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Kurzfassung

Im CRESST-II Experiment sollen hypothetische, schwach wechselwirkende, mas-
sive Teilchen (WIMPs), welche ein gut motivierter Kandidat für Dunkle Materie sind,
über Streuung an Atomkernen eines CaWO4-Kristalls nachgewiesen werden.

WIMPs können an Kernen elastisch streuen. Die dabei auf einen Kern übertragene
Energie (wenige 10 keV) und die erwartete Streuerate (weniger als 10 Ereignisse pro
Jahr und kg Detektormasse) sind extrem gering. Daher sind die Hauptanforderungen
an ein Experiment zum Nachweis Dunkler Materie eine niedrige Energieschwelle, eine
hohe Energieauflösung und eine hohe Effizienz bei der Unterscheidung zwischen Signal
und Untergrund.

Die im CRESST-II Experiment eingesetzten Detektormodule bestehen aus einem
300 g schweren, szintillierenden CaWO4-Kristall, welcher als Tieftemperaturkalorime-
ter betrieben wird und die im Kristall deponierte Rückstoßenergie misst. Dieser De-
tektor befindet sich in unmittelbarer Nähe zu einem zweiten, deutlich kleineren Ka-
lorimeter, welches als Lichtdetektor eingesetzt wird. Durch gleichzeitige Messung des
Phononensignals und des Lichtsignals ist man in der Lage, zwischen Wechselwirkun-
gen von WIMPs und solchen des radioaktiven β- und γ-Untergrunds zu unterschei-
den. Während β- und γ-Strahlung vor allem Energie auf Elektronen der Kristalla-
tome überträgt, führen WIMPs zu Kernrückstößen, inbesondere von Wolframkernen.
Da der Energieanteil des Szintillationslichts typischerweise nur wenigen Prozent der
Energie entspricht, welche im Phononendetektor deponiert wurde, hängt die Diskrimi-
nierungseffizienz des Detektormoduls stark von der Energieschwelle und Auflösung des
Lichtdetektors ab.

Die Lichtdetektoren bestehen aus einem runden (⊘ = 40 mm) Substrat aus Sa-
phir, welches zur Lichtabsorption einseitig, dünn mit Silizium beschichtet ist (Silicon-
On-Saphire, SOS). Die Signale des Lichtdetektors werden mit einem supraleitenden
Phasenübergangsthermometer aus Wolfram ausgelesen. Die Geometrie des Thermo-
meters wird dabei durch große Aluminiumflächen zu beiden Seiten des Wolframfilms
bestimmt, welche Kollektoren für nichtthermische Phononen darstellen. Ein dünner,
schmaler Goldfilm dient ferner zur schwachen thermischen Kopplung an das Wärmebad.
Durch entsprechend lange Relaxationszeiten wird das Signal des Szintillazionslichts in-
tegriert.

Die vorliegende Arbeit erläutert die laufenden Entwicklungen der Tieftemperatur-
kalorimeter, welche zum Nachweis des Szintillazionslichts der CaWO4-Kristalle genutzt
werden. Zunächst wurde der Einfluss verschiedener Ausführungen des Thermometers
auf das Verhalten des Detektors untersucht. Um die Lichtabsorption zu optimieren,
wurde als Alternative zur absorbierenden Siliziumschicht eine supraleitende Bleischicht
getestet.

Die Ergebnisse der ersten Messungen des CRESST-II Experiments mit SOS-Licht-

detektoren werden in dieser Arbeit präsentiert und das Detektorverhalten wird un-

tersucht. Besondere Aufmerksamkeit wurde dabei auf Studien der Empfindlichkeit

und der Energieabhängigkeit der Auflösung im relevanten Bereich gelegt. Signal-zu-

Rausch-Verhältnisse, die verschiedenen Quellen des Rauschens und ihr Beitrag zum

gesamten Rauschspektrum der Baseline wurden für verschiedene Arbeitspunkte des

Detektors analysiert, was letztendlich die Einstellung eines optimierten Arbeitspunk-

tes ermöglichte.



Abstract

The CRESST-II experiment attempts to detect hypothetical Weakly Interacting Mas-
sive Particles (WIMPs), a class of well-motivated Dark Matter candidates, using scin-
tillating CaWO4 cryodetectors. A WIMP interacts in the detector via elastic scattering
off a target nucleus. The energy transferred to the nucleus (a few tens of keV) and
the expected event rate of WIMP-nucleus scattering (less than ten per year and per
kg of detector mass) are extremely low. Hence challenges in a Dark Matter search are
a low energy threshold and a high energy resolution of the detectors as well as a high
efficiency for discrimination between signal and background.
A detector module developed for CRESST-II consists of a scintillating 300 g CaWO4

crystal operated as a cryogenic calorimeter measuring the deposited recoil energy (by
detection of a phonon signal). A second, much smaller cryogenic calorimeter is used
to detect the scintillation light produced in the target crystal in coincidence with the
phonon signal. Measuring simultaneously the phonon and the scintillation light signal,
CRESST-II detector modules are able to discriminate nuclear recoils, in particular
tungsten recoils expected from WIMP interactions, from radioactive γ and β back-
ground processes down to recoil energies of about 10 keV. Since the energy emitted in
the form of scintillation light is typically only a few percent of the energy deposited
in the target crystal, the discrimination efficiency depends strongly on the sensitivity
and the resolution of the detectors which measure the scintillation light yield.
The light detectors have circular (40 mm diameter) silicon-on-sapphire wafers as ab-
sorbers for the scintillation light and are read out by tungsten superconducting phase
transition thermometers. The geometry of the thermometer is characterized by large
Al pads on each side of the tungsten film used for efficient collection of non-thermal
phonons and by a thin film thermal coupling to the heat sink for a relaxation time
long enough to allow for the integration of the scintillation light pulse.
The present work reports on the ongoing development of these cryogenic light detec-
tors.
The effect of different thermometer layouts on the performance of the detector has
been investigated. With the aim to improve the absorption of the light detector sub-
strate, a superconductive lead layer has been tested as an alternative to a silicon light
absorber.
Results of first measurements with the silicon-on-sapphire light detectors in the Gran
Sasso setup are presented and their performance is studied and discussed in detail.
Particular attention is given to the investigation of their sensitivity and of the energy
dependence of their resolution in the relevant signal range. Signal-to-noise ratios and
baseline noise spectra obtained at different operating points have been analyzed, yield-
ing the optimal operation point and the noise components which limit the resolution
of the light detectors.
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Chapter 1

Introduction

According to our present knowledge of cosmology we are living in a flat Universe
which consists of two major components: 72 % is an energy of unknown nature,
named Dark Energy, and 23 % is a non-baryonic matter of unknown identity,
called Dark Matter. The ordinary baryonic matter which is visible to us repre-
sents only about 5 % of the total density of the Universe.
Indirect evidence for the existence of Dark Matter, through its gravitational ac-
tion, is present on all astrophysical scales. Differently, direct evidence for Dark
Matter, through its elastic scattering off nuclei, is still missing despite a consid-
erable experimental effort throughout the world. Candidates for Dark Matter
particles arise from many extensions of the Standard Model of particle physics,
particulary from the concept of Supersymmetry.
This chapter briefly reviews arguments for the existence of Dark Matter and gives
an introduction of the main Dark Matter candidates. Then, a more detailed ac-
count of Weakly Interacting Massive Particles (WIMPs) and the principles of
their direct detection is given.
In the last part of the chapter cryogenic detectors principles and their applica-
tion in direct Dark Matter searches are introduced and a short overview of the
common background sources and the main direct detection experiments is given.

1.1 Dark Matter

Understanding the evolution of the Universe provides an insight into the nature
of Dark Matter. The well established theory for the origin and evolution of
the Universe is the Standard Cosmological Model1 that is based upon the hot
Big Bang. The most important observations supporting the Big Bang Model
are: Hubble’s observation of an expanding Universe, the observed relative abun-
dance of light elements and the discovery of the Cosmic Microwave Background

1More information can be found in text books on cosmology, such as [Boerner, 2003] or in
the Particle Data Group’s reviews [Yao et al., 2006].

1



2 CHAPTER 1. INTRODUCTION

(CMB)[Penzias & Wilson, 1965].
The theoretical framework of the Cosmological Model is based on general relativ-
ity and on the idea that the geometry of space-time is determined by the energy
content of the Universe. The metric of a homogeneous, isotropic and expanding
Universe is described by the Friedmann-Robertson-Walker (FRW) metric

ds2 = −c2dt2 + a2(t)

[
dr2

(1 − kr2)
+ r2

(
dθ2 + sin2 θdφ2

)
]

, (1.1)

where the scale factor a(t) determines the physical size and the constant k char-
acterizes the spatial curvature of the Universe (k = −1, 0, +1 for a spatially
open, flat or closed Universe respectively).
The global dynamics of the Universe is described by the Friedmann equation,
which can be written in the form of a cosmic density sum rule [Garcia-Bellido,
2005]

Ωm + Ωk + ΩΛ = 1 , (1.2)

where Ωm is the cosmological density parameter that describes the matter content
of the Universe, Ωk expresses its curvature and ΩΛ accounts for the contribution
of vacuum energy, which is called Dark Energy or, assuming its spatial uniformity
and time-independence, Cosmological Constant2. The matter density contains
Dark Matter density, baryon density and neutrino density.
The cosmological density parameter of a given component Ωi is defined as the
ratio of its actual density (ρi) to the critical density (ρc)

Ωi ≡
ρi

ρc

. (1.3)

The critical density is the matter density needed for a flat spatial geometry
(k = 0) in the absence of a cosmological constant. For the total energy density
higher than critical, the spatial cosmic geometry is closed (k = 1), while for the
total energy density lower than critical the geometry is open (k = −1).

1.1.1 Observational evidence for Dark Matter

The presence of Dark Matter had a profound influence on the evolution of the
Universe and has observable effects on its present characteristics. This provides
numerous indirect evidences of the existence of undetected Dark Matter on all
astrophysical scales.

2The contribution of the radiation component Ωr to the total density of the Universe today
can be safely neglected [Garcia-Bellido, 2005].
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Cosmological scale and large scale structure

The CMB radiation is the background of photons created in the early Universe.
When the temperature of the expanding Universe decreased below a few eV pho-
tons at thermal equilibrium had no longer sufficient energy to ionize hydrogen
such that and protons and electrons recombined into neutral hydrogen (recom-
bination time). Soon after, the further expansion of the Universe diluted the
density of the remaining free electrons enough that the photons could no longer
interact. Thus the photons decoupled from matter and were free to propagate
without interaction (matter-radiation decoupling). These photons, measured to-
day as CMB radiation, give an image of the matter density distribution at the
time of decoupling. After decades of experimental investigation the CMB is
known to be isotropic with fluctuations at the 10−5 level (see figure 1.1) and
to follow the energy spectrum of a black body corresponding to a temperature
T = 2.725 ± 0.001 K [Mather et al., 1999].
In order to explain how the large scale structures observed today [SDDS, 2008]

Figure 1.1: CMB temperature fluctuations observed by WMAP. The anisotropies of
the CMB are at the level of a few parts in 105. Figure from http://map.gsfc.nasa.gov/.

evolved from the isotropic early Universe, a large fraction of the matter density
is assumed to be weakly interacting Dark Matter, since weakly interacting par-
ticles decouple earlier allowing time for larger density fluctuations to develop.
Radiation and the known baryonic matter alone are insufficient to provide the
adequate growth of the observed structure.
This weakly interacting Dark Matter component is usually divided into Cold
Dark Matter (CDM), corresponding to particles that were non-relativistic at the
time of decoupling, and Hot Dark Matter (HDM) representing relativistic par-
ticles at decoupling. When the Universe became matter dominated and galaxy
formation started, CDM particles were slow enough to be bound in regions of
higher mass density on the galactic scale. Therefore CDM models explain the
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formation of structure in the Universe starting from small-scale structures evolv-
ing to larger scales. On the contrary, HDM relativistic particles would stop only
in very large size overdensities and as a consequence the first structures formed
would be clouds of HDM particles of supergalactic size followed by the infall of
baryonic matter after recombination. HDM models yield therefore to a ¨top-
down¨ scenario where supergalaxies are formed first and galaxy clusters later on
from their internal gravitation. N-body simulations of huge parts of the Universe
showed that a consistent scenario for structure formation results in a substantial
CDM component and a subdominant HDM component [Springel et al., 2005].

Today the analysis of CMB anisotropies enables to accurate testing of cos-
mological models and puts strong constraints on cosmological parameters. The
WMAP 5-year CMB data taken in combination with the distance measurements
from Type Ia supernovae and the Baryon Acoustic Oscillations (BAO) indicate
that the Universe is flat, with Ωtot = 1.0052± 0.0064, and yield the cosmological
densities of different components as shown in table 1.1 [Komatsu et al., 2008].
This combined result indicates that a large fraction of the matter density is due

Description Symbol WMAP+BAO+SN

Dark Energy density ΩΛ 0.721 ± 0.015

Dark Matter density Ωc 0.233 ± 0.013

Baryon density Ωb 0.0462 ± 0.0015

Neutrino density Ωνh
2 < 0.0065(95%CL)

Table 1.1: Relevant cosmological densities of the Universe today and the corresponding
68% confidence intervals for the Standard ΛCDM model (Concordance model) with
Ωtot assumed to be one [Komatsu et al., 2008]. Some cosmological densities are written
in terms of the Hubble parameter h, which is commonly used to express the value
of Hubble constant as H = h · 100 km s−1 Mpc−1 in terms of the present value h =
0.701 ± 0.013.

to non-baryonic Dark Matter. A stringent upper limit on the neutrino den-
sity excludes currently known neutrinos from being a major constituent of Dark
Matter. Moreover observations of large scale structures allow to derive relevant
information on the neutrino contribution to HDM [?], [?].

Galaxy Clusters scale

Clusters of galaxies are the largest gravitationally bound systems in the Uni-
verse and from the observation of the velocity dispersion of galaxies in the Coma
cluster in 1933, Zwicky Zwicky [1933] first inferred the existence of Dark Mat-
ter. Additional evidence comes from the present day observations. The mass
of clusters inferred from their luminosity is much smaller then the mass of the
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entire clusters estimated by applying the virial theorem3, by fitting the measured
X-ray temperatures and luminosity of the hot gas to a model assuming hydro-
static equilibrium or by observing gravitational distortion of light from distant
background galaxies (gravitational lensing). The additional non-visible mass is
interpreted as being due to Dark Matter.

Moreover, the galaxy cluster 1E0657-56, also known as the bullet cluster,
provides direct evidence for the existence of Dark Matter [Clowe et al., 2006].
This cluster is composed of two merging clusters (see figure 1.2). The constituent
galaxies of both clusters interact only gravitationally and, as observed in the op-
tical spectrum, their path is hardly affected by the collision. The intergalactic
gas, which represents most of the clusters mass, interacts electromagnetically
causing it to slow down and fall behind the galaxies, as observed with X-ray tele-
scopes. The cluster mass distribution, measured by weak gravitational lensing,
does not follow the cluster gas but is distributed similarly to the visible galaxies,
as it is expected from weakly interacting Dark Matter.

Figure 1.2: The bullet cluster in the optical spectrum, X-ray spectrum and weakly
lensed. The main cluster is on the left side of each figure and the subcluster on the
right. An overlay of weak lensing mass contours is shown in green in both figures. The
white contour lines indicate 1σ, 2σ and 3σ confidence interval on the mass centers of
the clusters. The left figure shows an optical image of the bullet cluster. The right
figure shows the X-ray image, where the hot gas in the subcluster exhibits a bowed
shock front indicative of an encounters with matter not seen otherwise. The hot gas
centers, marked on the left figure by the blue crosses, are separated from the mass
centers by about 8σ. Figures from [Clowe et al., 2006].

Besides Dark Matter a proposed solution for the observed deviations of bodies
in clusters and, as well, galaxies is MOdified Newtonian Dynamics (MOND)
[Milgrom, 1983]. Nowadays the cold Dark Matter is the most favored solution

3The virial theorem states that in closed system of particles in stable statistical equilibrium
under its own gravitation, the time average of potential energy of the system equals twice the
time average of the total kinetic energy of the particles.
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but its existence does not preclude non-standard gravity.

The Galactic scale

Evidence for Dark Matter on galactic scales comes from observations of the flat
rotation curves4 of spiral galaxies out to large distances from the galaxy centers
(see figure 1.3). This evidence is particulary important for laboratory searches
for direct Dark Matter interactions.
According to Newtonian dynamics, the rotational velocity of the galaxy at radius
r is given by

v(r) =

√

GN M(r)

r
, (1.4)

where GN is the Newton’s gravitational constant and M(r) is the mass enclosed
within the radius r, which is given as M(r) ≡ 4π

∫ r

0
ρ(r′)r′2dr′ with ρ(r′) being

the mass density profile. Beyond the optical disc, the circular velocity should
fall proportionally to 1/

√
r. The observed flat rotational curves at large radii

indicate that M(r) ∝ r and ρ ∝ 1/r2, which is explained with a halo extending
beyond the optical disc.

1.1.2 Cold Dark Matter candidates

Currently, the two leading generic candidates for CDM are: non-thermal axions
and WIMPs (Weakly Interacting Massive Particles).

Axions

Axions are hypothetical light pseudoscalar particles introduced in the attempt
to solve the so-called strong-CP problem of quantum chromodynamics, which
includes in its Lagrangian a CP violating term, which is experimentally limited
to an unnaturally small value [Peccei & Quinn, 1977], [?], [?].
Axions are divided into thermal axions, produced by thermal processes in the
early Universe, which provide a hot Dark Matter candidate analogous to neutri-
nos, and non-thermal axions which are produced as non-relativistic and thus are
a cold Dark Matter candidate. CDM axions have masses between ∼ 1µeV and
∼ 1meV, while HDM axions occupy the higher mass range. The present CDM
axion energy density, that is a decreasing function of the axion mass, compared
to the observed DM energy density implies a lower limit on the axion mass of
about 10µeV. Astrophysics establishes the upper bound on the HDM axion mass
of about 1eV by arguments based on the observations of the cosmological large-
scale structures [?], [?].

4Rotation curves are graphs of rotational velocities of stars and gas as a function of their
distance from the galactic center.
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Figure 1.3: Observed rotation curve for the spiral galaxy NGC6503. The points are
the measured circular rotation velocities as a function of distance from the center
of the galaxy. The dashed and dotted curves are the contribution to the rotational
velocity due to the observed disk and gas, respectively, and the dot-dash curve is the
contribution from the dark halo. Figure taken from [Begeman et al., 1991].

Axion searches are mostly based on measuring its coupling to a pair of photons
due to the Primakoff effect, where a pseudoscalar can convert in an external
electromagnetic field to a single real photon. Among them, the most promising
are the microwave cavity searches for cold Dark Matter axions and helioscope
searches for solar axions, that are produced in the core of the Sun by means of
the Primakoff conversion of the plasma photons. Combination of experimental,
astrophysical, and cosmological limits indicate that CDM axions are likely very
light, mA .10 meV [Yao et al., 2006].

Supersymmetric candidates - WIMPs

WIMPs are hypothetical weakly interacting massive stable neutral particles left
over from the Big Bang. Typically their masses are presumed to be between a
few GeV and a few TeV.
In the early Universe WIMPs are in thermal equilibrium with ordinary particles
and their abundance is proportional to the Boltzmann factor e−m/T , where m is
the WIMP mass and T is the ambient temperature. As the Universe expands
and the temperature becomes smaller than the WIMP mass, the gas of WIMPs,
still in thermal equilibrium, dilutes faster (due to their higher mass) than the gas
of standard model particles. As the Universe expands further, WIMPs become
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so rare that they cease to annihilate and they fall out of equilibrium. From
then on the number of WIMPs per comoving volume, i.e. WIMP relic density,
remains constant. At the time of decoupling WIMP velocities are typically some
appreciable fraction of the speed of light. In order to have the relic WIMP
density in the range of the observed Dark Matter density of the Universe, the
annihilation cross section is expected to be in the order of magnitude of the
typical electroweak interaction cross section.

The best motivated WIMP candidate is the lightest supersymmetric parti-
cle (LSP) which arises in supersymmetric (SUSY) extensions of the Standard
Model. Supersymmetry is a symmetry of space-time that has been introduced in
the process of unifying the fundamental forces of nature. SUSY theories hypoth-
esize the existence of a SUSY partner for each particle of the Standard Model
establishing symmetry between fermions and bosons. They are characterized by
a new quantum number called R-parity, where R = 1 for Standard Model par-
ticles and R = - 1 for SUSY particles. The Minimal Supersymmetric extension
of the Standard Model (MSSM) is minimal in the sense that it contains the
smallest possible field content to give rise and mass to all fields of the Standard
Model. One assumption of the MSSM is the conservation of the R-parity. It
follows that supersymmetric particles can only decay into an odd number of su-
persymmetric particles implying the existence of a stable lightest supersymmetric
particle (LSP), which can only be destroyed via pair annihilation. The LSP in
the MSSM cannot have a non-zero electric charge or color, otherwise it would
have condensed with baryonic matter producing heavy isotopes, in conflict with
observations.
The most general SUSY Dark Matter candidate is the lightest neutralino χ, a
linear combination of the supersymmetric partners of the photon, Z0 and Higgs
bosons.

1.1.3 Direct detection of WIMPs

Astrophysical observations probe the existence of Dark Matter only by its gravi-
tational interaction with ordinary matter. In order to detect Dark Matter par-
ticles directly via their scattering with ordinary matter, a huge effort is being
carried out by many different direct detection experiments.
The basic idea, on which all direct detection experiments are based, relies on the
fact that WIMPs cluster gravitationally with ordinary matter in galactic halos
and therefore must be present in our own galaxy. As a consequence there will
be a flux of these particles on the Earth, making possible the detection of the
interaction of such particles with ordinary matter.
In addition to detecting WIMPs directly, there are methods for the indirect de-
tection by looking for evidence of WIMP annihilations in the galactic halo, in
the center of the Sun or other astronomical regions and methods for detecting
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WIMP candidates in accelerator experiments [Bertone, 2007], in particular at
the Large Hadron Collider (LHC) expected to come into operation soon.
Direct and indirect Dark Matter searches are complementary to the accelerator
searches in the sense that they provide a different set of information related to
the mass, interactions and distribution of Dark Matter. If the collider experi-
ments identify a long-lived, weakly interacting particle which could be a Dark
Matter candidate, they would still need direct or indirect detection of Dark Mat-
ter particle in the galactic halo, with the expected mass to prove its cosmological
stability and abundance. One method alone is not sufficient and the strategy
is to combine all these different methods to conclusively identify the nature of
Dark Matter.

The Local Halo

Experiments attempting to detect the scattering of a WIMP with the material of
a detector placed on the Earth depend on the knowledge of the local density ρ0

and the velocity distribution of Dark Matter particles. Rotation curves, that are
the most important observational quantities, are much better known for exter-
nal galaxies than for the Milky Way due to the position of the Earth inside the
galaxy. Recent measurements of the rotational velocities for radii longer than
the Solar circle (≈8.0 kpc) indicate the existence of a local Dark Matter halo
[Battaglia et al., 2005, Xue et al., 2008].
Using an isothermal sphere model [Binney & Tremaine, 1987] for the Dark Mat-
ter halo, at the position of the Sun the mean density of particles trapped in
the gravitational potential well of the galaxy is expected5 to be ρ0 ≈ 5 ×
10−25 g·cm−3 ≃ 0.3 GeV·cm−3. In this model the local velocity distribution in
the galactic rest frame (the halo is assumed to be non rotating) is Maxwellian

f(v)d3v = (1/v3
0π

3/2)exp(−v2/v2
0)d

3v , (1.5)

where v0 is the local rotational velocity. The velocity distribution of the halo is
truncated at the escape velocity from the galaxy, estimated to be vesc ≈ 650 km·s−1

[Bottino et al., 1997]. In the Milky Way the rotation curve appears to be already
flat at the local position with v0 = 220± 20 km·s−1 [Kerr & Lynden-Bell, 1986].
The velocity dispersion v of the Dark Matter particles in the halo is then given
as v =

√

3/2v0= 270± 25 km·s−1 [Binney & Tremaine, 1987].
To evaluate the WIMP interaction rate on Earth, equation 1.5 has to be trans-
formed to the rest frame of the Earth, which moves through the galaxy with a
velocity vE ≈ 226 km·s−1. Taking into account the motion of the Earth around

5The uncertainty comes from the uncertainty in the measured rotation curve, from the
uncertainty in the dark halo model considered and from the uncertainty in the contribution of
the disk to the rotation curve. A comprehensive numerical study [Gates et al., 1995] results in
the (conservative) range 0.1 . ρ0 . 0.7 GeV·cm−3.
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the Sun with the orbital speed of 30 km·s−1 leads to

vE = v0

{

1.05 + 0.07 cos

[
2π(t − tm)

1 year

]}

, (1.6)

where tm=June 2± 1.3 days 6. This annual modulation of the velocity of the
Earth in the galactic frame produces an event rate variation of about few % over
the course of the year.

WIMP elastic scattering

The observed signal due to the elastic WIMP-nucleus scattering in a detector
is the recoil energy spectrum in the target7. As WIMP velocities are non-
relativistic, the recoil energy Er of the target nucleus due to the WIMP nucleus
elastic scattering is expressed as

Er =
q2

2mN

=
m2

χmN

(mχ + mN)2
v2(1 − cos θ) , (1.7)

where q is the momentum transfer, mN is the mass of the target nucleus, mχ is
the WIMP mass, v is the WIMP velocity and θ is the scattering angle in the
center of mass frame. From equation 1.7 the maximum momentum is transferred
for cos θ= -1, therefore the minimum velocity to get a recoil of given energy Er

is

vmin =

√

ErmN

2µ2
, (1.8)

where µ is the reduced mass (µ = (mχmN)/(mχ + mN)).

Elastic scattering cross section and Form Factor

WIMP scattering off nuclei is commonly discussed in the context of two classes
of couplings. Spin dependent (axial) interactions result from the coupling to the
spin content of a nucleon. The cross section for spin dependent scattering is
proportional to J(J + 1) where J is the spin of the nucleus whereas in the case
of spin independent (scalar) interaction the cross section is proportional to the
number of nucleons. Here only spin independent interaction will be considered8.

6tm is the time relative to January first when the Earth’s orbital velocity achieves maximal
alignment with the Sun’s velocity.

7In the case of inelastic scattering the WIMP interacts with orbital electrons in the target,
either exciting them or ionizing the target. Alternatively the WIMP could interact with a
target nucleus leaving it in an excited nuclear state. In the latter case the signature is a recoil
followed by a photon emission that has to compete with the background.

8A generic WIMP will have both scalar and axial interactions with the nucleus. The total
event rate will therefore be the sum of the event rates for the two interactions.
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When the momentum transfer to the nucleus q is such that the de Broglie wave-
length λ = h/q is bigger than the size of the nucleus (RN ∝ A1/3), a coherent
WIMP interaction with all the nucleons occurs and the cross section is propor-
tional to A2.
For higher momentum transfer or higher A nuclei, the spin independent interac-
tion begins to loose its coherence. The loss of coherence due to the structure of
the nucleus, as the energy of the WIMP and thus the moment transfer increases,
is described by a form factor F (Er), which is defined as the Fourier transform of
the nuclear matter distribution.
The effective cross section can, in general, be written as

σχN = σ0F
2(Er), (1.9)

where σ0 is the zero momentum transfer cross section which contains all depen-
dencies on the specific interaction and for spin independent WIMP interaction is
related to the mass of the target nucleus by the relation [Lewin & Smith, 1996]

σ0 ∝ µ2m2
N . (1.10)

Equation 1.10 implies that, for coherently interacting WIMPs, massive nuclei are
desirable since the interaction cross section scales as the nucleus mass squared.

Scattering rate

The rate of WIMP scatter events expected per unit detector mass is

R =
nχσχN〈v〉

mN

, (1.11)

where mN is the mass of the detector’s nucleus, nχ = ρ0/mχ is the local number
density of WIMPs, σχN is the cross section for the elastic scattering of WIMPs
off nucleus and 〈v〉 is the mean WIMP velocity with respect to the detector9.
Using equations 1.11, 1.9, 1.7 and 1.8 the differential rate per unit detector mass
for the elastic WIMP-nucleus scattering can be written as [Jungman et al., 1996]

dR

dEr

=
ρ0σ0

2mχµ2
F 2(Er)

∫ vesc

vmin

f1(v)

v
dv , (1.12)

where f1(v) is the laboratory velocity distribution, found by integrating over
angles the three-dimensional velocity distribution in equation 1.5.
The total event rate is computed integrating dR over deposited energies between
the detector threshold Ethr and Emax = 2µ2v2

esc/mN .

9When there are several target nuclei species present in the detector, the total rate is given
by a sum of all different target nuclei rates.
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Neglecting for simplicity the motion of the Earth and the WIMP escape velocity
and integrating over angles the Maxwellian velocity distribution of WIMPs in
equation 1.5 to find the distribution f1(v)dv, equation 1.12 becomes

dR

dEr

=
ρ0σ0√

πv0mχµ2
F 2(Er)exp

(

−ErmN

2µ2v2
0

)

. (1.13)

The integration to obtain the total event rate requires the knowledge of the
dependency of the form factor on the deposited energy [Lewin & Smith, 1996].
The event rate is significantly influenced by the mass of the target nucleus and
the WIMP mass.
Figure 1.4 illustrates the effect of changing the target material by showing the
integrated scattering rate for 30 GeV and 300 GeV WIMPs incident on several
prominent target materials.

Experimental requirements

The described characteristics of the WIMP-nucleus elastic scattering determine
the main experimental requirements for direct detection experiments based on
this interaction.
Target mass is needed as high as possible in order to compensate for the small
cross section of WIMP-nucleus elastic scattering. Heavier nuclei benefit from the
A2 elastic cross section scaling, leading to higher interaction rates with WIMPs
(see figure 1.4).
Energy threshold should be as low as possible due to the quasi exponential de-
crease of the signal as a function of the recoil energy (see figure 1.4). The
interaction rate decreases more rapidly with deposited energy for heavier nuclei
due to the more rapid decrease of the nuclear form factor. Thus a low energy
threshold is needed to take advantage of the A2 cross section scaling for heavier
nuclei.
Background has to be highly suppressed and rejected in order to allow a spec-
trum of rare nuclear recoils to be observed. As can be seen from figure 1.4, for
a year of exposure of 1kg target mass, using the standard value of ρ0 and the
WIMP-nucleon cross section of 1×10−44 cm2 only few events are expected.
Background suppression and rejection are particulary important due to the fact
that the sensitivity of a WIMP search is determined by the ability to detect the
WIMP energy spectrum on top of a background spectrum of unknown shape.
For that purpose different experimental strategies have been developed (see sub-
section 1.3).

Signatures for direct detection

Today three experimental signatures are considered feasible for direct WIMP
detection:
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Figure 1.4: The integrated scattering rates on W, Xe and Ge targets per kg and per year
of exposure for WIMP mass of 30 GeV and 300 GeV. The x axis shows the energy threshold
of the integration. For low energy threshold (less than 5 keV), the integrated scattering rate
for W (A=184) is higher than for Xe (A=131) or Ge (A=73) due to the A2 dependence of the
cross section. As the energy threshold increases, the rate drops more rapidly for the heavier
nuclei as elastic scattering processes lose coherence due to the large size of the nucleus. The
cross section for a WIMP scatter on a nucleon is assumed to be 1×10−44 cm2. The standard
value of ρ0, a time averaged value of the velocity of Earth from equation 1.6 and the Helm
form factor were used [Lang, 2008].

Annual modulation of the event rate is due to the motion of the Earth around
the Sun (see equation 1.6). Since the expected amplitude of the modulation is
in the order of few %, only direct detection experiments based on this signature
need large statistics.
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Up to the present days only one experiment has exploited the possibility to de-
tect Dark Matter using this signature. The DAMA experiment reports an annual
modulation in the signal ascribing it to Dark Matter [Bernabei et al., 2008]. How-
ever this is not compatible with the observations of other experiments.
Detector material dependence (see equation 1.13 and figure 1.4) results in differ-
ent WIMP rates and spectral shapes for different target materials. Experiments
that use different target materials in the same setup and have a positive signal
exceeding the expected background could identify the WIMP signal by compar-
ing rates and spectra.
Diurnal modulation of the event directional distribution is due to the rotation
of the Earth about its axis. In a direction sensitive detector a daily directional
periodicity is expected due to rotation in the WIMP flux expected to primar-
ily come from one direction. The experiments aiming at measuring the recoil
direction are still in the development phase and the most sensitive experiments
nowadays measure only the recoil energy.

WIMP exclusion limits

The difficulty of direct detection experiments in measuring the WIMP interaction
cross section arises from the fact that for a given WIMP mass only the shape
of the expected energy spectrum is known whereas the normalization has to
be determined experimentally in the presence of background contributions of
unknown shape.
To set an upper limit for the cross section the value of σ is varied until the
resulting theoretical event rate becomes incompatible with the observed event
rate and this is done for all possible WIMP masses (mχ). Any set (σ, mχ)
of the parameter space which produces a theoretical event rate exceeding this
limit is then excluded to a given confidence level (usually 90% CL) without any
assumption on the background shape. As a first step in the calculation procedure
the theoretical WIMP recoil spectrum for a given mass has to be convoluted
with the experimental resolution and then compared with the observed spectrum
applying criteria that would produce 90% CL exclusion limits. Different criteria
for deciding the compatibility of expected and observed spectra have been applied
by the various experiments ([Green, 2002], [Tovey et al., 2000], [Angloher et al.,
2002], [Yellin, 2002]).
Since various target nuclei are used in direct WIMP searches, in order to facilitate
comparison of results, the quoted cross section limit is typically normalized to a
single nucleon (see figure 1.8).
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1.2 Dark Matter searches with cryogenic detec-

tors

A cryogenic detector measures the energy deposited by an incident particle, in-
dependent of the type of interaction, through the consequent temperature rise.
The second generation of cryogenic detectors developed for Dark Matter searches
measure additionally one more quantity (charge or light) that depends strongly
on the interaction type. Simultaneous measurement of the two signals allows to
distinguish event by event nuclear from electron recoils. This feature, combined
with a low energy threshold and very good energy resolution, is the main ad-
vantage of cryogenic detectors for the detection of low energetic nuclear recoils
resulting from a WIMP interaction.

1.2.1 Cryogenic detector principle

Basic model

A cryogenic detector (figure 1.5) consists of an absorber with a heat capacity
C, a thermometer and a weak thermal link with a thermal conductance G to
the heat bath of infinitive heat capacity. In thermal equilibrium the absorber
temperature T (t) is equal to the bath temperature Tbath. If an incident particle

Pradiation Plink

C, T Tbath

Heat bathRadiation Thermal link

G

Thermometer

Absorber
+

Figure 1.5: Schematic view of a cryogenic detector. An absorber with a heat capacity
C at a temperature T is connected to a heat bath at temperature Tbath through a
weak thermal link . An incident radiation of power Pradiation heats up the absorber,
which then cools down via a thermal link transmitting power Plink to a heat sink. The
temperature rise is measured by a thermometer.

hits the absorber and deposits an energy E the temperature of the absorber
rises and then cools back to the bath temperature via the thermal link. The
temperature rise, proportional to the deposited energy (∆T ∼ E/C), is measured
by a thermometer.
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The total power flow through the detector can be written as

Pradiation = C
dT (t)

dt
+ Plink , (1.14)

where the incoming power Pradiation causes a temperature rise above the bath
temperature and leads to a power flow Plink from the absorber to the bath.
In the simplified case where the incoming particle deposits the energy instan-
taneously, then the incoming power is given by Pradiation=Eδ(t). The power
flowing out of absorber through the weak link into the cold bath can be written
as Plink (T (t), Tbath) = G ·(T (t)−Tbath). The thermal equation 1.14 is then given
by

Eδ(t) = C
dT (t)

dt
+ G · (T (t) − Tbath) . (1.15)

It follows that the time development of the detector temperature is described by

T (t) =
E

C
e
− t

C
G + Tbath . (1.16)

The detector temperature returns exponentially to its equilibrium value Tbath,
where the time constant of decay is given by the ratio of the heat capacity of the
detector and the thermal conductance of the thermal link.
The temperature signal in the calorimeter, as seen in equation 1.16, is inversely
proportional to the heat capacity. Due to the temperature rise of the heat capac-
ity (linear for metals and cubic for dielectrics or semiconductors), the sensitivity
of a calorimeter of any absorber material is greatly enhanced at low temperatures.

Absorber

The choice of the absorber depends on the nature of the incoming radiation and
is at the same time constrained by requirements related to the experimental tech-
nique10. An ideal absorber should completely absorb the incoming radiation and
quickly convert all the deposited energy to heat. The transfer of the heat to the
temperature sensor should be without losses which can be realized in many dif-
ferent schemes depending on which excitation of the absorber is used (electrons,
phonons, quasiparticles).
In cryogenic direct Dark Matter searches dielectrics and semiconductors are used
as target material. The small cross section of the WIMP-nucleus elastic scat-
tering requires the use of high mass target nuclei and of large absorber mass.
As previously mentioned for coherently interacting WIMPs absorbers with very
massive nuclei are desirable (see equation 1.10).

10That means the material has to be suitable as absorber in cryogenic calorimeters (i.e. has
to be heat leak free) and it has to have a high melting point to allow the deposition of thin
films with high melting temperature such as tungsten.
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Thermometer

A thermometer is a sensor which converts a temperature signal into any tem-
perature dependent physical parameter. There is a huge variety of available
thermometers for different cryogenic detectors11. The most common are ther-
mometers measuring the change of electrical resistance with temperature. In the
low temperature region this class includes both standard doped semiconductor
thermometers and superconducting phase transition thermometers (SPT), also
called superconducting transition edge sensors (TES).
In semiconductor thermometers doped below the so-called metal-insulator tran-
sition (MIT) the charge transport takes place by phonon-assisted tunneling be-
tween impurity sites. In this regime the resistance shows a strong temperature
dependence [Mott & Davies, ????]

ρ = ρ0 exp(T0/T )n , (1.17)

where ρ0, T0 and n are material parameters depending on the doping. Neutron
transmutation doped (NTD) germanium thermometers are frequently used in
cryogenic experiments since their uniformity12 and reproducibility facilitates the
construction of large arrays of detectors. An alterative to NTD films are thin
film sensors in the MIT, e.g. NbxSi1−x alloys exhibit a metal-insulator transition
at a composition which depends on the manufacturing process. Over a limited
temperature and composition range, the resistivity is well-described by equation
1.17.
An SPT consists of a thin film stabilized in the transition range from the normal
to the superconducting phase, where a small temperature rise leads to a large
increase in resistance. The temperature-to-resistance conversion factor of SPT
can be more than an order of magnitude higher than that of semiconductor ther-
mometers. This allows a smaller detectable energy but has the drawback of a
lower saturation limit given by the narrow temperature range of the transition.
SPTs can be produced with the use of elemental superconductors, proximity mul-
tilayers and magnetically doped superconductors. There are 18 elements with
bulk transition temperature below 2 K. Among them, α-W (α-tungsten13) is the
most appropriate since it has a rather low transition temperature (Tc ∼ 15 mK),
but still achievable with conventional dilution refrigerators. In many cases thin
films do not have the same Tc as the bulk material and show a dependence

11A comprehensive review of cryogenic particle detectors can be found in Enss [2005].
12NTD-Ge is obtained by irradiation of Ge with thermal neutrons, which induce nuclear

reactions on the various target isotopes leading to the formation of n- and p-dopants. Since
the isotope distribution is homogenous, the resulting doping is uniform.

13Thin tungsten films can exhibit one or two crystal structures: α-W, which is the stable
crystal structure, and β-W, which is the metastable configuration. The transition temperature
of pure α-W films is about 15 mK, while for pure β-W films transition temperatures range from
1 K to 4 K [Lita et al., 2005].
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on the deposition and processing parameters which allows ¨tuning¨ the Tc. In
proximity multilayers a composite superconductor is formed by depositing layers
of both a superconductor and a normal metal. With layers thinner than the
superconducting coherence length14, the composite film exhibits a reduced tran-
sition temperature compared to the superconducting film. This effect, known
as proximity effect, has been first applied in Ir/Au bilayers [Nagel et al., 1993].
Proximity multilayer SPTs are widely used due to their transition temperature
tunability in a wide temperature range (tens to hundreds of mK) with chang-
ing the thickness ratio of the individual layers. Another technique to adjust the
transition temperature is magnetic doping of elemental superconductors, first
demonstrated with the suppression of Tc in thin tungsten films by implanted
iron ions [Young et al., 1999].

Low temperature calorimetric measurements (with a dielectric or semicon-
ducting absorber) are performed in two rather different phonon collection modes,
depending on the choice of the thermometer. In the literature they are referred
to as equilibrium and non-equilibrium mode. After a particle interaction with
the absorber the deposited energy is shared between the electron and the phonon
system. Depending on the absorber material, thermal equilibrium between ther-
mometer and absorber needs some time to be established. Equilibrium thermal
detectors measure the temperature rise in the absorber after the non-thermal
phonons have reached thermal equilibrium within the absorber. In this case the
temperature rise is determined by the total heat capacity of absorber and ther-
mometer. In non-equilibrium mode the non-thermal phonons, that are quickly
distributed within the absorber volume, are collected by the thermometer be-
fore they are thermalized. In the thermometer they cause a temperature rise
corresponding to the heat capacity of the thermometer only. This is the dom-
inant part of the signal while an additional component due to the thermalized
phonons shows up as a small superposition. Non-equilibrium cryogenic detectors
are faster compared to equilibrium devices, but can show a position dependence
of the signal. Detectors with SPTs or thin MIT films are sensitive to non-thermal
phonons, while detectors measuring the phonon signal in the thermal regime are
equipped with NTD thermometers. In Dark Matter searches non-equilibrium
detectors are more commonly used since they allow for larger absorber volumes.

1.2.2 Motivation for cryogenic detectors

Cryogenic detectors for Dark Matter detection have been developed by many
groups [Chardin, 2004]. The main motivation for their application is the possi-
bility to measure a very small energy deposition that is the only signal expected

14The coherence length ξ represents the distance over which the number density of the
superconducting electrons changes, and is a measure of the intrinsic non-local nature of the
superconducting state
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from coherent WIMP interactions.
The excellent sensitivity of cryogenic detectors is mostly due to the decrease of
the heat capacity at low temperatures combined with a decrease of the noise.
Furthermore the fraction of energy, deposited by the WIMP-nucleus elastic scat-
tering in form of heat (≈ 70% to ≈100%) compares favorably to that in form
of ionization (≈30%) and scintillation light (few %). In addition, cryogenic de-
tectors measure the heat that is carried by phonons, the excitation energy of
which (typically meV) is roughly three of four orders of magnitude lower than
that of electron-hole pairs in semiconductor detectors or scintillation photons in
scintillators. For this reason the reachable recoil energy thresholds in cryogenic
detectors are smaller and ¨quantum noise¨ is negligible. Energy thresholds be-
low 1 keV of recoil energy have already been achieved with massive cryogenic
detectors in Dark Matter searches [Angloher et al., 2002].
The theoretical limit of the energy resolution of cryogenic detectors is primarily
determined by the thermodynamical fluctuations in the energy content of the
detector. The full width at half maximum of the energy distribution is given by

∆EFWHM ≈ 2.35
√

kBCT 2 , (1.18)

where kB is the Boltzmann constant, T is the operating temperature and C is
the appropriate heat capacity of the detector15. As an example, a calorimeter
with typical heat capacity of 1pJ/K at an operating temperature of 15mK has
∆EFWHM ≈ 1eV .
Another advantage of cryogenic detectors in Dark Matter searches is the large
choice of different absorbers that would allow to identify a possible WIMP signal
by comparing rates and spectra in different target materials.

Cryogenic detectors with background rejection capabilities

The main limitation of cryogenic detectors is due to radioactive background
events which superimpose the spectrum of WIMP induced events. Cryogenic
detectors can not discriminate between them since they measure an energy de-
position and no further characteristics of the incoming radiation. Thus only
statistical rejection can be used to discriminate the background.
A statistical estimate of a possible WIMP contribution to a measured energy
spectrum can be made by comparing the overall distribution of all observed
events to the expected distributions due to the various backgrounds. How-
ever, this is limited by the statistical uncertainties on the number of signal
and background events and by systematic uncertainties of the expected distribu-
tions. Optimal statistical rejection requires well-identified types of background

15As explained in subsection 1.2.1 for detectors measuring, non-thermal phonons the ther-
mometer heat capacity determines the temperature signal, while for detectors measuring ther-
mal phonons the total heat capacity has to be taken into account.
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and strongly depends on the theoretical predictions about the signal induced
by WIMPs. Experiments using statistical rejection, after some measuring time
will be limited by systematic uncertainties and are not sensitive to Dark Matter
signals much smaller than the background.

A more effective method of background rejection is from the possibility to
measure simultaneously more than one signal for energy deposition, where the
different channels refer to the various forms of detector excitations like phonons,
free charge due to ionizations, photons or quasi-particles. Simultaneous mea-
surement of two channels allows to discriminate between electron recoil events,
expected from γ and β radioactive background, and nuclear recoil events induced
by neutrons or WIMPs.
The ionization detection channel can be employed in ”active” semiconductor
absorbers applying a electrical drift field and read out electrodes. Incident ra-
diation ionizes atoms and the charge collected on the electrodes is a measure of
the amount of energy leading to ionization. A photon, for example, entering a
detector interacts with bound electrons. The energy transfer leads to electron
recoils with a range of the order of the µ m and possibly produces secondary
electrons. Differently, neutrons interact with a nucleus the recoil range of which
is only of the order of nm and a substantial part of the energy is transferred
directly into the lattice. Therefore, there is a different ionization efficiency for
electron recoils and nuclear recoils that is usually expressed as the quenching
factor. The ionization quenching factor has been defined as the ratio of the
number of the charge carriers produced by a nuclear recoil to that produced by
an electron recoil for the same deposited energy.
To exploit the photon detection channel, scintillating crystals are used as ab-
sorbers. A particle interaction inside such a crystal excites mainly phonons,
but a small amount of the deposited energy is converted into scintillation light
in the luminescent centers of the crystal. Nuclear recoils produce less scintil-
lation light than electron recoils. This is due to a different ionization density
between electron and nuclear recoils, that translates into a different scintilla-
tion efficiency. For an electron, the specific energy loss is small and the spacing
between successive ionizations is several molecular distances, so the interaction
between ionization sites is negligible. For a recoiling nuclei, the specific energy
loss is large and the high density of ions lead to overlapping excitations and a
reduced light emission16. The scintillation quenching factor is defined as the
ratio between the light produced by an electron recoil and the light produced by
a nuclear recoil for the same deposited energy17.

16The mechanism of the energy transfer to the luminescent centers is quite complex. More
information can be found in Birks [1967].

17There is no unified definition of the quenching factor as used in Dark Matter search ex-
periments. Ionization quenching factor and scintillation quenching factor are inversely propor-
tional. In the next chapters the definition of the scintillation quenching factor will be used.
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Another approach for background rejection is based on a possibly different
pulse shape for nuclear recoil and electron recoil events. For instance, in many
scintillators the decay time of light pulses due to nuclear recoils is different from
that due to electron recoils. Thus some experiments exploit the additional infor-
mation from the decay times of the signals. Although being powerful, the pulse
shape discrimination (PSD) technique at low energies, due to the limited resolu-
tion and discrimination power, allows only for a statistical background rejection.

Due to the efficient background rejection of the γ and β interactions on an
event-by-event basis down to low energy recoils (∼ 10 keV ), most of the direct
WIMP detection experiments nowadays use detectors with a combined measure-
ment of two signals. In the last section a short description of the main WIMP
direct detection experiments with background rejection techniques will be pre-
sented.

1.2.3 Sources of background

Rare event searches are limited by radioactive background signals due to cosmic
rays, natural and induced radioactivity. Various techniques are applied to obtain
a suppression of background, like passive suppression with appropriate shielding
installed, veto system or already mentioned active suppression with two signals
combined. An extensive overview of background and shielding concerns for low-
background experiments can be found in Formaggio & Martoff [2004].

Cosmic rays

Cosmic radiation at sea level is composed of about 70% muons, nearly 30% elec-
trons and less than 1% protons and neutrons. Muons represent the most pene-
trating component. Approximately 109 cosmic muons pass through the Earth’s
surface per square meter and per year. Effective shielding against cosmic radi-
ation and radioactivity at the Earth surface is achieved by installing the exper-
imental setup in a deep underground site. In the most prominent underground
laboratories the sea level muon flux is reduced by a factor varying from 104 to
107 (see figure 1.6).
Muons contribute to the detector background in different ways. They cause ion-
ization in traversing the detector or produce energetic electrons, which induce
secondary electrons and gamma radiation. These events can be rejected with
the active background discrimination technique. Muons also generate neutrons,
gamma radiation and radioactive isotopes through spallation processes. Neu-
trons are of a major concern in direct Dark Matter searches as they produce
nuclear recoils similar to those produced in WIMP collisions. The secondary
neutrons produced by high energy muons interacting in the shielding material
or in the detector itself can be tagged by surrounding the shield with a muon
detector (active veto). Veto efficiencies of 99% can be achieved such that this



22 CHAPTER 1. INTRODUCTION

Soudan
Kamioka

Gran Sasso
Baksan/Frejus

Mont Blanc

Sudbury

0 2000 4000 6000 8000
100

101

102

103

104

105

106

 

 
M

uo
n 

fl
ux

 [m
-2

 y
-1
]

Depth [m.w.e.]

Boulby

Figure 1.6: Cosmic Muon flux at some of the large depth underground laboratories.
The depth is given in meters of water equivalent. Figure adapted from [Koshiba, 1992].

background should not limit an experiment. On the contrary, the secondary
neutrons produced by high energy muons interaction in the nearby rock, which
are not necessarily in time coincidence with the incident muon, are not easily
tagged and rejected. Passive neutron shields made of materials with a high den-
sity of hydrogen, such as polyethylene or water are used to moderate and (in
combination with absorbers for low energy neutrons) absorb such muon induced
neutrons. Neutrons produced by cosmic muons in the detector vicinity may
represent a limiting background that only deeper experimental sites can reduce.

Environmental radioactivity

Environmental radioactivity consists of cosmogenic radionuclides, primordial ra-
dionuclides and man-made radioisotopes.
Cosmogenic radionuclides are produced by the interaction of cosmic rays with
atoms in the atmosphere through spallation processes or neutron capture. The
most relevant ones are: 3H, 14C, 7Be and 22Na. Primordial radionuclides are
long-lived isotopes originating mainly from the star remnants that formed the
Solar system. The most important ones are 40K, 87Rb and those belonging to
the natural radioactive chains of 238U and 232Th. 40K and 87Rb are β beta emit-
ters with a half-life of ≥ 109 y. Uranium and thorium are usually present in
nature with an abundance ranging from a few to several tens of ppm (parts per
million), depending on the type of rocks. Among the man-made radionuclides,
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mainly originating from nuclear fallout, the most important ones are the β emit-
ters 90Sr and 137Cs with half-lifes of 28.5 y and 30.2 y, respectively.
The environmental γ activity is mainly originating from the the radioactive iso-
topes present in the rock around the underground laboratory and in the walls
of the laboratory. The γ sources are primarily the 238U and 232Th decay chains,
with photon energies up to 2.6 MeV and 40K, which emits a 1.46 MeV photon.
The shielding is achieved by surrounding the detector with thick walls of absorb-
ing material. High Z materials are very effective for stopping γ rays with energies
in the MeV range. Typically lead shielding is used to reduce γ background. In
addition the inner part of lead shielding is made of lead with low content of
210Pb (T1/2=22y) to reduce the contribution from bremsstrahlung (from 210Bi β
decay). The innermost shielding is made from radiopure copper to shield the
radioactivity from the lead.
In addition to muon induced neutrons, other sources for neutrons are spontaneous
fission and (α,n) reactions due to natural radioactivity of the rock or residual
radioactivity of the shielding material. The secondary neutrons produced in the
rock are moderated with low Z material shields. Residual radioactivity of the
shielding and especially of all the parts inside the shielding, like detectors them-
selves and the surfaces facing them, is kept low with the use of intrinsically high
purity materials and controlled manufacture that excludes intentional or acciden-
tal contamination. In order to prevent cosmic activation, all parts which belong
to the innermost part of the shielding are stored underground in a clean room
environment when not in use. Additionally, the storage place is kept at slight
overpressure and flushed with a radiopure gas to avoid any further contamination
(like radon).

Radon

A special treatment is needed for gaseous 222Rn originating from 226Ra α-decay
(238U decay chain) which is widely present in rock and soil. Due to its long life
time (T1/2=3.8d), 222Rn is normally found in the air and groundwater, being de-
gassed from materials containing radium. Therefore radon can be deposited on
the surfaces of detectors or in their vicinity, while its daughters can be implanted
even slightly below the surfaces by the parent decay. This background contami-
nation is considered the most problematic one for Dark Matter experiments. A
common contaminant originating from radon is α-archived 210Po

210Po → 206Pb + α . (1.19)

The 206Po nucleus is left with an energy of 104 keV, while the α carries 5.3 MeV.
When the 210Po on the surface of detector or in its vicinity decays, it can occur
that the α moves away from detector while the 206Pb nucleus enters the detectors
and deposits an energy of ∼ 100 keV (see picture 1.7). Without additional energy
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Figure 1.7: 210Po contamination of the detector and surrounding material. In a
process where polonium decays with the α moving away from the detector and the
206Pb nucleus going into the detector, only the recoil energy of the heavy lead nucleus
(∼ 100 keV) is detected. Depending on the exact position of 210Po nucleus this energy
deposition can be &100 keV if the mother nucleus is inside the detector and there is
a partial contribution of the α or <100 keV if the decay occurs on the surface of the
surrounding material and the lead nucleus looses energy on the way to the detector.

deposition from α this heavy nucleus recoil can not be easily distinguished from
a WIMP interaction.
There are two particular situations which can occur depending on the position
of the decaying 210Po nucleus. When the 210Po is implanted on the surface of
the detector, the escaping α looses some energy inside the detector leading to an
energy deposition &100 keV. Conversely, if the 210Po is implanted on the surface
of the surrounding material the nucleus looses some energy on the way to the
detector and deposits energies <100 keV. These events can extend down to the
interesting energy range and mimic a WIMP event.
The activity due to 222Rn and its daughters can be efficiently reduced and con-
trolled the entire shielding hermetically and by maintaining a slight overpressure
inside by flushing it with a radon-free gas.

1.3 Direct searches with active background re-

jection

The ongoing direct Dark Matter searches can be divided into experiments with
and without active background discrimination18.
Non-discriminating experiments are the first ones that have searched for Dark

18For a detailed description of direct detection experiments past, present and future see
[Enss, 2005][Gaitskell, 2004][Chardin, 2004].
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Matter evidence. In the past their sensitivity was limited by the residual back-
ground. Currently these experiments are developing large scale detectors with
self shielding and position reconstruction that will allow a better suppression of
the background. Additionally the radiopurity of the setup is constantly being
improved.
Discriminating experiments, which make use of the combined detection of two
channels (charge-phonon, light-phonon or light-charge), show much better back-
ground discrimination on an event-by-event basis. Today they have achieved
the best sensitivity for direct Dark Matter search. A considerable number of
discriminating experiments makes use of cryogenic detectors. Apart of them,
discriminating experiments with liquid noble gases have shown promising sensi-
tivity. Worth mentioning is also an attempt to utilize a bubble chamber filled
with a superheated heavy liquid (CF3I) for Dark Matter detection [Behnke et al.,
2008].

1.3.1 Charge-phonon detectors

Charge-phonon detectors provide active background discrimination by simulta-
neous detection of phonon and charge signals. These detectors, operated at
sub-kelvin temperatures, are equipped with temperature sensors measuring the
heat deposited due to a particle interaction. Additionally, ionization charges
(∼ 1/3 of the deposited energy) are drifted by applying an electrical field to thin
film electrodes on the detector surface giving rise to a charge signal. The charge-
phonon technique restricts possible targets to semiconductor materials, of which
high intrinsic purity germanium and silicon are the most commonly used ones.
As previously mentioned, the discrimination between electron recoils and nu-
clear recoils is based on their different ionization efficiency (also called ionization
yield). The ionization efficiency in Ge (Si) for nuclear recoils is typically about
a factor of 4 (3) lower than for electron recoils and depends on the deposited
energy19 [Simon et al., 2003]. The charge-phonon detectors presently show dis-
crimination efficiencies against γ and β background of > 99.9% down to recoil
energy of ∼ 10keV [Chardin, 2004].
Incomplete charge collection for the electron recoil events occurring very close
to the surface of detectors is a problem for the detectors since these events can
mimic the reduced ionization efficiency of nuclear recoil events. One of the ways
to decrease the dead surface layer is by improving electrode/absorber surface

19The ionization yield for electron recoil events shows only a slight energy dependence in the
relevant energy range (0 - 100 keV).
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with intermediate amorphous layers20. A similar degradation of the charge sig-
nal occurs when charge carriers are trapped on impurities within the bulk of the
detector. To prevent this, the impurity sites need to be kept neutral. This is
achieved by exposing the detectors to photons of energies slightly higher than the
gap of the semiconductor producing electron-hole pairs. Without external elec-
trical field, electron-hole pairs diffuse through the volume of the detector and fall
into impurity traps, neutralizing them. In addition, to avoid the accumulation
of space charge during detector exposure to radiation, a regeneration process is
periodically required.
CDMS21 [CDMS Collaboration, 2008] and EDELWEISS22 [Sanglard et al., 2005]
are two experiments using the charge-phonon technique.

The CDMS-II experiment, located at the Soudan mine, operates Ge and
Si cryogenic detectors designated as Z (depth)-sensitive Ionization and Phonon
(ZIP) detector. ZIP detectors are cylindrically shaped (mGe=250 g,mSi=100 g)
and equipped with two concentric ionization electrodes and four SPTs. The
SPT thermometer consists of superconducting W films with Fe ions implanted
for optimizing the transition temperature (∼ 70 mK) and with additional super-
conducting Al fins for improved phonon collection. These thermometers detect
the non-thermal phonons from particle interactions on time scales of ∼ 1-100 µs.
The combined timing and relative amplitude information of the four SPTs are
used to reconstruct the event location in x-y plane (parallel to phonon sensors)
with a resolution of ∼1 mm. This information is used to improve the energy
resolution by correcting for the position dependence of the phonon signal.
The phonon signal of an event occurring near the surface is faster than of an
event away from the surface23. Thus the rise time of the phonon signal as well as
the time difference between the charge and phonon signals are used to discrimi-
nate between bulk nuclear and surface electron recoil events at the expense of an
energy-dependent fiducial volume cut. According to Akerib et al. [2005] surface
events are rejected by this ”timing parameter” cut with > 96% efficiency, while
over one half of all nuclear recoil events are kept. In addition, statistical sub-
straction of neutron background can be achieved by comparing the interaction
rates and recoil spectra shapes in two different target material (Ge and Si).

20Incomplete charge collection occurs when charge carriers diffuse, against the electric field,
to the opposite electrode. This effect can be reduced significantly by the addition of a thin
layer of amorphous Si to the surface of the detector. This provides a barrier against charge
diffusion away from the collecting electrode [Shutt et al., 2000].

21Cryogenic Dark Matter Search.
22Experience pour DEtecter Les Wimps En Site Souterrain.
23For events occurring sufficiently near the surface of the crystal, the interaction between

the initial quasi-diffuse phonon population and the metal films results in a very rapid down-
conversion of the phonons into the ballistic regime [Akerib et al., 2005].
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The most recent published results from the CDMS-II experiment are from com-
bined data collected between 2003 and 2007 with a total exposure of 174.7 kg d
for the Ge target [CDMS Collaboration, 2008]. Two nuclear recoil events are
present in the 10-100 keV range in agreement with the expected background
from residual surface events. Based on these data, a 90% C.L. upper limit on
the spin-independent WIMP-nucleon cross section in Ge of 4.6×10−8 pb for a
WIMP mass of 60 GeV/c2 has been obtained [Ahmed et al., 2008]. The experi-
ment shows the best sensitivity in the WIMP mass region above 40 GeV/c2 (see
figure 1.8).
The CDMS collaboration is presently preparing a SuperCDMS-25 experiment at
SNO-Lab with new 2.5 cm thick ZIP detectors [Akerib et al., 2008], lower back-
ground rates, improved background rejection and advanced timing analysis.
The EDELWEISS-II experiment, in the Modane underground laboratory, op-
erates cylindrical germanium (m=320 g and 400 g) charge-phonon detectors at
∼ 20 mK. A thermal phonon signal is detected with glued NTD temperature
sensors on the time scale of ∼ 100 ms. A ionization signal (time scale ∼ 50 µs) is
simultaneously collected on Al-sputtered electrodes polarized with a few Volts.
For thermal phonon signals there is neither a position dependence, no timing
information that could be used to discriminate surface events. To reject surface
events the collaboration has developed a new fast phonon readout scheme based
on NbSi films which show large differences in pulse shape depending on the in-
teraction depth [Marnieros et al., 2008]. Another approach for discrimination of
surface events are Ge/NTD detectors with special electrodes consisting of par-
allel stripes (instead of classical disk-shaped electrodes) that allow to infer the
depth of an event from a comparison of the ionization signals on the different
strips [Broniatowski et al., 2008].
The last published results [Sanglard et al., 2005], shown in figure 1.8, represent
a total exposure of 62 kg d (collected between 2000-2003). The data show 40
nuclear recoils between 15 and 200 keV, that are compatible with a leakage of
surface electron scatters and a residual neutron background. EDELWEISS-II, af-
ter a significant upgrade including a new cryostat, new detector, electronics and
DAQ, is running 28 detectors (Ge/NTD and Ge/NbSi) with the aim to reach
a sensitivity to WIMP-nucleon cross section of ∼ 10−7 pb for a WIMP mass of
100 GeV/c2 in 2008 [Chantelauze, 2007].

1.3.2 Light-phonon detectors

Light-phonon cryogenic detectors measure simultaneously scintillation light and
phonons providing another technique to discriminate nuclear recoils from elec-
tron recoils. The absorber (phonon detector) consists of a scintillating dielectric
crystal equipped with a temperature sensor (SPT or NTD) for detecting the heat
signal. In a scintillating crystal a particle interaction mostly excites phonons, but



28 CHAPTER 1. INTRODUCTION

a few percent of the deposited energy is emitted as scintillation light. Photons
escaping from the crystal are absorbed in a separate detector (light detector).
Since conventional photodetectors are not suitable at very low temperatures24, a
light detector consists of a calorimeter, which is read out by a thermometer with
a very small heat capacity to allow the detection of the small number of emitted
photons. Besides commonly used germanium and silicon thin wafer absorbers,
thin crystal wafers covered with an absorber film (like silicon-on-sapphire sub-
strates) matched to the scintillation light spectrum have been developed. The
heat produced by the absorption of scintillation light in the light detector is de-
tected with SPT or NTD thermometers. In order to enhance the light collection
efficiency both detectors are enclosed in a highly reflective housing.
The active background discrimination technique, which is based on the different
scintillation efficiencies of nuclear and electron recoils, works with many scintillat-
ing crystals (BGO, BaF2, PbWO4, CaWO4, ZnW04, doped Al2O3) light output
of which has been studied at low temperature [Meunier et al., 1999][Bavykina
et al., 2008][Luca, 2007]. Thus, a variety of different targets materials for WIMP
interactions is available. An important difference to charge-phonon detectors is,
that there are several target nuclei present in the absorber and the response of
each recoiling nucleus must be taken into account. For CaWO4 systematic spe-
cific studies of the scintillation quenching factor for different recoiling nuclei as
a function of temperature and energy are already under way, whereas for other
scintillators, such investigations still have to be carried out. Another relevant
characteristic of the light-phonon detectors is no significant surface effect for
electron recoil interactions, meaning that surface and bulk events have the same
quenching factor [Angloher et al., 2005].
The light-phonon technique shows comparable background discrimination effi-
ciency for electron recoil events as the charge-phonon technique. The main chal-
lenge is the detection of the small energy fraction that is converted to light.
Presently two experiments are probing WIMP cross sections with the light-
phonon technique: CRESST25 [Angloher et al., 2005] employing CaWO4 crystals
and ROSEBUD26 [Calleja et al., 2008] with multi-absorber targets.

The CRESST-II experiment, located in the Gran Sasso National Labo-
ratory (LNGS), employs CaWO4 cylindrical crystals (300 g) and associated sil-
icon or silicon-on-sapphire light detectors of a size matching the crystal size
(φ= 40 mm). Both detectors are read out by tungsten SPT thermometers stabi-
lized at ∼15 mK. The light detector thermometers have additional Al pads for
improved phonon collection. The non-thermal phonons are detected within ∼

24Due to various effects, the detection efficiency of standard photodetectors is notably re-
duced at low temperatures.

25Cryogenic Rare Event Search with Superconducting Thermometers.
26Rare Objects SEarch with Bolometers UndergrounD.
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10 ms and ∼100µs after energy deposition, for phonon and light detector respec-
tively. A scintillating polymeric foil with very high reflectivity27 surrounding the
detectors contributes to an enhanced light collection efficiency. In addition, its
scintillation light due to α particle interactions provides an information to veto
recoils of heavy nuclei induced by α decays of radon daughters (see discussion in
section 1.2.3 and figure 1.7).
For a detailed understanding of the detector response to nuclear recoils of all
constituents, measurements with neutron scattering and ion impingement have
been performed for CaWO4 crystals at room temperature. The results show a
strong dependence of the light output on the mass of the recoiling nucleus. A
quenching factor of ∼ 10 for oxygen recoils and ∼ 40 for tungsten recoils has
been measured [Ninković et al., 2006]. Besides, it has been shown that the light
output for both electron and nuclear recoils are weakly energy dependent in the
relevant energy range from ∼10 keV to 40 keV resulting in the practically energy
independent quenching factor [Moszyński et al., 2005, Bavykina et al., 2007].
Quenching factor measurements for CaWO4 crystals are currently carried out at
mK temperatures with a monoenergetic pulsed neutron source.
The latest published results [Angloher et al., 2005] present the data collected
with one detector module in 2004 and total exposure of 6.2 kg d for tungsten
nuclei. The data show no nuclear recoil events in the region 12-40 keV yielding
the 90% C.L. limit shown in figure 1.8. After a major upgrade which includes
the installation of a neutron shielding, a muon veto system, the mounting sys-
tem and readout for 33 detector modules (66 detectors), the experiment in the
commission phase has been running three detector modules during 2007. The
analysis of the data collected with two detector modules during this commission
phase is in progress. Another run with more detector modules installed has been
started in April 2008.
In the next phase, the CRESST and EDELWEISS collaborations are planning
to cooperate in building a 100 kg to 1 t cryogenic detector EURECA28, based on
the existing technology, but with better background rejection capabilities [Kraus
et al., 2007].

1.3.3 Light-charge detectors

The light-charge detector technique is presently exploited by two-phase liquid
noble gas detectors consisting of a scintillating liquid target and a gas phase
above the liquid. Intrinsic scintillators (neon, argon and xenon) are used as liq-
uid absorbers. The use of liquid absorbers as a target material allows for higher
operating temperatures (22 K for LNe, 87 K for LAr and 165 K for LXe) and an

27The reflectivity of the foil is greater than 98% at the wave length of the CaWO4 emission
peak (∼ 420 nm).

28European Underground Rare Event search with Calorimeter Array.
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easier upgrade to larger masses than possible with cryogenic detectors. A particle
interaction in the liquid noble gas produces excitation and ionization. The relax-
ation of the excited molecules produces prompt scintillation light that is detected
using arrays of photomultipliers (PMTs). Produced electron-ion pairs can recom-
bine and form excitation states which also contributes to primary scintillation
light output. In a high electric field (∼1 kV/cm), part of the ionization electrons
are prevented from recombination and are drifted towards the gas phase. Once
the electrons reach the liquid surface they are extracted into the gas phase by
the presence of a stronger electric field (∼10 kV/cm). Extracted electrons excite
and ionize gas atoms along their path resulting in electroluminescence and in
a multiplication the charges. These secondary photons (proportional light) are
also detected in photodetectors. The delay time between primary and secondary
light, due to the drift time of the electrons, provides information about the depth
(z position) of the event. The x-y position can be inferred from the relative sizes
of the signal in the PMTs. The 3D reconstruction allows geometric fiducial vol-
ume cuts for further suppression of the background.
High performance diffusive reflector housing is used to improve the collection of
the liquid xenon UV scintillation light29. For the far UV light of liquid neon and
argon30, in addition to the reflector, a wavelength shifter is required to provide
a match to the photomultiplier sensitivity spectrum.
In the charge-light technique, both the scintillation and the ionization signals
for nuclear recoils are quenched with respect to electron recoils, but by different
amounts. Therefore the ratio of the two signals can be used for discrimina-
tion between electron and nuclear recoils (nuclear recoils show smaller secondary
to primary signal ratios). Both scintillation and ionization quenching factors
depend on the drift field and on the energy of the recoil. An electron recoil
discrimination efficiency of 98.5% with a 50% nuclear recoil acceptance down
to 20 keV recoil energy has been achieved with a small two-phase LXe detector
[Aprile et al., 2006].
Additional background discrimination is possible by exploiting the shape of the
primary signal where nuclear recoils show faster rise time than electron recoils.
An important challenge for detectors using liquid noble gases is the identification
and suppression of the radioactive contamination of the detector material itself,
such as 85Kr in LXe (25 ppm Kr in natural Xe) or 39Ar in LAr, and of the surface
radioactivity from the container.
Two experiments, XENON10 31[Angle et al., 2008] and ZEPLIN-II32 [Alner et al.,
2007], are using light-charge technique with liquid xenon as Dark Matter target.

29λ =174 nm (Xe)
30λ =85 nm (Ne) and λ = 128 nm (Ar)
31¨ 10¨ designates the LXe absorber mass of the order of 10Kg.
32ZonEd Proportional scintillation in LIquid Noble gases.
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The WARP33 [WARP Collaboration, 2008] collaboration is employing a similar
technique with liquid argon. Future dual phase liquid noble gas experiments are
XENON100, ZEPLIN-III and XMASSII with LXe and ArDM with LAr [Baudis,
2007].

The XENON10 experiment, located in LNGS, has operated a 15 kg dual
phase xenon time projection chamber with 3D position sensitivity. Two arrays
of UV-sensitive PMTs detect both the prompt and the proportional light signals.
The large refractive index of liquid xenon makes it difficult to efficiently detect
the scintillation in a dual phase detector, with light detectors only in the gas
phase, due to total reflection in the liquid-gas interface. Therefore a bottom
array of PMTs is completely immersed in LXe and mainly detects the prompt
light signal, while a top array of PMTs is located in the gas and measures the
proportional light. Self-shielding of LXe, due to its high density (3 g/cm3) and
atomic number (Z=54), reduces the background rate in the central region of
the target by more than one order of magnitude in the relevant energy range.
Combined with 3D position information (σxy ∼ 1 mm, σz < 1 mm) it provides
high background rejection.
The scintillation quenching factor, measured with a tagged neutron beam, for
nuclear recoils with energy between 10.4 and 56.5 keV, was found to be 0.130 ±
0.024 and 0.227 ± 0.016 for the lowest and highest energy recoils, respectively. In
the same experiment the dependence of the scintillation efficiency on the applied
electric field has been measured for 56.5k̇eV nuclear recoils showing a slight
decrease with an increase of the drift field [Aprile et al., 2005]. The ionization
yield of nuclear recoils, here defined as the number of observed electrons per unit
recoil energy, was measured to be between 5.5 and 2.5 e−/keV at a drift field of
2kV/cm in the energy range 10 - 100 keV, showing an increase with a decrease of
recoil energy and exhibiting only a weak field dependence [Aprile et al., 2006].
The collaboration recently published a result for a fiducial mass of 5.4 kg in a
136 kg d exposure showing 10 nuclear recoil events in the energy range 4.5 keV
to 26.9 keV. One group of events is clustered at higher energies and in the lower
part of the fiducial volume and the remainder is statistically consistent with the
leakage from electron recoils. Thus, none of the observed events are likely WIMP
interactions. At present, this experiment gives the most sensitive 90% C.L. upper
limit for the spin-independent WIMP-nucleon cross-section in the lower WIMP
mass region (up to 40 GeV/c2) with a value of 8.8× 10−8 pb for a WIMP mass
of 100 GeV/c2 [Angle et al., 2008]. The very high sensitivity of XENON10, in
particular to low WIMP masses, is mainly due to the very low energy threshold
(∼ 5 keV) (see figure 1.4). LXe dual phase detectors allow for comparatively easy
and cost-effective upgrades to higher masses.
The XENON100 detector with a technique similar to XENON10 and with the

33WIMP Argon Programme.
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target mass of 170 kg is already installed and is presently in the commissioning
phase at LNGS.
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Figure 1.8: The current limits on the spin-independent WIMP-nuclei (normalized per
nucleon) elastic scattering cross section, as a function of the WIMP mass, for several
leading direct detection experiments. The regions above the curves are excluded with
90% C.L.

1.3.4 Perspectives

Direct Dark Matter searches have started to probe interesting regions in the pa-
rameter space predicted by some supersymmetric models, but up to now there
is no solid evidence of Dark Matter detection. At the current stage, these exper-
iments are mainly focused on how to clearly identify a WIMP signal from the
background. The combined results of different target materials with different
signatures appear as the most promising way to verify the existence of WIMPs.
Furthermore, measurement of the WIMP recoil spectrum with a good statistics
would allow to determine the particle mass. However as previously mentioned,
only the combination of different detection techniques: direct, indirect and accel-
erator searches will provide all the different information needed to fully identify
the Dark Matter.
The cryogenic detectors have made significant progress in the last few years.
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Presently their results are among the world’s best exclusion limits for the spin-
independent WIMP interaction (see figure 1.8). The future cryogenic Dark Mat-
ter experiments will face technical challenges and the high cost of a large mass
modular detector. The major tasks are further improvements of the discrimina-
tion power, radiopurity and size of the individual detectors, as well as long-term
stability requirement due to the significant increase of the number of readout
and DAQ channels.
The two phase liquid noble gas detectors have proven to be very successful de-
tectors for direct Dark Matter searches, at present providing one of the best
sensitivities to coherent WIMP interactions. The future liquid noble gas experi-
ments have the advantage of being better suited to extensions to a very massive
detector with a self shielding feature, but they need to prove that the detector
concept still works once the detector is scalled.

Despite all the efforts made in neutron background reduction it seems likely
that the residual neutron flux will be a limiting factor in future setups. There-
fore, the direct Dark Matter experiments have to address the issue of neutron
background identification. The different strategies include the study of the mul-
tiple scatter neutron interactions in an array of densely packed detectors or in
a compact 3D position sensitive detector; comparison of the neutron flux spec-
tra on different target materials or active discrimination of neutron events in
a multitarget scintillating absorber due to their different scintillation efficiency
compared to WIMP induced events.

It is reasonable to expect that in the near future direct Dark Matter searches,
by scaling the target mass up to 100 kg - 1 t, by optimizing the detectors per-
formance and by minimizing residual background contributions, will reach the
sensitivity to probe WIMP cross sections down to a level of 10−9 pb.





Chapter 2

CRESST-II with Light-Phonon
Detectors

The aim of the CRESST experiment is to detect WIMP Dark Matter particles
via their elastic scattering on target nuclei in the absorber of a cryogenic detector.
In this chapter, a characterization of the setup in Gran Sasso and an overview of
the detector module, developed for the second phase of the CRESST experiment,
are presented.

2.1 Experimental setup

The CRESST facility is located in Hall A of the Laboratori Nazionali del Gran
Sasso in Italy. The laboratory is situated in the highway tunnel of the Gran
Sasso mountain at an average depth of about 3500 m.w.e (see figure 1.6) with
a minimum rock overburden of ∼3150 m.w.e. (1400 m). This reduces the cosmic
muon flux by 6 orders of magnitude to about 1µ/hm2 [Cribier et al., 1997].

2.1.1 Cryostat

The central part of the setup for the CRESST experiment at the LNGS is the
cryostat. The design combines the requirements of low temperatures for the op-
eration of detectors with those of low background for the rare events search. A
standard dilution refrigerator is made of various materials which do not necessar-
ily satisfy radiopurity requirements. To avoid any line of sight between detectors
and non-radiopure materials, a low background cold box (experimental volume)
housing the detectors is well separated from a commercial dilution refrigerator,
as shown in figure 2.1. The low temperature of the dilution refrigerator is trans-
ferred to the cold box by a 1.5 m long cold finger.
A 20 cm thick lead shield (Plombum lead with a 210Pb activity of 3.6 Bq·kg−1)
inside a copper can, which transmits the cooling power, is placed between the

35
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Figure 2.1: Schematic view of the CRESST cryostat and passive shielding.

mixing chamber and the cold finger. This shield, combined with another one at
liquid nitrogen temperature surrounding the cold finger, blocks radiation coming
from the dilution refrigerator into the experimental volume. The cold box con-
sists of five concentric radiation shields which surround the experimental volume
and the cold finger: a room temperature vacuum can; a first shield thermally
anchored to the liquid nitrogen dewar of the refrigerator; an inner vacuum can
thermally sunk at the temperature of the liquid helium dewar; two inner radi-
ation shields at 600 mK and 80 mK. The cold finger and the shields are made
of radiopure copper, which has been electro-polished after machining to remove
residual surface contaminations and to reduce the risk of recontamination. High
purity lead is used for vacuum seals [Bühler et al., 1996].
The cryostat rests on air dampers in order to isolate it from external vibrations.
To reduce the effect of vibrations created inside the cryostat by boiling cryogenic
liquids, the detectors in the cold box are mounted onto a spring loaded support
structure (carousel) hanging from the cold finger.
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The whole setup is housed in a three level building (figure 2.2). A two level

Figure 2.2: Cross section of CRESST building. The external passive shielding is
shown in both its open and closed positions.

Faraday cage which surrounds the experiment has been chosen large enough so
that all work on the low-background components can be performed inside this
cage. Furthermore, to provide clean conditions while mounting detectors, the
ground floor of the Faraday cage, housing the cold box and the lower part of the
cryostat, is equipped as a class 100 clean room. The upper level of the Faraday
cage is outside the clean room and allows access to the top of the cryostat and
to the electronics so that maintenance can be done without entering the clean
environment. The gas handling and the pumping system of the cryostat, as well
as the data acquisition system, are located outside the Faraday cage. On the
third floor there is a small chemistry laboratory and a laminar flow area where
detectors are prepared before being mounted in the cryostat.

2.1.2 Background considerations

The activity from a sample of rock from the laboratory Hall A has been mea-
sured and results are reported in table 2.1. The integral gamma flux calculated
for all natural chains is ∼1 γ·cm−2·s−1 [Arpesella, 1992]. As mentioned before,
the gamma ray activity from the rock and concrete of the underground lab can be
suppressed by means of high Z and high density materials like lead and radiopure
materials like copper. The CRESST passive shielding is composed of 20 cm of
Boliden lead with a 210Pb activity of 35 Bq·kg−1 [Bühler et al., 1996] followed by
14 cm of radiopure copper surrounding the cold box that hosts the experimental
volume. This arrangement suppresses gamma rays from the 238U/232Th/210Pb
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Sample γ activity [Bq·kg−1]

232Th 238U 40K 214Bi

Hall A Rock 8.8±0.3 84.7±8.4 224±6 41.9±0.6

Table 2.1: Activity of a sample of rock from Hall A of Gran Sasso underground
laboratory [Arpesella, 1992].

activity in the lead shielding. The shielding is made of two snugly fitting halves
that can be opened without handling the individual pieces.
The entire shielding is housed in an air tight aluminium container (radon-box)
which is constantly flushed with nitrogen gas and maintained at a slight over-
pressure in order to prevent radon from penetrating the shielding. The activity
due to 222Rn and its daughters in the underground laboratory, with the present
ventilation system, is between 10 and 20 Bq·m−3 [Bucci, 2007].
The neutron flux in the Hall A (see table 2.2) mostly consists of thermal neutrons
(E < 1 MeV), which mainly scatter elastically off the target in this way simulat-
ing a WIMP signal. The major part of the neutron flux in the experimental site

Hall A

Energy interval Neutron flux

(MeV) (10−6·cm−2·s−1)

< 50 × 10−9 1.07 ± 0.05

50 × 10−9 ÷ 10−3 1.99 ± 0.05

10−3 ÷ 2.5 0.53 ± 0.008

2.5 ÷ 5 0.18 ± 0.04

5 ÷ 10 0.04 ± 0.01

10 ÷ 15 (0.7 ± 0.2)10−3

15 ÷ 20 (0.1 ± 0.3)10−6

Table 2.2: Integrated neutron fluxes measured in the given energy intervals (BF3

counters [Bellotti et al., 1985]).

is expected to be due to neutrons from radioactivity in the rock and concrete. A
simulation of the expected signal due to the different background contributions
and of the influence of different shielding materials has been performed. Conser-
vative estimates of the recoil spectra induced by neutrons from different sources
in CaWO4 crystals are presented in figure 2.3 [Wulandari et al., 2004b,a].
To moderate the neutrons before entering the experimental volume of the cryo-
stat, a neutron shield of 50 cm thick polyethylene (PE) is installed outside the
radon-box. According to the simulation, the neutron shield is expected to reduce
the neutron background by more than three orders of magnitude (see figure 2.3).
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With the moderator installed, the remaining neutron flux is dominated by muon
induced neutrons in the experimental setup. Such a background is suppressed by
a muon veto system, which consists of plastic scintillators panels read out by pho-
tomultiplier tubes1. The panels are installed between the neutron shield and the
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Figure 2.3: Simulated recoil spectra in a CaWO4 detector in different scenarios: (a)
low energy neutrons from the rock/concrete without neutron moderator; (b) low energy
neutrons from the rock/concrete moderated by 50 cm of polyethylene; (c) low energy
neutrons from fission reactions due to 0.1 ppb 238U contamination in the lead shield; (d)
high energy neutrons induced by muons in the rock; (e) high energy neutron induced
by muons in the experimental setup. Figure from [Wulandari et al., 2004a].

radon-box (see figure 2.1) and grouped into functional units representing the six
faces of the cube formed by the radon box. An incoming muon passing through
the veto system deposits some energy in the scintillator. An event recorded by
the CRESST detectors is rejected a posteriori if it comes in coincidence with a
signal in the muon veto system.
The residual neutron background, with neutron shield and muon veto installed,
comes from high energy neutrons produced by muons that are not tagged by the
veto system and by the neutrons from 238U fission in the lead shielding. The
further reduction of the neutron background can be achieved with an array of
detectors by rejecting the neutrons scattered in more than one detector.

1The muon detectors are made of Bicron BC-408 plastic scintillator panels whose scintil-
lation light is detected by a green-extended photomultiplier with a sidewall sensitivity for a
wide-angle light detection (end-window PMT) [Nikolodi, D., 2006].
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2.2 Light-phonon technique

As discussed in the previous chapter (see 1.2.2), the residual radioactive back-
ground represents the main limitation of the sensitivity of direct Dark Matter
experiments. The possibility to actively discriminate the radioactive background
from γ and β interactions in the absorber allows significant improvement in sen-
sitivity. Therefore for its second phase the CRESST experiment is employing
active background rejection based on the simultaneous detection of a phonon
and a light signal.
A first simultaneous measurement of scintillation light and phonons, using CaWO4

crystals as absorber, has been performed with a proof-of-principle detector mod-
ule [Meunier et al., 1999]. A schematic view of the module for coincident phonon
and light measurement is shown in figure 2.4.

heat sink

heat sink

W thermometer

W thermometer

light reflector

light detector

phonon detector
CaW0

absorber
4

thermal link

Figure 2.4: Schematic view of a detector module for coincident light and phonon
measurements. The heat signal from a particle interaction in the CaWO4 crystal
is detected by a phonon detector, while the emitted scintillation light is measured
by a separate light detector. Both detectors are read out by tungsten SPTs. High
reflectivity material is encapsulating the detectors.

The proof-of-principle detector module was made from a 6 g (20×10×5 mm3)
CaWO4 absorber and a much smaller sapphire substrate (20×10×0.5)mm3 with
one side silicon coated2 as a light detector absorber.

The results from this experiment are shown in figure 2.5. The signal in the
phonon detector provides a measurement of the total energy deposited in the
CaWO4 absorber independent of the type of interaction. In contrast, the light
output of the scintillating crystal associated with electron recoils is significantly

2Standard sapphire substrates are transparent for scintillation light in the visible spectrum,
therefore an absorption layer is required.
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higher than the one associated with nuclear recoils. This property is quantita-
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Figure 2.5: Scatter plot of the pulse height in the light detector versus the pulse height
in the phonon detector for the proof-of-principle module [Meunier et al., 1999]. The
crystal was irradiated with a 57Co γ source together with a 90Sr β source (left panel)
and an Am - Be neutron source added (right panel). The pulse height in the light
detector is converted to energy using the calibration of the phonon detector, i.e. the
energy scale of the light detector corresponds to the energy deposition in the phonon
detector.

tively expressed by the scintillation quenching factor. In the proof-of-principle
experiment the quenching factor for nuclear recoils induced by incident neutrons
has been found to be nearly constant within the WIMP relevant energy interval
with values of QFn=10.0±0.8 in the energy range 10 to 20 keV and QFn=8.9±0.4
from 20 to 40 keV 3 [Angloher et al., 2005].
A discrimination for γ and β radioactive background of 98% in the energy range
10 to 20 keV and better than 99.9% above 20 keV has been achieved.

2.2.1 Quenching factors for different target nuclei

Interactions of different nature (due to α, β, γ, n irradiation) in the scintillator
have different quenching of the light output (electron recoil events produce more
light than nuclear recoil events). Moreover, as observed experimentally, for a
given scintillator different recoiling nuclei lead to different quenching factors (for

3The quenching factor for nuclear recoils induced by incoming neutrons shows a small
variation with energy in the energy range 10-150 keV.
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example QF∼ 5 for Na recoils and QF∼ 10 for I recoils in NaI target [Simon
et al., 2003]). Since there are different nuclei present in the CaWO4 scintillator,
it is expected to have different quenching factors depending on which nucleus
was struck by the incident particle. For an effective background suppression, the
quenching factors for the different recoiling nuclei present in the absorber have
to be measured.
Given the spectrum of neutrons at Gran Sasso laboratory [Wulandari et al.,
2004a], neutron induced recoils, which appear in the relevant energy range, are
mainly oxygen and calcium. In contrast, WIMPs mainly scatter off tungsten nu-
clei due to the A2 scaling of the WIMP-nucleus scalar cross section (see equation
1.10). Therefore the different quenching of oxygen and tungsten recoils in the
scintillator can be used for a discrimination of the neutron background.
To further exploit the background rejection capabilities of the detector, a de-
tailed study of the quenching factor for different recoiling nuclei has been carried
out using different techniques, which are described below.

Low temperature QF measurements with light-phonon technique

A γ calibrated cryogenic detector module for coincident light and phonon de-
tection, exposed to a neutron source of known energy spectrum, can be directly
used for quenching factor measurements. If the resolution of the light channel is
high enough the quenching factors for different recoiling nuclei could be inferred
from well separated bands in the light vs phonon channel scatter plot. In the
case of CaWO4 absorbers the nuclear recoil band has contributions from three
different nuclei (O, Ca and W) with oxygen being dominant. The contributions
from these different nuclei depend on the incident neutron energy spectrum and
on the recoil energy interval. At present, the resolution of the light detectors
does not allow to separate the light output for different recoiling nuclei4. This,
combined with the multiple scattering of neutrons, raises a lot of uncertainties
in the measurements of different nuclear recoil quenching factors.

Neutron scattering experiments

One possibility to overcome the uncertainties resulting from the neutron multiple
scattering and the overlapping of the response bands for different recoiling nuclei
is to perform a tagged neutron scattering experiments [Jagemann et al., 2005].
A scintillating crystal is first calibrated with a known γ source. The scintillation
light from the crystal is detected by a commercial photomultiplier at room tem-
perature or by a cryogenic light detector at low temperatures. The scintillator

4The result quoted for QFn (section 2.2.1) are thus weighted (by the appropriate n cross
sections) averages of O, Ca and W quenching factor for incident neutrons.
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is then exposed to neutrons. The scattered neutrons are detected by an array
of neutron detectors covering a certain range of scattering angles with respect
to the neutron beamline. The energy of the scattered neutrons is measured via
their time-of-flight between the scintillator and the neutron detectors, which are
read out in coincidence. Assuming elastic scattering, the energy of the recoiling
nucleus is then determined by the energy and the scattering angle5 of neutron.
In the case of a continuous energy spectrum of the incident neutrons (like from a
Am-Be source) also the spectrum of scattered neutrons (and thus the spectrum
of nuclear recoils) at a fixed angle is continuous. If several target elements are
involved, it is difficult to extract information about individual quenching factors
of target elements from a continuous spectrum. Therefore such measurements
require the use of monochromatic incident neutrons.
The quenching factors for oxygen and calcium recoils in the CaWO4 crystal
measured with a monoenergetic pulsed neutron beam6 at room temperature are
presented in figure 2.6 [Jagemann et al., 2006]. The large quenching factor for
tungsten could not be obtained because the signal was hidden in the background.
Since the CaWO4 light output is temperature dependent [Mikhailik et al., 2007],
the neutron scattering experiment has recently been extended to low tempera-
tures [Coppi, 2007].

Ion impingement experiments

Instead of detecting the light produced by the recoiling nuclei of the target mate-
rial, as done in neutron scattering experiments, in this technique the light emit-
ted when single ions impinge onto the scintillating crystal is measured [Ninković
et al., 2006].
Ions are produced with a Laser Desorption/Ionization source (LDI). The selec-
tion of ions with a certain mass is done with a time-of-flight mass spectrometer.
The light produced in the CaWO4 target by the impinging ions is detected with
a commercial photomultiplier. The electron recoil reference measurement for the
determination of the quenching factors is made with 5.9 keV X-rays from an 55Fe
source.
The main advantage of such a technique compared to a neutron scattering ex-
periment is the possibility to choose the type and energy of the recoiling nuclei.
The impinging ions are absorbed near the surface of the scintillator. Therefore, a
possible surface effect where the light output for energy depositions close to the
crystal surface differs from that for bulk depositions could limit the technique.
In the case of CaWO4 crystals no significant change of the light output near the

5The energy of the recoiling nucleus is given by Er ≈ 4AEn

(A+1)2 cos2 θ, where A is the nucleus

mass number, En is the energy of the incident neutron and θ is the recoil angle in the laboratory
coordinate system, assuming the target nucleus is at rest.

611 MeV neutrons are produced via the reaction p(11B,n)11C.
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surface has been observed. This is supported by the absence of splitting of the
gamma-electron recoil band in cryogenic measurements (see figure 2.5). If there
were surface effects, electrons interacting mainly near the surface and photons
mostly in the interior would have a different light output.
The quenching factor for different recoiling nuclei measured at room temperature
shows a strong dependence on the mass of the nucleus, as shown in figure 2.6.
With this technique it was possible for the first time to determine the large
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Figure 2.6: Dependence of the quenching factor of CaWO4 on the atomic mass of
selected elements. The neutron scattering result measured at room temperature are
shown in blue. Two different sets of ion impingement measurements (Eion=18 keV),
at room temperature, are shown in red and green. For the measurements in Ninković
et al. [2006] (red points) only statistical errors are plotted, while for the measurements
in Bavykina et al. [2007] (green points) also the systematic errors are given. The black
squares refer to a measurement with a cryogenic detector at a temperature of 7mK.
Tungsten recoils, expected from a WIMP interaction in the CaWO4 absorber, show
a QF of about 40, while oxygen recoils, mainly originating from neutron interaction,
show a QF of about 10.

quenching factor of tungsten recoils in CaWO4. The light from tungsten re-
coils is quenched four times more than that from oxygen recoils. Hence, the
discrimination between these two nuclear recoils is achievable.

QF for the Pb nucleus and α particle at low temperatures

During one of the Dark Matter runs in Gran Sasso, the detector’s response on
the irradiation from the 210Po surface contamination was used to determine the
quenching factor for the nuclear recoils of lead (see 1.2.3). A group of events
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in the energy region from 80 to 110 keV have been identified as 210Po α-decays
with only 206Pb recoils detected [Angloher et al., 2005]. The obtained value of
48.7 ± 7.1 for the quenching factor of 206Pb at millikelvin temperature is shown
in the figure 2.6. The quenching factor of He with value of (5.70±0.01), derived
from the 2.3MeV alpha-peak in [Angloher et al., 2005, fig.7], is as well shown.

The data presented in figure 2.6, although obtained with quite different tech-
niques at different temperatures and for different energies, show reasonable agree-
ment. This demonstrates the absence of a significant temperature and energy
dependence of the quenching factors in CaWO4 and provides good support to
the ion impingement method as a technique to measure quenching factors.

2.3 Detector module

Starting from the 6 g proof-of-principle detector, during the prototyping phase
of CRESST II, 300 g prototype modules have been developed with the goal to
operate 33 modules for a total absorber mass of ∼ 10 kg. An open detector
module for CRESST phase II is shown in figure 2.12.

2.3.1 Phonon detector

The phonon detectors developed for the second phase of the CRESST experiment
consist of a 300g cylindrical CaWO4 crystals with 40 mm diameter and 40 mm
height equipped with a tungsten superconducting phase transition thermometer
for the readout. The main requirements for the large phonon detectors are a
high light output of scintillation light combined with a good energy resolution
and an excellent level of radiopurity.

CaWO4 crystal

CaWO4 has been chosen as scintillator because of its relatively high light yield
at low temperatures [Meunier et al., 1999] and the large atomic mass of tung-
sten (AW =183.86) which enhances the WIMP-nucleus coherent interaction. In
addition it shows no noticeable degradation of the light yield for events near the
crystal surface.
The scintillation properties of CaWO4 crystals have been thoroughly investigated
in Ninković [2005]. The main scintillation emission spectrum of CaWO4 has a
Gaussian-like shape ranging from ∼ 300 nm to ∼ 650 nm with a peak at about
425 nm at room temperature. A temperature decrease leads to an increase of the
emission intensity and narrowing of the width of the emission spectrum, while
the peak position shows very little variation over the temperature range from
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300 K to 8 K [Ninković, 2005]. On the other hand, light output and energy reso-
lution have been observed to strongly depend on the crystal sample7.
CaWO4 crystals have a rather slow light signal response, that is even slower (in
the range of hundreds of microseconds) at low temperatures [Blasse & Bokkers,
1983, Ninković, 2005] as it can be seen from the figure 2.7.
Although the radiopurity level of crystals varied depending on the manufac-
turer, a low level of radioactive contamination from the natural decay chains
(∼1 mBq/kg) for 300 g CaWO4 crystals could be obtained.
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Figure 2.7: Figure on the left shows a typical CaWO4 emission spectrum at room
temperature. Figure on the right shows light emission curve of CaWO4 measured at 6 K
using a time-of-flight mass spectrometer. Two components in the scintillation time of
CaWO4 are visible. The slow component with a decay time of about 560µ s is attributed
to the intrinsic emission of the pure CaWO4 crystal, while the fast component (decay
time about 700 ns) is due to the impurities present in the crystal [Ninković, 2005].

Thermometer

Thermometer used for the phonon readout of the CaWO4 crystal is a 5.9×7.5 mm2

superconducting tungsten film (see figure 2.8), which is evaporated on the crys-
tal surface and has a thickness in the range 1.2-2kÅ. Thin tungsten films evapo-
rated directly on CaWO4 crystals show superconducting transition temperatures
around 50 mK that is much higher than the transition temperature of α - W
(15 mK). This is probably due to a reaction between the thin film and the sub-
strate at the high temperatures (about 500◦C) during the evaporation process.

7The light yield of the scintillator, defined as the number of photons produced in the crystal
per unit of absorbed energy (photons/MeV), is an inherent property of the type of scintillator
material. On the other hand, the light output, that is a fraction of scintillation light which
leaves the crystal, can differ from sample to sample. Light output depends on optical properties
(transmissivity, refraction), size, geometry and surface quality of the crystal.
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Figure 2.8: Layout of a superconducting phase transition thermometer realized on a
CaWO4 crystal.

To prevent diffusion between the film and the crystal, a SiO2 buffer layer was in-
troduced and transition temperatures in the order of 10 mK have been obtained.
Additional aluminum and gold structures are needed for the electrical and ther-
mal connections of the thermometer (see figure 2.8). Electrical connections to
the read out circuit are made by 25µm diameter superconducting aluminum
wires, bonded between the aluminum pads on each end of the thermometer and
the electrically insulated contact pads on the copper holder. Thermometers are
stabilized at the operating point within a few µK by a heater, consisting of a
gold structure coupled to the tungsten film. In the phonon detector the heater
consists of a 25µm diameter gold wire bonded from two small aluminium pads
on either side of the thermometer onto a gold pad in its center. The thermal
coupling of the sensor to the heat bath is provided via a gold wire connecting
the central gold pad to the detector holder.

Studying the properties of the crystals, it was discovered that they show a
decrease in scintillation light output up to 50% after the thermometer deposition
[Ninković, 2005]. One possible explanation could be the formation of a surface
layer with a reduced scintillation yield or an absorbing layer at the crystal sur-
face due to the exposure of the CaWO4 crystal to the high temperatures and
high vacuum needed for the W film evaporation. Therefore, there is an ongoing
research to avoid the degradation of the light output of the CaWO4 crystals by
producing thermometers on small CaWO4 samples which are then glued to the
big crystals [Kiefer, M., 2007].
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A significant improvement in energy resolution and light output after the ther-
mometer deposition has been achieved by roughening the crystal surface facing
the light detector to a scale of about 10µm. This reduces the internal total re-
flection observed in crystals with high index of refraction (nCaWO4 = 1.92) and
enhances the escape of the scintillation light.

2.3.2 Light detector

The detection of the light emitted by the scintillating absorber is achieved by
using cryogenic light detectors which consist of a non-transparent absorber for
the scintillation light, equipped with a tungsten thermometer. The main chal-
lenge for the light detectors is the low intensity of scintillation light. Therefore,
the energy threshold of the light detector needs to be as low as possible and the
total amount of collected light has to be maximized.

Substrate

Silicon and silicon-on-sapphire (SOS) wafers are used as light detector absorbers
in the CRESST II experiment.
During the prototyping phase of CRESST II experiment light detectors with
(30×30×0.45) mm3 pure n-type silicon absorbers with 200 Å SiO2 layers on both
surfaces were used8. In order to minimize the thermalization of high frequency
phonons in the transmission to the thermometer film through the SiO2 [Dietsche
& Kinder, 1979], later on SOS substrates consisting of a 1µm thick layer of sili-
con (001), epitaxially grown on the r-plane of a 46µm thick sapphire substrate,
were employed9.
The light absorption of the SOS substrate at room temperature, estimated from
the transmission and reflectivity measurements10 and averaged over the whole
emission spectrum of CaWO4, was found to be ∼70% for direct illumination of
the silicon surface and ∼80% for illumination from the sapphire side [Petricca,
2005]. In the present detector module geometry (see figure 2.10) the major frac-
tion of the light is absorbed by the side of the light detector facing the CaWO4

[Frank, 2002]. This gives an additional motivation for orienting the sapphire side
(on which the thermometer is grown) towards the scintillating crystal.

8The oxide layer of a controlled thickness is deposited on the silicon wafer to prevent its
uncontrolled natural growth. The naturally grown silicon oxide is of undefined thickness and
quality. Additionally silicon oxide is used as interdiffusion barrier between silicon and tungsten
for obtaining tungsten transition temperatures in the order of 10 mK [Di Stefano et al., 2003].

9SOS substrates have naturally grown silicon oxide only on one side of the wafer.
10The transmission measurements are done at normal incidence and the reflectivity measure-

ments at 45◦ to the surface.
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The size of the light detector substrate should be optimized to absorb the max-
imum amount of light. The observation that the scintillation light does not
escape the crystal with a uniform distribution but with higher intensity on its
edges and well defined patterns that depend on the crystal sample11, favors a
larger size of light detector substrates. Thus the present light detectors have
circular substrates the size of which (Ø=40 mm) match the size of the CaWO4

crystals.

Thermometer

To achieve a very good sensitivity and low energy threshold of the light detectors,
a small heat capacity of both the absorber and the thermometer is required.
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Figure 2.9: Layout of a light detector thermometer in the second phase of CRESST.

The layout of a light detector thermometer is presented in figure 2.9. The
tungsten film of (0.45×0.3) mm2 area and 1.2-2kÅ thickness is located between
two aluminium/tungsten bilayers of 0.5 mm2 area and 10kÅ/2 kÅ thickness. At
the typical operating temperatures the Al/W bilayers are superconducting and
do not contribute to the heat capacity of the thermometer. These bilayers pro-
vide the main collection area for the non-thermal phonons from the substrate and
therefore they are called phonon collectors. Their working principle is explained
in section 3.2.2.

11Tests have been performed with some crystals having a small radioactive α source attached
to one crystal surface and recording the emitted scintillation light with a photographic film
[Ninković, 2007].
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The phonon collectors are also used as electrical contact pads for the read out.
Superconducting aluminum wires (25µm diameter), which have negligible ther-
mal conductance at the operating temperature, are bonded between the phonon
collectors and the insulated pads on the detector holder12. In order to minimize
additional contributions to the heat capacity of thermometer, the heater and
the thermal coupling to the heat sink are provided by the same gold structure
(see figure 2.9). The gold film of (1.5×0.08) mm2 area and 500-1000 Å thickness
is deposited on a thin underlying sputtered tungsten layer (100-200 Å), used to
improve the adhesion between the film and the substrate. One side of the film is
electrically shortened with a superconducting Al film leaving only a small portion
uncovered (0.1×0.04) mm2, that acts as a heater. The electrical connection for
the heater is also made with superconducting aluminum wires bonded from the
pads placed at the end of the aluminum structures to the insulated pads on the
detector holder. The thermal coupling of light detectors is provided by the other
side of the gold structure (1.5×0.04) mm2 which overlaps at one end with the
tungsten film. The connection to the heat bath is made via a 25µm diameter
gold wire bonded between the gold pad and an electrically insulated pad on the
detector holder (see figure 2.9). In this way the thermal coupling strength (G)
is defined by the gold structure13 allowing to adjust the thermal relaxation time
of light detector thermometers (see equation 1.16) by modifying the gold film
conductance. Long time constants are needed in the light detector to be able to
integrate the energy of the CaWO4 scintillation photons, which are emitted on
the time scale of a few hundred microseconds (see figure 2.7).

2.3.3 Holder and light collection

Holder

The detector module holder (see figure 2.10) consists of two copper rings and
three copper rods which hold the scintillating crystal and two end-caps in one
of which the light detector is housed. The open structure of copper was chosen
to allow background rejection of multiple scattering events in a multi detector
setup. An open detector module can be seen in figure 2.12.
The crystal is held by six pairs of CoSn6-bronze clamps. Due to the elasticity

of the bronze even at low temperatures the clamps can keep the crystal tightly
preventing its vibrations without introducing too much stress in the contact area
that would result in the formation of cracks on the crystal surface [Majorovits
et al., 2008].
The circular substrate of light detectors is held by three CoSn6-bronze clamps,
which keep the detector ∼5 mm away from the end-cap allowing its full exposure

12The electrical insulation of the pads reduces of the common mode interferences.
13The conductance defined by the series of the two resistances is dominated by the much

larger resistance of the film structure.
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Figure 2.10: Exploded view of a detector module.

to scintillation light. The clamps for both phonon detector and light detector
are specially designed to have a small contact area with the substrate to prevent
parasitic thermalization of non-thermal phonons.
In order to avoid soldering14, screwed electrical connections have been chosen
to provide a reliable contact at low temperatures (see figure 2.11). To connect
detectors to the readout circuit, superconducting wires are screwed onto electri-
cally insulated copper pads on the holder from where aluminium bond wires lead
into the inner part of the holder and contact the thermometers.

Light collection

The crucial point in the detector module design is its light collection efficiency.
The measured fraction of the scintillation light yield is typically about 2% of the
total energy deposited in CaWO4 [Frank, 2002] [Stark, 2005]. A 10 keV energy
deposition in the crystal then corresponds to 200 eV in scintillation light that is
only about 66 photons.
To be able to detect the light of low energetic interactions the scintillation light

14The presence of lead in soldering alloys requires to avoid solder joints in the vicinity of
detectors.
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Copper
Holder

Bond wire to
the detector

Superconducting wire
from the cryostat

Copper pad with intermediate
layer of insulating material
Copper-Kapton-Copper

Copper washer

PA 6 washer

PA 6 screw

Figure 2.11: Schematic view of screwed electrical connections. For reliable contacts
at low temperatures a careful choice of materials that takes into account the effect of
thermal shrinkage is important. PA6 stands for polyamide 6.

escaping from the crystal first must reach the light detector, where it is then
efficiently absorbed. The solution adopted by CRESST consists in having both
calorimeters inside a reflector that allows to have a fully exposed light detector.
Due to the unfavorable ratio of areas of the light detector and the reflecting
surface of the holder, a photon on the average has to undergo many reflections
before hitting the light detector. Therefore the use of a reflector with a high
overall reflectivity is needed.
The reflecting housing is made of a high reflectivity polymeric multilayer foil
VM2000a15, the transparent polyethylenenaphthalate (PEN) support layer of
which scintillates, allowing to discriminate background events originating from
alpha decays of nuclei implanted on the crystal or reflector surface (see chapter
1.2.3). The reflectivity of the polymeric foil and the luminescence properties
of the PEN layer have been measured [Ninković, 2005, figures 5.36-5.38]. The
VM2000a foil shows a reflectivity >98% at the wavelength of the emission peak
of CaWO4. The emission spectrum of the foil overlaps with the intrinsic emis-
sion of CaWO4, while the excitation spectrum is in the ultraviolet range. The
reflectivity of the VM2000a polymeric multilayer foil measured at the wavelength
of 476 nm shows no noticeable dependence on the angle of incidence [Brunoldi
et al., 2007].
The interface between the cylindrical reflector around the crystal and the re-
flector covering the end-caps is provided by overlapping plastic scintillator rings
(see figure 2.10), that are coated on the outer side with an aluminum reflective
layer. The reflector has two small gaps needed to provide the access for electrical
connections for both detectors. To optimize light collection and discrimination
against radioactive surface contaminations the part of the clamps extending in-
side the reflector are also covered with the reflective and scintillating polymeric

153M Radiant Mirror Film VM2000a is a registered trade mark of 3M, also called VM2002
or 3M adhesive foil.
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foil16.

Figure 2.12: Picture of an open detector module for CRESST phase II (Run29 and
Run30).

The carousel

For the second phase of CRESST a total target mass of 10 kg with 33 detector
modules is foreseen [Altmann et al., 2001]. To allow the installation of all detector
modules a special detector holder structure (carousel) has been constructed and
mounted at the end of the cold finger (see figure 2.1). The carousel provides
mechanical support for the detectors and electrical connections (see figure 2.13).
The 33 detector modules are arranged in 12 towers, where each tower holds
two or three detector modules. The design allows each detector module to be
manipulated individually.
Another important function of the carousel is to supply the thermal coupling of

the detectors (via the cold finger) to the mixing chamber of the cryostat. Copper
holders which house the detectors have strong thermal coupling to the carousel,
while the carousel is only weakly coupled to the mixing chamber. The weak
coupling provides an efficient filter to fast temperature fluctuations of the mixing
chamber and thus allows a better temperature stabilization of the detectors. In
addition, a CoSn6-bronze spring suspension between the cold finger and the
carousel provides the decoupling of vibrations from the cryostat.

16In order to achieve an even better surface covering of the clamps and easier mass produc-
tion, for the next setup the clamps are coated with a reflective aluminum layer and then with
a thin layer of araldit 2011 glue, which has been found to scintillate both at room and low
temperature [Schäffner, 2007].
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Figure 2.13: Schematic view of the open detector holder structure constructed for
CRESST phase II. It can house 33 detector modules arranged in 12 towers. Each
detector module is individually exchangeable. Spring suspension is used to decouple
the detectors from the vibrations of the cryostat.

To reduce environmental background, all the materials used in the vicinity
of the detectors have been tested and selected for their radiopurity [Majorovits
et al., 2008][Frank, 2002, page 40][Majorovits, 2007].

2.4 Readout and data acquisition

The change of a resistance caused by a temperature rise in a thermometer fol-
lowing an event needs to be converted to an electrical signal that is fed into the
readout circuit and recorded by the data acquisition system (DAQ).

2.4.1 Biasing and readout circuit

The circuit used to bias and read out thermometers is shown in figure 2.14. A
constant bias current I0, supplied by a floating current source, is shared between
the branch containing the temperature dependent resistance of the film Rf (T )
and the branch containing two constant reference (shunt) resistances in series
with the input coil of the dc SQUID17. Reference resistors (each 20 mΩ) with

17A dc Superconducting QUantum Interference Device consists of a superconducting coil
with two Josephson junctions. The device is named dc SQUID because it operates with a
steady current bias [Rose-Innes & Rhoderick, 1978].
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a total resistance Rs=40 mΩ are used for the second phase of CRESST18. The

R (T )f e

½Rs

SQUID

I0
IsIf

I0

½Rs

Lin Lfb

Thermometer

Reference resistor

Feedback coil
Input coil

Reference resistor

Figure 2.14: Schematic view of the readout circuit. An increase of Is due to an increase
of Rf changes the magnetic flux through the SQUID, which converts the magnetic flux
variations to a voltage pulse.

currents through the thermometer branch and the SQUID branch are given by

If = I0
Rs

Rf (T ) + Rs

, Is = I0
Rf (T )

Rf (T ) + Rs

(2.1)

Any change in the film resistance causes a change in the branching of the bias
current I0 and consequently a change in the current passing through the SQUID
given by

∆ Is = −∆ If = I0
Rs

(∆ Rf + Rf + Rs)(Rf + Rs)
∆ Rf . (2.2)

In a small signal approximation (∆Rf ≪ Rf ) the equation 2.2 can be linearized
to

∆ Is = I0
Rs

(Rf + Rs)2
∆ Rf =

If

(Rf + Rs)
∆ Rf . (2.3)

The increase ∆Is of the current Is, that results from an increase ∆Rf of the
resistance of the film following an energy deposition, is converted into a magnetic
flux change by the input coil with inductance Lin. The input coil is magnetically
coupled to the SQUID loop. The SQUID acts as an amplifier, that converts
a magnetic flux change to a voltage pulse. For the applied magnetic flux Φ
the output voltage of the SQUID has a periodic behavior, with a period equal
to one flux quantum φ0 ≡ h/2e ≈ 2 × 10−15 Wb [Clarke, 1989]. To overcome

18Two reference resistors are used to balance the circuit [Henry et al., 2007].
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the ambiguity due to the periodicity of the response, SQUIDs are used as null
detectors. This is realized by operating them in a flux locked mode (Flux Locked
Loop (FLL)) with a separate feedback coil used to keep the flux through the loop
constant. The output voltage of the SQUID electronics is then proportional to
the feedback current. In the FLL mode there is a linear relation between the
applied magnetic flux Φ, defined by the current Is flowing through the input coil,
and the output voltage given by

Vout = ξ(Φ + nφ0) (2.4)

where ξ is the flux to voltage transfer coefficient of the SQUID system.
This techniques enables the measurements of changes in flux ranging from much
less than a single flux quantum to many flux quanta. Due the periodicity of the
flux-voltage characteristics of the SQUID there is a sequence of stable operating
points. If the input signal changes faster than the response of the feedback
loop, the operating point of the SQUID will change resulting in the different
output voltage (different value of n in equation 2.4). As a consequence, this
readout scheme is limited by the maximum rate of flux change that the feedback
electronics can compensate (slew rate).
The advantage of using SQUIDs for the readout of the detectors, besides their
extreme sensitivity, is the fact that their input impedance is essentially inductive,
which matches the small impedance of the biasing circuit.
SQUIDs used for the CRESST phase II are commercially available Supracon dc
SQUIDs.

2.4.2 Data acquisition system

The electronic chain is here described by following the path of the analog sig-
nals from the detectors to the digital information stored on hard drives. A block
diagram of the electronic of one detector module is shown in figure 2.15. Each de-
tector (two per module) requires two pairs of wires to supply the bias current and
the heater current. As already mentioned, electrical connections from the ther-
mometer to the contact pads are done with bonded superconducting aluminum
wires. From the detectors contact pads electrical connections are then realized
with twisted pairs of superconducting wires combined into woven cables19.

The bias wires run up along the cold finger until the shunt boxes placed at
the level of the mixing chamber. The reference (shunt) resistors of the biasing
circuit are mounted inside the shunt boxes having a good thermal contact with
the mixing chamber to minimize their Johnson noise. From the shunt boxes bias

19Each woven cable carries 12 superconductive NbTi wire pairs, that are twisted in alternate
directions to prevent pickup noise and reduce crosstalk. The NbTi wires are covered with an
external CoNi shielding to improve the thermal coupling at the various temperature stages to
ensure that there is no heat load on the detectors [Henry et al., 2007].
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Figure 2.15: Block diagram of the readout circuit (blue lines) and the heater circuit
(red lines) for one detector, together with the data acquisition system. Continuous
lines connecting devices represent analog signals while block arrows represent digital
transmission of data.

wires run to the current sources outside of cryostat and to the SQUID sensors
mounted in the liquid helium bath. In order to reduce high frequency noise from
outside H-type low pass filters (νcutoff=50kHz) are installed on the bias lines
at the 4.2K level between the reference resistors and the current sources. The
bias current for the detector readout is provided by voltage controlled floating
current sources with a set of current defining resistors. During normal operation
the voltage is internally provided20.The current sources are an integrated part of
the Heater-Bias control electronics, that is placed in the Faraday cage.

As already mentioned, film heaters are used to individually stabilize the de-
tectors at the operating point. The same heaters are also used to inject periodic
heater pulses to monitor the detector stability (see section 4.1.2).

The heater wires follow the bias wires along the cold finger. They pass the
series of high ohmic resistances arranged in H-shape21 at the 4K stage and are
connected to an external heater power supply placed within the Heater-Bias
control electronics. The heater power supply is a feedback unit, which sums the
voltage for regulating the temperature and the voltage corresponding to heater

20The voltage can be also externally provided by the DAC located outside the Faraday cage.
21This helps reducing the effect of possible differential-mode voltage interferences developed

at the input outside of cryostat.
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pulses. The summed voltage is passed through an analog square-rooter which
linearizes the dependence of the heating power with respect to the input volt-
age. The output voltage is then connected via series heater reference resistors
to the heater on the film. Phonon and light detectors have different resistance
values of the heaters and different thermal coupling. In order to allow discrete
adjustment of the heater output current, different series resistors are installed.
An additional attenuator provides further continuous adjustment of the heating
demands. The heating power, and thus the detector stability, is regulated by a
computer controlled digital to analog converter (DAC) connected to the summing
amplifier22. The DAC output signal is controlled by a software proportional-
integral (PI) controller and sent into the Faraday cage via feedthrough low pass
filter (νcutoff=3.4kHz).

Exponential heater pulses with a decay time adjusted to create pulses resem-
bling particle pulses are produced by a VMI based arbitrary wave form generator
board, separately for light detectors and phonon detectors. These heater pulses
with a number of discrete amplitudes (energies), covering the energy range of
interest, are then loaded in the local memory from where they are sent in se-
quences at regular time intervals. The heater pulses pass into the Faraday cage
via feedthrough filters. Since the same heater pulses are used for all phonon
(light) detectors, attenuators are installed in front of the summing amplifier to
allow their adjustment to the dynamic range and to the heater resistance of each
phonon (light) detector.

To read out the 33 detector modules, CRESST-II is using 66-channel SQUID
readout system consisting of 66 SQUID sensors (Supracon), SQUID control and
readout electronics (Star-Cryoelectronics) [Henry et al., 2007]. The output signal
from the SQUID control electronics is amplified via symmetric differential line
drivers which are placed inside the Heater-Bias unit. The SQUID signals, after
passing through the Faraday cage low pass filters (νcutoff=50kHz), are further
filtered through anti-aliasing filters ( νcutoff=10kHz). The signal is then split in
two: the actual signal, that is DC coupled to the 16-bit transient digitizer, and
the trigger signal that is AC coupled (high pass filter with νcutoff=8Hz), amplified
(x20) and shaped with a low pass filter with an adjustable cutoff frequency before
entering a trigger unit.

The transient digitizer has a defined record length (typically 4096 channels).
From the pre-trigger region of the signal, it is possible to extract the information
about the baseline (SQUID output) before the pulse. The size of the pre-trigger
region is chosen to have enough data for a correct determination of the baseline

22To suppress the noise from the switching in the DAC, a 10 s low pass filter is integrated
into the summing amplifier.
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level, but without an excessive increase of dead time per record. The character-
istic time constants of the detectors define the duration of the pulse for a given
energy deposition. Record length and sampling time are chosen such that the
post-trigger region includes the full duration of the pulses in the relevant energy
region.
In the second phase of CRESST the signals are digitized with independent 8
channels simultaneous sampling transient digitizers (hereafter called digitizer
module). Each digitizer module has an associated trigger module. The trig-
ger signal in one trigger module initiates the post trigger sampling cycle of all
channels within the corresponding digitizer module. An internal clock synchro-
nized with the digitizer is used to prevent another trigger on that channel until
the readout of the pulse is completed and the required pre-trigger channels for
the next event have been sampled. Pulses from the other detectors within the
same trigger module, which arrive within half of the post-trigger period are also
recorded together with the time delay with respect to the first trigger. The
phonon and light detector from a single detector module are triggered indepen-
dently, but read out in pairs. Whenever one of the two has a valid trigger,
digitizers of both detectors are readout.
The discarding of the triggers in the trigger module that arrive after half of the
post-trigger period contributes to a dead time with a half of the post-trigger
region, a full pre-trigger region and a readout time for all detectors that did not
trigger. For the channels that triggered the dead time has contributions from
the next pre-trigger region and readout time. The accumulated dead time is
measured with separate clocks for each channel.

Apart from the response to particle pulses, the data acquisition system also
records the response to the periodic test pulses which are used to monitor the
behavior of the detectors.
Additionally, the photomultiplier tube signals from each muon panel and the
summed signal are digitized and their pulse heights recorded. The time stamps
with 10µs resolution taken for each event occurring in the detector modules and
in the muon veto system allow the determination of possible coincident events.
In addition to recording the data, the DAQ handles the task of controlling the
detectors as described in section 4.1.

Temperature control

As previously mentioned, the temperature reference for the detectors is the
carousel, which is weakly thermally connected to the mixing chamber of the
dilution refrigerator. The temperature of the mixing chamber is monitored and
regulated with a four point AC resistance bridge with integrated PID23 controller.

23Proportional Integral Differential.
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The resistance bridge reads the resistance of a calibrated carbon resistor (speer)
and sends the current into a heating resistance, both mounted on the mixing
chamber. The signals from the resistance bridge are read by a multichannel dig-
ital voltmeter (DVM). During the 2007 data taking (Run 29 and 30) the mixing
chamber is stabilized at a temperature of a about 7 mK with a stability of 4µK.



Chapter 3

Detector model

A good understanding of the physics involved in the formation of the low temper-
ature calorimeter signal allows further optimization of their performance. Here
the physical processes that occur after the interaction of an incident particle in
the detector absorber are described. In order to understand the specific signal
shape a model of the calorimeter is developed. In this model a detector consists of
several discrete components interconnected through finite thermal conductances
and their contributions to the signal are taken into account. The working princi-
ple of phonon collectors that are used to enhance the temperature signal is also
described. The various noise contributions and their influence on the detector
response, together with the expected energy resolution are discussed in the last
section.

3.1 Signal evolution

A typical CRESST detector consists of a dielectric absorber and a thin layer of
superconducting material evaporated onto one of its surface serving as a ther-
mometer.

3.1.1 Heat capacities

The heat capacities of the different detector parts play a fundamental role because
they define the achievable temperature rise caused by an energy deposition.
The heat capacity of a crystalline dielectric is dominated by the lattice specific
heat cph. At low temperatures it is described by the Debye model as

cph =
12π4

5
nakB
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T

ΘD

)3

, (3.1)
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where kB is the Boltzmann constant, ΘD is the Debye temperature, na is the
number of lattice atoms per mole. The same formula is valid for pure semicon-
ductors at low temperatures where conduction electrons are frozen out. Due to
the T 3 dependence, the phonon heat capacity is very small at low temperatures,
making dielectrics and semiconductors suitable as large volume absorbers for
calorimeters.
The heat capacity of the superconducting thermometer film in the normal con-
ducting state for temperatures which are small compared to the Debye temper-
ature ΘD of the material, is given by the sum of the electronic specific heat and
the lattice specific heat (as for other metals) [Pobell, 1992]

c = cph + ce =
12π4
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+
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, (3.2)

where TF is Fermi temperature and ne is the number of conducting electrons per
mole. The expression 3.2 can also be written in a simplified form

c = AT 3 + γT , (3.3)

where A and γ1 are constants which depend on the material. The linear depen-
dence of ce causes it to dominate the heat capacity of a metal at low tempera-
tures2.
According to the elementary theory of superconductivity [Tinkham, 1996], in the
phase transition the specific heat capacity of a superconducting film exhibits a
jump given by

∆c = 1.43γTc , (3.4)

where γTc is the electronic specific heat of the normal conducting state at the
critical temperature. This prediction is valid for a large class of superconductors.
The heat capacity in the region of the transition, namely at the operating point
of a sensor, is estimated by a linear approximation. Taking the ratio of the
resistance at the operating point Rop to the normal conducting resistance Rn as
a measure for the fraction of the film in the superconducting phase, the heat
capacity at the operating point can be expressed as

cop = ce

(

2.43 − 1.43
Rop

Rn

)

. (3.5)

Below the transition the electronic specific heat has an exponential tempera-
ture dependence, vanishing more rapidly than the electronic specific heat in the
normal conducting state of the metal, whereas the lattice contribution is not

1γ is often called ¨ Sommerfield constant¨ .
2The crossing point, where the two terms are comparable, occurs at temperatures of the

order of a few Kelvin [Ashcroft & Mermin, 1976].
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Tungsten Gold Aluminium

Tc [mK] 15 - 1180

TF [K] 27000 63900 134900

ΘD [K] 383 162 428

γ [mJ · mol−1 · K−2] 1.01 0.729 1.356

Table 3.1: Transition temperature, Fermi temperature, Debye temperature and Som-
merfeld constant [Kittel, 1967] [Triplett et al., 1973] for metals relevant for the CRESST
sensors.

influenced by the transition to the superconducting state. For temperatures be-
low Tc/10 the electronic contribution becomes negligible and the heat capacity is
dominated by the lattice specific heat. Table 3.1 compiles the values for metals
most relevant for the CRESST sensors.

3.1.2 Energy down-conversion

In a dielectric absorber, ionizing radiation mainly looses its energy via interac-
tion with electrons. The highly excited electrons, emitted after the absorption,
initially loose their energy by interaction with other electrons and excitation of
electron-hole pairs down to an energy of less than twice the energy gap in the
material (see table 3.2). Below this level electrons with energies of the order of
eV cannot participate any longer in the energy down-conversion and they relax
within about 10 ps to the band edge mainly via the emission of optical phonons3.
On a time scale of the order of 100 ps, optical phonons decay into acoustical
phonons of about half of the Debye frequency νD (see table 3.2), leading to an
almost monoenergetic frequency distribution. The energy released in the nuclear
branch (i.e. via elastic interactions with nuclei), that becomes important for
alpha particles and heavy ions and is dominant for neutrons and WIMPs, excites
instead non-thermal acoustic phonons in a broad frequency range via the local
deformation of the crystal lattice.
Hence, after a time of the order of 100 ps the energy released in the absorber by a
generic interaction is transferred into high frequency acoustic phonons, but with
a phonon spectrum dependent on the type of the interaction. These phonon pop-
ulations are not in equilibrium and start to decay towards a thermal distribution.
The acoustic phonons are distributed between three modes, one longitudinal (LA)
and two transversal (TA). The down conversion of acoustic phonons is possible
through anharmonic decay in which one phonon spontaneously splits into two
lower frequency phonons respecting energy and quasi-momentum conservation.

3In the case of scintillating materials the emission of photons, though highly suppressed
compared with the emission of phonons, is extremely important for the event discrimination.
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Al2O3 Si CaWO4

ΘD [K] 1041 a 648 a 228 b

νD = kBΘD/h [THz] ≈21.7 ≈13.5 ≈4.7

Energy gap [eV] [eV] 8.3 c 1.12 d 5.2 e

Table 3.2: Debye Temperature, Debye frequency and energy gap for materials used
for CRESST absorbers, a calculated from elastic constants [Pröbst, 2008], b [Gluyas
et al., 1973], c [Bento, 2004], d [Ashcroft & Mermin, 1976], e [Mikhailik et al., ????].
The values given in the literature differ to some extent depending on the method used
to derive them.

Transversal acoustic phonons occupy the lowest energetic branches. In isotropic
media, where the TA branches are degenerated, TA phonons do not decay into
two phonons4. In anisotropic media TA phonon decay though can be neglected
[Tamura & Maris, 1985]. In such conditions only LA phonons can decay using
the two possible channels: LA7→LA+TA and LA7→TA+TA, with a decay rate
Γdecay ∝ ν5, where ν is the phonon frequency [Tamura, 1985].
Besides the decay of longitudinal phonons, all phonons scatter on isotopes present
in the crystal lattice with a rate Γisotope ∝ ν4 [Maris, 1990] and such an elastic
scattering induces rapid mode conversions (TA↔LA) maintaining an occupation
of modes according to the density of states, thus opening an effective decay chan-
nel for transversal phonons [Tamura, 1985].
Simulations of the time development of an initial monoenergetic phonon popu-
lation of half the Debye frequency in silicon and sapphire [Pröbst et al., 1995]
show that the strong frequency dependence of Γdecay leads to a very rapid ini-
tial decrease of the average phonon frequency. After this time all differences
in the phonon spectrum caused by energy releases in the nuclear or electronic
branch are washed out. The first fast decay is followed by a much slower rate of
change, consequently the phonon frequency distribution stays almost constant
for about few milliseconds5 during which phonons spread ballistically over the
entire absorber filling it uniformly.

3.1.3 Energy propagation

After a few surface reflections, non-thermal phonons are uniformly distributed
in the absorber. The time required to establish a uniform distribution is in the
order of L/v, where L is the largest dimension of the absorber and v is the sound

4This is due to energy and quasi-momentum conservation that forbids the TA phonon decay
in the presence of any, even small, amount of non-linearity in the dispersion relation (as is the
case in real crystals) .

5The phonon population does not thermalize in the absorber on such a time scale.
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velocity in the medium averaged over directions and modes. The non-thermal
phonons are then either transmitted into the thermometer or thermalized by in-
elastic reflections at the crystal surfaces on a time scale of a few ms. On a perfect
surface phonons are reflected elastically, but in real crystals imperfections and
adsorbates also cause inelastic scattering.
The transmission probability of acoustic phonons across the absorber-thermometer
interface can be calculated within the theory of anisotropic elastic continua. A
calculation of the energy flux per unit area and unit time across the boundary
from material 1 to material 2 (Q̇1→2), performed by summing over all modes and
wave vectors of incident phonons [Pröbst et al., 1995], leads to

Q̇1→2 =

〈
E

V

〉
1

2
〈v⊥α〉, (3.6)

where 〈E/V 〉 is the average energy density6 in the first material, v⊥ is the phonon
group velocity normal to the interface, α is the transmission probability and
〈v⊥α〉 is averaged over modes and wave vectors of the incident phonons.
If E/V is the thermal energy density, from equation 3.6 the heat boundary con-
ductance GK of thermal phonons between two materials, usually called Kapitza
conductance, can be derived as

GK =
Q̇1→2(T + ∆T ) − Q̇2→1(T )

∆T
=

C

2V
〈v⊥α〉 , (3.7)

where C/V is the heat capacity per unit volume of the first material. Due to
the cubic temperature dependence of the absorber’s heat capacity (see equation
3.1), the Kapitza coupling for the absorber-thermometer interface exhibits the
same dependence

GK ∝ T 3 . (3.8)

The transmission coefficients for different metal films deposited on silicon, sap-
phire and CaWO4 substrates, calculated by numerical methods [Pröbst et al.,
1995], are shown in table 3.3. Anisotropic conditions are assumed and the films
are considered as polycrystalline metals with randomly oriented single crystals.

3.1.4 Electron-phonon coupling

The electron-phonon coupling Gep of electrons and phonons in the thermometer
in combination with the Kapitza conductance determines the thermal coupling of
the absorber to the electrons of the thermometer. The frequency and temperature

6Wave vectors of thermal and non-thermal phonons have the same angular distribution
because surface and isotope scattering distribute them according to the density of states.
Therefore the same equation 3.6 can be used for the energy transmission of thermal or non-
thermal phonons by using the appropriate energy density 〈E/V 〉.



66 CHAPTER 3. DETECTOR MODEL

Transmission GK/T 3 〈v⊥α〉 η̄

from→ to [kW· K−4· m−2] [m/s]

Si→ W 0.440 1485.4 0.246

Al2O3 → W 0.430 2547.5 0.290

CaWO4 → W 1.784 647.9 0.142

Al2O3 → Si 0.495 2933

Si→ Al2O3 0.495 1668.7

Table 3.3: Kapitza conductance GK per T 3, 〈v⊥α〉 and effective absorption η̄ for some
absorber-thermometer interfaces of CRESST detectors. Parameters are calculated for
the transmission of phonons across the (001) plane of silicon, the (11̄02) plane of sap-
phire and the (001) plane of CaWO4. The metals are considered to be polycrystalline
with the crystals randomly oriented [Pröbst et al., 1995, Pröbst, 2008].

dependence of the electron-phonon interaction in normal conducting metals can
be discussed in terms of the phonon wave vector q and the mean free path of
electrons le.
For small phonon frequencies (thermal phonons), at low enough temperatures or
in the limit where (q · le) ≪ 1 applies, it can be shown [Liu & Giordano, 1991,
DiTusa et al., 1992] that the temperature dependence of the electron-phonon
thermal coupling can be expressed as

Gep ∝ T 5. (3.9)

At higher temperatures or in the limit (q · le) ≫ 1 a fourth power temperature
dependence is expected.
In the temperature range relevant for the CRESST detectors (∼ 15 mK), the
fifth power temperature dependence of the electron-phonon coupling is usually
assumed [Pröbst et al., 1995]. This leads to the electron system being decoupled
from the phonon system of both the thermometer and the absorber.

For non-thermal phonons (q · le) ≫ 1 holds and longitudinal phonons inter-
act efficiently with the electron system of the thermometer. This is due to the
electron coupling to lattice vibration via density changes. Since pure transversal
phonons produce no change in density, it is expected that in metals or semi-
conductors with a spherical Fermi surface only longitudinal phonons couple to
electrons. Assuming, for the non-thermal phonons, that the absorption in the
thermometer is independent of the phonon frequency and that all transmitted
LA phonons are absorbed7 and all TA phonons do not interact, an average ab-
sorption probability η̄ is calculated and listed in table 3.3.

7This assumption is valid only if the thermometer is thick enough to completely absorb
the non-thermal phonons. Calculations of the mean free path [Pippard, 1955] suggest that
longitudinal non-thermal phonons are totally absorbed in tungsten films of 2 kA thickness.
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Absorbed non-thermal phonons thermalize in the thermometer and increase the
temperature of its electron system. This temperature rise is measured via the
consequent increase of the thermometer resistance. Due to the thermal decou-
pling of electrons and phonons, the electrons in the thermometer are overheated
with respect to the absorber8. In such a situation only the heat capacity of
thermometer film is relevant for the sensitivity of the detector. The absorber
material does not affect the detector sensitivity through its heat capacity but
only by means of its phonon transport properties (see following section).

3.2 Detector model for pulse formation

Ideal calorimeters, microcalorimeters or bolometers9 consist of an absorber con-
nected to a heat sink through a weak thermal link and a thermometer for mea-
suring the temperature rise (see figure 1.5).
The theory of ideal bolometers has been developed by many authors, in partic-
ular by Mather [1982], and extended to microcalorimeters [Moseley et al., 1984].
In practice, these detectors have a complex structure with different internal parts
linked together and a more realistic model is needed to describe their behavior.
A rather complete theoretical analysis for the type of calorimeters used in CRESST
has been proposed in Pröbst et al. [1995], where the detector system is described
by a set of coupled differential thermal equations. Other analytic models of
bolometers and microcalorimeters can be found in Galeazzi & McCammon [2003]
and Figueroa-Feliciano [2006].

3.2.1 Calorimeter model

The model described here was developed for a calorimeter with a dielectric ab-
sorber read out by a superconducting phase transition thermometer [Pröbst et al.,
1995].
Figure 3.1 is a schematic representation of a thermal model, where the detec-
tor consists of three weakly coupled thermal subsystems characterized by their
heat capacity C and their temperature T . The phonon systems of the absorber
and of the thermometer are thermally coupled via the Kapitza coupling GK .
The phonon and the electron systems of the thermometer are coupled by the
electron-phonon coupling Gep. Since the heat capacity of the phonon system of
the thermometer at low temperature can be neglected (see equation 3.3), the
Kapitza coupling between the two phonon systems GK and the electron-phonon

8The effect of thermal decoupling between electrons and phonons is only significant for
temperatures below 100 mK, where the population of non-thermal phonons has an average
temperature of few K.

9Bolometers are low temperature detectors that measure power.
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Figure 3.1: Schematic view of the thermal model of the calorimeter.

coupling Gep are replaced in the model by

Gea =

(
1

Gep

+
1

GK

)−1

, (3.10)

which represents a coupling between the electron system of the thermometer and
the phonon system of the absorber.
The detector is coupled to the heat bath via the thermal link of the thermometer
Geb and directly via its mechanical mounting that can be modelled as a thermal
conductance Gab. As already mentioned, the thermal coupling of the detectors
to the heat sink is given by the combination of gold structures and of gold bond-
ing wires. Their thermal conductance GAu can be calculated from the residual
electrical resistance at low temperature via the Wiedemann-Franz law

GAu =
LT

R
, (3.11)

where R is the residual resistance at the temperature T and L is the Lorenz
number (L = 2.45 · 10−8 W · Ω · K−2).
The model assumes a uniform distribution of the non-thermal phonons within
the volume of the absorber Va immediately after the deposition of an energy
∆E. The phonons are simply subdivided into two components, thermal and
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non-thermal, and the thermalization rate of non-thermal phonons is assumed to
be independent of their frequency.
As already mentioned, non-thermal phonons that enter the thermometer effi-
ciently interact with the electron system of the thermometer which, due to this
interaction, experiences a time dependent power input Pe(t). The thermaliza-
tion of high frequency phonons in the absorber, which is a competing process to
the previous one, is modelled by a power input Pa(t) into the thermal phonon
population. These time dependent power inputs are described as

Pe(t) = P0 e−
t

τn , Pa(t) =
1 − ǫ

ǫ
Pe(t), (3.12)

where ǫ represents the fraction of high frequency phonons thermalized in the
thermometer, P0 is the initial power input into the thermometer (P0 = ǫ∆E/τn)
and τn is the effective time constant for the thermalization of high frequency
phonons that is determined by the two competing phenomena of thermalization
in the absorber and in the thermometer. τn can therefore be expressed as

τn =

(
1

τfilm

+
1

τcrystal

)−1

, (3.13)

where τfilm and τcrystal are the time constants for the thermalization in the ther-
mometer film and in the absorber crystal respectively.
The time constant τcrystal is a property of the crystal and in particular of the
crystal surface and is expected to scale with the ratio between the volume and
the surface area of the absorber (τcrystal ∼ Va/Aa).
The time constant τfilm is given by

τfilm =
τ0

η̄
, τ0 =

2Va

A〈v⊥α〉 (3.14)

with A being the area of the absorber-thermometer interface and τ0 being the
ideal thermalization time for complete thermalization in the thermometer (ǫ = 1)
and complete absorption of high frequency phonons transmitted into the film
(η̄ = 1). The fraction of phonons thermalized in the thermometer

ǫ =
τcrystal

τcrystal + τfilm

(3.15)

affects the duration of the power input into the electron system of the ther-
mometer Pe(t), whereas the initial power input P0 only depends on the area
of the thermometer-absorber interface and on the transmission and absorption
probabilities

P0 =
ǫ∆E

τn

=
∆E

τfilm

. (3.16)
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The dependence of P0 on τn explains the linear dependence of the detector sen-
sitivity on the velocity of sound in the absorber material (see equation 3.14).
The simple exponential time dependence of Pe(t) in equation 3.12 is a conse-
quence of the assumed frequency independence of the thermalization rate10.

The thermal model of figure 3.1 can be described by two coupled differential
equations for the temperature Te of electrons in the thermometer and for the
temperature Ta of phonons in the absorber

Ce
dTe

dt
+ (Te − Ta)Gea + (Te − Tb)Geb = Pe(t) , (3.17)

Ca
dTa

dt
+ (Ta − Te)Gea + (Ta − Tb)Gab = Pa(t) , (3.18)

where Tb is the temperature of the heat bath.
With the initial conditions Ta(t = 0) = Te(t = 0) = Tb, the equations have the
following solution for the thermometer signal ∆Te(t) [Pröbst et al., 1995]

∆Te(t) = Θ(t)[An(e−t/τn − e−t/τin) + At(e
−t/τt − e−t/τn)] , (3.19)

where the step function Θ(t) takes into account the assumption of an instanta-
neous establishment of a homogeneous distribution of non-thermal phonons in
the absorber after the energy deposition. The solution consists of two compo-
nents: a non-thermal component, that originates from the direct absorption of
non-thermal phonons in the thermometer film, with amplitude An given by

An =
P0

(
1
τin

− Gab
Ca

)

ǫ
(

1
τt

− 1
τin

)(
1
τin

− 1
τn

)





1
τt

− Gab
Ca

Geb − Ce
Ca

Gab

− ǫ

Ce



 . (3.20)

and a thermal component, caused by the temperature rise of the absorber as
measured by the thermometer, with amplitude At given by

At =
P0

(
1
τt

− Gab
Ca

)

ǫ
(

1
τt

− 1
τin

)(
1
τt

− 1
τn

)





1
τin

− Gab
Ca

Geb − Ce
Ca

Gab

− ǫ

Ce



 . (3.21)

The time constants appearing in 3.19 are the effective time for thermalization of
non-thermal phonons τn, the intrinsic thermal relaxation time of the thermometer
τin and the thermal relaxation time of the absorber τt. The last two can be
expressed as

τin = 2
a+

√
a2−4b

τt = 2
a−

√
a2−4b (3.22)

10A frequency independent τfilm results when the metal film is thick enough to absorb all
transmitted phonons. The situation for τcrystal is less clear. However the assumption of a
frequency independent thermalization is justified by observation [Pröbst et al., 1995].
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with

a =Gea+Geb

Ce
+ Gea+Gab

Ca
b =GeaGeb+GeaGab+GebGab

CeCa
. (3.23)

Calorimetric and bolometric mode

For CRESST detectors Ce ≪ Ca, therefore equations 3.22 and 3.20 can be sim-
plified as

τin ≈ 1

a
≈ Ce

Gea + Geb

(3.24)

τt ≈
a

b
≈ Ca

GebGea

Geb+Gea
+ Gab

(3.25)

An ≈ P0

(Gea + Geb)
(

1 − τin

τn

)(

1 − τin

τt

) = − ǫ∆E

Ce

(
τn

τin
− 1
)(

1 − τin

τt

) . (3.26)

At very low operating temperatures, where Gea ≪ Geb, the intrinsic time con-
stant of the thermometer τin can be controlled by the thermal conductance of
the thermometer to the heat sink Geb.
Two different modes of operation of the thermometer can be discussed in terms
of the τin-to-τn ratio which controls the sign of An and hence the character of
the non-thermal component of the signal (see equation 3.26).

A thermometer for which τin ≫ τn integrates the power input Pe(t). The
amplitude of the non-thermal component measures the total energy of the high-
frequency phonons absorbed in the thermometer and is given by

An ≈ −ǫ∆E/Ce (3.27)

It follows that for a given energy deposition, the heat capacity of the electron
system determines the amplitude An. This operating mode of the thermometer is
referred to as ¨ calorimetric¨ . In calorimetric mode the time constant τn defines
the rise time of both the non-thermal and the thermal signal component, τin

defines the decay time of the non-thermal component, while τt determines the
decay time of the thermal component.
Light detector thermometers, used in the CRESST experiment, are optimized
to work in the calorimetric mode, since their thermal coupling to the heat bath
is adjusted to allow the detection of the scintillation signal with the long decay
time of CaWO4.

A thermometer for which τn ≫ τin operates in the bolometric mode, mea-
suring the flux of non-thermal phonons. In this case the amplitude of the non-
thermal component is proportional to the power input

An ≈ P0/(Gea + Geb) . (3.28)
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The amplitude An is an estimate of the deposited energy in the detectors due to
the proportionality of the initial power to ∆E (see equation 3.16). In bolometric
mode the rise time of the non-thermal component is determined by τin and its
decay time by τn. The rise time of the thermal component is defined by τn, while
its decay time is defined by τt (see equation 3.19).
Phonon detector thermometers, used in the CRESST experiment, work in bolo-
metric mode due to long time needed for the thermalization of the high frequency
phonons.

The calorimetric and bolometric modes explained above refer to the operation
of the thermometers, where the time constants of thermometer are short or long
compared to the variations in the incoming non-thermal phonon flux. It should
be noted that, due to the low frequency of incoming events, both light detectors
and phonon detectors used in the CRESST experiment operate as calorimeters,
since they can measure the energy of each single event.

3.2.2 Phonon collectors

In the calorimetric mode the amplitude of the non-thermal component for a given
energy deposition is determined by the heat capacity of the electron system of
the thermometer. Therefore the sensitivity of detectors can be increased by
decreasing the heat capacity of the thermometer, that is decreasing the volume.
Since the thickness of tungsten films is kept in the range of 2 kÅ in order to
preserve the efficiency of non-thermal phonon absorption, a decrease in the heat
capacity can only be achieved by decreasing the area of the thermometer. On
the other hand, for detectors based upon detecting non-thermal phonons, it is
imperative to collect as many of them as possible before they thermalize in the
absorber. Thus a large collecting area is required. To overcome this problem
and to enhance the sensitivity of detectors, the conflicting requirements on the
area needed for the collection of non-thermal phonons and the heat capacity of
the sensor are decoupled by means of superconducting phonon collectors.
The phonon collectors used in the CRESST detectors are large Al/W bilayer
pads placed adjacent to two opposite sides of the tungsten thermometer (see
figure 2.9). Due to the Al to W thickness ratio of approximately five to one,
the bilayer has a transition temperature close to that of aluminium (1 K) such
that its heat capacity at the operating temperature is negligible. The absorption
of the high frequency phonons in such a phonon collector leads to the creation
of long-lived quasi-particles which diffuse towards the thermometer, where they
release their energy. The working principle of phonon collectors is illustrated in
figure 3.2, and explained in more detail in the following.
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Figure 3.2: Schematic view of the working principle of phonon collectors. Figure in
the top shows energy diagram for Al/W bilayer. An absorbed non-thermal phonon of
energy > 2∆prox breaks a Cooper pair. The two excited quasi-particles relax towards
the gap edge via emission of phonons. The emitted phonon with energy > 2∆prox

will break more Cooper pairs, while the sub gap phonon is emitted back to substrate
(Si in figure). Excited quasi-particles propagate diffusively through the bilayer to the
tungsten film where they transfer their energy to the W electron system. Figure in the
bottom shows a cross section of a Al/W bilayer.

Absorption in phonon collectors

If a non-thermal phonon of energy greater than twice the energy gap (2∆) is ab-
sorbed in the bilayer it will break Cooper pairs and form excited quasi particles.
The average phonon energies in the relevant time interval are Ēp = hν̄ ≈ 2.5 meV
and Ēp ≈ 1.5 meV for sapphire and silicon respectively. The energy gap at T = 0
for aluminium, according to the BCS theory, is ∆Al(T = 0) = 3.52 kBTc(Al)/2 ≈
0.18 meV, while the band gap of the proximity bilayer (∆prox) is smaller than
the band gap of pure aluminium [Solymar, 1972].
The thickness of the superconducting layer needed to efficiently absorb all trans-
mitted phonons can be estimated knowing the velocity of sound averaged over
modes and the lifetime of a phonon of energy Ep due to absorption with pair
breaking in the material [Kaplan et al., 1976]. In the case of pure aluminium
the mean free path of phonons of energy Ep = 2.5 (1.5) meV ≈ 14 (8)∆Al is
estimated11 to be about 1.8 (3.0) kÅ; therefore a 10 kÅ thick aluminium film is
expected to absorb all transmitted phonons.

11For phonons of energy Ep = 14 (8)∆Al the lifetime due to absorption with pair breaking is
about 53(88) ps [Kaplan et al., 1976] and the group velocity averaged over modes is 3436 m·s−1.
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Quasi-particles relaxation

The quasi-particles produced after the absorption of non-thermal phonons are
well above the gap edge of the bilayer (Ēqp ≈ (Ēp − 2∆Al)/2 ' (3 − 6)∆prox).
These highly excited quasi-particles quickly relax towards the gap edge through
the emission of phonons. A detailed formulation of the rate of spontaneous
phonon emission can be found in [Kaplan et al., 1976].
In the specific case of aluminium, the excited quasi-particles do not come into
equilibrium with the lattice temperature within a few hundred microseconds.
This is due to the slow rate of spontaneous phonon emission in aluminium in
particular as the energies of the quasi-particles approach the gap edge.
As long as the energy of the emitted phonons is greater than twice the gap
of the superconducting bilayer, they can break more Cooper pairs generating
more quasi-particles. Once the energy of the relaxation phonons is smaller than
2∆prox, they cannot break pairs anymore and are re-emitted into the absorber.
As a consequence, approximately half the initial energy transmitted by non-
thermal phonons is lost due to sub-gap phonons.
In the process of recombination one quasi-particle combines with another one to
form a pair with the emission of a phonon with energy ≥2∆prox. The recombina-
tion phonons with energy grater than 2∆prox can interact with Cooper pairs and
create new quasi-particles [Rothwarf & Taylor, 1967]. This increases the effective
life time of quasi-particles. At temperatures well below the transition temper-
ature of the superconductor the process of recombination is negligible [Kaplan
et al., 1976]. On the other hand quasi-particle recombination has to be taken
into account during the diffusion due to the possibility of trapping in sites of a
reduced energy gap (e.g. caused by the presence of lattice defects or impurities)
where the density of quasi-particles can be locally enhanced. In this condition
the recombination of a pair would in fact lead to the emission of sub-gap phonons
that are lost.
The life time of quasi-particles has been found to be extremely sensitive to film
properties [Loidl et al., 2001]. Therefore, a high quality of the aluminium/tungsten
bilayer which gives a fast diffusion is fundamental.

Quasi-particles diffusion

Quasi-particles excited above the gap edge have a non-vanishing group velocity
vg that allows a diffusive propagation through the film. The group velocity of
quasi-particles decreases as their energy approaches the gap energy. In the limit
of quasi-particles in thermal equilibrium at the detector operating temperature,
that means at a temperature much lower than the transition temperature of the
bilayer, the average group velocity is given in Narayanamurti et al. [1978] as

〈v2
g〉 ≈

T

Tc

v2
F , (3.29)
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where vF is the Fermi velocity. Because of the long time needed for quasi-particles
to relax to thermal equilibrium, the velocity given in equation 3.29 represents
the lower limit for the quasi-particles group velocity that is not reached within
the time scale of interest.
The quasi-particle diffusion length ldiff is defined by the diffusion constant D
and the effective lifetime τq of the quasi-particles as

ldiff ∼
√

Dτq . (3.30)

The diffusion constant, in turn, depends on the quasi-particle mean free path lq

D =
〈vg〉lq

3
. (3.31)

The effective mean free path of quasi-particles is determined by the elastic scat-
tering on impurities and lattice defects and, in the case of a film thickness com-
parable to lq, by the scattering on the film surfaces.
Measurements of the quasi-particle diffusion length in an aluminium-tungsten bi-
layer deposited on a sapphire substrate have yielded a result of ldiff ≈ 1.5 mm12.
The Al/W bilayer used for the measurements showed a single crystalline struc-
ture and a diffusion without significant losses has been measured over a distance
of 2 mm. It is important to note, that in a superconducting film of polycrystalline
structure both the quasi-particle lifetime and the diffusion constant are strongly
reduced.
Once the quasi-particles have diffused into the tungsten thermometer, the energy
gap of which vanishes at the transition temperature, they relax releasing their
energy to the electron system of the thermometer raising its temperature. For
the correct functioning of phonon collectors, a good metallic contact with the
thermometer is needed. The use of aluminium-tungsten bilayers allows a good
contact avoiding at the same time the structural defects in the superconducting
diffusion film that are expected if it grows over the edges of the thermometer
only partially overlapping the tungsten film.
As already mentioned, phonon collectors are used to enhance the sensitivity of
thermometers used for light detectors. The diffusion length of quasi-particles
defines the maximum size of phonon collectors. Thus, they are designed to have
rectangular shape with a maximum length for diffusion of less than 1 mm. With
phonon collectors employed, the quasi-particle diffusion time contributes to the
light detector response time. Hence, the rise time of the non-thermal component
is determined by both the phonon collection time and the quasi-particle diffusion
time.

12A value of D = 2.46x10−4m2/s and a quasi-particle lifetime of 9 ms have been found [Loidl,
1999, Loidl et al., 2001].
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3.3 Noise and energy resolution

The energy resolution of a cryogenic detector is strongly affected by various
noise sources. In order to optimize the design of the detector and to understand
its performance it is very important to evaluate its noise, which is intimately
connected to its thermal properties. Therefore, the theory of noise in bolometers
and microcalorimeters is usually discussed within the detector thermal model13.

3.3.1 Basic thermometer model

At low operating temperatures, due to the phonon-electron decoupling, the elec-
tron system of the thermometer can be considered separately from the phonon
system of the thermometer and the absorber. A schematic view of the thermal
and electrical circuit of the thermometer is shown in figure 3.3.
The thermal equation of the electron system without noise terms is given by

Ce
dTe

dt
+ Plink(Te, Tbath) = Pe + Pbias + Pheater , (3.32)

where Ce is the electronic heat capacity, Te is the temperature of electrons, Plink

is the power output to the cold bath, Pe is the external power input, Pbias is
the Joule heating dissipated in the thermometer by the readout current If and
Pheater is the Joule heating injected by the heater of the thermometer.
The functional form of the power output to the cold bath through the weak link
is

Plink(Te, Tbath) = Π(T n
e − T n

bath) , (3.33)

where Π is a parameter dependent on the material and on the geometry of the
link and n is a parameter depending on the type of coupling involved. In the
CRESST devices the thermal link is provided by a gold wire or film and in this
case n is equal to two14.
The thermal conductance of the weak link is thus given by

Geb ≡
dPlink

dTe

= nΠTe
n−1. (3.34)

According to the bias circuit of figure 3.3 (see also equation 2.1), the bias power
is given by

Pbias = Rf (Te)If
2 =

Rf (Te)Rs
2

(Rf (Te) + Rs)2
I0

2 , (3.35)

13The theory of noise for a basic model of bolometers and microcalorimeters is given in
Mather [1982] and Moseley et al. [1984]. Noise analyses for some particular cases of complex
microcalorimeters and bolometers can be found in Enss [2005], Galeazzi & McCammon [2003]
and Figueroa-Feliciano [2006].

14For the case of free electrons the specific thermal conductivity (k) is proportional to the
specific heat capacity (cV ) [Kittel, 1967]. Since for electrons cV ∝ T and thus k ∝ T , the
power is then P =

∫
kdT ∝ T 2.
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Figure 3.3: Schematic view of the thermal and electrical circuit of the thermometer.
The thermometer (shaded rectangle) is characterized by the resistance Rf and the heat
capacity of the electron system Ce. The biasing circuit provides the current If . The
Joule heating from the bias current is represented as Pbias. Pheater is the Joule heating
dissipated in the heater that is used to keep the thermometer at the correct operating
point. The external power input (due to an event) into the thermometer is given as
Pe. Plink is the power flow to the heat bath at temperature Tbath through the thermal
link with a heat conductance Geb. The major noise sources are drawn in red. They
consist of thermal noise (Pth), Johnson noise of the film and shunt resistors (eJ f ,eJ s)
and SQUID noise (isq). The contribution due to the inductance of the SQUID input
coil is not considered.

where the thermometer resistance is taken to be only a function of its tempera-
ture15. The Joule heating from the heater, assuming that it is entirely absorbed
in the thermometer, is simply

Pheater = RheaterIheater
2 , (3.36)

where Rheater and Iheater are the heater resistance and current.
With a constant bias and heater current and assuming no external power input,
the thermometer will reach equilibrium at a temperature higher than the bath
temperature. Thus, in a steady state the bias and heater power inputs are
balanced by the power flow to the heat bath

Pbias + Pheater = Plink . (3.37)

15The thermometer resistance may also depend on the bias current R(T, I) due to critical
current effects (non-ohmic thermometer behavior).
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Assuming a small excursion from the equilibrium temperature (∆Te ≪ Te) equa-
tion 3.32 can be linearized by Taylor expansion to first order in ∆Te as

Ce
d∆Te

dt
+Plink +Geb ∆Te = Pe +Pbias−If

2 dRf

dTe

Rf − Rs

Rf + Rs

∆Te +Pheater . (3.38)

Then from equations 3.37 and 3.38 it follows

Ce
d∆Te

dt
+ Geb∆Te = Pe − If

2 dRf

dTe

Rf − Rs

Rf + Rs

∆Te . (3.39)

The solution of this equation, as in the case of a simple calorimeter model (see
equation 1.16), is an exponential with the effective time constant given by

τeff =
Ce

Geb + If
2 dRf

dTe

Rf−Rs

Rf+Rs

=
τin

1 +
If

2

Geb

dRf

dTe

Rf−Rs

Rf+Rs

, (3.40)

where τin ≈ Ce/Geb is the intrinsic time constant of the thermometer when the
coupling to the absorber Gea is neglected (see equation 3.24).
According to equation 3.40 the effective time response of the thermometer is
influenced by the ratio of Rf to Rs and the slope of the Rf vs.Te curve, that
is always positive for SPT thermometers. The sensitivity of the thermometer
is commonly parameterized with a dimensionless parameter α, that takes into
account both the slope of the transition and Te/Rf ratio as

α ≡ Te

Rf

dRf

dTe

. (3.41)

For the same slope dRf/dTe parameter α shows an increase towards the bottom
of transition curve16. In the small signal approximation, the transition curve is
assumed to be locally linear so both the slope and α are constant for the chosen
operating point.

Electro-thermal feedback

As it can be seen from equation 3.40, for Rf ≫ Rs
17 the effective time constant

is shorter than the intrinsic one. In this mode of operation, generally referred
to as negative electro-thermal feedback, the external input power that warms
up the thermometer and raises its resistance is removed by a reduction in Joule
heating due to decrease of the current passing through the thermometer. In this

16The behavior of R with dependence on T and I can be then characterized by two parameters

as αT = α ≡ T
R

∂R(T,I)
∂T

and αI ≡ I
R

∂R(T,I)
∂I

.
17If the resistance of Rs is small compared to Rf the circuit biases the thermometer with a

near constant voltage bias (voltage biased thermometer) .
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way the thermometer returns faster to its equilibrium and the total power in the
thermometer and the bias voltage are kept constant.

For Rf ≪ Rs
18 the effective time constant is longer than the intrinsic one.

During an event the Joule heating is increased in proportion to the temperature
excursion and is added to the external power (see equation 3.39). In this so-called
positive electro-thermal feedback mode the current through the thermometer is
kept constant.

For Rf = Rs there is no feedback, the effective time constant is the intrinsic
one and the Joule heating dissipated in the thermometer remains constant during
an event.
For simplicity the term

If
2 dRf

dTe

Rf − Rs

Rf + Rs

≡ GETF , (3.42)

is defined as electro-thermal feedback term. It has the same units as thermal
conductance and acts as a parallel conductance to Geb.
The strength of the electro-thermal feedback depends on the bias power, on the
slope of the transition curve (R vs. T) and on the ratio of thermometer and
reference resistors.
The CRESST detectors are operated at a weak negative electro-thermal feedback
(Rf ' Rs). The small bias current of a few µA used to read out the detectors does
not lead to a significant increase of the thermometer temperature. It is important
to note again that the CRESST detectors are stabilized at their operating points
with the help of the heater power and not with the bias power in which case a
stronger ETF would take place19.

Frequency domain

The noise is generally characterized by the noise power spectrum and therefore
the following discussion is done in the frequency domain. The block diagram
formalism of the control theory, which is used here, is a useful tool in modelling
the frequency response of the detector keeping at the same time the physics of
the model clear [Galeazzi & McCammon, 2003].
In the frequency domain equation 3.39 reads

ıωCe ∆Te(ω) + Geb ∆Te(ω) = Pe(ω) − GETF ∆Te(ω) , (3.43)

18In this case the reference resistor Rs provides a current bias for the film (current biased
thermometer).

19Many groups operate the SPT thermometers in a voltage bias mode, without additional
heaters. These detectors are then stabilized in the operating points above the temperature of
the heat sink with the help of bias power. This results in a strong negative electro-thermal
feedback and effective pulse shortening that allows an increase of the acceptable count rate
[Irwin, 1995], which is not a consideration of the CRESST experiment.
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The left-hand side of equation 3.43 represents the response of the thermometer,
while the right-hand part is the input to the thermometer. The right side term
that depends on the output (∆Te) is the feedback term. The solution of equation
3.43 is

∆Te(ω) =
1

Geb + GETF

1

1 + ıωτeff

Pe(ω) . (3.44)

The thermometer behaves as a low pass system with one pole20 in the frequency
response corresponding to the time constant τeff . Without the feedback term
the thermometer would behave as a low pass system with a response with the
time constant τin.
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Figure 3.4: Block diagram representation of the thermometer.

The block diagram of the thermometer system, described by equation 3.43,
is shown in figure 3.4. The conversion of the temperature variation ∆Te via
resistance variation and film current variation to ∆Is, that is read out by the
SQUID is also represented in the diagram (see equations 2.1 - 2.3). Then from
the block diagram it follows

∆Is(ω) =
1

Geb + GETF

1

1 + ıωτeff

If

Rf + Rs

dRf

dTe
︸ ︷︷ ︸

S(ω)

Pe(ω) , (3.45)

where S(ω) is the responsivity which is defined as the current signal measured
for a given power input into the thermometer (S(ω) = d∆Is/dPe).
The responsivity of the thermometer determines its theoretical spectral response
to an arbitrary signal power input or to the noise power input that is introduced
in the same way.
The inclusion of the different noise sources allows to estimate the size and spec-
tral shape of the output current noise and to calculate the theoretical energy
resolution of the modelled system. The output current power spectrum for a
certain noise source N(ω), given as the average of the magnitude of the noise, is

〈|∆IN(ω)|2〉 = 〈|d∆Ith(ω)

dN
N(ω)|2〉

[
A2

Hz

]

. (3.46)

20Pe is assumed to be instantaneous. In reality the finite time of incoming power would lead
to the appearance of a second pole.
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The noise, as well as the actual signal, is assumed to be a small signal so that a
linear approximation is valid (see equation 3.38). The noise sources are assumed
to be uncorrelated and the total output noise is found by simply adding them
quadratically.

3.3.2 Noise sources

The major noise sources are shown in the block diagram of figure 3.5. They
include the thermal noise due to the thermal link between the detector and
the heat sink, the Johnson noise of the thermometer, the Johnson noise of the
reference resistor used in the bias circuit, the noise of the read-out electronics
(SQUID) and the 1/f noise introduced by the thermometer.
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Figure 3.5: Block diagram representation of the thermometer with the various noise
sources.

Thermal noise

Thermal noise (also referred to as phonon noise or Thermal Fluctuation Noise -
TFN) is caused by statistical fluctuations in the energy content of the detector
due to the random propagation of the energy carriers (electrons, phonons etc.)
trough the thermal link between the detector and the heat bath. The thermal
noise determines the ultimate limit of the achievable energy resolution because
it represents a constant background noise against which the energy deposition
caused by an event must be measured.
In thermal equilibrium, where the temperature of the detector is equal to the
bath temperature, the amplitude of the statistical fluctuations ∆E scales as√

C (see equation 1.18) and the measured temperature signal ∆T as 1/
√

C. It
follows that the contribution of the thermal noise is more relevant for sensors
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with a small heat capacity21.
The power spectrum of the thermal noise is white with a spectral density at
thermal equilibrium (Te = Tbath) given by

Pth eq
2 = 4kBTe

2Geb

[
W 2

Hz

]

. (3.47)

For a steady state, where the detector is at a higher temperature than the heat
bath, the spectral density of the thermal noise depends on the thermal link
properties. Assuming a diffusive thermal conductivity of the link22 the power
spectral density is given by Mather [1982] as

Pth
2 = 4kBTe

2Geb
2

5

1 − (Tbath

Te
)5

1 − (Tbath

Te
)2

[
W 2

Hz

]

(Te > Tbath) . (3.48)

The thermal noise appears in the form of a power component that is introduced
together with the signal (Pe), as shown in figure 3.5. Therefore, the theoretical
output current noise induced by Pth is

〈|∆Ith(ω)|2〉 = 〈|d∆Ith(ω)

dPth

Pth(ω)|2〉 = 〈|S(ω) Pth(ω)|2〉

〈|∆Ith(ω)|2〉 =
1

(Geb + GETF )2

1

1 + ω2τeff
2

(
If

Rf + Rs

)2(
dRf

dTe

)2

Pth
2 .

(3.49)

The detector response to thermal noise is expected to have one pole related to
τeff .

Johnson noise of the thermometer

Johnson noise appears as fluctuations in the voltage across a resistor due to the
random motion of the electrical charges inside the resistor. The power spectrum
of Johnson noise is expressed as

eJ
2 = 4kBTR

[
V 2

Hz

]

, (3.50)

where T and R are temperature and resistance of the resistor respectively.
If the electro-thermal feedback of the circuit is neglected, the Johnson noise of the

21This is the case of light detector used in CRESST.
22In the diffusive limit the mean free path of the energy carriers is small compared to the

length of the link. For the CRESST detectors the energy carriers are free electrons. Their
mean free path at millikelvin temperatures depends on both the gold film (wire) quality and
thickness and is of the order of few hundred Angstroms. This is small compared to the typical
length (≈ mm) of the thermal link.
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thermometer itself (eJ f ) is modelled as a voltage fluctuation term in series with
Rf that directly adds to the output current. Taking into account the ETF, the
Johnson noise of the thermometer, being an integral part of the thermometer,
is included in the feedback circuit [Galeazzi & McCammon, 2003]. Therefore
the Johnson noise is modelled as voltage fluctuations, further read out by the
circuit, but at the same time seen by the feedback as temperature fluctuations
of the electron system (see figure 3.5). These temperature fluctuations have a
mean value of zero and so can not affect the temperature of the thermometer.
According to the block diagram the resulting output current is

∆IJ f (ω) = eJ f
1

If
dRf

dTe

(

1 − GETF

Geb + GETF

1

1 + ıωτeff

)
If

Rf + Rs

dRf

dTe

. (3.51)

It follows
d∆IJ fω)

deJ f

=
1

Rf + Rs

G

Geb + GETF
︸ ︷︷ ︸

τeff /τin

1 + ıωτin

1 + ıωτeff

, (3.52)

〈|∆IJ f (ω)|2〉 =
4kBTeRf

(Rf + Rs)2

(
τeff

τin

)2
1 + ω2τin

2

1 + ω2τeff
2
. (3.53)

The detector response to the Johnson noise has one zero and one pole corre-
sponding to τin and τeff respectively.

Johnson noise of the reference resistor

The white Johnson noise of the reference resistor Rs shows directly in the output
current and can be modelled as a voltage fluctuation (eJ s) term, in series with
Rs, which produces a current fluctuation in the SQUID branch given by

iJ s
2 =

(eJ s)
2

(Rf + Rs)2
=

4kBTsRs

Rf + Rs

[
A2

Hz

]

, (3.54)

where Ts is the temperature of the reference resistor. In addition the thermometer
exhibits a Joule heating dissipation, due to the work done by the bias current on
the Johnson noise of the reference resistor, with the form23

PJ s = −2IfRf iJ s = −2IfRfeJ s

Rf + Rs

. (3.55)

Summing both Johnson noise contributions of the reference resistors and solving
the block diagram shown in figure 3.5, one obtains

∆IJ s(ω) = iJ s − 2IfRf iJ s
1

Geb + GETF

1

1 + ıωτeff

If

Rf + Rs

dRf

dTe

. (3.56)

23The current fluctuations due to the Johnson noise of the reference resistor induce fluctu-
ations of If and consequently a change in the Joule heating dissipation in the detector which
can be written as ∆Pbias = 2If∆IfRf = −2If iJ sRf .
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The derivative and the output current noise are then

d∆IJ sω)

deJ s

=
1

Rf + Rs

τeff

τin

1 − I2
f

Geb

dRf

dTe
+ ıωτin

1 + ıωτeff

, (3.57)

〈|∆IJ s(ω)|2〉 =
4kBTsRs

(Rf + Rs)2

(
τeff

τin

)2

(

1 − I2
f

Geb

dRf

dTe

)2

+ ω2τin
2

1 + ω2τeff
2

. (3.58)

SQUID noise

Josephson junctions of dc SQUIDs have thin film shunt resistors in parallel.
Their Johnson noise current affects the performances of the device by generating
a white flux noise in the SQUID loop. The output current power spectrum is
white and can be written as

〈|∆Isq(ω)|2〉 = isq
2 . (3.59)

The dc SQUIDs used for the CRESST experiment exhibit an average noise level
of isq=1.2 pA/

√
Hz [Henry et al., 2007].

1/f noise

The model described here considers the ideal 1/f noise (the spectral density of
which is proportional

√

1/f) introduced by the thermometer24, that is described
as a fluctuation in the value of the film resistance [Galeazzi & McCammon, 2003]

(
∆Rf

Rf

)

1/f

∝ 1√
ω

[
1√
Hz

]

. (3.60)

From the block diagram 3.5 the response of the thermometer to the 1/f noise is
given by

〈|∆I1/f (ω)|2〉 =
If

2Rf
2
(

∆Rf

Rf

)2

1/f

(Rf + Rs)2

(
τeff

τin

)2
1 + ω2τin

2

1 + ω2τeff
2
. (3.61)

Additional noise terms

All noise spectra of the different noise terms listed above have a pole corre-
sponding to the time constant τsquid = L/Req of the bias circuit, where L is
the inductance of the input circuit Lin plus any stray inductance and Req is the

24The 1/f noise can also be introduced by the SQUID.
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equivalent of the two resistances Rf and Rs
25. Additional poles in the noise

spectra appear due to electronics (see subsection 2.4.2).
A more detailed noise analysis would have to take into account the complex
structure of the detector. As shown in figure 3.1, a complex calorimeter con-
sists of three weakly coupled thermal subsystems: the phonon system of the
absorber, the phonon system and the electron system of the thermometer. The
power fluctuations between these subsystems introduce more noise terms (In-
ternal Thermal Fluctuation Noise - ITFN), that are not considered here. Any
non-ohmic behaviour of the thermometer is neglected as well.
In addition, external disturbances like temperature fluctuations of the heat bath
or vibrations and electrical interferences that reach the detector can show up
as noise in the detector response. These external noise sources can be strongly
reduced by a careful design of the experimental setup and by an active control
of the temperature.

3.3.3 Energy resolution

The noise contribution to the detector performance is usually expressed in terms
of Noise Equivalent Power (NEP).
The NEP is defined as the equivalent input power Pe(ω) to the detector that
would produce the same output ∆IN(ω) as generated by the noise N(ω). Fol-
lowing equations 3.45 and 3.46, NEP can be written as

∆IN(ω) = S(ω)NEPN(ω) 7→ NEPN(ω) =
d∆IN

dN

S(ω)
N(ω) , (3.62)

where S(ω) is the reponsivity of the thermometer given in the equation 3.45.
Since the noise sources are assumed to be uncorrelated, the total NEP is the
sum in quadrature of the individual noise terms

NEP 2
total(ω) = NEP 2

th(ω) + NEP 2
J f (ω) + NEP 2

J s(ω) + NEP 2
sq(ω),

= P 2
th(ω) +

1 + ω2τin
2

(
If

Geb

dRf

dTe

)2 eJ f
2 +

(

1 − I2
f

Geb

dRf

dTe

)2

+ ω2τin
2

(
If

Geb

dRf

dTe

)2 eJ s
2

+
1 + ω2τeff

2

(
If

Geb+GETF

dRf

dTe

1
Rf+Rs

)2 isq
2 . (3.63)

The total NEP can be used to calculate the theoretical energy resolution, that
depends on both the various noise contributions and the algorithm used for the

25The stray inductance leads to an increase of the total circuit inductance and of τsquid. This
results in a decrease of the frequency of the pole corresponding to τsquid. On the other hand
the feedback coil of the squid can effectively shorten the inductance of Lin.
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data analysis. The NEP is related to the best possible energy resolution [Moseley
et al., 1984] as

∆Erms =

(√
∫ ∞

0

4df

NEPtotal(f)2

)−1

, (3.64)

where f=ω/2π. This relation gives the ∆Erms for the estimate of the energy E,
calculated with the ¨ optimal filter method¨ [Szymkowiak et al., 1993].
In the optimal filter method all pulses are assumed to have the same shape given
by a template event. This assumption is valid in the small pulse limit where
the detector response is linear26. The optimal filtering method involves a least
square fit in frequency space of the actual event to the template event, where
the fit is weighted by the standard deviation of the noise at each frequency. The
amplitude estimate of the event by the optimal filter is truly optimal if the noise
is only a function of frequency (stationary noise).
In the CRESST experiment the amplitude of the event is determined by a tem-
plate fit in the time domain (see chapter 4.2.1). This is equivalent to the optimal
filtering method when only white noise sources are considered.
The actual energy resolution may differ from the optimal one, not only due to
the presence of non-white noise terms but as well due to the limitations of the
noise model presented here and due to presence of the non-stationary noise. Nev-
ertheless, ∆Erms from equation 3.64 can be considered as a good approximation
of the actual energy resolution.
The integral in equation 3.64 can be solved analytically for the case of white
noise sources (Pth, eJ f , eJ s and iSQUID), using the following integral

∫ ∞

0

4df

A + B(2πf)2
=

1√
AB

. (3.65)

From equation 3.63 it follows,

A = P 2
th +

eJ f
2 + eJ s

2
(

1 − I2
f

Geb

dRf

dTe

)2

+ isq
2(Rf + Rs)

2

(

1 +
(

GETF

Geb

)2
)

(
If

Geb

dRf

dTe

)2

(3.66)
and

B =
Ce

2(eJ f
2 + eJ s

2 + isq
2(Rf + Rs)

2)
(

If
dRf

dTe

)2 . (3.67)

Substituting the values for noise spectral densities from equations 3.48, 3.50 and
3.59, the theoretical energy resolution in terms of the full width at half maximum

26The pulse shape in the linear region can differ due to position dependence of the detector
response. In the case of CRESST light detectors this effect can be neglected since only slight
position dependence has been observed [Petricca, 2005][Frank, 2002]
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(FWHM) is given by

∆EFWHM = 2.355

√
√
√
√
√

4kBTeCeRf Geb
(

If

dRf
dTe

)2

√
(

1+ TsRs
TeRf

+
isq

2(Rf +Rs)2

4kBTeRf

)

×

4

√

1+ TsRs
TeRf

(

1−
I2
f

Geb

dRf

dTe

)2

+
isq

2(Rf +Rs)2

4kBTeRf

(

1+
(

GETF
Geb

)2
)

+ 2
5

1−
(

Tbath
Te

)5

1−
(

Tbath
Te

)2

If
2
(

dRf
dTe

)2
Te

Rf Geb
.

(3.68)

Signal-to-noise ratio

The signal-to-noise ratio (SNR) is the most relevant parameter for the charac-
terization of detectors. In the frequency domain SNR is defined as

SNR(ω) =

∣
∣
∣
∣

∆Isignal(ω)

∆IN total(ω)

∣
∣
∣
∣

. (3.69)

Including thermal noise, Johnson noise of the film and reference resistor, accord-
ing to equations 3.45, 3.49, 3.53 and 3.58, SNR is given by

SNR(ω) =
Pe(ω)

If

Geb

dRf

dTe
√
(

Pth
If

Geb

dRf

dTe

)2

+ eJ f
2(1 + ω2τin

2) + eJ s
2

((

1 − I2
f

Geb

dRf

dTe

)2

+ ω2τin
2

) .

(3.70)
It follows that the SNR is independent of Rs and therefore of the electro-thermal
feedback.

The comparison of the measured and the modelled noise spectra will be pre-
sented in the last chapter.





Chapter 4

Detector operation and data
analysis

In this chapter the main experimental procedures for the detector operation and
an introduction to the data analysis techniques are described.

4.1 Detector operation

For the operation of the CRESST cryogenic detector it is important to start
with recording a transition of the thermometer from the normal conducting to
the superconducting state in order to choose a suitable operating point. The
stability of the operating point is controlled through heater pulses which are
injected into the thermometer via its film heater. The energy calibration in
the relevant energy range is obtained by extrapolation from the photopeak of
a γ calibration source with heater pulses of different energies. Furthermore the
heater pulses are injected constantly during the whole data taking in order to
monitor the energy calibration when there is no calibration source installed.

4.1.1 Transition curve measurements

A measurement of the transition of the thermometer from the normal conduct-
ing to the superconducting state represents the first step in characterizing the
performance of the individual detectors. The width of the phase transition in
temperature, which defines the dynamical range of the thermometer, and the
slope of the transition curve, which affects the sensitivity of the thermometer,
are directly obtained from the measured transition curve.
Transition curve measurements are performed by measuring the SQUID output
for a fixed bias current, as a function of the temperature in a neighborhood of
the transition temperature of the film. In order to keep the power applied to
the thermometer constant during the measurements, the bias current is switched

89
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from −I0 to +I0 and half of the corresponding change of the SQUID output step
represents a point of the transition curve for a bias current I0 . This is done by
feeding a square wave voltage, low pass filtered in order not to exceed the slew
rate of the SQUID, to the input of the current source.
In the CRESST experiment two methods for recording transition curves are com-
monly used: temperature sweeps using heaters at the base plate of the cryostat
(heat sink temperature sweeps) or at the detector itself (heater sweeps). Heat
sink temperature sweeps of the thermometers are measurements of resistance ver-
sus temperature, where the film temperature is controlled by varying the heat
sink temperature Tb via the resistance bridge for zero heating current through
the film heater (see figure 4.1 left). In the heater sweeps, the film temperature is
controlled by fixing the heat sink temperature and by varying the heating cur-
rent through the film heater (see figure 4.1 right). Since the stabilization of the
detectors during operations is achieved via the heater on the thermometers, this
method is usually applied. In addition it is much easier to perform heater sweeps
due to the time constants involved, which for a given thermal coupling to the
base plate, roughly scales with the heat capacity of the film for heater sweeps and
with the heat capacity of the mounting plate for heat sink temperature sweeps.
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Figure 4.1: Transition curves for the light detector SOS21 recorded with a bias current
of 1µA. The left curve was recorded by varying the heat sink temperature for zero
heating current through the film heater; the right curve was recorded by varying the
heating power with the heat sink temperature fixed.

Operating point

The response of the thermometer at a certain operating point depends on the
slope of the transition curve and on the heat capacity of the thermometer, but
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also on the read out current. This can be seen from equation 3.45 which describes
the responsivity of the thermometer and which, for the simplified case of no
electro-thermal feedback, can be written as

∆Is(ω) =

∆Rf (Pe)
︷ ︸︸ ︷

1

Geb

1

1 + ıω Ce

Geb
︸ ︷︷ ︸

∆Te(Pe)

dRf

dTe
︸︷︷︸

slope

∆If (∆Rf )
︷ ︸︸ ︷

I0 Rs

(Rf + Rs)2
Pe(ω) . (4.1)

A high bias current I0 broadens the transition range due to the effect of the
critical current. The broadening of the transition curve would decrease its slope
and therefore the responsivity of the thermometer. On the other hand high read
out currents increase the resistance to current conversion factor (∆If (∆Rf ))
and often tend to make the transition more linear (see figure 6.3). In order to
optimize the detector response, considering these aspects, transition curves of
each detector are recorded for different bias currents.
Besides choosing the optimum operation point such that the detector response
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Figure 4.2: Transition curves for the light detector SOS30 measured for different bias
currents I0. The SQUID voltage output is normalized to the response of the detector
with 200 nA bias current.

is maximized, the thermometer resistance at the operating point should be equal
or higher than the shunt resistance in order to stay within the negative electro-
thermal feedback regime to take the advantage of the self stabilizing effect on
the operating point (see section 3.3.1).
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4.1.2 Stability control

Once the operating points have been chosen, each detector is stabilized at its
point independently of other detectors via its film heater. An excursion of the
operating point due to temperature fluctuations affects the performance of the
detector through its non-linear response along the transition. A typical transi-
tion of the CRESST detector has a width of few mK and a typical temperature
rise for a low energy deposition is in the order of tens of µK. Hence for a stable
detector response the operating point has to be constant within few µK.
Two loops, which run under computer control with a PI1-algorithm, are used for
stability control.
A first control loop checks for deviations from the operating point by monitoring
the amplitude of large heater pulses. For very large heater pulses (so called con-
trol pulses) which (partially) saturate the detector, the amplitude of the SQUID
output gives a measure of how far the operating point is from the top of the
transition. Deviations of the operating point are therefore identified and cor-
rected by adjusting the control voltage applied to the heater circuit (see figure
2.15). The control pulses are injected regularly every three seconds. This rate of
control pulses is chosen to monitor the stability of the operating point frequently
enough and at the same time not to introduce significant dead time.
Since the SQUID output in the absence of a pulse, i.e the baseline, is also a
measurement of the temperature at the detector operating point (see figure 4.1
left) this information can be used for stabilizing the operating point by monitor-
ing and correcting baseline excursion. This is achieved with the second control
loop which reads out the baseline of the detectors between pulses and regulates
the control voltage applied to the heater circuit. During a pulse the baseline
sampling is interrupted and the voltage is kept constant. An effect which can
disturb the stabilization of the baseline is the occurrence of pulses at a rate faster
than the slew rate of the SQUID, which cause flux quantum losses resulting in
an incorrect SQUID output voltage. The base line control loop deals with such
flux quantum losses by not responding to large jumps in the SQUID base line
occurring during one sampling period.
Periods with noticeable deviations from the operating point are eliminated in
the off-line data analysis.
In order to monitor the long-term stability of the operating conditions the heater

is also used to inject periodic heater pulses (besides the control heater pulses).
As an example, the achieved stability of the light detector SOS21 during Run30
is shown in figure 4.3 where the measured pulse height of the heater pulses is
plotted as a function of time. During Run30 heater pulses of eleven different
amplitudes were injected at 30 second intervals. Typical energies of the heater
pulses vary from a few keV to hundreds of keV for the phonon detectors and

1Proportional Integral
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Figure 4.3: Measured pulse height of heater pulses (11 different amplitudes) of the
light detector SOS21 during Run30 as a function of time (period from middle of April
2007 until end of May 2007). The operating point was mainly controlled by the control
loop which monitors the amplitude of control pulses injected every 3 seconds. The
detector is seen to be stable within its resolution.

from tens of eV to a few keV for the light detectors.
More importantly, heater pulses are used to extend the energy calibration from
the photopeak of a γ calibration source down to the energy range of interest for
Dark Matter detection and to transfer from the calibration run to the background
run, as will be described in the next section. The energy injected by the heater
pulses is varied to cover the whole dynamic range, with more pulses in the low
energy region in order to test the trigger efficiency close to the detector threshold.

4.2 Data analysis

The data analysis begins with a computation of some simple parameters for each
pulse, like estimation of the pulse height by a moving average algorithm, onset
channel or baseline level for each pulse.
In addition for each pulse the time elapsed since the last muon event, the mul-
tiplicity of µ veto detector panels responding and the muon sum energy are
recorded.
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4.2.1 Pulse height evaluation

The correct evaluation of the pulse height, which corresponds to the energy of
each pulse, is done via a template fit procedure.
A template for a given type of pulse and for the detector of interest is obtained
by averaging many measured pulses in the region of small pulse height where the
detector response is linear. For each detector, two templates are created, one
for heater pulses and other for particle pulses. These templates are then fit to
all measured pulses of a given type, with an amplitude scale factor, a base line
level and an onset time as free parameters. The quality of the fit is given by the
overall mean square deviation (RMS) of the measured pulse to the template.
In a Dark Matter run, where the phonon and the light detector of each detector
module are read out in pairs, a so-called correlated template fit procedure is
applied. In this procedure a light detector and a phonon detector template
are fitted to the respective measured pulses with amplitude scale factors, base
lines and a common onset of the pulses as free parameters. The quality of the
correlated template fit is given by a joined RMS parameter which combines the
RMS fit parameters of the phonon and the light detector signals.

The light detectors, being more sensitive, often show worse performance

Figure 4.4: Example of the correlated fit of a low energy event in the detector module
Zora/SOS21, which corresponds to an energy deposition of 3.6 keV in the phonon
detector. The template was constructed by averaging pulses of the 122 keV line of a
57Co calibration source.

than the phonon detectors in terms of signal to baseline noise ratio [Petricca,
2005]. In such a case the standard template fit procedure is not so efficient
in estimating the pulse heights of the low energy events in the light detector
due to uncertainties of the position of the onset channel. The correlated fit
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Figure 4.5: Non-truncated fit of events recorded in the light detector SOS23 during Run30
with a template obtained by averaging pulses from a region where the detector response is
linear. The scatter plot shows the RMS value of the fit versus the amplitude of the pulses
obtained by the fit. For pulses with amplitude below 1 V the RMS value is constant and for
pulses with amplitude exceeding 1 V the RMS value starts to increase with amplitude. As it
can be seen on the left figure the non-truncated fit of the pulse which is already in the nonlinear
region does not agree with the data points close to the peak.
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Figure 4.6: Truncated fit of events recorded in the light detector SOS23 during Run30 with
a template obtained averaging pulses from a region where detector response is linear. The fit is
truncated at 1 V. For pulses with amplitude below this limit the fit procedure is standard, for
pulses with amplitude exceeding this limit the fit is truncated and the amplitude reconstructed
from the template. As it can be seen from the scatter plot a constant RMS value of the fit is
obtained. The left figure shows the truncated fit of a pulse with amplitude above 1 V.
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instead allows a more accurate pulse height estimation of light detector pulses
near threshold due to a more precise onset channel determination (see figure
4.4). The template fit methods as described work as long as the amplitude
is in the region of linear detector response. If the response is nonlinear, the
pulse shape changes with energy and the same template cannot be used over the
full energy range. Therefore, for high energy pulses which approach the top of
the transition curve, the part of the pulse where the response becomes reduced
is excluded from the fit procedure (truncated fit) and reconstructed from the
template. The quality parameter of the non-truncated template fit is used to
define the range of amplitudes where the detector response is linear. As shown
in figure 4.5 (right panel), the RMS value starts to increase at an amplitude
of about 1V when the pulses begin to deviate from the expected pulse shape.
The linear region is defined as the region with a constant RMS value. After the
truncated fit is performed the data plot shows a constant RMS value in the entire
range of amplitudes (see figure 4.6 right panel).
The necessary conditions for the applicability of the truncated fit technique are
a high stability of the detectors at this operating points where the template has
been produced and a record length long enough to contain the part of the pulse
decay which is in the linear region.

4.2.2 Energy calibration

After the response of the detectors is linearized, the energy scale, for both the
phonon and light channel, needs to be established.

In order to obtain an absolute energy determination for the phonon detec-
tors, a calibration with an external source is performed. A 57Co source, placed
outside the cryostat, is used for this purpose since its main gamma emission lines
of 122 keV and 136 keV are energetic enough to penetrate the cold box (see figure
4.7). The source is placed inside a capsule mounted on a tread, which is inserted
in a plastic tube guide inside the passive shielding of the cryostat. The plastic
tube guide is designed to go around the cold box allowing the adjustment of the
source position for obtaining the desired count rate on all detectors. In a Dark
Matter run, a calibration with 57Co is performed after stable operating condi-
tions have been reached and is repeated whenever settings have been changed.
During calibration, heater pulses of different amplitudes are injected into the

thermometer. Their amplitude is determined by the template fit as described
previously and then plotted as a function of the injected voltage. A comparison
of the 122 keV peak of the 57Co spectrum with heater pulses of similar amplitude
provides an absolute calibration of the injected voltage in terms of γ energy. In
order to get a reliable energy calibration the shape of the heater pulses should
resemble the one of the particle pulses. The detector calibration over the whole
dynamic range is obtained by fitting a polynomial function to the energy versus
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Figure 4.7: 57Co decay scheme. †γ values indicate the intensity of the line normalized
to 100 for the most intense γ emitted from the level. The energies are given in keV.

pulse height sequence of all test pulses (see figure 4.8). Once this is performed,
the energy of any particle pulse can be determined.
Since the test pulses are injected continuously, they provide the energy calibra-
tion throughout the entire Dark Matter run. An effect which can affect the
energy calibration are pulse height changes over time due to instabilities like
temperature drifts. Since there is a linear relation between energy and injected
voltage of heater pulses, these variations in the pulse height are used to adjust
the coefficients of the polynomial function and to correct for them.

The calibration of the light detectors follows the same procedure but the
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Figure 4.8: Calibration of the light detector SOS23 during Run30. Left panel: Injected
voltage versus pulse height. Right panel: Energy versus pulse height. The pulse height
for heater pulses is determined with the template fit. The conversion of injected heater
voltage to γ energy is obtained comparing the amplitude of 122 keV γ-pulses of 57Co
with heater pulses of similar amplitude.

reference is provided by the light output of the scintillating crystal corresponding
to an incident 122 keV γ radiation. Generally there is no absolute energy deter-
mination for light detectors. The pulse height produced in the light detector by
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the absorption of 122 keV γ in the scintillating absorber is assigned the nominal
value of 122 keV; the energy unit in the light channel is usually referred to as
keVee (electron equivalent keV). Using this conversion, the response of the light
detector is linearized through heater pulses applied to the thermometer the same
way as the calibration of the phonon detector is done.
This calibration technique could be affected by a non-linear relation between the
energy deposited in the scintillating crystal and its light output, yet no signif-
icant non-linearity in the relevant energy region had been observed in CaWO4

crystals at room temperature [Ninković et al., 2006] and in cryogenic measure-
ments [Angloher et al., 2005]. A slight non-linearity in the relevant energy region,
compatible with the observations in [Ninković et al., 2006], has been observed
in [Moszyński et al., 2005] for gamma irradiation of a CaWO4 crystal at 77 K,
where the light yield per energy deposited in the crystal decreases towards lower
energies. Assuming a light output proportional to the energy deposit in the
relevant energy region, a possible non-linearity as observed at 77 K would lead
to an increased leakage of events from the electron recoil band into the nuclear
recoil band and therefore would degrade the discrimination capabilities of the
CRESST detector module. Such a degradation would result in an increased
number of events in the WIMP acceptance region (see section 4.2.4) and thus
would lead to a higher upper limit estimate for the WIMP cross section (see
section 1.1.3).
Another effect which could distort the calibration, is any non-linearity in the re-
sponse of the detector due to a non-smooth transition curve. The heater pulses,
which are also affected by this kind of non-linearities, can be used to accurately
identify such nonlinearities in the transition and to correct for them. Hence more
heater pulses are always injected within the energy region of interest. Small
heater pulses near the detector threshold also provide a mean to characterize
and monitor the trigger efficiency.

An absolute energy calibration of light detectors is not required in order to ap-
ply the light-phonon active background discrimination technique, but it is needed
for the studies of the overall light collection efficiency of the CRESST detector
module and of the light detector performance. For an absolute calibration of the
light detectors a very low energetic source is needed due to the high sensitivity
of these detectors which are optimized to detect small amounts of scintillation
light. For that purpose dedicated runs have been performed at the test facility
of the Max-Planck-Institute in Munich with a 55Fe X-ray source installed inside
the cryostat2. Furthermore, in the presently ongoing Dark Matter run, very low
activity (order of 1mBq) 55Fe X-ray sources are mounted on a few selected light
detectors.

2The absorption length of 6 keV X-rays in copper is about 10µm. Thus the source could
not be placed outside the cryostat.
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4.2.3 Event cuts

Before any event selection, the gross exposure per detector module, which is
defined as the time during which the detector module was ready to observe a
WIMP induced nuclear recoil, times the detector’s mass is computed.
As previously mentioned, there can be time periods during which some or all
detectors are not stable enough due to large temperature fluctuations, vibrations
and other noise sources. These periods are identified by an increase in the RMS
value of the baseline or a deviation in the measured pulse height of the control
heater pulses3 and removed off-line, resulting in a reduced effective exposure.
Other type of event cuts that are performed include data quality cuts on param-
eters that are intended to remove pile-up events (like events triggered on the long
tail of α pulses, which extend beyond one record length) and events where the
interaction took place in the thermometers (due to their different pulse shape
with respect to the pulses of events occurring in the absorber.).
As expected for a WIMP candidate event, only single scatter events (only one
module responding) are accepted in the relevant energy region. Furthermore,
events in coincidence with signals detected by the muon veto are rejected.

4.2.4 Acceptance regions for recoiling nuclei

The determination of the acceptance band of WIMP interactions requires the
knowledge of the energy resolution of the light and phonon detectors in the
relevant energy region and of the quenching factors for different recoiling nuclei.
The upper boundary of the energy range of interest is given by the vanishing of
the expected recoil energy spectrum in CaWO4 at about 40 keV (see figure 1.4).
The lower boundary of the acceptance region is defined by the discrimination
threshold of the module, which corresponds to the energy where gamma and
nuclear recoil bands merge (at a certain confidence level).
From the background data, the electron recoil band is determined together with
the light and phonon detector resolution. Using the measured values for the
quenching factor of neutron induced recoils and taking into account the resolution
of the two detectors, a neutron acceptance band is determined. This is done by
determining for each energy in the phonon detector the expected energy in the
light detector. The uncertainty on the value of the energy in the light detector
includes the phonon detector resolution (since the light detector energy scale is
calibrated via the energy deposition of 122 keV γ’s in the phonon detector) and
the light detector resolution. Since these two contributions are independent, they

3The ”stability cut” where periods with significant deviations from the operating point,
based on the measured pulse height of the control pulse are cut from the data samples, was
applied in Run28 but not in Run30.
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are added quadratically4, where the dominant term is the resolution of the light
detector.
The accuracy of the procedure has been confirmed in the case of Run30 using
the measured band due to neutron interactions obtained in a neutron calibration
run [Angloher et al., 2008].
The same procedure, using the quenching factor measured for the tungsten recoils
(see section 2.2.1), is then applied to obtain a WIMP acceptance band. Figure 4.9
shows the low energy event distribution for one detector module (Verena/SOS21)
measured during the commissioning Run30 in 2007 [Lang, 2008b]. The vertical
axis is the ratio of energy measured in the light channel and energy measured in
the phonon channel. The horizontal axis is the energy measured in the phonon
channel. The red line represents the boundary below which 90% of neutron
induced nuclear recoils is expected, while the black line limits the region which
is expected to contain 90% of tungsten recoils. The energy resolution of the
light detector determines primarily the discrimination threshold of the detector
module. The performance of the light detectors during the commissioning Run30
in 2007, particularly the achieved energy resolution, will be extensively discussed
in the last chapter.

4The energy fluctuations in the phonon and light detectors are assumed to follow Gaussian
distributions.
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Figure 4.9: Low energy event distribution for detector module Verena/SOS21 from
the data sample collected in Run30 [Lang, 2008b]. The horizontal axis represents
the total energy measured by the phonon detector i.e. recoil energy. The vertical
axis is the ratio of energy measured by the light detector and energy measured by
the phonon detector. The energy calibration for both detectors is done in terms of γ
energy, where the light detector is calibrated using the light output of the scintillating
crystal corresponding to incident γ radiation as calibration reference. Therefore the
ratio equals to one for the events due to γ and β interactions in the crystal. Assuming
a quenching factor of 9 for nuclear recoils, the region below the red line would contain
90% of the nuclear recoils. Assuming a quenching factor of 40 for tungsten recoils, the
region below the black line would contain 90% of the tungsten recoils.





Chapter 5

Light detector study

The overall light collection efficiency of the CRESST detector module and the
sensitivity of the light detector thermometer are crucial parameters, which need
to be optimized in order to measure the small fraction of the deposited energy
which is emitted as scintillation light. With the purpose of increasing the light
detection efficiency a thin superconducting lead film deposited on a sapphire
substrate has been tested as an alternative light absorber to a silicon absorber.
In order to analyze the effect of the thermometer layout on its sensitivity, different
thermometer layouts have been compared.
All measurements of the light detector characterization were performed at the
surface level testing facility at the Max-Planck-Institut in Munich using a small
self-made dilution refrigerator. The cryostat is installed in a Faraday cage to
isolate it from electromagnetic interferences. The data acquisition system used
in the Munich facility1 is similar to one in the Gran Sasso facility (see figure
2.15).

5.1 Thermometer layout

The standard thermometer layout of the light detector has been described in the
section 2.3.2.

The first step of thermometer fabrication is the evaporation of the tungsten
film onto a previously cleaned surface of the absorber. The cleaning of surfaces
is necessary to obtain reproducible transition temperatures of films, ferromag-
netic contaminations of the tungsten film in the order of ppm can significantly
lower the transition temperature. Films are produced in an ultra high vacuum
system using a tungsten single crystal with 99.99% purity as evaporation ma-
terial. After deposition, tungsten films are structured to the final shape with a

1A detailed scheme of the data acquisition system used in the Munich facility can be found
in [Petricca, 2005].
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positive photolithographic process and wet chemical etching2. Additional pho-
tolithographic lift off processes followed by deposition steps are performed to
produce aluminium and gold structures.
To meet the required surface cleanliness and radiopurity, several cleaning steps
are applied during the procedure.
A detailed description of the fabrication processes is given in Frank [2002].

5.1.1 Influence of thermometer geometry on detector re-

sponse

For a given absorber the sensitivity of the light detector is determined by the
minimal amount of energy which its thermometer can detect.
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Figure 5.1: Layout of a standard light detector thermometer (left) and of a thermome-
ter with additional gold banks (right). The dimensions given in the left panel are the
same for both thermometer layouts.

The detection threshold of the thermometer is determined by the baseline
noise which is the combination of different noise contributions (see section 3.3).
In order to investigate the influence of the thermometer geometry on its response,
a slightly modified thermometer structure with additional gold stripes (¨ banks¨ )
covering the edges of the tungsten film has been produced (see figure 5.1). The
motivation for the deposition of normal conducting metal stripes over the tung-
sten film edges is their questionable quality, which is the uncontrolled result of
lift off processes. The proximity effect of the normal conducting gold stripes
reduces the transition temperature of the edges well below that of the remainder

2For tungsten etching a diluted mixture of NaH2PO4, NaOH and Na3Fe(CN)6 is used
instead of the conventional potassium based etchants to avoid radioactive contamination by
40K.
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of the tungsten film resulting in well-defined edges. As observed experimentally
in Hilton et al. [2001] the deposition of normal metal banks on the boundaries of
an SPT has improved the smoothness of the transition curve and increased its
slope.
To test this observation, two thermometers, one of standard design and the other

10 mm

thermometers

collimated X-rays

sapphire substrate
(20 x 10 x 0.5) mm3

sapphire balls

Figure 5.2: Schematic view of the setup to compare 2 thermometers with and without
edge treatment (see text). The distance between the two thermometers is 10 mm. The
collimated X-ray source irradiating the sapphire substrate is positioned at a distance
of 5 mm from both thermometers. The diameter of the irradiation spot is estimated
to be 0.5 mm.

one with additional gold banks, have been structured from the same evaporated
tungsten film on the sapphire substrate (see figure 5.2). The distance between
the thermometers is 10 mm. The detector is mounted in a cooper holder, which
is thermally coupled to the mixing chamber by a cooper wire (0.2 mm in diam-
eter and about 10 cm in length). The sapphire substrate is held by pressing it
between seven small sapphire balls directly embedded in the copper holder, in
this way providing good thermal isolation of the detector from the copper holder.
As described before, the thermal coupling of the thermometers is defined by gold
film structures, which are connected to isolated pads on the cooper holder by
gold bond wires.
Figure 5.3 shows the transition curves of the thermometers measured with low

bias current (Ib = 150 nÅ). Though the gold stripes on the boundaries of the W
film might have narrowed the transition curve, the smoothness of the curve is not
significantly improved. This hints to a variation of the transition temperature
across the W film itself.
A calibration measurement was done with a collimated 55Fe source irradiating
the substrate at a distance of about 5 mm from both thermometers. Operating
points were chosen such that they are at the same fraction of the transition (see
figure 5.3). The thermometer with the additional gold banks shows a higher re-
sistance at the top of the transition than the standard thermometer. This is due
to its narrower tungsten film (0.26 mm) compared to the standard thermometer
(0.3 mm).
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Figure 5.3: Transition curves of the two thermometers deposited on the same sapphire
substrate recorded with 150 nA bias current obtained by varying the heat sink temper-
ature. To the left is the transition curve of the standard thermometer and to the right
the one of the thermometer with additional gold banks. The chosen operating points
are marked in red. The estimated temperature rise after the absorption of 5.89 keV
X-ray in the sapphire absorber are shown in green.

The achieved energy resolution is rather poor for both thermometers (see ta-
ble 5.1) which is a consequence of the non-smoothness of the transition curves.
As previously mentioned the template fit method can not be efficiently applied
if the pulse shape changes notably with the measured pulse height. For both
thermometers the 55Mn Kα pulse shape is affected by the substructures in the
transition curve. Therefore the resolutions achieved for the low energy heater

Thermometer layout standard with gold banks

FWHM of 55MnKα peak [eV] 673± 12 460± 4

FWHM of low energy heater pulses [eV] 169± 2 196± 5

Table 5.1: Measured energy resolution of the 55Mn Kα peak and of the low energy
heater pulses (E∼ 1 keV) for both thermometers biased with 150 nA. Statistical errors
(1σ)for the Gaussian fit of the peaks are stated.

pulses (E∼ 1 keV), which were not influenced by the shape of the transition
curve, are listed in table 5.1. The thermometers show similar resolution of the
low energy heater pulses. The threshold of thermometers, roughly estimated as
twice the value of measured FWHM of heater pulses, is about 340 eV for standard
thermometer and about 390 eV for thermometer with additional gold banks.
In an attempt to improve the resolution of the thermometers for the X-ray irradi-
ation, another measurement with the thermometers stabilized in similar operat-
ing points is taken with a high bias current (3µA), which is expected to smooth
the transition curves. Indeed, as can be seen from figure 5.4, where the measured
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spectra are shown, the achieved resolution improved. For the thermometer with
the standard layout the improvement is significant. The thermometer with the
gold banks shows only a slight improvement. This is due to still present substruc-
tures in the transition curves combined with the smaller dynamical range. Thus
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Figure 5.4: 55Fe spectrum recorded with the standard thermometer (left) and the
thermometer with additional gold banks (right) on the same sapphire substrate. A
Gaussian fit of the two peaks is superimposed.

Thermometer layout standard with gold banks

FWHM of 55MnKα peak [eV] 198± 1 424± 2

FWHM of low energy heater pulses [eV] 85± 2 86± 2

Table 5.2: Measured energy resolution of the 55Mn Kα peak and of the low energy
heater pulses (E∼ 1 keV) for both thermometers biased with 3µA. Statistical errors
(1σ) for the Gaussian fit of the peaks are stated.

the measured resolutions of the low energy heater pulses for both thermometers
are again compared (see table 5.2). Both thermometers show similarly improved
energy resolutions for the heater pulses compared to the ones obtained from the
measurement with a low bias current. The estimated energy threshold is about
170 eV for both thermometers.
Based on these measurements it follows that within the limitations imposed by
the non-smooth transition curves of the two thermometers, the influence of the
additional gold banks does not seem to be beneficial for the overall performance
of the present thermometer of the light detector.
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5.1.2 Performance of two thermometers on one substrate

The calibration measurement of the detector equipped with two thermometers
was used to further investigate the overall performance of light detector ther-
mometer.

Temperature rise

For a certain energy deposition in the substrate only a part of the energy is
actually measured by the thermometer. This part is given by the fraction of
non-thermal phonons which thermalize in the thermometers (see section 3.2.1).
The amount of deposited energy that is detected by the thermometer is further
influenced by many parameters like phonon transport properties of the absorber,
size of the absorber-thermometer interface, efficiency of the phonon transmission
across absorber-thermometer interface and efficiency of the quasi-particle trans-
port from phonon collectors into the tungsten film.
For thermometers of similar sizes, produced in parallel processes on the same
substrate, which is irradiated by X-rays collimated in a small spot located at a
central position between the thermometers, the detected fraction of deposited
energy is expected to be similar. From the calibration measurement of the above
discussed thermometers, the observed temperature rise for the energy deposition
of 5.89 keV is estimated. For this purpose the measurement with the low bias
current is used, in which case self-heating effects can be neglected and the mix-
ing chamber temperature can be taken as a good estimate of the thermometer
temperature. The positions of the operating points are estimated by the mea-
sured pulse height of the small control pulses, while the observed pulse height
of the 55Mn Kα pulses determines the resulting voltage rise due to i.e the resis-
tance change. The corresponding temperature rise is obtained directly from the
measured transition curves. The heat capacity of the thermometers is estimated
according to equation 3.5. The detected amount of energy is then calculated as
E=∆Top ·Cop. The results are given in table 5.3. As it can be seen, about 5% of
the energy deposited in the sapphire substrate is measured by each thermometer.
The fraction of energy which is measured by the thermometer can also be esti-
mated according to the calorimeter model exposed in section 3.2.1 by calculating
the fraction of non-thermal phonons which are thermalized in the thermometer
(see equation 3.15)3. The thermalization time τfilm for the non-thermal phonons
which takes into account absorption efficiency of the thermometer for the in-
coming non-thermal phonons is calculated according to equation 3.14 for both

3The assumption made here is that for an absorption event at equal distance to both ther-
mometers, the fraction of deposited energy measured by one thermometer does not considerably
affect the fraction of energy measured by other thermometer. This seems to be a reasonable
assumption since from the measurement is follows that the fraction of the deposited energy
detected by each thermometer is only about 5%.
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Thermometer layout standard with gold banks

Top [mK] 29.5± 0.03 33.65± 0.03

Cop [fJ·K−1] 102.7± 0.3 109.9± 0.2

∆ Top (5.89 keV) [mK] 0.50± 0.06 0.47± 0.04

Edetected (5.89 keV) [%] 5.4± 0.7 5.4± 0.5

τcrystal [ms] ∼ 0.1

τfilm(full thermometer area) [ms] ∼ 0.23 ∼ 0.24

τfilm(W film) [ms] ∼ 2.0 ∼ 2.3

ε(full thermometer area) [%] ∼ 30 ∼ 30

ε(W film) [%] ∼ 5 ∼4

Table 5.3: Temperature rise and fraction of energy detected in the thermometers
for a 5.89 keV energy deposition in the sapphire substrate. Operating temperatures
(Top) and heat capacities (Cop) are determined as described in the text. The errors
given correspond to 1σ errors of the positions of the operating points. The calcu-
lated thermalization times for the thermometers, estimated thermalization time for
the substrate and estimated fractions of non-thermal phonons which thermalized in
the thermometers are given in the lower part of the table. See text for explanation.

thermometers and given in table 5.3. The thermalization time of the absorber
τcrystal is affected by many parameters like the surface quality or the holding sys-
tem and is expected to scale as the ratio between the volume and the surface area
of the absorber. Hence, it can be estimated for the current absorber geometry by
scaling values measured in Sisti [1999] for the large volume sapphire absorbers
held by a similar holding system4. The calculated fractions of phonons thermal-
ized in the thermometers do not agree with the estimated fraction of energy that
is detected in the thermometers when the full thermometer area (including the
phonon collectors, see figure 2.9) is considered. When only the area of the W
film is taken as collection area, the collection efficiency ε ⋍ 4-5 % agrees with
the measured energy fraction of 5.4 %. The observed fraction of the energy de-
posited in the substrate suggests that the efficiency of the phonon collectors is
rather low.

Pulse shape

Following the calorimeter model of [Pröbst et al., 1995](see equation 3.19) the
response of the light detector thermometer film can be described as

f(t) = An(e−(t−t0)/τin − e−(t−t0)/τn) + Ath(e
−(t−t0)/τt − e−(t−t0)/τn) + b (5.1)

4The thermalization time constants of the absorbers have been obtained by fitting the
measured pulses to the modelled temperature signal [Pröbst et al., 1995].
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where t0 is the onset time of the pulse, and An, Ath and b are three positive
numbers representing the amplitude of the two signal components and of the
baseline respectively.
The templates obtained by averaging many measured particle pulses in the low
energy region for both thermometers were fitted according to equation 5.1 and
the results of the fit are shown in figure 5.5. Again the data from the measure-
ment with the low bias current were used, so that the shortening of the pulses
due to the electro-thermal feedback can be neglected.
Both thermometers show a high fraction (>96%) of non-thermal phonons in the
observed signal.
The decay time of the non-thermal component of the signal is defined by the
heat capacity of the tungsten film and the heat conductance of the thermal link
(see equation 3.24). The thermometer with additional gold stripes has shorter
relaxation time τt than the standard thermometer. This is possibly due to an
improved thermal coupling to the heat sink, since the estimated heat capacities
in the operating points are similar.
The fitted rise time of the pulses τn can be compared to the modelled rise times
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Figure 5.5: Relevant parameters resulting from the fit of template low energy events
for the standard thermometer (left) and the thermometer with gold banks (right).
The parameters include the rise time τn of the two signal components, the fraction of
the non-thermal component An/(Ath + An), the decay time τin of the non-thermal
component and the decay time τt of the thermal component.

calculated according to equation 3.13. The modelled rise time for both ther-
mometer, using the values from table 5.3, is expected to be in the range from
∼ 0.07 ms to ∼ 0.1 ms. It follows that the fitted rise time for both thermometers
is longer than expected from the calorimeter model. This is due to the additional
time constant, which is the time needed for the quasi-particles to diffuse into the
thermometer.
In a previous work of the CRESST group [Loidl, 1999] quasi-particles have been
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measured to diffuse in an aluminium-tungsten bilayer over a distance of 1 mm in
a time of about 1 ms. Given the typical dimensions of the phonon collectors in
the present thermometer, this would lead to a rise time of about 0.5 ms, which
is longer than the fitted rise time. This difference can be ascribed to the smaller
thickness and (or) worse quality of the bilayer used in this measurement than
in [Loidl, 1999], which can influence the diffusion constant of the quasi-particles
via their effective mean free path. As previously mentioned, the mean free path
of the quasi-particles is determined by the elastic scattering on impurities and
lattice defects. Additionally, in a bilayer of a thickness comparable to the quasi-
particles mean free path, the effective quasi-particles mean free path is limited
by the scattering on the surface5.
Due to the complexity of the processes in the phonon collectors, the interpre-
tations about the efficiency and quality of the phonon collectors given in this
subsection require further measurements, which were not possible within the
time of this thesis.

Coincident events

A scatter plot of the coincident events of the measurement with 3µA bias current
is shown in figure 5.6. The 55Mn Kα and Kβ X-ray peaks are clearly visible in
the center of the band. The size of the collimated irradiation spot is estimated
to be 0.5 mm in diameter and the estimated distance to the both thermometers
is the same (5 mm).
Possible energy losses for the X-ray absorption events at the distance 5 mm±0.5mm

to the thermometer would appear as a tail towards lower energies in the measured
spectrum. No such effect is seen indicating no significant loss of non-thermal
phonons for about 10% change in the distance from the absorption event to the
thermometer. As it can be seen from figures 5.6 and 5.4 the 55Mn Kα and Kβ

X-ray peaks have gaussian distributions in both thermometers. The worse res-
olution obtained by the thermometer with additional gold stripes, shows up as
an elongation of the peaks along x-axis in the scatter plot.
An additional line, which is vaguely visible in the spectrum at about 8 keV, is
associated with the Cu Kα X-rays induced by cosmic and environmental radioac-
tivity. These X-rays irradiate the substrate uniformly. Events occurring near
the center of the substrate cause similar fractions of energy detected in both
thermometers. If an event occurs closer to one thermometer, the fraction of
energy measured in that thermometer becomes larger and the fraction of en-
ergy measured in the other thermometer becomes proportionally smaller. As it

5In Loidl [1999] the mean free path of the quasi-particles at low temperatures in the Al/W
bilayer, which was used in the measurement, was estimated to be about 1.8 µm. This is in the
range of the bilayer thickness.
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Figure 5.6: Scatter plot of the energy measured by the standard thermometer (ch2)
versus the energy measured by the thermometer with additional gold banks (ch1)
deposited on the same sapphire substrate. X-rays from the collimated 55Fe source hit
the substrate in the middle between the two thermometers.

can be seen from figure 5.6, the Cu Kα line is straight i.e the total energy de-
tected by both thermometers stays constant. This suggests that there are no
significant losses in the substrate for events that are up to about 15 mm away
from the thermometers. This is in agreement with previous measurements in
the CRESST group [Frank, 2002], where the losses in sapphire substrate for an
event 20 mm away from the thermometer are estimated to be less than 2.5% of
the total energy.

5.2 Light detector substrate

For a given light output of the scintillating crystal and a given reflectivity of the
housing, there is a clear dependence of the light detection efficiency of the detec-
tor module on the size and absorption properties of the light detector absorber
[Frank, 2002, Petricca, 2005].
With the aim of improving the light absorption of the detectors, thin lead films
have been tested as alternative to silicon absorber. The performance of a sap-
phire light detector with a lead absorption layer was compared to that of a silicon
light detector of same absorber size operated in the same setup.
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5.2.1 Lead absorber on the sapphire substrate

The motivation to explore superconducting absorbers is their energy gap6 in
the order of meV, which allows much smaller excitations to be detected than
with conventional semiconductors like silicon or germanium whose energy gap
is in the order of eV. This is of special interest when the scintillation light is
emitted in the red and near infrared spectrum, as it is in the case of scintillating
sapphire crystals. Among superconductors lead absorber was chosen due to the
fast relaxation time of the excited quasi-particles that should provide a fast time
response of the detector. Besides lead is known to be a good X-ray absorber
[Angloher et al., 2002, Bento, 2004].

Detector setup

A lead layer of ∼1.3 kÅ thickness and (29×29) mm2 size was deposited on a
(30×30×0.45) mm3 sapphire substrate on the opposite face with respect to a
tungsten SPT thermometer already prepared. The thermometer layout is shown
in figure 5.1 right. The deposition of the thin lead film was made in a Po-

Figure 5.7: Schematic view of the setup. The titanium doped sapphire crystal and the
lead-on-sapphire light detector are enclosed in a reflective housing. The light detector
is illuminated by X-rays coming from an internal (inside the cryostat) 55Fe source and
by scintillation light coming from the sapphire crystal excited by γ-rays from an 241Am
external source. The light detector is read-out with a tungsten SPT thermometer.

laron SEM coating system (E5800) at room temperature using a lead target of
99.9999% purity. The thickness of the film was estimated by the weight increase
of the substrate after the lead deposition.
A titanium doped sapphire (20× 10× 5) mm3 crystal with 75ppm titanium con-
centration was used as scintillating crystal. The crystal sides were unpolished.

6From another point of view metal absorbers are not suitable due to the large heat capacity
compared to superconductors.
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Both detectors were housed in a copper holder with Al foil used as a reflector
on the side of the crystal and VM2000 foil7 on the side of the light detector (see
figure 5.7). The thermometer side of the lead-on-sapphire substrate was facing
the crystal.
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Figure 5.8: X-ray diffraction spectrum of the lead film deposited onto the sapphire
substrate. The full measured spectrum is shown in the left figure, where the most
intense peaks are due to the diffraction by the R-plane of the sapphire crystal. The
right figure shows the region where the peaks due to the diffraction by lattice planes of
the lead and lead oxide are visible. In the left figure there are additional small peaks
on the left side of both sapphire diffraction peaks which are probably due to a slight
misalignment of the substrate.

5.2.2 Elemental, structural and optical studies of lead
film

Elemental analysis of two lead-on-sapphire samples, using an energy dispersive
X-ray spectrometer (EDX), showed no significant contamination present in the
films within the detection limits of the spectrometer (about 1 percent by weight).

73M Radiant Mirror Film VM2000
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An X-ray diffraction (XRD) spectrum of a lead-on-sapphire sample, which is de-
posited under the same conditions as for the sample used in cryogenic measure-
ment, was taken with a conventional x-ray diffractometer8 using Cu Kα radiation
(see figure 5.8). The most intense reflections are those of the sapphire substrate
itself. The measured peaks of lead reveal the face-centered cubic (FCC) structure
and a measured lattice constant of 4.94 ± 0.02 Å matching the lattice constant
of the bulk material. According to the XRD spectrum the average grain size,
estimated from observed peak widths using the Debye-Scherrer formula and ne-
glecting any possible strain effects, is about 300 Å.

Transmission spectra9 of the lead-on-sapphire sample were taken at wave-
lengths in the region between 350 nm and 1000 nm at room temperature using a
Secoman Anthelie 2 Advanced spectrophotometer. The measurements were done
for both the lead film and the sapphire crystal facing the light source, showing no
significant difference (see figure 5.9). The sapphire substrate on average trans-
mits above 90% in the measured region.
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Figure 5.9: Transmission (left) and reflection spectra (right) for a lead-on-sapphire
substrate measured with the lead and the sapphire side facing the light source. Trans-
mission spectra were measured under normal incident angle and the reflection spectra
were taken with an integrating sphere.

Reflectivity measurements were performed at room temperature using a Mi-
nolta CM-2500D integrating sphere spectrophotometer in the wavelength region
from 360 nm to 740 nm. The total (diffuse and specular contribution) reflection
spectra and the diffuse reflection spectra for the lead and the sapphire sides facing

8Both measurements, EDS and XRD, were done in the crystal laboratory at the Technical
University of Munich in Garching.

9All optical measurements were carried out at the Max-Planck-Institut in Munich.
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Figure 5.10: Absorption of the lead-on-sapphire substrate and the silicon substrate
between 360 nm and 740 nm estimated from the combination of a transmission and a
reflectivity measurement. In gray and black are the different values obtained measur-
ing respectively on the sapphire and on the lead side, while the red curve shows the
absorption of the silicon sample.

the light source are shown in figure 5.9. As it can be seen from the figure, when
the lead film is directly illuminated the reflection is lower and mainly diffuse.

Absorption spectra for the lead-on-sapphire sample, calculated from the trans-
mission and reflection spectra, are shown in figure 5.10. The absorption spec-
trum, obtained in the same way, for a 0.45 mm thick n-type silicon sample, which
is the absorber of the light detector used for comparison, is shown in the same
figure. The absorption of the lead-on-sapphire sample with both the lead directly
illuminated or through the sapphire illuminated is higher than the absorption of
silicon sample in the measured region of the spectrum.

The scintillation emission spectrum between 200 nm and 1000 nm of the sap-
phire with 75 ppm titanium concentration was measured at room temperature.
The spectrum shows several emission peaks with the most prominent one cen-
tered at 750 nm with a FWHM of about 140 nm, which is due to Ti+3 [Luca,
2007]. Emission spectra of several sapphire crystals doped with Ti+3 have been
measured at room temperature and at 30 K. The position of the emission peak
due to Ti+3 does not change significantly with decreasing temperature. The lead
film absorbs more strongly than the silicon substrate, as it can be seen from
figure 5.10, for most of the 75 ppm titanium doped sapphire emission spectrum
(the calculated absorption spectra do not cover the full region). This is due to
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the higher reflectivity of silicon.

5.2.3 Performance of the lead-on-sapphire light detector

The influence of the superconducting layer on the detector pulse shape was inves-
tigated in particular for a possible decrease of the amplitude due to the energy
trapped inside the layer [Rothwarf & Taylor, 1967]. Therefore the detector was
calibrated with collimated X-rays from an 55Fe source before and after the depo-
sition of the lead film. The irradiation spot was of about 1 mm in diameter and
placed at about 25 mm distance from the thermometer on the lead layer side of
the substrate.
Figure 5.11 shows transition curves of the thermometer obtained by varying the
heat sink temperature with no current through detector heater and by changing
the heating current through the film heater with a stabilized heat sink tempera-
ture. As it is visible from the figure the transition curve is not smooth and a lot
of substructures are present.
The operating point chosen for the measurement before the deposition of the lead
film was in a very non-smooth region and the pulse shape changed with the signal
amplitude (see figure 5.12 left), degrading the linearity of the detector response.
Instead of applying the standard procedure (see chapter 4.2.1), the linear region
of the detector response was estimated as the region where the relation between
the injected voltage for the heater pulses and their pulse height, obtained by a
moving average method10, was linear. The 55Mn Kα peak was at the border of
the linear to the nonlinear region. The resulting 55Fe spectrum is shown in figure
5.13, while the estimated resolution of the detectors are shown in table 5.4. Due
to the non-linear response of the detector the results obtained should be taken
with some caution.

Light Detector WI199 WI199
Absorber sapphire lead-on-sapphire

FWHM for 55Fe Kα peak [eV] 435±3 545±64
FWHM for heater pulse of ∼3 keV energy [eV] 326±15 837±77

Table 5.4: Measured resolution of the 55Mn Kα peak and of the low energy heater
pulses for the light detector WI-199 before and after lead deposition.

After the lead deposition, another calibration measurement with the 55Fe
source was taken but at a slightly higher operating point (see figure 5.11, left

10Given a certain number of channels (chosen according to the time base and the length of
the pulsed) this algorithm calculates the average value among these channels and then moves
the calculation by one channel at each step along the record.
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Figure 5.11: Transition curves for the light detector WI-199. The left curve was
obtained by varying the heat sink temperature at a bias current of 0.5µA and 0 A
heater current. The right curve was obtained by changing the heating through the
film heater with 1µA and 2µA bias current.
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Figure 5.12: Detector response for different pulse heights for the light detector WI-199
with the pure sapphire substrate (left panel) and the lead-on-sapphire substrate (right
panel). The red curve is the typical 55Mn Kα pulse.

panel). Nonlinearities of the detector response due to substructure in the transi-
tion were not present in the energy region of interest (see figure 5.12 right panel)
and the standard analysis procedure was applied. The measured spectrum is
shown in figure 5.14 together with the spectrum detected while irradiating the
sapphire crystal with the 60 keV γ radiation from an external 241Am source. From
a Gaussian fit with an exponential background of the scintillation light peak, the
fraction of energy deposited in sapphire and measured in the lead-on-sapphire
detector is calculated to be 2.4 % (see table 5.5). This result is a notable im-
provement in absorption efficiency when compared to 1.4 % which was obtained
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Figure 5.13: The obtained 55Fe spectrum for the light detector WI-199 with the pure
sapphire substrate. A Gaussian fit of the two peaks is superimposed.

with the silicon absorber in the same setup [Askin, A., 2006]. The difference is
ascribed to the different absorption properties of the material used, as shown in
figure 5.10.

Light Detector Absorber Size
Detected Light

of 60 keV

BE10 silicon (30 × 30) mm2 1.4 %
WI-199 lead-on-sapphire (30 × 30) mm2 2.4 %

Table 5.5: Fraction of the energy deposited in the 75 ppm Ti doped sapphire crystal
detected in the light detector for different absorber materials.

As seen from table 5.4 the resolution achieved with the sapphire detector
worsen as a result of the lead deposition. Due to the different operating points
in the two measurements and therefore the different gain of thermometer (slope
of the transition curve) the values can not be compared directly. A simultaneous
increase by a factor of two of the baseline noise and of the pulse height of X-ray
absorption events due to the temperature variations around the operating point
was observed during the measurement with lead-on-sapphire absorber. This
indicates that the observed noise is mostly due to energy like noise sources which
scale with the signal.
In addition the pulse height of events due to X-ray absorption in sapphire was
significantly decreased after the lead deposition. This can not be explained only
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Figure 5.14: The gray solid line is X-ray spectrum of an 55Fe source recorded with
the lead-on-sapphire WI-199 light detector. The black solid line shows scintillation
light spectrum of a 241Am source shining on the sapphire titanium doped crystal in
addition to the X-ray spectrum.

by the change in gain at the different operating point since the heater pulses,
which are affected in the same way as particle pulses by the slope change, did
not show such a decrease in this pulse height. For both measurements the same
heater structure and the same set of injected heater voltages for the heater pulses
was used. Therefore the amplitude of the particle pulses, before and after the
lead deposition, should be about the same. Figure 5.15 illustrates the effect
showing the templates of 55Mn Kα events and the templates of heater pulses for
0.1V injected heater voltage before and after the lead film deposition. In order
to account for different squid settings and different slope of the transition curve,
the vertical axis was scaled appropriately using squid transfer coefficients and
normalized to the heater pulse amplitude in both cases. As can be seen in figure
5.15, the pulse height of the 55Mn Kα template is decreased by a factor of about
three after the lead film deposition.
In order to understand this behavior and keeping in mind that there are many

factors influencing the light detector performance, a qualitative interpretation of
the observations will be discussed in the following paragraphs.
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Figure 5.15: The left and right figures show the templates of 55Mn Kα events and
the templates of heater pulses for 0.1V injected heater voltage before and after the
lead film deposition respectively. In order to account for the different slope of the
transition curves at the different operating points of the measurements, the vertical
axis is normalized to the heater pulse amplitude. The pulse height of 55Mn Kα template
is decreased by a factor of about three after the lead film deposition.

The light detector response

The template obtained by averaging many measured particle pulses in the low
energy region for the light detector with a pure sapphire absorber was fitted
according to equation 5.1 and the results of the fit are shown in figure 5.16
(top panel). For comparison the fitted templates for 55Mn Kα X-ray absorption
and scintillation light absorption measured with the light detector after the lead
deposition are presented in the bottom panel of the same figure.

Discussion

After a scintillation photon (about 2 eV energy) is absorbed in the supercon-
ducting Pb-layer, which has an energy gap at zero temperature of 0.17 meV
[Zehnder, 1995], it breaks Cooper pairs producing excited quasi-particles. Simi-
lar to the energy down-conversion process in the superconducting aluminum (see
section 3.2.2), these quasi-particles will relax by phonon emission and recombine
emitting recombination phonons. Phonons with energy > 2∆ can break other
Cooper pairs and create new quasi-particles inside the lead, while phonons with
≤2∆ might be transmitted across the lead/sapphire boundary, with transmis-
sion coefficients determined by the acoustic mismatch. Recombination phonons
with energy greater than 2∆ can again break other Cooper pairs [Rothwarf &
Taylor, 1967]. This process extends the intrinsic life time of quasi-particles and,
combined with the reflection of the recombination phonons at the boundary of
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Figure 5.16: Relevant parameters resulting from the fit of particle interactions in
the pure sapphire absorber (top) and in the lead-on-sapphire absorber (bottom). The
parameters include rise time τn of the two signal components, fraction of the non-
thermal component An/(Ath + An), decay time τin of the non-thermal component
and decay time τt of the thermal component.

the sapphire, results in a delayed heat flow to the thermometer which increases
the rise time of the pulses. The delay of the ”2∆-phonons” produced in lead is
primarily determined by the effective lifetime of quasi-particles which has been
estimated to be τqp = 89.5 ± 1.2µs for the case of a round (1 mm diameter and
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2µm thick) lead film on a (20 × 10 × 5) mm3) sapphire substrate at a tempera-
ture of 20 mK [Bento, 2004]. In the same measurement, the observed rise time
of pulses due to X-ray absorption in this lead film was about 180µs.

For the events in the light detector from an 55Fe source, the attenuation
length of a 6 keV X-ray is equal to 34µm in sapphire and 1.9µm in lead [CXRO,
2008]. Since the lead layer is only about 0.1µm thick the absorption of X-rays
occurs mainly in the sapphire.
After the X-ray absorption, a very rapid down-conversion of the deposited en-
ergy occurs resulting in a population of high frequency phonons with half of the
Debye frequency, which is about 10 THz for sapphire. These phonons quickly
undergo anharmonic decay with a mean free path of about 0.1µm in sapphire.
Following a simple model in which the high frequency phonons convert down to
phonons with half of the frequency, the second generation of phonons have about
5 THz and a mean free path before anharmonic decay in the range of 1.6 to about
30µm [Poelaert et al., 1996]. Thus many of these high frequency phonons have
an energy higher than twice the energy gap of lead (2∆-phonons of lead have
the frequency of about 2 THz). After these phonons reach the lead/sapphire
interface and are transmitted into the lead they will break Cooper pairs inside
the lead and produce excited quasi-particles. As a consequence, part of energy
deposited by X-ray absorption is delayed by the lifetime of the quasi-particle in
the superconductive lead and therefore no significant difference in the rise time
of the X-ray absorption and scintillation light absorption is to be expected. This
disagree with observation (see figure 5.16 bottom panel).
The down-conversion in energy in the sapphire substrate continues until the en-
ergy of the phonons becomes low enough such that their mean free path is longer
than the thickness of the substrate. Then their effective mean free path can be
approximated by the substrate thickness. In a sapphire crystal, phonons with
a frequency lower than 1 THz have a mean free path against anharmonic decay
in the millimeter range [Poelaert et al., 1996]. The population of these non-
thermal phonons spreads around the substrate with the speed velocity of sound,
having multiple reflections at the surface. On a perfect surface the phonons are
reflected specularly, but in a real crystal imperfections and adsorbates can cause
diffuse reflections. Most of these reflections are elastic and contribute to a uni-
form phonon distribution in the crystal. On the other hand inelastic reflections
through surface excitations result in the thermalization of the phonons.
As seen from table 5.6 approximately 72% of the phonons incident at the sap-

phire/lead interface are transmitted into the lead layer and only about 1% are
transmitted at the lead/sapphire interface. This means that a phonon has to
undergo many reflections inside the lead layer in order to be transmitted back to
the sapphire. When compared to the pure sapphire absorber this results in an
increased probability for thermalization. In addition the losses of non-thermal
phonons due to inelastic scattering on the surface depends on the quality of the
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Transmission 〈α〉 GK/T 3

from→ to [%] [kW· K−4· m−2]

Al2O3 → Pb 71.56 1.88

Pb→ Al2O3 0.96 0.54

Table 5.6: Parameters numerically calculated according to Pröbst et al. [1995] for the
transmission of phonons across the (11̄02) plane of sapphire into polycristalline lead
film with the crystals randomly oriented. Total transmission coefficient 〈α〉 (averaged
over modes and wave vectors of the incident phonons) and Kapitza conductance GK

per T 3.

material and for a polycristalline lead layer with the naturally grown lead-oxide11

they are expected to be higher than for a sapphire monocrystal12.
As a consequence, for the lead-on-sapphire absorber compared to the pure sap-
phire absorber, the number of non-thermal phonons that reach the thermometer
is expected to decrease and the number of thermal phonons to increase. The ex-
perimental values obtained by fitting the template for the low energy events in the
case of pure sapphire absorber and templates for the 55Mn Kα and scintillation
light events in the case of lead-on-sapphire absorber, confirm this expectation (see
figure 5.16). The ratio of the non-thermal to thermal component is significantly
smaller in the case of lead-on-sapphire substrate for both fitted templates (68.1
and 63.6%) than for low energy events in the pure sapphire absorber (91.2 %).
Furthermore, according to the values obtained from the fit, the pulses after the
deposition of the Pb-layer have a rise time faster by a factor of 2. As previously
discussed (see section 3.2.2), the rise time in the light detector thermometer is
mostly determined by the thermalization time of the non-thermal phonons in
the substrate and by the quasi-particle diffusion time in the phonons collectors .
Since the same thermometer was used in both measurements, this result points
to a faster thermalization of non-thermal phonons in the lead-on-sapphire sub-
strate, as expected from the model discussed.

Superconducting Pb-layers are suitable as absorbers for the scintillation light
of the sapphire crystal. Despite the strong reduction in pulse amplitude after
the Pb-layer deposition it is possible to see that the fraction of detected scintil-
lation light is larger than with Si substrates. These results agree with optical
measurements at room temperature. Energy resolution seems to worsen after
the deposition of the lead absorption layer, but due to the non-smooth transition

11Since the cryogenic, optical and structural measurements described here were performed
some months after the Pb-layer deposition the naturally grown lead-oxide is expected to be
present.

12An increase of losses of non-thermal phonons has also been observed after the deposition
of a silicon absorption layer on a sapphire substrate [Frank, 2002].
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curve of the thermometer this can not be clearly stated. The faster rise time of
the pulses after the lead layer deposition indicates an increase of losses at the
surface of the substrate. The reduction of the signal can be explained by the
combined effect of the lifetime of quasi-particles in Pb and a low transmission
of phonons from lead to sapphire. Possible ways to improve the phonon trans-
mission are the inclusion of a layer of appropriately chosen material between
the sapphire and Pb-layer or by using another substrate. In addition super-
conducting Nb-layers on the sapphire substrate are being tested, which have a
transmission coefficient five time larger than for Pb-layers [?].

Another route to improve the discrimination power of the combined measure-
ment of scintillation light and phonons is to avoid the degradation of scintillation
light output of CaWO4 crystal in the process of tungsten film deposition at high
temperatures (∼ 450◦C). This can be achieved by producing thermometers on
small CaWO4 samples which are then glued to the big crystals [Kiefer, M., 2007].





Chapter 6

Light detector performance
inGran Sasso

After the major upgrade of the CRESST setup a commissioning runs was per-
formed. Three detector modules could be operated in this commissioning run
(Run30) in the period March to November 2007. In this chapter the overall
performance of the light detectors during Run30 will be presented.

6.1 Light detector layout and operation

The detector modules were mounted as described in section 2.3. The three
CaWO4 crystals named, Verena, Zora and Quedlina were associated with light
detectors SOS21, SOS23 and SOS30 respectively. All 3 light detectors had silicon-
on-sapphire (SOS) round substrates (ø 40mm) as detector absorber.

6.1.1 Thermometer layout

The two different thermometer layouts of the light detectors that were operated
in Run30 are shown in figure 6.1 and their relevant parameters are summarized
in table 6.1.
Light detector SOS30 has a thermometer with a three times larger tungsten film

area compared to the standard geometry previously described. The motivations
for this choice are: the increase of the quasi-particle collection efficiency by pro-
longing the border between the W film and Al/W bilayers and the enlargement
of the total phonon collection area.

Thermometer fabrication

The tungsten films of all light detectors operated in Run30 were produced by
electron-beam evaporation of a tungsten single crystal with 99.99% purity in high

127
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Figure 6.1: Layout of a standard light detector thermometer used in the second phase
of CRESST (left) and of a thermometer with three times bigger tungsten film (right).
The dimensions that are the same for both thermometers are depict only once.

Light detector SOS21 SOS23 SOS30

Partner phonon detector Verena Zora Quedlina

Substrate Silicon-on-sapphire

Size ø 40 mm, d=0.46 mm

Thermometer deposited on the sapphire side

Layout fig. 6.1 left fig. 6.1 left fig. 6.1 right

Collection area [mm2] 1.14 1.14 1.45

W film area [mm2] 0.45×0.3 0.45×0.3 0.45×1.0

W film thickness [Å] 1300±100 1300±100 1300±100

Al/W bilayer [mm3] 2×1×0.5×1.13·10−3

Au/W heater area [mm2] 0.1×0.04

Au/W thermal link area [mm2] ∼1.2×0.04 ∼1.45×0.04 ∼1.45×0.04

Au/W thickness[Å] 1000±100 1000±100 800±100

Table 6.1: Relevant parameters of the light detectors operated in Run30.

vacuum system at the Technical University of Munich [Pfister, 2006]. During this
process the substrates were heated to about 450 ◦ C to ensure a good growth of
the metal film. The thickness of the tungsten films is ∼1300 kÅ.
The thermometer is structured following the standard procedure described in



6.1. LIGHT DETECTOR LAYOUT AND OPERATION 129

section 5.1.

6.1.2 Transition curves

Figure 6.2 depicts the transition curves of the light detectors for 1µA bias current,
obtained by slowly ramping the temperature of the mixing chamber with no
heating current through detector heater. The carousel, which is the temperature
reference for the detectors, is, as previously mentioned, only weakly coupled to
the mixing chamber. To minimize the temperature gradient between the mixing
chamber and the carousel, the temperature of the mixing chamber was slowly
ramped within 10 hours from from 21.5 mK to 7 mK. The temperature of the
thermometers is always higher than the temperature of the carousel due to self
heating of the films (see equation 3.37). Additionally it can not be excluded
that the temperature of the detector holder was higher than the mixing chamber
temperature due to the Cu heat leak1.
As can be seen from figure 6.2, the transition temperatures of all detectors are
in the range of 14 mK to 18 mK (mixing chamber temperature) with a width of
1.5 mK to 4 mK. The resistance of the thermometer is calculated as

Rf = Rs
Is

I0 − Is

, (6.1)

where Rs is the reference resistance, I0 is the current applied to the bias circuit
and Is is the current in the input coil branch which is proportional to the mea-
sured signal (see equation 2.4). The error of the evaluated resistance is estimated
to be about 10%. This is mostly due to the uncertainty of about 2% in the val-
ues of the SQUIDs input couplings2 (current to flux transfer coefficients) which
affects the evaluation of Is.
SOS21 and SOS23 show a resistance of about 300 mΩ in the normal conducting
state, while SOS30 shows a resistance of about 100 mΩ as expected because of
its 3 times wider W film. The nonzero value of the resistance of all 3 films in
the superconducting region points to a residual resistance in series with the ther-
mometers, probably due to a imperfect contact to the readout circuit.
In addition to the heat sink temperature sweeps, heater sweeps with different

bias currents have been measured. Figure 6.3 shows heater sweeps for a wide
range of bias currents for detector SOS23. The heater input voltage shown on
the x axis is the parameter which is directly set during the measurements. It is
proportional to the heater power applied to the thermometer (see section 2.4.2).
The corresponding heater current is also shown in figure 6.3. The transition

1The heat leak in Cu originates from the ortho-para conversion of H2 molecules of enclosed
gas bubbles.

2The uncertainty in the value of resistance due the uncertainty of the SQUID transfer
functions depends on the amplification range of the SQUID during measurements.
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Figure 6.2: Transition curves for the three light detectors SOS21, SOS23 and SOS30
measured with 1µA bias current. The heat sink temperature is read out with a carbon
resistor mounted at the mixing chamber of the cryostat.

curve becomes smoother as the current increases from 30 nA to 7.144µA. This
improves the linearity of the detector response which is, as previously discussed,
needed for the correct evaluation of the pulse height. The broadening of the
transition and the shift towards lower heater input voltage when bias current is
increased is due to the critical current effect.
The heater sweeps for the light detectors SOS21 and SOS30 are shown in figures
4.1 and 4.2. The bias current used for the detectors SOS21 and SOS23 during
Run30 was 7.144µA, while SOS30 was operated with 2µA.

6.1.3 Operating point

The main requirements for a good operating point are: the linearity of the detec-
tor response (the smoothness of the transition curve), the steepness of the curve
to obtain a high sensitivity and the dynamical range fulfilling the experimental
needs (determined by the position of the operating point within the transition
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Figure 6.3: Measured transition curves for the light detector SOS23 with bias currents
ranging from 30 nA to 7.144µA obtained by varying the heater current through the
film heater. The mixing chamber was stabilized at 7 mK.

combined with the heat capacity of the film and the slope of the curve).
In order to find the optimal operating point heater pulses of different amplitudes
have been injected during the sweep of the heater current. They probe different
regions around the operating point according to their energy. In this way, for
the desired energy range, an operating point with a certain slope and a linear re-
sponse, which ideally does not change for small variations around the point, can
be determined. Additionally, in order to apply the stability control algorithm
based on the pulse height of large heater pulses (described in section 4.1.2), the
pulse height of the highest heater pulses should be sensitive to small temperature
variations at the the operating point.
Figure 6.4 shows the voltage response to the various heater pulses in a broad

range of injected voltages (corresponding to a broad range of energy) as a func-
tion of the heater input voltage for the light detector SOS23. The vertical red
dashed line indicates the chosen operating point. As can be seen from figure
6.4, for this operating point small heater pulses have a rather temperature in-
dependent response. On the other hand the pulse height of the highest heater
pulse (control heater pulse) changes with the heater input voltage indicating the
change of slope at the top of the transition curve, making the stability control
possible.
Using this method it is possible to obtain detailed information about the overall
response of the detector which cannot be easily obtained from transition curves.
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Figure 6.4: Voltage response to heater pulses of different energies as a function of
heater input voltage for the light detector SOS23 with 7.14µA bias current.

The difference can be clearly seen by comparing figure 6.4 and figure 6.5.
As can be seen from figure 6.4, the measured pulse height of control heater pulses
is constant for the heater input voltage in the range from about 0.8 V to about
1 V and it decreases for heater input voltage less than 0.8 V. This points to the
presence of substructures in the transition curve. From the curve in figure 6.5
these features can not be so clearly interpreted. The insert in figure shows an
enlarged view for the heater input voltage below 1 V. The non-smoothness of
the curve is visible but to determine which operating point is the optimal one is
rather difficult.
The control heater pulses for the detector SOS21 were only slightly saturated.
This choice is a compromise between the need of heater pulses covering the full
dynamical range of the detector and the minimal accurate amplitude of injected
heater pulses for a chosen output range of the Heater-Bias electronics. The con-
trol pulses of the light detector SOS23 were similarly only slightly saturated,
while in the case of SOS30, due to a narrower transition curve (see figure 6.2)
and possibly due to the lower bias current, the control pulses were completely
saturated.
In order to optimize the response of detector in the energy range of interest, a
gamma calibration is performed before the detectors are stabilized using a 57Co
source to illuminate the detectors, as described in section 4.2.2.
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Figure 6.5: Measured transition curve for the light detector SOS23 with bias current
of 7.144µA obtained by varying the heater current through the film heater. The insert
shows a region for heater input voltage from 0.4 V to 1 V. The SQUID voltage output,
is increased by a factor of one hundred to allow the direct comparison with the scale of
heater pulses in figure 6.4, where a different operating range of the SQUID was used.

6.2 Results

Since only about 1% of the energy deposited in CaWO4 by γ or β interaction can
be detected as scintillation light, the performance of light detectors is a critical
issue for the light-phonon active background discrimination at energies relevant
for WIMP searches.

6.2.1 Light detector energy resolution

The energy resolution of the light detector plays an important role in the perfor-
mance of a detector module because it determines the discrimination threshold.
The resolution of the light detector defines in fact the width of the different bands
corresponding to the various types of interactions in the scintillating absorber
and therefore the energy where they merge and the efficiency of the discrimina-
tion drops.
Figure 6.6 (left panel) shows the energy spectrum measured with phonon detec-

tor Verena during the 57Co gamma calibration. The good energy resolution of
the phonon detector (∼ 1%) is used to define a region which contains the 122 keV
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Figure 6.6: 57Co gamma calibration spectra of the phonon detector Verena (left panel).
The shaded region indicates the 122 keV γ line. The 122 keV peak as seen in the light
detector SOS21 with the Gaussian fit of peak superimposed, is shown in the right
panel.

γ line. The corresponding peak as seen in the light detector SOS21 with a reso-
lution of about 12% is presented in the same figure to the right.
Table 6.2 summarizes the measured energy resolution of the light detectors which
were operated in Run30 (SOS21, SOS23 and SOS30) and in Run28 (BE13 and
BE14). Besides the widths of the 57Co lines at 122 keV and 136.5 keV (as seen in
the light detector), the energy resolution for the W Kα and W Kβ escape peaks
from the 122 keV line and the W Kα escape peak from the 136.5 keV line is given
in the same table.
The resolution of the gamma emission peak at 46.54 keV due to 210Pb contami-
nation, which has been observed in the background data samples during Run28
and Run30 is also shown in the table. The 46.5 keV gamma emission is accom-
panied with the beta spectrum of the 210Pb decay to 210Bi which extends up to
63.5 keV. The measured energy spectrum due to 210Pb contamination depends
on whether the contamination is external or internal with respect to the CaWO4

absorber. For an external 210Pb contamination, as it was the case in Run28,
the beta spectrum is not visible and the position of the gamma peak can be
precisely determined [Angloher et al., 2005]. In Run30 the gamma peak was not
well represented by a Gaussian since the beta spectrum was superimposed due
to a mostly internal 210Pb contamination. Hence, the measured widths of the
46.5 keV gamma emission line in the light detectors SOS21, SOS23 and SOS30
might be slightly overestimated.
It should be noted that the light detectors operated in Run28 have a 30× 30 mm2

pure silicon wafer as absorber in comparison to the circular (40mm diameter)
silicon-on-sapphire absorbers for the light detectors operated in Run30. The
thermometer layout did not change significantly from Run28 [Petricca, 2005] to
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Light detector SOS21 SOS23 SOS30 BE13 BE14

Partner phonon detector Verena Zora Quedlina Daisy Julia

FWHM at 136.5 keV [keVee] 15.7±0.6 21.1±0.5 15.5±1.0 24.9±2.6 30.4±2.3

FWHM at 122 keV [keVee] 14.5±0.3 18.0±0.3 15.6±0.4 23.8±2.2 26.4±3.0

FWHM at 78 keV [keVee] 11.0±2.4 11.2±0.9 - - -

FWHM at 63 keV [keVee] 9.4±1.0 10.9±0.4 11.8±1.9 14.7±2.7 19.6±6.2

FWHM at 55 keV [keVee] 10.8±1.6 10.5±0.8 10.7±3.3 9.2±4.8 -

FWHM at 46.5 keV [keVee] 12.3±0.5 17.4±1.2 14.1±1.1 10.5±1.2 8.8±2.0

Table 6.2: Energy resolution of the light detectors used in Run28 (BE13 and BE14)
and in Run30 (SOS21, SOS23 and SOS30) for monochromatic gamma rays in the
energy range from 46.5 keV to 136.5 keV (referred to the energy deposition in the
phonon detector). Statistical errors (1σ) for the Gaussian fit of the peaks are given.

Phonon detector Verena Zora Quedlina Daisy Julia

Partner light detector SOS21 SOS23 SOS30 BE13 BE14

FWHM at 661 keV [keV] 12.3 15.03 12.1 13.6 13.9

Normalized light output [%] 108.6 93.2 105.3 96.7 89.5

Table 6.3: Energy resolution of the 137Cs line for different CaWO4 crystals measured
with a photomultiplier at room temperature [Ninković, 2005][Ninković, 2007][Petricca,
2007]. The light output is given normalized to the light output of a chosen CaWO4

crystal, which is used as reference. The errors are smaller than the stated precision.

Run30. Light detector absorbers of different materials and sizes, besides hav-
ing different absorption efficiency for the scintillation light, can also introduce
different energy losses (e.g. due to different surface quality). However, in a
comparison of the performance of the silicon-on-sapphire light detector and the
silicon light detector in the same setup in Petricca [2005], both light detectors
performed similarly in terms of achieved energy resolution for scintillation light
and of the amount of detected scintillation light for a given energy deposition in
the CaWO4 crystal3.

The observed resolution of a light channel when used in a detector module
reflects not only the performance of the detector itself but also fluctuations of the
light production and collection. The achieved energy resolution in a low temper-
ature measurement is comparable to the values (see table 6.3) obtained at room

3In Petricca [2005] the silicon light detector measured about 20% more light than the silicon-
on-sapphire light detector. This was due to the choice of ZnWO4 as scintillator. ZnWO4

crystals emit at higher wavelengths than CaWO4 crystals, where the absorptions of silicon-on-
sapphire absorber is decreased by about 20%.
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temperature using a photomultiplier tube to detect the scintillation light due to
the absorption of 661 keV photons (137Cs source) in CaWO4 crystals [Ninković,
2005, 2007, Petricca, 2007]. As can be seen from tables 6.2 and 6.3, the energy
resolution obtained with the light detector depends on the scintillating crystal
sample. In both measurements at room temperature and at low temperature the
best resolution was obtained with the crystals Verena and Quedlina.

6.2.2 Energy dependence of the light detector resolution

As can be seen from the values in table 6.2, the energy resolution of the light
detector measured for monoenergetic γ’s shows an energy dependence. In order
to investigate the orgin of this energy dependence, the light detector energy
resolution is parameterized as

∆Erms =
√

A2
0 + A1Epd + A2E2

pd , (6.2)

where three independent sources of noise are taken into account and are thus
added quadratically:

A0 : The contribution of the baseline noise of the detector, which arises from a
combination of detector thermal fluctuations, electrical noise of the resistors
and SQUID noise.

A1 : The term describes the Poisson photon counting fluctuations and thus scales
as the square root of the number of the energy carriers. For the case of
the light detectors the energy carriers are scintillation photons carrying a
constant fraction of Epd.

A2 : The term is due to a position dependent light detection efficiency of the
detector module which can arise from a dependence of the light output on
the position of the energy deposition within the CaWO4 crystal or from
a non-uniform response of the light detector, and may also account for
further effects contributing to fluctuations proportional to Epd.

The light detectors are calibrated with the scintillation light from the CaWO4

crystals and therefore the energy parameter Epd appearing in equation 6.2 cor-
responds to the energy measured in the phonon detector. Since nuclear recoils
induced by neutrons and WIMPs are expected to be distributed uniformly in
the crystal volume, the energy dependence of the resolution of the light detec-
tors should be extracted from data corresponding to an uniform irradiation of
the crystals. For this reason data from a 232Th calibration during Run28 have
been used. The low energy continuum in this data is due to Compton scattered
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Figure 6.7: The background spectrum measured by the phonon detector Quedlina
during Run30. The main features of the spectrum are due to 90Sr, 210Pb and 227Ac
contaminations of the crystal.

high energetic γ rays which interact rather uniformly within the crystal. Dur-
ing Run30 no 232Th calibration data were taken. Instead, the measured band
of background counts, associated with γ and β interactions inside the crystal,
is used. This is not optimal, since it implicitly assumes that the low energy
continuum is due to γ and β interactions homogeneously distributed within the
volume of the CaWO4 crystal, which may be not true as e.g. in the case of 210Pb
contamination. Nevertheless it is still a valid assumption since the major part of
the low energy continuum in Run30 was due to 227Ac and 90Sr contaminations
of the CaWO4 crystals, which in all probability are uniformly distributed within
the volume of the crystal. Figure 6.7 shows the measured background spectrum
for the crystal Quedlina where the 90Sr β spectrum with an end point of 546 keV
is the dominant contribution.
To exclude the effects of electromagnetic interferences or grounding problems,
which intermittently occurred during the commissioning Run30, data samples
with a constant baseline noise for both light and phonon detector in the same
detector module have been chosen for the following analysis.
The resolution of the light detectors is extracted from the measured background
data in the energy range specified in table 6.4. The first requirement for the
chosen energy range was the linearity of the thermometer response. In this way
eventual spreading of the points in the spectrum of the light detector due to the
fit procedure is avoided. The scaling of the template event for fitting pulses of
energy much higher than the template, implies also a corresponding scaling of
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any non-averaged noise4 in the baseline of the template. This, combined with
the truncation of fit, might cause uncertainties in the evaluated pulse height.
In addition, in the specified energy range, the widths of the heater pulses was

Light detector SOS21 SOS23 SOS30 BE13 BE14

Energy range
[keVee]

0-140 0-70∗ 0-140 0-140 0-140

Heater pulses
Cnts per pulse

∼5700 ∼6500 ∼700 ∼600 ∼600

Energy [keVee] 10.77±0.01 2.23±0.01 5.76±0.08 5.79±0.03 3.65±0.06

FWHM [keVee] 2.28±0.02 1.78±0.02 3.2±0.2 1.3±0.1 2.6±0.1

Energy [keVee] 21.65±0.01 4.61±0.01 11.87±0.07 11.65±0.03 15.5±0.1

FWHM [keVee] 2.27±0.03 1.75±0.02 3.2±0.2 1.38±0.06 4.2±0.5

Energy [keVee] 32.63±0.01 6.95±0.01 18.16±0.07 17.61±0.03 21.98±0.09

FWHM [keVee] 2.33±0.03 1.70±0.02 3.2±0.2 1.62±0.08 4.8±0.2

Energy [keVee] 43.64±0.01 11.68±0.01 29.96±0.08 35.66±0.03 44.5±0.1

FWHM [keVee] 2.31±0.03 1.70±0.02 3.1±0.2 1.56±0.05 4.1±1.2

Energy [keVee] 54.65±0.01 16.37±0.01 36.02±0.07 47.74±0.03 59.6±0.1

FWHM [keVee] 2.23±0.03 1.75±0.02 3.0±0.2 1.55±0.05 4.1±1.7

Energy [keVee] 65.73±0.01 23.40±0.01 42.09±0.07 59.80±0.03 74.9±0.1

FWHM [keVee] 2.31±0.03 1.79±0.02 3.0±0.2 1.57±0.05 5.2±0.3

Energy [keVee] 76.82±0.01 46.87±0.01 59.75±0.07 120.23±0.03 150.4±0.1

FWHM [keVee] 2.36±0.03 1.81±0.02 2.9±0.2 1.46±0.05 4.7±0.2

Energy [keVee] 110.31±0.01 70.21±0.01 120.81±0.08 178.75±0.03 223.72±0.08

FWHM [keVee] 2.43±0.03 1.82±0.02 3.2±0.2 1.54±0.05 4.4±0.2

〈FWHM〉 [keVee] 2.31±0.01 1.87±0.01 3.4±0.1 1.54±0.02 4.7±0.1

〈σ〉 [keVee] 0.980±0.004 0.794±0.004 1.43±0.05 0.66±0.01 2.01±0.03

Table 6.4: Resolution of heater pulses of different energies in the energy range used
for the extraction of the light detectors’ energy resolution. Statistical errors (1σ) for
the Gaussian fit of the peaks are given.∗The energy range of light detector SOS23 was
limited to this energy region because the highest injected heater pulse within the linear
region corresponded to 70 keVee.

constant supporting the correct choice of the used energy interval. The heater
pulses are directly injected into the thermometer. Hence, their energy resolu-
tion is mainly determined by the baseline noise. A possible worsening of the

4A template event derived from a limited number of pulses may still contain same noise,
that was not averaged. This depends on the time period (frequency) of the noise with respect
to duration of the pulses, where low frequency noise terms are more likely not be averaged
away.
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Figure 6.8: Heater pulses of different energies measured by the light detector SOS21.
Gaussian fit with a common width is superimposed.

resolution of the heater pulses within the region of linear response of the ther-
mometer might therefore indicate local non-smoothness of the transition curve.
The resolution of the heater pulses of different energies in the specified energy
range for the extraction of the light detector resolution is given in table 6.4. The
averaged energy resolution obtained by simultaneously fitting the heater pulses
with a Gaussian of common width for all peaks (see figure 6.8) is also given in
the same table.
In the case of SOS23 the corresponding energy range was limited to 70 keVee,
because in the linear range heater pulses were only available up to this energy.
Using a large energy range would have in fact required assuming a smooth tran-
sition without having heater pulses to probe it.
The resolution of the light detector is extracted using the following procedure.
For each detector module a scatter plot of energy in the light detector versus

energy in the phonon detector is fitted with a second order polynomial passing
through zero (see figure 6.9 upper left). In this way a correspondence between
energy deposited in phonon detector and energy measured in light detector is
obtained. The full energy region is divided in energy bins. The weight of the
data points in each bin is calculated from the standard deviation of the data
points from the fitted line in this energy bin. The second order polynomial fit is
performed instead of a linear fit, to take into account eventual non-linearities in
the light output of the CaWO4 crystals. As can be seen in table 6.5, which gives
the coefficients of the fit, the second order coefficient a2 is small with respect to
the first coefficient a1 indicating a rather linear light output in the chosen energy
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Figure 6.9: Figure on the left shows the energy in the light detector SOS30 versus
energy in the phonon detector Quedlina fitted with a polynomial function through
zero. In figure on the right the squared standard deviation from the polynomial fit is
plotted as a function of energy in the phonon detector together with a fit according to
the parametrization given in equation 6.2. 90% and 10% acceptance limits (i.e. 90%
of the data points are below upper and 10% below the lower curve), derived from the
polynomial fit of the squared standard deviation are shown in figure at the bottom.

region.
For each data point in the scatter plot the deviation from the fitted line is calcu-

lated. The square of these deviations of all points is then fitted with equation 6.2
(see figure 6.9 on the right). A quality of the fit can be checked visually in figure
6.10, where the squared deviations averaged in energy bins are plotted together
with the fit function. Good agreement is observed. Table 6.6 summarizes the
parameters A0, A1 and A2 of equation 6.2 obtained by the fit.
For all light detectors the value of the parameter A0, which represents the energy
resolution at zero energy, agrees with the energy resolution of the heater pulses
(see table 6.4). This is expected as the resolution of the detector at zero energy
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Light detector SOS21 SOS23 SOS30 BE13 BE14

Partner phonon detector Verena Zora Quedlina Daisy Julia

Energy range
[keVee]

0-140 0-70 0-140 0-140 0-140

a1 [1/keVee] 0.98 0.94 1.04 0.90 0.89

a2 [1/keVee]2 0.0013 0.0036 0.00045 0.00024 0.00065

Table 6.5: Coefficients of the second order polynomial fit through zero of the energy
in the light detector as a function of energy in the phonon detector in the energy range
used for extraction of the light detectors energy resolution. The first coefficient would
have value one and the second coefficient would be zero if it were an ideal detector
module having a strictly linear relation between light and phonon measurements. The
fit errors are smaller than the stated precision.

is limited by its baseline noise. To correctly evaluate the parameter A0 is im-
portant, since it limits the energy resolution of the light detector in the energy
region, which is relevant for WIMP search. The values of the coefficients A1 and
A2 will be discussed later.
The validity of the described procedure is finally checked by comparing the ob-

Light detector SOS21 SOS23 SOS30 BE13 BE14

Energy range
[keVee]

0-140 0-70 0-140 0-140 0-140

A0 [keVee] 1.0±0.1 1.1±0.3 1.9±0.4 0.7±0.5 1.9±0.4

A1 [keVee] 0.29±0.04 0.33±0.08 0.32±0.08 0.34±0.05 0.36±0.08

A3 0.0092±0.0004 0.012±0.001 0.0039±0.0006 0.0025±0.0003 0.0041±0.0005

Table 6.6: Coefficients of the parametrization of the light detector resolution given in
equation 6.2. Statistical errors (1σ) are given.

served energy resolution for some monochromatic lines present in the spectra and
the energy resolution calculated (at the same energy deposition in the phonon
detector) by using the values of the fit parameters of table 6.6. Figure 6.11
shows both fitted and observed energy resolution of the light detectors, operated
in Run30 and Run28, in terms of FWHM versus energy in the phonon detector.
As can be seen from the figure 6.11, for the light detectors SOS21 and SOS23 the
energy resolution obtained by the fit and the energy resolution extracted from
calibration peaks notably disagree above 50 keV with the fit showing a much
steeper increase with energy. For light detector SOS30 the disagreement is less
pronounced, while for light detectors BE13 and BE14 the values agree within
the errors. The reasons for such a discrepancy for the light detectors operated in
Run30 are still under investigation. As visible in figure 6.11 the energy resolution
obtained by the fit (red dots in figure 6.11) shows similar energy dependence for
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Figure 6.10: Resolution (σ value) of the light detectors in Run28 and Run30 as a
function of energy deposited in the phonon detector. The scatter points are standard
deviations per specified energy slice from the polynomial fit of energy in the light
detector versus energy in the phonon detector. The full line represents the fit according
the the parametrization given in equation 6.2.

all light detectors in Run28 and in Run30, while it is the measured resolution of
gamma peaks present in spectra (black dots in figure 6.11) which shows different
energy dependence in Run30 and in Run28. A possible explanation is given in
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Figure 6.11: The observed resolution (FWHM) of the light detectors compared to the
calculated one according to the parametrization 6.2 using values of the fit coefficients
from table 6.6 in the energy range which has been used for the extraction of their
energy resolution.

the following subsection.
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Uniformity of the light output

Due to the high refraction index and to the cylindrical geometry of the CaWO4

crystals, a scintillation photon can undergo many reflections inside the crystal
before it hits the surface at an angle that allows it to escape. The competing
processes of elastic scattering and absorption in the crystal determine the frac-
tion of photons which escape the crystal i.e. the light output. The cylindrical
shape of the crystals can lead to a radially position dependent light output due
to different incident angles of the emitted scintillation photon on the crystal sur-
face for energy depositions at different distances from the center. According to
simulations of the CRESST detector module in Frank [2002] about 60 % of scin-
tillation photons emitted on the axis of the crystal escape the crystal, while of
the photons emitted close to the cylinder wall only about 25 % leave the crystal5.
As a consequence of such a spatial dependence, uniformly irradiating a crystal
would result in an observed non-Gaussian distribution in a light detector. Tak-
ing into account that the outer shell of the cylindrical crystal has bigger volume
and lower light output with respect to the central part, the light distribution
for a given uniform energy deposition in the crystal will be shifted down to the
light output corresponding to the energy deposition in the outer shell, with a
tail towards the higher light output due to the energy deposition in the inner
part of the cylinder. As can be seen from figure 6.12 this spatial effect is not so
pronounced, but is present.
The measured values of light detectors’ energy resolution at different energies
which are plotted in figure 6.11, are mainly obtained from the gamma calibra-
tion measurement. In Run30 the 57Co calibration source was mostly irradiating
the crystals at their cylindrical surface leading to photon absorption near the
crystal surface since the attenuation length for the 122 keV gamma is less than
1mm in CaWO4 [XCOM, 2008]. Hence the observed disagreement can possibly
be explained by reduced escape probability from near the surface compared to
the rather uniform interactions within the crystal volume like in case of 90Sr
internal contamination. In addition, due to the fact that γ rays from the calibra-
tion source probe only a small part of the crystal volume the resolution obtained
from the calibration data is better in comparison to the one from the background
data which is subject to position dependencies of the scintillation light output.
To illustrate this, the background data used for extracting the energy resolution
and the gamma calibration data for the detector module Verena/SOS21 are plot-
ted together in figure 6.12 on the left. The combined background and gamma
calibration data for the detector module Daisy/BE13 are plotted in figure 6.12

5Roughening of the crystal surface facing the light detector significantly reduces the spatial
effect by allowing the scintillation light to leave the crystal after fewer reflections [Ninković,
2005].
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on the right. In Run28 the calibration source was mainly illuminating the sur-
face of the crystal carrying the thermometer leading to a more uniform radial
excitation of the crystal and thus more uniform distribution of scintillation light
leaving the crystal. Consequently, the gamma lines from the calibration source
show the same width as the background γ-β band.
An additional argument for this interpretation is the observed resolution for the

Figure 6.12: The background data and the gamma calibration data are compared
in the scatter plots of energy in the light detector versus the energy in the phonon
detector for the detector modules Verena/SOS21 (left) and Daisy/BE13 (right). In
figure to the left, the lines from the 57Co source show a lower light output and less
spreading with respect to the γ-β band from the background data. The 57Co was
illuminating the crystal on the cylinder surface. This behavior is not visible in figure
to the right, where the 57Co source was illuminating the flat surface.

parasitic 692 keV γ line from the 57Co calibration source (see figure 4.7) which
has the same width as the background γ-β band (see figure 6.13). Since the
attenuation length for the 692 keV gamma is about 2 cm in the CaWO4 [XCOM,
2008], the crystal is more uniformly irradiated along its radius.
However this explanation might not be able to fully explain the observed lower

position of lines due to 210Pb and 227Ac contaminations of the crystal with re-
spect to other measured points in the γ-β band from Run30 as seen in figure
6.12 (left panel). Since the 210Pb contamination is mainly internal and therefore
is expected to be homogeneously distributed within the crystal, the 46.5 keV line
should have a similar width and mean as the γ-β band6. Similarly the γ lines
due to an 227Ac contamination of the crystals at 9.3 keV and 24.5 keV with the
associated β spectrum with end point at 44.8 keV are also positioned lower than
the rest of the γ-β band. According to the interpretation given above the lower
position of these lines can be explained only if the contamination sources are
located inside of the crystal but close to its surface. This assumption is not

6In Run28 where the 210Pb contamination was external the expected behavior (see figure
6.12 on the right) is observed.
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Figure 6.13: Scatter plot of energy in the light detector versus the energy in the phonon
detector showing the gamma calibration data for the detector module Zora/SOS23 up
to 800 keV energy deposition in the phonon detector. The gamma line at 692 keV from
the 57Co calibration source has the same width in the light channel as the background
band due to γ-β interaction within the CaWO4 crystal.

easily checked, however it appears rather unlikely. Still, the confirmation or the
disproof of the given explanation is possible using the lines of the background
spectrum which are due to the cosmic activation of the tungsten nuclei since this
is a process which is certainly uniform within the crystal volume. If the γ lines
due to the cosmic activation of the tungsten show the same width in the light
channel as the γ-β band, the above given explanation seems more plausible. The
analysis of these data is still in progress [Lang, 2008a].
Another geometrical effect which might contribute to a spatially dependent light
output of the crystals comes from the presence of chamfered edges on the crys-
tals which facilitate an easier and safer handling7. A series of measurements were
performed at room temperature recording the scintillation light from the CaWO4

crystals, irradiated with a small α source positioned centrally on one crystal sur-
face, with photographic films placed directly below the crystal [Ninković, 2007].
For crystals with chamfered edges and all surfaces polished it was observed that
the light mostly leaves the crystal through the chamfers forming a ring structure
with outer diameter slightly bigger than the crystal diameter. Roughening of
the crystal surface facing the light detector improved the homogeneity of the

7CaWO4 material is rather brittle and sharp edges are easily damaged. This is prevented
by beveling the edges of the crystals at 45◦.
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light output as expected but the ring structure, though not intense, seems to be
still present. Considering the phonon detectors operated in Run28 and Run30,
Daisy and Julia have no chamfers on the surface facing the light detector and
very small ones on the opposite surface; Quedlina has small chamfers, less than
0.5 mm in length, on both surfaces; Verena has chamfers of 1 mm length on the
thermometer side and 0.5 mm on the light detector side and Zora has chamfers
with length of 1.2 mm on both sides of the cylinder. All crystals have the surface
facing the light detector roughened. As can be seen from figure 6.11 it is for the
detector modules where the phonon detector has longer chamfers (Verena, Zora)
that the disagreement between the fitted and the measured energy resolution
of the light detector is stronger. In addition these detector modules show the
highest values of the coefficient A2 in the parametrization of the energy resolu-
tion of the light detector (see table 6.6) that also points to a stronger position
dependence of the light detection efficiency. However at this point, due to the
small number of detectors which could be analyzed, it can not be claimed that the
chamfered edges cause an observable effect on the distribution of the light output.

Fraction of deposited energy measured by the light detector

The coefficient A1 of the parametrization 6.2 of the light detector energy resolu-
tion quantifies the term which describes the statistical fluctuations in the number
of the scintillation photons measured by the light detector. Hence it can be used
to estimate the amount of scintillation light for a given energy deposition in the
CaWO4 crystal, which is detected by the light detector.
For an energy deposition Epd in the phonon detector the actual energy measured
in the light detector Eld is given as

Eld[keV ] = L[%] · Epd[keV ] = L[%] · Eldee
[keVee], (6.3)

where L, which is the unknown, is the fraction of the energy deposited in the
crystal, that is measured by the light detector and Eldee

is the energy in the
light detector corresponding to the energy deposition in the phonon detector.
According to the energy calibration for an electron recoil event there is a one-to-
one correspondence between Epd and Eldee

.
On the other hand, Eld can be written as

Eld[keV ] = Nph · Eν [keV ], (6.4)

where Eν is the average energy of the absorbed scintillation photons and Nph in
their number. The statistical fluctuations of Eld is then given as

∆Eld[keV ] =
√

Nph · Eν [keV ] =
√

Eld[keV ] · Eν [keV ]. (6.5)
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The coefficient A1 is modelled as

A1 = ∆E2
ldee

[keV 2
ee]/Eldee

[keVee] , (6.6)

where both the standard deviation ∆ Eldee
and the energy Eldee

measured in the
light detector are given in terms of the energy deposition in the phonon detector
(in keVee). Expressing equation 6.6 in units of absolute energy absorbed in the
light detector using equations 6.3 and 6.5, the coefficient A1 can be written as

A1 = Eν [keV ]/L. (6.7)

Using the values of the coefficient A1 given in table 6.6 and Eν ≈ 3 eV for CaWO4,
it follows that the fraction of total energy deposited in the crystal which is
detected by light detectors is about 1% for all detector modules considered here.
This is in agreement with a previous measurement with a 4 cm cylindrical CaWO4

crystal in the similar setup, where the fraction of deposited energy measured by
the light detector was found to be 1.3 % [Frank, 2002].

6.2.3 Pulse shape

Figure 6.14 shows the quality of the template fit (RMS value) to the pulses
observed in the light detector versus the energy measured in the phonon detector
for detector module Zora/SOS23. Two classes of light detector events are clearly
distinguished by the RMS value of the template fit.
The horizontal band of events with a small RMS value of the fit for a wide range
of energy depositions in the phonon detector corresponds to γ or β interactions
within the CaWO4 crystal. The template for the fit is obtained by averaging
pulses from the 57Co 122 keVee scintillation peak and obviously give the best fit
for scintillation events. The vertical band of events with no energy deposition in
the phonon detector is due to direct γ or β interactions within the light detector
or to absorption of the very fast scintillation light emitted by the scintillating
polymeric foil or by the plastic scintillator rings. These events have pulse shapes
different from the template used for fitting as indicated by the higher value of
the RMS of the fit.
Another group of events with about 100 keV energy deposition in the phonon
detector can be seen above the main band of the CaWO4 scintillation events.
They are due α-decays of a 210Po contamination in the vicinity of the crystal
(see section 1.2.3). When the α particle moves away from the detector only
the energy of the recoiling 206Pb nucleus (∼100 keV) is detected by the phonon
detector. Additional light from the associated α particle that escapes the crystal
and hits the scintillating foil or ring shifts these events above the main band due
to their much faster time response with respect to CaWO4 which results in a
worse quality of the fit.
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Figure 6.14: Scatter plot of the RMS value of the template fit in the light detector ver-
sus the energy detected by the phonon detector for the detector module Zora/SOS23.
The template for the fit was obtained by averaging pulses from the 122 keVee scin-
tillation peak. The best fit is obtained for pulses which are due to scintillation light
events (horizontal band at low RMS value). Events due to direct energy depositions in
the light detector with no energy deposition in the phonon detector show much worse
quality of the fit. The additional group of events with about 100 keV energy deposition
in the phonon detector, located above the main band, is due to 210Po contamination
in the vicinity of the crystal.
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Figure 6.15: The figure on the left compares a template of direct hit events and a
template of scintillation light events for light detector SOS23. The figure on the right
compares a template of the scintillation light events and a template of heater pulses
for the same detector. For all templates the parametric fit is also shown.

In figure 6.15 on the left are shown the templates of direct hit events and of
scintillation light events with similar pulse height for the light detector SOS23.
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The longer rise time of the template of scintillation light events is due to the long
scintillation decay time in CaWO4 crystals [Ninković, 2005].
In order to obtain parameters which characterize the specific pulse shape, the
templates have been fitted according to equation 5.1 (parametric fit). The fitted
pulse shapes for the light detector SOS23 are shown in figure 6.15 together with
the templates. The results of the parametric fit for the light detectors operated
in Run30 are given in table 6.7. Time constants τn for the collection of the
non-thermal phonons estimated from the calorimeter model described in section
3.2.1 are presented in the same table.

Direct hits

As seen in table 6.7, the light detectors SOS21 and SOS23 show a fast fitted
rise time τn for direct hit events as expected from the calorimeter model for
the thermometer without collectors (see section 3.2.1). In this case the rise
time of the pulses is largely given by the time constant τcrystal for thermaliza-
tion of non-thermal phonons in the absorber crystal. This indicates that either
the quasi-particle diffusion time in the phonon collectors is much faster than
∼ 0.5 ms, which is the diffusion time expected from earlier measurements [Loidl,
1999], or that the quasi-particle lifetime due to a worse quality of Al/W bilayer
(see section 5.1.2) is much shorter than expected and the phonon collectors are
rather inefficient. The light detector SOS30 shows a much longer rise than the
one calculated from the calorimeter model, as expected if the rise time is dom-
inated by the additional time constant for the diffusion of the quasi-particles.
The reason for the different behavior of SOS30 might be due to the larger inter-
face between phonon collectors and tungsten film or to a different quality of the
Al/W bilayer.
The fitted decay time of the non-thermal component of the signal τin shows
quite different values for the three light detectors. There are several reasons for
this behavior: different length or thickness of the structured thermal link which
influences the thermal coupling of the thermometer to the heat bath; different
resistance value of the thermometer and the steepness of the transition curve at
the chosen operating point which may affect the strength of the negative electro-
thermal feedback.
Table 6.7 also lists the resistances at the operating points Rop for the light de-
tectors, which are estimated from the measured pulse height of the completely
saturated high energy particle pulses. For each light detector, the temperature of
the mixing chamber TMC for zero heating current through film heater, which cor-
responds to its estimated Rop, is obtained from heat sink temperature sweep. The
temperatures of the thermometers in the operating points Top are then roughly
estimated from measured TMC taking into account the slight difference between
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Light detector SOS21 SOS23 SOS30

Direct hit events ∼ 120keVee

τn [ms] 0.078± 0.001 0.1009± 0.0001 0.452± 0.002

τin [ms] 1.46± 0.01 4.536± 0.003 9.54± 0.02

τt [ms] 7.43± 0.04 17.55± 0.04 40.7± 0.5

An/(Ath +An) [%] 65.2± 0.3 84.11± 0.05 91.1± 0.2

Scintillation light absorption events ∼ 120keVee

τn [ms] 0.337± 0.001 0.3947± 0.0002 0.8499± 0.0004

τin [ms] 2.39± 0.02 5.316± 0.002 11.48± 0.004

τt [ms] 10.09± 0.05 21.83± 0.03 58.1± 0.1

An/(Ath +An) [%] 68.3± 0.2 88.04± 0.03 91.77± 0.02

Heater pulses

τn [ms] 0.1968± 0.0004 0.6312± 0.0003 0.8327± 0.0003

τin [ms] 1.243± 0.002 4.521± 0.003 4.43± 0.003

τt [ms] 7.46± 0.05 14.55± 0.03 13.94± 0.04

An/(Ath +An) [%] 94.58± 0.03 88.03± 0.05 74.70± 0.04

Rise time from the calorimeter model

τcrystal [ms] ∼ 0.1

τ0 [ms] 0.4 0.4 0.3

τfilm [ms] 1.3 1.3 1.0

τn [ms] ∼ 0.09 ∼ 0.09 ∼ 0.09

Estimated operating point

Rop [mΩ] ∼ 180 ∼ 230 ∼ 60

TMC (Iheater=0) [m K] ∼ 18.3 ∼ 15.7 ∼ 14.5

Top [m K] ∼ 22 ∼ 20 ∼ 17.5

Cop [fJ/K] ∼ 65 ∼ 55 ∼ 140

Table 6.7: Relevant parameters obtained by the parametric fit of the templates made
for direct hit events, scintillation light events and heater pulses for light detectors
SOS21, SOS3 and SOS30. They include the rise time τn of the two signal components,
the fraction of the non-thermal component An/(Ath + An), the decay time τin of
the non-thermal component and the decay time τt of the thermal component. The
errors given are 1σ errors of the fit. The rise time of the direct hit events calculated
from the calorimeter model and estimated temperature, resistance and heat capacity
of thermometers in the operating points are also listed. See text for explanation.

the temperature of the carousel and the mixing chamber of ∼ 3 mK (obtained
from the Run31 where an additional thermometer is mounted on the carousel)
and the self-heating of the film. Heat capacities in the chosen operating points
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Cop are estimated using equation 3.5. These estimates should be taken only as
approximate values due to uncertainties in the measurements of the transition
curves. Nevertheless they are accurate enough for a qualitative understanding of
the different decay times obtained by the fit for the different light detectors.
As can be seen from table 6.7 heat capacities at the chosen operating points
for SOS21 and SOS23 are similar. Taking into account that the resistances
at their operating points are also similar and that they were both biased with
7.144µA, it is expected that the negative electro-thermal feedback has similar
strength. Therefore the shorter relaxation time τin of SOS21 is plausibly due
to the shorter thermal link (see table 6.1) which results in a stronger thermal
coupling of the detector to the heat bath. SOS30 has larger heat capacity than
the other light detectors and also a weaker thermal coupling due to a thinner
thermal link (see table 6.1), which both lead to a longer relaxation time of the
non-thermal component.
The fitted decay time of the thermal component τt shows the same trend as
the decay time of the non-thermal component τin. This behavior is due to the
fact that both thermometer and absorber relax to an equilibrium state mostly
through the thermal link of the thermometer, and both relaxation times are af-
fected by the strength of its thermal conductance Geb (see equation 3.25 for τt).
Though the absorber also relaxes via its direct thermal coupling to the heat bath,
this coupling is expected to be negligible due to the holding system in use which
minimizes the contact surface (see section 2.3.3).
As visible in table 6.7 the dominant part of the signal measured by the ther-
mometers of the light detectors is due to the non-thermal component An, which
corresponds to the rise of the thermometer temperature caused by the absorp-
tion of non-thermal phonons in the film. For a given energy deposition in the
absorber of the light detector, only a relatively small fraction of non-thermal
phonons is absorbed in the thermometer. The rest of the non-thermal phonons
thermalizes in the absorber causing its temperature rise, which corresponds to
the thermal component of the signal. Since the thermometer is thermally coupled
both to the heat sink with a thermal conductance Geb and to the absorber with
a thermal conductance Gea (see figure 3.1), a part of the energy contained in the
non-thermal component, which depends on the ratio of these thermal conduc-
tances, is transferred back to the absorber. This adds to the thermal component
of the signal. Finally it should be noted that the thermal component of the signal
measured by the thermometer is only a fraction of the actual temperature rise
of the absorber due to the presence of the thermal coupling of the thermometer
to the heat bath8.
Light detectors SOS21 and SOS23 have substrates of the same material and size

8For an isolated system consisting of the substrate and the thermometer the same temper-
ature rise, after thermal equilibrium is achieved, would be observed in both subsystems.
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and also thermometers with the same layout. Therefore the fraction of non-
thermal phonons which is absorbed in the thermometers is expected to be the
same for both detectors. The observed difference is due to a different thermal
coupling of their thermometers. The thermometer of light detector SOS21 has
a stronger thermal coupling to the heat bath, but also a much stronger thermal
coupling to the absorber due to a higher operating temperature (see equations
3.8 and 3.9). This means that for the light detector SOS21 more energy of the
non-thermal component is transferred back to the substrate contributing to the
thermal signal. SOS30 shows the highest fraction of the non-thermal component
in the measured signals. This is plausibly due to the larger area of its thermome-
ter which results in a higher fraction of non-thermal phonons thermalizing in the
thermometer. Moreover, due to the lower operating temperature, the thermal
coupling to the absorber (Gea) is weaker than in the case of SOS21 and SOS23,
despite the larger volume of the tungsten film. This leads to a smaller reflux of
non-thermal phonons to the absorber.

Scintillation light events

For all light detectors the rise time of the scintillation light events is about 0.3 ms
longer than that of the direct hit events, reflecting the rather long decay time of
the CaWO4 scintillation pulse at the operating temperatures.
The emission of the CaWO4 crystals is usually characterized by two scintillation
time constants [Ninković, 2005]. The time constant of the fast component, that
is making up about 70 % of the emitted light, is estimated to be about 0.3 ms and
the time constant of the slow component is about 2.5 ms at 20 mK [Di Stefano
et al., 2003][Westphal et al., 2006]. Hence the observed prolongation of the decay
time of the non-thermal component (see table 6.7) could therefore be ascribed
to the slow component of the scintillation light which is emitted on a time scale
which is of the same order as the relaxation time of the thermometers.
Light detector SOS21, due to its short decay time of the non-thermal component,
was not performing completely as a calorimeter9, since it did not fully integrate
the energy of the scintillation light. The other two light detectors were able to
fully integrate the energy of the incoming scintillation light.
The fraction of the non-thermal component is expected to be the same for both
direct hit events and scintillation events. The slight difference in the light detec-
tors SOS21 and SOS23 is thus attributed to systematics possibly introduced by
the fit or by the different quality of the templates used10.

9This refers to the performance of the detector and not of its thermometer, which is operated
in the calorimetric mode (see section 3.2.1).

10The parametric fit is modelled for an instantaneous energy deposition and applying it to
the slow scintillation light events might lead to slight differences in the values of parameters.
In addition a different number of pulses averaged to obtain templates results in their different
quality due to a better or worse averaging of noise terms.
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Heater pulses

The templates of the scintillation light events and of the heater pulses for light
detector SOS23 are compared in figure 6.15 on the right. The parameters ob-
tained by the parametric fit of the templates of the heater pulses for all light
detectors are listed in table 6.7. The rise time of the heater pulses is determined
by the duration of the power input, that is predefined in the wave form generator
board (see section 2.4.2). Their decay times both for the non-thermal and the
thermal component of the signal τin and τt, respectively should be similar to
those of the direct hit events. This is observed for light detectors SOS21 and
SOS23, while the heater pulses of the light detector SOS30 show relaxation times
about a factor of two to three smaller for both components. Since the heater
pulses are directly injected into the thermometer via the film heater, the ther-
mal component of the heater signal is solely due to the part of injected power
which is transferred back to the absorber. Thus, the non-thermal component
An is expected to be higher than for direct hit events, as observed for SOS21
and SOS23. Again, light detector SOS30 shows a quite different behavior. The
reason for this is not understood, but might be related to the specific properties
of its thermal link. Due to the specific position of the heater film (see figure 6.1),
heat dissipated in it is shared between the tungsten film and the thermal link
according to the strength of their thermal couplings to the heat bath. Hence, for
the same rise of temperature in the tungsten film, more power is flowing across
the thermal link in the case of heater pulses than for particle pulses. This can
lead to a slightly higher temperature of the thermal link during the process of
relaxation of heater pulses and, in case of a thermal link which notably changes
thermal conductivity with temperature, this can result in a shorter relaxation
time. One possibility this to occur is in case of partially superconducting thermal
links. Since the thermal links of all light detectors operated in Run30 are gold-
tungsten bilayers (the tungsten is used as adhesion layer) it cannot be excluded
that they were partially superconducting due to proximity effects11.

6.2.4 Optimal operation point

As previously mentioned for a suitable operating point various conditions need
to be matched. The most import criterion considering the overall performance
of the detector is the achieved signal-to-noise ratio.
In order to investigate the influence of the chosen operating point on the signal-
to-noise ratio, a series of measurements was performed at different operating
points. For practical reasons the signal-to-noise ratio was measured for heater

11In the course of detector fabrication some thermal links and heater films have been observed
to be unexpectedly superconducting due to proximity effects. This behavior was systematically
investigated during the fabrication of light detector for the following Run31 and was solved by
skipping the deposition of the tungsten adhesion layer [Huff, 2007].
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pulses of given injected energy and not for particle pulses.
For these measurements light detector SOS23 was chosen, because it has shown a
more stable behavior than SOS21 and SOS30. The measurements were performed
with two different bias currents (1.0µA and 7.144µA).

Measurement with 1.0 µA bias current

Figure 6.16 to the left shows the transition curve with 1.0µA bias current, ob-
tained by sweeping the heater voltage applied to the heater circuit. This changes
the temperature of the thermometer, because the heater is thermally linked to the
film12. The marked locations on the transition curve indicate operating points
where the measurements were taken.

In addition, the response of light detector SOS23 for three different heater

2 3 4 5 6 7 8 9
5

10

15

20

25

30

35

40

 

 

 

  heater sweep with  1 A bias current 
  location of chosen operating points

SQ
U

ID
 o

ut
pu

t 
[V

]

Heater input voltage [V]

SOS23

2 3 4 5 6 7 8 9
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 SOS23 - 1 A bias current

 

 

 injected 10V 
 injected 1V
 injected 0.5V 

Pu
ls

e 
he

ig
ht

  o
f 

he
at

er
 p

ul
se

s 
[V

]

Heater input voltage [V]

Figure 6.16: The figure on the left shows the transition curve for light detector SOS23
obtained by sweeping the applied heater voltage. The marked positions on the tran-
sition curve indicate the operating points where the measurements have been taken.
The figure on the right shows the observed pulse height of three different heater pulse
amplitudes along the phase transition of the thermometer. The detector was biased
with 1.0µA. Due to different SQUID operating ranges, the SQUID output in the left
panel was scaled by a factor of ten in order to be compatible with the scale of the
pulses in the right panel.

pulses was recorded as a function of the applied heater voltage. As can be seen
from figure 6.16 right, the measured pulse height spectra of the heater pulses
show a lot of structures which is not so easily recognized in the transition curve.
All heater pulses show an unstable response below about 5.5 V of applied heater
voltage. The non-smoothness of this part, which corresponds to the very bottom
of the transition, is also visible on the transition curve. This behavior is not well

12When it is mentioned, sweeping of the applied voltage in fact is a sweep of the temperature
of the thermometer.
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Figure 6.17: The pulse height of injected 0.5 V heater pulse (top) and the slope of the
heater sweep transition curve (middle) as a function of applied heater voltage for light
detector SOS23. The observed signal-to-noise ratio (with 1σ errors) for heater pulses
of injected 0.5 V at different values of heater voltage is plotted in the bottom figure.
The detector was biased with 1.0 µA.

understood, but it is quite common for SPTs and many experimental groups
have observed large noise when detectors are operated in the lower part of the
transition (see for example [Lindeman et al., 2002][Fujimoto et al., 2002]).
To illustrate that the behavior of the heater pulses as a function of applied heater
voltage actually reflects the shape of the transition curve, the measured pulse
height for injected heater pulse of 0.5 V along the transition curve is compared to
the derivative of the transition curve in figure 6.17. A change of the slope of the
transition curve translates into a change of the pulse height of injected heater
pulses.
At each chosen operating point the light detector SOS23 was stabilized and its
response to the heater pulses of injected 0.5V was recorded. The small injected
energy of the heater pulse, which corresponds to 21.00± 0.04 keVee according to
the gamma energy calibration, was chosen to probe locally the effect of the slope
of the transition curve without being affected by the presence of substructures.
During the measurements triggering was done by the partner phonon detector
Zora, which was kept at a fixed operating point. The signal-to-noise ratio (SNR)
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is calculated as the ratio of pulse height and FWHM of the peak due to the
heater pulse.
The results of measurements are summarized in the bottom panel of figure 6.17,
where the measured SNR is shown as a function of the applied heater voltage.
The value of the resistance at each operating point expressed as the percentage of
the normal conducting resistance is given in table 6.8. For the operating points
in the upper part of the transition (sp1 to sp5 in table 6.8) the measured SNR
follows the slope of the transition curve, indicating that the signal is strongly af-
fected by the slope of the transition. This is expected due to the fact that some
components of the noise do not scale with the slope as discussed in subsection
6.2.5. Nevertheless for the two operating points positioned low in the transition
(sp6 to sp7 in table 6.8), despite the steep slope of the transition curve, the ob-
served signal-to-noise ratio is notably decreased. This is ascribed to a significant
increase of the noise which then limits the performance of the detector.
The best SNR for heater pulses of about 20 keVee was achieved at the point
(sp3) corresponding to 8 V applied heater voltage. At this operating point the
thermometer has a resistance which is about 60% of the normal conducting re-
sistance (see table 6.8) and the slope of the transition curve at this point is one
of the steepest.
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Figure 6.18: Transition curve for light detector SOS23 obtained by sweeping the
applied heater voltage. The marked positions on the transition curve indicate where
the measurements of the detector response to injected heater pulses have been taken.
The detector was biased with 7.144 µA. Due to different SQUID operating ranges, the
SQUID output was scaled by a factor of hundred in order to make it compatible with
the scale of the heater pulse presented in figure 6.19.
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Measurement with 7.144 µA bias current

The same set of measurements have also been performed with 7.144µA bias
current, which was the standard bias current for light detector SOS23 during
Run30. The 9 positions of operating points where the measurements were taken
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Figure 6.19: Figure compares the pulse height of injected 0.5 V heater pulses (top
panel) and observed signal-to-noise ratio (with 1σ errors) (bottom panel) as a function
of applied heater voltage for light detector SOS23. The detector was biased with
7.144µA.

are marked in figure 6.18, showing the transition curve of SOS23. Figure 6.19
shows the measured SNR for heater pulses of 20 keVee and the measured pulse
height of the same heater pulses versus the applied heater voltage. The observed
SNR follows the change in the pulse height of the heater pulse, which can be taken
as an estimate of the change of the slope of the transition curve. The operating
point corresponding to 1.0 V of applied heater voltage shows the best SNR, while
the standard operating point of SOS23 during Run30 at 2.0 V shows a slightly
worse performance in this respect. It should be noted that this study allows
to find the optimal points of operation for particle interactions with an energy
deposited similar to the energy of injected heater pulse. To find an optimal point
for other values of energy deposited similar measurements should be performed
with heater pulses in that energy range.
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6.2.5 Noise spectra

In addition to the response of light detector SOS23 on the injected heater pulses,
samples of baseline noise were recorded at the locations marked on the transition
curves for both bias currents (see figures 6.16 and 6.18).
For a bias current of 1.0µA the baseline noise is obtained from measurements
with a record length of 8192 channels with a sampling time of 20µs to allow
accurate measurements of noise spectra up to the cut-off frequency of the anti-
aliasing filter which was set at 10 kHz during Run30. Figure 6.20 contains the
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Figure 6.20: Measured noise spectra for light detector SOS23 at different operating
points. Calculated and also shown are: Johnson noise in the thermometer, John-
son noise in the reference resistor, thermal noise, SQUID noise and 1/f noise in the
thermometer is also plotted.

measured noise spectra for light detector SOS23 when biased with 1.0µA at dif-
ferent operating points. The calculated current noise due to Johnson noise in
the thermometer, Johnson noise in the reference resistor, thermal noise, SQUID



160 CHAPTER 6. LIGHT DETECTOR PERFORMANCE IN GRAN SASSO

noise and 1/f noise, according to the model described in section 3.3, is also plot-
ted in the same figure. The numerical values of the parameters of the model used
to compute the current noise are given in table 6.8.
The resistance of the thermometer Rf at different operating points and cor-
responding temperature of the mixing chamber TMC for zero heating current
through the film heater are obtained using the measured heat sink sweeps and
heater sweeps transition curves. The error on the resistance values is estimated
to be about 10 % due to uncertainties of the SQUID transfer function as pre-
viously mentioned. The temperature of the thermometer Te is estimated from
data obtained in the presently ongoing Run31, where an additional thermometer,
heat sinked at the carousel, shows a slight difference (∼ 3 mK) between carousel
and mixing chamber temperature. Self-heating of the thermometer due to a bias
current of 1.0µA is estimated to be less than 1 mK for all operating points.
As discussed in section 6.2.3, heater pulses and particle pulses show the same
relaxation times. Hence, the effective decay time of the non-thermal component
of the signal τeff is obtained by fitting the template of the injected 0.5 V heater
pulses according to equation 5.1 for each operating point. From the calculated
heat capacity Cop (using equation 3.5) and the fitted effective relaxation time of
the thermometer, the effective thermal coupling of thermometer to the heat bath
Geff is obtained from equation 3.24. The intrinsic relaxation time τin was then
estimated by subtracting the additional thermal coupling due to electro-thermal
feedback GETF from the effective thermal coupling.
The slope of the transition curve was obtained by differentiating the measured
transition curve and is very rough estimate since the temperature on the x-axis
is the one of the mixing chamber and not of the thermometer. These two tem-
peratures do not change in the same way along the transition, for example due
to the dependence of the electro-thermal feedback term and of the self-heating
effect on the position in the transition curve. For the modelling presented here
these effects were neglected.
During the data taking the mixing chamber was stabilized at 7 mK, while de-
tector was stabilized at different operating points by applying different heater
currents through the film heater (indicated in table 6.8 by different values of
heater voltage). The temperature of the reference resistors was assumed to be
the same as the one of the mixing chamber.
The SQUID noise term was estimated from the noise spectrum measured above
the transition, where only Johnson noise of the thermometer, Johnson noise of
the reference resistor and SQUID noise are present13.
The 1/f noise was modelled according to equation 3.61. The amplitude of the
1/f noise was varied to obtain the best matching with the measured spectra.
The values of this parameter are given in table 6.8.

13The value of SQUID current noise estimated here is higher than the average value given
in Henry et al. [2007], but is still compatible with the measurements.
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For the different operating points the measured noise ranges from 2.7 pA/
√

Hz

Spectrum sp0 sp1 sp2 sp3 sp4 sp5 sp6 sp7

Heater
voltage [V]

- 8.50 8.25 8.00 7.2 6.56 6.00 5.7

Rf /Rnormal 1 0.99 0.94 0.60 0,.44 0.30 0.17 0.13

TMC(Ih=0)[mK] ∼16.4 ∼16.2 ∼16 ∼15.7 ∼15 ∼14.4 ∼14 ∼13.6

Te [mK] ∼20 ∼20 ∼19.5 ∼19.5 ∼19.0 ∼18.5 ∼18.0 ∼17.5

Rf [mΩ] 270±27 268±26 255±26 160±16 120±13 80±8 50±5 35±5

τeff [ms] - 7.5±1.2 8.4±0.2 7.1±0.1 6.9±0.3 7.8±0.1 7.4±0.2 5.8±0.3

slope [mΩ/mK] - ∼10 ∼30 ∼90 ∼20 ∼20 ∼9 ∼10

Cop [fJ/K] 38±10 38±21 41±21 60±22 67±23 75±23 82±24 84±24

Geff [pW/K] - 5.1±3.7 4.8±2.7 8.3±3.3 9.8±3.8 9.7±3.1 11.1±3.5 14.5±4.8

τin [ms] - 7.7±10.0 9.2±10.7 9.6±9.5 7.3±5.7 8.4±5.8 7.5±4.7 5.7±3.6

Geb[pW/K] - 4.9±3.7 4.4±2.8 6.2±3.7 9.2±3.9 8.9±3.3 11.0±3.7 14.7±5.0

GET F [pW/K] - 0.12±0.03 0.40±0.08 2.16±0.46 0.62±0.15 0.74±0.20 0.11±0.12 -0.19±0.18

Rshunt [mΩ] 40 40 40 40 40 40 40 40

Tshunt [mK] 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0

isq [pA/
√

Hz] 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9

1/f amplitude 5·10−8 2·10−8 2·10−7 2·10−7 8·10−8 2·10−7 3·10−7 2·10−6

Table 6.8: Relevant parameters used for calculating the current noise for light detector
SOS23 when biased with 1.0µA. See text for explanation.

to 15 pA/
√

Hz at frequencies between 200 Hz and 2 kHz. The noise is fairly
constant across most of the bandwidth of the measured spectra with the ex-
ception of the spectra taken near the bottom of the transition. The cuts off
of the noise spectra is at 10 kHz due to the anti-aliasing filter. The contribu-
tions of the thermal noise are small compared to other noise sources expect for
the operating point with high value of the slope of the transition curve. This
is expected since the thermal noise scales as the signal, i.e. it depends on the
slope of the transition curve (see equation 3.49). The small contribution of the
thermal noise to the total calculated noise leads to the conclusion that it is the
Johnson noise in the thermometer, SQUID noise and 1/f noise that limit the
performance of the detector. The Johnson noise in the thermometer and SQUID
noise are more dominant in the high frequency part of the spectra, while the 1/f
noise term dominates the low frequency part of the spectra. As can be seen from
table 6.8, the amplitude of the 1/f increases as the resistance of the operating
point decreases and seems to be also correlated with the slope of the transition
curve (although there are not enough results to make a definite statement). For
CRESST detectors the effect of electro-thermal feedback in not very significant,
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as indicated with a small value of GETF in table 6.8.
The modelled spectra agree well with the data in the upper part of the transition
(see figure 6.20 sp0 to sp5). For the two operating points where the thermometer
was stabilized below 30 % of the normal resistance (sp6 and sp7) the measured
noise is much larger that the theoretical one. The SNR at these two operating
points is low, as described in the previous section (see figure 6.17). The excess
of the measured noise is present both in the low frequency part, as indicated by
a higher value of the amplitude of the 1/f noise in table 6.8, and in the high
frequency part of the spectra, as seen in figure 6.20.
According to Enss [2005] excess low frequency noise seems to be correlated with
the so called ”excess electrical noise”, which has the same frequency dependence
as Johnson noise. There are many theories proposed to explain the origin of ex-
cess electric noise in the superconducting transition, while the origin of 1/f noise
is still not understood. As mentioned in Enss [2005], possible factors that con-
tribute to the excess noise are current-dependent resistance of the thermometer
or non-equilibrium effects since the thermometers are operated out of equilib-
rium. Some sources of excess noise can be reduced by a careful detector design,
e.g the boundary conditions of the thermometer are found to influence the excess
electrical noise.
In order to investigate the origin of the excess of observed noise in the lower part
of transition curve, more systematic studies and more detailed noise modelling
are needed.

The theoretical energy resolution of thermometer calculated with the optimal
filter method according to equation 3.68 was compared to the energy resolution
measured for the heater pulses, which is determined by the baseline noise. For the
case of the white band noise these two resolutions should agree due to the equiv-
alence of the template fit method in the time domain and of the optimal filtering
method in the frequency domain (see section 3.3.3). Using parameters from ta-
ble 6.8, theoretical resolution (FHWM) of about 1 - 2 eV was computed for an
operating point in the upper part of transition at 94 % of the normal conducting
resistance. The resolution (FWHM) of the injected heater pulse was measured
to be 3.19± 0.04 keVee

14. Assuming that about 1 % of the energy deposited in
CaWO4 is detected as scintillation light and that thermometer measures at most
about 5 % of the energy deposited in the light detector absorber (see table 5.3),
this value translates into energy resolution in the order of eV. Theoretical and
observed resolution agree, but it should be noted that there are additional noise
terms, which are not taken into account by the optimal filter method like the 1/f
noise term. This noise term significantly contributes to the baseline noise as is

14The noise measurements were performed at the end of Run30 where the performance of all
detectors had worsened with respect to the data set considered in section 6.2.1. Therefore the
observed resolution of heater pulses for light detector SOS23 is about twice the value given in
table 6.4.
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visible from the measured noise spectra of the detector.
Noise spectra of the light detector SOS23 measured in different operating points
for the 7.144µA bias current are shown in figure 6.21. The record length used
in this measurements was 16384 channels with 40µs time base15. This allowed
the noise measurements down to the low frequency region. As can be seen from
figure 6.21 the noise in the low frequency part is dominated by the 1/f noise and
the peaks due to electromagnetic interferences. Figure 6.22 compares the signal
spectrum of 0.5 V heater pulse and noise spectrum at the operating point which
corresponds to 2 V applied heater voltage (standard operating point for SOS23 in
Run30). The signal-to-noise ratio for this operating point is 7 (see figure 6.19).
As seen from figure 6.22 the performance of the detector is influenced by the
presence of the 1/f noise and pick-up noise.
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Figure 6.21: Measured noise spectra for light detector SOS23 at different operating
points when biased with 7.144µA.

The comparison of measured baseline noise spectra with the calculated ones
revealed that the dominant noise source for the low frequency part of the spec-
tra, which is the relevant one considering the time structure of the light detectors
signals, is the 1/f noise. Moreover the measured noise spectra show the pres-
ence of external pick-up noise (emi) also in the same frequency region. In order
to improve the performance of the detectors several tests (reanalyzing of the

15Since the anti-aliasing filter was set to 10 kHz the choice of 40µs sampling time resulted
in a slight aliasing of the frequencies higher than the sampling frequency.
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Figure 6.22: Signal spectrum of injected 0.5 V heater pulse and noise spectrum mea-
sured for light detector SOS23 at the operating point which corresponds to 2 V applied
heater voltage. The detector is biased with 7.144µA.

grounding scheme, improved shielding of the cables, rearrangement of the elec-
tronic circuits) have been carried out and are still going on with the aim of
suppressing or reducing possible sources of electro-magnetic interferences.



Chapter 7

Conclusion and Perspectives

The CRESST-II experiment is searching for WIMPs via their elastic scatter-
ing off tungsten nuclei in scintillating CaWO4 target crystals. Since the energy
transferred to the tungsten nuclei steeply rises towards lower energies and extends
only up to about 40 keV, a low energy threshold of the detectors is of utmost
importance. Detector modules developed for CRESST-II consist of a 300 g scin-
tillating CaWO4 crystal operated as a cryogenic calorimeter (phonon detector)
in coincidence with a second, much smaller cryogenic calorimeter (light detector)
for the detection of the scintillation light. Both detectors are read out by tung-
sten superconducting phase transition thermometers. Measuring simultaneously
the phonon and scintillation light signal, the CRESST-II detector modules are
able to discriminate nuclear recoils, in particular tungsten recoils as expected
from WIMP interactions, from radioactive γ and β backgrounds down to recoil
energies of about 10 keV. Only about 1% of the energy deposited in the CaWO4

crystal by γ or β interactions can be detected as scintillation light. Therefore,
the sensitivity of the light detectors is a most critical issue for the efficient back-
ground discrimination at energies relevant for WIMP searches.

At focus of this work was the development of cryogenic light detectors for the
measurement of the CaWO4 scintillation light as well as a thorough investigation
of their performance.

In order to study the influence of the tungsten film edge quality on the ther-
mometer performance, tests have been performed comparing the standard design
with a thermometer with well-defined edges. These edges were obtained by ad-
ditional gold structures deposited on top of the tungsten film edges. The results
showed practically no improvement, possibly due to limitations imposed by the
non-smoothness of the transition curves for both thermometers.

Compared to the standard silicon absorber, significantly improved absorption
of the light detector substrate has been achieved using a thin superconducting
lead layer which was deposited on the sapphire substrate. Yet, the combined

165
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effect of the comparatively low transmission of phonons from lead to sapphire
and the increase of losses of non-thermal phonons at the surface of the lead
film resulted in a strong reduction of the pulse amplitude and consequently in a
degradation of the energy resolution. Additional tests with other superconduct-
ing absorption layers that would better match the needs of the experiment are
in progress.

In the course of this work three light detectors with silicon-on-sapphire ab-
sorbers (SOS) have been operated for the first time in CRESST-II detector mod-
ules in the Gran Sasso setup during the commissioning Run30. Their perfor-
mance has been compared to the one of the silicon light detectors used during the
prototyping phase of the CRESST-II experiment (Run28). Besides the change
of the light detector absorbers from Run28 to Run30, the thermometer geometry
of the light detector also slightly changed. The CaWO4 crystals used in both
runs have a comparable light output, but the light collection efficiency of the
reflective housing is expected to be improved in Run30: This is due to the care
taken that all the parts of the holder which extend into the reflective housing
have a highly reflective surface.
The SOS light detectors show a comparable performance with respect to the sil-
icon light detectors in terms of achieved energy resolution at zero energy (about
20 eV) and the estimated amount of detected light for a given energy deposited in
the CaWO4 crystal (about 1 %). This indicates that, besides the light collection
efficiency which concerns both light detector absorber and reflecting housing, the
light output of the scintillating crystal is a crucial parameter in the overall light
detection efficiency. For this reason, further improvement of the light output of
the CaWO4 crystals is actively pursued.
In order to determine the major noise sources which contribute to the baseline
noise of the light detectors and thus limit their energy resolution at zero energy,
noise spectra were recorded at different operating points. The Johnson noise
in the thermometer, the SQUID noise and the 1/f noise in the thermometer
were found to be the dominant noise sources. In addition, a new method has
been developed which allows to locate the optimal point for stabilizing detectors
within the thermometer phase transition. It has been validated by measuring
the signal-to-noise ratio at various points of the transition.
The energy dependence of the light detector resolution was studied in the rele-
vant energy range showing a square root energy dependence as expected for an
energy resolution limited by statistical fluctuations in the number of detected
scintillation photons. The presence of a much weaker component of linear en-
ergy dependence points to a position dependent light detection efficiency of the
detector module. This may be the result of a slight dependence of the CaWO4

light output on the position of the energy deposition within the crystal.
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The CRESST-II experiment, after a major upgrade which included the in-
stallation of a neutron shielding, a muon veto system, a mounting system and
a readout for 33 detector modules, has operated three detector modules during
the commissioning Run30. The data collected with two detector modules during
this commissioning phase yielded an upper limit for the WIMP-nucleon elastic
scattering cross section shown in figure 7.1 [Angloher et al., 2008]. Despite the
brief exposure of a small detector mass, the powerful background discrimination
capability of the CRESST-II detector modules lead to a competitive result al-
ready during commissioning.

In April 2008, CRESST-II has started another run with more detector mod-
ules installed. In this run an absolute energy calibration of the light detectors will
be performed to determine the overall light collection efficiency of the CRESST-
II detector modules. Since the CaWO4 crystals employed in this run have sig-
nificantly higher light outputs than the ones operated in Run28 and Run30,
enhanced discrimination capabilities are expected.
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Figure 7.1: The preliminary limits from the CRESST-II experiment on the spin-
independent WIMP-nucleus elastic scattering cross section (normalized per nucleon)
obtained from the data sample of Run30 as a function of the WIMP mass [Angloher
et al., 2008]. For comparison, current limits from several other leading direct detection
experiments are shown. The regions above the curves are excluded with 90% C.L.
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Schäffner, K., 2007, private communication

SDDS, 2008, Sloan Digital Sky Survey (SDSS), web link http://www.sdss.org/



176 BIBLIOGRAPHY

Shutt, T., Emes, J., Haller, E. E., et al. A solution to the dead-layer problem in
ionization and phonon-based dark matter detectors. Nuclear Instruments and
Methods in Physics Research A, 444:340–344, 2000
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Danke schöne Frau für alles. Thanks to Jens for all discussions with clear statements,
problems or solutions and for being so serious and funny at the same time. Thanks
to Wolfgang for creative criticism. I am also thankful to all the members of CRESST
group at TUM, workshop at MPI, Dr. Leo Stodolsky and Carlo Bucci for always
willing to help our group.
Grazie to Stefano for being with me all this time, is still and hopefully will be in
future. Special thanks to all friends here, there and somewhere in the world for being
my friends. Finally, I want to write to my family hvala.


