factor of two lower than the typical rate observed
with CaWQ, detectors.

The results discussed in this thesis have proven a high potential of ZnWQO,
crystals as target material for dark matter searches. Because of the excellent
characteristics obtained with the developed 400 g ZnWO, phonon detectors, this
material will be used as an additional target unit for the CRESST-II experiment.

At the time of writing, 18 detector modules are installed in the cold box of the
CRESST cryostat at Gran Sasso, including two detector modules with ZnWO,
crystals. Data taking in Run 32 is currently ongoing. However, due to technical
reasons, no dark matter data has yet been obtained from the ZnWQO, detectors. In
the intermediate future it is planned to fill half of the experimental volume with
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ZnWOQOy detectors. This would not only provide an increase of the experimental
sensitivity due to higher scintillation efficiency and exceptional radiopurity of
the ZnWOj crystals but would also offer a multiple target choice.
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Appendix A

Results of the ICP-MS
measurements

Inductively coupled plasma mass spectrometry (ICP-MS) measurements have
been performed in the chemical laboratory at LNGS [162]. Firstly, small crystal
samples are mechanically reduced to powder. The powder is then dissolved in
an ultrasound bath at ~ 70 °C using a mixture of nitric (HNOs3) and hydrochloric
(HCI) or HNOj3 acid diluted with H,O. The composition of the mixture depends
on the sample under test. In case of the ZnWO, sample, only partial dissolution
was possible. Solutions of etched samples, obtained after centrifugation, have
been analyzed in a semiquantitative mode using a standard single solution con-
taining 10 ppb of Li, Y, Ce and Tl as calibration. The sensitivity of the ICP-MS
device to the other elements is evaluated on the base of this single solution. The
accuracy of the element concentration measurement reached in the semiquanti-
tative mode is on the level of 20-30 %. However, for some elements (for example
potassium) errors may be considerably higher. This is due to the carrier gas and
matrix elements which may form oxides or double charged ions whose mass to
charge ratio overlaps with that of some considered elements.

The results of the semiquantitative analysis performed with the help of the
ICP-MS device for CaMoOy, ZnWOy, lead, and polyethylene samples are sum-
marized in Table A.1, A.2, A.3, and A 4, respectively.
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Element Content in ppb (ug per kg) H Element Content in ppb (ug per kg)

Li <10 B <100
Na <10000 Mg 800
Al <500 K <10000
Sc <30 Ti <30000
Cr <10000 Mn <10
Fe <20000 Co <100
Ni <100 Cu <50
Zn <50 Ga <10
As <1000 Se <1000
Sr 3100 Y 700
Zr <5 Te <5000
I <50 Cs 14
Ba <2000 La <3000
Ce <50 Pr <1
Nd <20 Sm <10
Eu <5 Gd <10
Er <3 Yb <5
Lu 230 Hf <5
Pb 33 Th 2.5
U 15

Table A.1: Results of the semiquantitative analysis performed with help of the
ICP-MS device for the CaMoQO4 sample.
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Element Content in ppb (ug per kg) H Element Content in ppb (ug per kg)

Li <3 B <200
Na <5000 Mg 580
Al 1400 K <10000
Sc <10 Ti <20
Cr <100 Mn 130
Fe <5000 Co <1
Ni <20 Cu <100
Ga <20 As <10
Se <1000 Sr <50

Y <1 Zr <2
Te <500 I <50
Cs <1 Ba <5
La <5 Ce <5
Pr <1 Nd <10
Sm <5 Eu <1
Gd <3 Er <1
Yb <2 Lu <1
Hf <2 Pb 58
Th <0.2 U 0.2

Table A.2: Results of the semiquantitative analysis performed with help of the
ICP-MS device for the ZnWQO, sample.
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Element

Content in ppb (ug per kg)

K
Ni
Rb
Cd
In
Sm
Pt
Th
U

<10000

<30
<5
60
<5
<5
<20
<0.2
<0.2

Table A.3: Results of the semiquantitative analysis performed with help of the
ICP-MS device for a lead sample which is used as shielding material for the

CRESST-II cryostat at LNGS.

Element

Content in ppb (ug per kg)
PE in granulas  PE solid

K
Sr
Cs
Sm
Pb
Bi
Th
U

360
2.6
0.025
<0.1
130
0.18
0.05
0.03

5300
200
0.46
0.7
210
6

1.3
0.5

Table A.4: Results of the semiquantitative analysis performed with the help of
the ICP-MS device for polyethylene samples used as neutron shielding materials

for the CRESST-II cryostat at LNGS.



Appendix B

Absorption of photons

10000 T T T T L II T T T T T T II T T T T T 1 1 E
L ——Cu ]
2 \ ——Cawo | 1
£ 1000k s |
O E CaMoO . E
[ L ]
= ZnWO
o [ \I\ :
5 10f 3
% o
(@]
(&]
s 1op 3
B i
> [
5 [
5 1k
T 3
(@]
|_
01k
1 1 1 1 L1l ll 1 1 1 1 1 L1 1 1 1 1 1 L1 1
1 10 100 1000

Energy in keV

Figure B.1: The photon mass attenuation coefficient for Cu, CaWQO,4, CaMoOj4
and ZnWOy. The curves are produced with help of [163].
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Appendix C

Heat capacity

The dependence of the heat capacity on temperature is different for various
types of solids. In this appendix general information about the specific heat of
dielectrics, metals, and superconductors is collected.

e In pure dielectrics the heat capacity is dominated by phonons. At low
temperatures (T< Tpyp,.) it is well described by the Debye-model:
12nt T3

Cpn = Tnakge)—D o T3, (C.1)

Cpn is the lattice specific heat, n, is the number of lattice atoms per mole, kg
is the Boltzmann constant, and ©p is the Debye temperature of the material.
In Debye theory, the Debye temperature is the temperature of a crystal’s
highest normal mode of vibration, i.e. the highest temperature that can
be achieved due to a single normal vibration. The Debye temperature is
given by

Op = }% (C2)
where h is Planck’s constant, k is Boltzmann’s constant, and v, is the Debye
frequency. Atlow temperatures, the same formula is valid for highly pure
semiconductors. At T <1 K all conducting electrons are frozen out. Due
to the lack of free electrons there is no electronic contribution to the heat
capacity of dielectrics at mK temperatures. Because of the T® dependence of
the heat capacity it is very small at low temperatures. Therefore, dielectric
crystals can be used as large calorimeters.

e In metals, the electronic part of the heat capacity dominates at low temper-

atures: )
T T
Cg = ?nekBT—P o T , (C3)
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APPENDIX C. HEAT CAPACITY

Units Tungsten Gold Aluminum

Tce mK 15 - 1180
Tr K 27000 63900 134900
®p K 400 165 428

Table C.1: T¢, Tk, and ®p of W, Au, and Al. The values are taken from [63, 164]

where n, is the number of conduction electrons per mole and Tr is the
Fermi temperature. The Fermi temperature is the temperature associated
with the Fermi energy. The electronic specific heat depends linearly on
the temperature. The phononic part is negligible at low temperatures. In
Table C.1 the values for T¢, Tr, and ®p of tungsten, gold, and aluminum
are given.

In superconductors, the heat capacity has a discontinuity at the critical
temperature T.. At temperatures well below T, the specific heat of a super-
conductor decreases exponentially. Below T,/2 its behavior is described by
the BCS—theory [165]:

AY -A
Ce =1.34 V4 TC (kB_T) exp (kB—T) , (C4)

where A is the superconducting energy gap and y is a material specific
constant. Below T,/10 the heat capacity is dominated by the lattice specific
heat. The vanishing of the electronic heat capacity in superconductors is
important for the concept of the phonon collectors in the CRESST-II light
detectors; see Section 2.3.3.



Appendix D

Natural decay chains

The radionuclides of the three natural decay series, headed by 28U, 22Th, and
235U, are shown in Figure D.1, D.2, and D.3, respectively, along with the major
radioactive decay mode for each.

In nature, the radionuclides of these three series are approximately in a state of
secular equilibrium in which the activities of all radionuclides within each series
are nearly equal. Two conditions are necessary for secular equilibrium: First,
the parent radionuclide must have a half-life much longer than that of any other
radionuclide in the series. Second, a sufficiently long time period must have
elapsed, for example, ten half-lives of the decay product having the longest
life time, to allow for ingrowth of the decay products [166]. Under secular
equilibrium the activity of the parent radionuclide undergoes no appreciable
changes during many half-lives of its decay products.

In general, the state of the secular equilibrium is sensitive to the time of the last
disturbance. For synthetically grown crystals, the disturbance can happen either
during the time of a crystal pulling or during purification of the raw materials.
Therefore, in inorganic crystals, the secular equilibrium of 2381J/232Th chains is
usually broken.
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Figure D.1: Schematic representation of the natural 2*U decay chain. The times
shown are half-lives. An asterisk indicates that the isotope is also a significant
y—emitter. 28U also decays by spontaneous fission. Figure taken from [166].
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) Decay Radiation energy in keV
Isotope Half-life
mode (B.R.) Q-value ‘ B (Intensity) ‘ 7 (Intensity)
28y 45%10%yr a 4270 |
199 (70 %
B4Th  24d B (70%)
107 (19 %)
B4pam 1 min i | 2269 (98 %) |
B4Y 24 x 100 yr a 4859 |
20Th 753 x 10° yr a 4770 |
226Ra 1600 yr a 4870
RN 4d o 5590
218P 3 min o 6115 |
672 (49%) | 352 (38%
2l4pp 27 min B (49%) (38%)
729 (42%) | 295 (19 %)
3272 (18 %) | 609 (49 %)
24Bi 20 min B 1542 (18%) | 1764(15 %)
1508 (17%) | 1120 (15 %)
2Upo 160 s o 7834 |
17(84%) | 465 (4%
210pp 22yr B ( (%)
63.5 (16 %)
20B; 54 B | 1162 (100 %) |
20po  138d o 5407 |
206pp stable

Table D.1: Radioactive isotopes of the 2*U natural decay chain. Data taken
from [30] and [153].
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Figure D.2: As in Figure D.1 for the 232Th chain. An asterisk indicates that the
isotope is also a significant y—emitter. Figure taken from [166].
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) Decay Radiation energy in keV
Isotope Half-life
mode (B.R.) Q-value | B (Intensity) ‘ ¥ (Intensity)
22Th  1.2x100yr a 4082
28Ra  6yr B 39.2 (40 %)
1158 (30 %) | 911 (26 %)
2Ac 6h B 1730(12 %) | 969 (15 %)
338 (11 %)
28Th  2yr o 5520 |
24Ra  4d o 5789 |
20Rn 565 o 6405 |
216py (.15 o 6907 |
22pp  11h B 335.2(83%) | 238 (43 %)
22B; 61 min B(64%);a(36%) 6207 | 2254 (56%) | 7273 (6.6 %)
212py  310ns o 8954 |
1803 (40 %) | 2625 (99 %)
1293 (25 %) | 583 (85 %
20871 3 min B ( ) ( :
1526 (21%) | 511 (23 %)
861 (22 %)
208pp stable

Table D.2: Radioactive isotopes of the 22Th natural decay chain. Data taken
from [30] and [153].
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Figure D.3: As in Figure D.1 for the 2350 chain. Figure taken from [166].
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) Decay Radiation energy in keV
Isotope Half-life -
mode (B.R.) Q-value ‘ B (Intensity) ‘ 7 (Intensity)

250 703 x 100 yr B 4679 |

288 (37 %)
ZITh  26h B 305 (35 %)

287 (12 %)
B1pg  32x10%yr a 5150 | | 27(10%)

5042 45 (54 %)

27 Ac 22 yr B (98.62 %); a (1.38 %) 36 (35 %)

20 (10 %)
27Th 19d a 6146 236 (12 %)
25Ra 11 min a 5979 270 (14 %)
29Rn 4 a 6946 | 271 (11 %)
25py  2ms a 752 |
21pp, 36 min B | 137291 %) |
2UBi 2 min a 6751 | | 351(13%)
20771 5min 8 1423 |
207Ph stable

Table D.3: Radioactive isotopes of the 2*U natural decay chain. Data taken
from [30] and [153].



