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Kurzfassung

Das CRESST Experiment im Gran Sasso Untergrundlabor sucht nach Dunkle
Materie in Form von schwach wechselwirkenden massiven Teilchen (WIMPs) iiber
elastische Streuung an Kernen.

Die erste Phase von CRESST benutzte 262 g Saphir Kristalle als Absorber.
Ein niedriger Untergrund, eine Langzeitstabilitidt des kryogenen Aufbaus, sowie
eine niedrige Schwelle und eine hohe Sensitivitat fiir leichte WIMPs wurden damit
erreicht. In einer sehr stabilen Messung von 1.5 kg Tagen, wurden ein Untergrund
besser als 1 Ereignis/kg/keV /Tag iiber 20 keV und eine Schwelle von 580 eV er-
reicht. Saphir Detektoren sind besonders geeignet, um leichte WIMPs mit spin-
abhangiger Wechselwirkung zu messen. Die Ergebnisse verbessern existierende
Limits in diesem Bereich.

Die zweite Phase von CRESST benutzt szintillierende Kristalle als Absorber.
In einem Szintillator wird nach einer Energiedeposition neben Phononen auch
Szintillationslicht erzeugt. Kernriickstoe erzeugen weniger Licht als voll ion-
isierende Wechselwirkungen. Die gleichzeitige Messung des Phononen- und Licht-
signals ermoglicht eine Identifizierung der Wechselwirkung. Erste Messungen mit
300g CaWO, Detektor Modulen wurden im Aufbau am Gran Sasso durchgefiihrt.
Trotz einiger technischer Probleme war eine Charakterisierung der Detektoren
moglich, die das grofie Potential der Ereignisdiskriminierung aufzeigt.






Introduction

The main physics goal of the CRESST (Cryogenic Rare Event Search using Su-
perconducting Thermometers) Dark Matter experiment is the direct detection of
Weakly Interactive Massive Particles (WIMPs) via their elastic scattering off the
nuclei in the target absorber. WIMP-nucleus scattering event rates are expected
to be less than one event per day and per kg of detector mass. It is therefore of
crucial importance to suppress signals due to radioactivity which would hide or
mimic (in the case of neutrons) the WIMP signal. Consequently the CRESST
set-up is a low background facility operating at the Gran Sasso Underground
Laboratories. Since the energy transferred to a nucleus is very small (below a
few tens of keV), the energy threshold of nuclear recoils is another crucial point
in a Dark Matter search. CRESST uses cryogenic detectors consisting of a di-
electric target crystal with a superconducting thermometer evaporated onto one
surface. An energy deposit in the absorber creates phonons which thermalize
in the thermometer. When the film is held at a temperature between its nor-
mal to superconducting phase transition a small temperature change results in
a relatively large change of the resistance of the film, which thus functions as
a very sensitive thermometer. Using very low energy excitations, the phonons,
very low energy thresholds as well as an excellent energy resolution are achiev-
able. Furthermore practically the entire energy of nuclear recoils is converted
into phonons. This leads to a quenching factor close to one for nuclear recoils,
which is a clear advantage compared to all other techniques.

The subject of this thesis are the measurements performed at the Gran Sasso
low background facility and the analysis of the acquired data. After an introduc-
tion to the Dark Matter problem and to the aims of direct detection experiments,
the CRESST facility at the Gran Sasso Underground Laboratories is described,
focusing the attention on the main sources of radioactive background. CRESST
detector principles are then introduced and the physics potentials of sapphire
calorimeters and CaWQ, scintillating crystals are discussed. Finally before pre-
senting the measurements and the obtained results, an overview of the analysis
methods developed and applied in this work is given.

In this work a complete characterisation of CRESST Phase I detectors is
accomplished. CRESST Phase I used 262 g sapphire calorimeters of 40x40 x
41 mm3. In a measurement lasting about three months and acquiring ~ 15
kg days of data a low radioactive background is achieved and the long term
stability of operation of CRESST detectors necessary for a Dark Matter search is
demonstrated. The reliability of the monitoring and the calibration procedure are
investigated with a dedicated run. A 5% systematic shift to the higher energies
in the extrapolation procedure of the calibration to the region of interest for
Dark Matter is determined. Since it is the threshold region which mostly affects
Dark Matter limits, this tendency to shift events to higher energies puts CRESST
Phase I WIMP limits on the conservative side. In a very stable run of 1.51 kg
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days of data, a background level below 1 count/kg/keV /day above 20 keV and a
very low energy threshold of 580 eV are achieved. This run is used to set Phase
I Dark Matter limits. Sapphire detectors are especially sensitive for low-mass
WIMPs with spin dependent interaction and improve on existing limits in this
region.

The limitation of Phase I is the residual background. Besides this the WIMP-
nucleus cross section for spin independent interaction is proportional to m%, with
mpy the mass of the target nucleus. Therefore heavier nuclei are favoured for this
interaction. The main goal of CRESST Phase II is the active discrimination
of electron recoils caused by ionising radiation from nuclear recoils caused by
neutrons and WIMPs and to provide improved sensitivity for high mass WIMPs.
This can be achieved with the simultaneous measurement of the phonon and
scintillation light using a scintillator with high mass target nuclei as an absorber.
Nuclear recoils produce much less light than electron recoils and by measuring
the ratio of scintillation light and phonon signal, the type of interaction can
be identified. A first 6 g proof of principle detector module using CaWOQO, as a
scintillator and a small cryogenic calorimeter to detect the emitted light, achieved
a rejection efficiency for electron recoils of better than 99.7% above 15 keV. This
prototype has now been scaled up to a full 300 g detector module, which will be
the basic unit of the 10 kg CRESST Phase II detector.

In this work, first measurements with 300 g CRESST Phase II detector mod-
ules are performed at the Gran Sasso set up and analysed. So far due to technical
problems or to an unexpected high count rate, no Dark Matter data have been
taken. The acquired spectra are discussed and a preliminary characterisation of
the detector behaviour is obtained. Particular attention is devoted to the investi-
gation of the radioactive contaminants present in the measured CaWQO, crystals
provided by different suppliers.
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Chapter 1

Introduction to the Dark Matter
problem

A considerable experimental effort is in progress throughout the world to eluci-
date the yet unknown nature of the missing matter of the universe, the so called
Dark Matter. Many candidates are currently favoured to contribute to the Dark
Matter. The CRESST Dark Matter search is an experiment dedicated to directly
detect one of these candidates, generically denominated Weakly Interactive Mas-
sive Particle (WIMP). This chapter introduces arguments which motivate Dark
Matter searches and reviews the main candidates, focusing the attention on the
motivations for the existence of WIMPs. Subsequently the underlying physics
principles of the direct detection of these particles via their elastic scattering off
nuclei are presented. Finally the leading direct detection experiments currently
in operation and their results are discussed.

1.1 Cosmological motivation

Our present understanding of the universe is based upon the successful hot big
bang theory, which is rooted in both theoretical and observational robust foun-
dations (for an introductory review see [GB99a]). The theoretical framework
is based on general relativity and the idea that the geometry of space-time is
determined by the energy content of the universe. As it was later confirmed by
Penzias and Wilson with the detection of the Cosmic Microwave Background, the
universe at large scales is homogenous and isotropic. The metric satisfying these
assumptions is the Friedmann-Robertson-Walker (FRW)metric [O1i97], which in
co-moving coordinates is given by

dr?
(1 — kr?)
This equation is characterised by two quantities, a scale factor a(t), which deter-
mines the physical size of the universe and a constant k£ which characterises the

ds® = —dt* + a*(t) + r?(df? + sin? Odg) (1.1)
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spatial curvature of the universe (k = 0, +1, —1 for a spatially flat, closed or open
Universe). As it was observed in 1930 by E.P.Hubble, the light spectra of distant
galaxies are shifted towards the red band, indicating that they are receding at
a velocity proportional to their distance from us [Tur00b]. This is due to the
expansion of the universe, i.e. the scale factor today is larger than when pho-
tons were emitted by the observed galaxies. In the context of the FRW metric,
the expansion of the universe is characterised by the Hubble rate of expansion
H(t) = a(t)/a(t). The present value Hy of the Hubble parameter can be written
as

Hy=h-100 km s~! Mpc™ (1.2)

where h = 0.65 4+ 0.15, encompassing recent observational determinations of the
Hubble constant [Ber00a].

Describing the universe as a fluid, an observer comoving with the fluid would
see the universe around him as isotropic. The equations of motion of a perfect
fluid with isotropic pressure p and energy density p in an expanding universe
yield the Friedmann equation

a\> k 1
(a) +?:§87TGNptot (13)

where Gy is Newton’s gravitational constant and p, is the total average density
of the universe, which takes into account matter, radiation and vacuum energy
contributions. One might also write:

N 2
a 1 E A
H*=(-) ==81Gyp— — + = 1.4
<a> 3 NPT 2T (1.4)
where A is the cosmological constant and is treated here as a different form of
matter. This term is associated with the vacuum energy of quantum field theory
and is consistent with the Einstein equations.

Defining the critical density[RR93]

_ 3H?
N 87TGN

Pe (1.5)
such that in the absence of the cosmological constant p = p. for £k = 0, the
cosmological density parameter is then defined by

Qiot = L (1.6)

C

The Friedmann equation can then be rewritten as

k

(O~ ) = (1.7)
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so that £ = 0,41, —1 corresponds to Q5 = 1, Qs > 1, Qs < 1.

Though big bang theory nicely predicts the observed relative abundances of
light elements, and the predicted age of the universe is compatible with the
age of the oldest known objects, it suffers from problems concerning the initial
conditions. In fact, it assumes but does not explain a finite baryon density, i.e.
the matter-antimatter asymmetry, the extraordinary flatness and smoothness of
the universe on very large scales and the origin of primordial density perturbation
that gave rise to cosmic structures (galaxies, clusters, super-clusters) [Pri96].

The solution to these problems comes from the cosmological inflation, a period
of exponential expansion in the early universe. The inflaton field has associated
with it a large potential energy density, which drives the exponential expansion.
This superluminal expansion implied that regions that had been in causal contact
moved outside the horizon of each other explaining the large scale homogeneity
and isotropy [GB99b]. In particular a generic prediction from inflation is thus
that the universe is very close to flat, i.e. £ = 0. Then at the present time ¢ = ¢,

Qo = Quon(ty) = 1 (1.8)

The contribution to €2y of visible matter associated with stars and hot gas in
galaxies is quite small, =~ 0.003 — 0.01. On larger scales of galactic halos or small
groups of galaxies this is in the range of 0.02 — 0.1. On galaxy clusters scales it
appears that the contribution to the density parameter may be as large as 0.3
[01i97]. The matter content of the universe seems to be higher than the maximum
amount of baryonic matter implied by big bang nucleosynthesis (BBN) [Pri96].
As will be discussed in the next paragraphs there are convincing arguments for
the existence of a large amount of non-luminous, i.e. Dark Matter and its nature
is one of the most outstanding questions in standard cosmology.

1.1.1 Observational evidence for Dark Matter

The presence of large amounts of non-luminous components in the Universe has
been identified along the years by different means and on different scales [For(02].
The most convincing observational evidence is found on the scale of galactic halos
and comes from the observed flat rotation curves of galaxies. Spiral galaxies con-
sist of a central bulge and a very thin disk which is stabilised against gravitational
collapse. The observations of the Doppler shift of spectral lines can be used to
obtain their rotation curves, i.e. the orbital velocity of the disk as a function of
the radius [Raf97]. The observed rotation curves rise linearly from the centre out-
ward until they reach a certain plateau value and remains flat out to the largest
measured radii. Assuming Newtonian dynamics® this was completely unexpected

INon-Newtonian theories have also been proposed to explain the mass discrepancy of spiral
galaxies, most notably the MOdified Newtonian Dynamics (MOND) model [Mil83], [San96].
This theory postulates that Newton’s laws should be modified for very small accelerations in
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observed

expecied
from
- _ _ luminous disk

R {kpc)

M33 rotation curve

Figure 1.1: Observed rotation curve of the nearby dwarf spiral galaxy M33, superim-
posed on its optical image [Kha(2]

since the observed surface luminosity falls off exponentially with radius
I(r) = Ipe /™ (1.9)

where rp is the disk scale length. Therefore one would expect that most of the
galactic mass is concentrated within a few disk lengths, such that the rotation
velocity is determined by the Keplerian orbit

Uror = (GM /7)'/? o r~1/2 (1.10)

where M is the total mass of the galaxy and G Newton’s constant. No such
behaviour is observed. This evidence is supported by systematic optical studies
of many spiral galaxies and the most convincing observations come from radio
emission of neutral hydrogen in the disk. Its 21 cm line emission can be observed
to much larger galactic radii than optical tracers. An example of the measured
rotation curve compared with the expected one is shown in fig. 1.1. The difference
to the rotation curve which is expected from the luminous material is ascribed
to the gravitational effect of Dark Matter [Raf97].

Galactic rotation curves are not the only observational indication for the ex-
istence of Dark Matter. There is mounting evidence for dark matter in galaxies
and clusters of galaxies coming from X-ray observation of these objects. In fact
galaxy clusters are the most powerful X-ray sources in the sky. The emission is
extended over the entire cluster and thus reveals the presence of a hot plasma
(T = 10®* —10°K) where X-rays are produced by electron bremsstrahlung[Raf97].

the limit a << ag. For ag ~ 10~® cm s~2 this approach is surprisingly successful in explaining
a broad range of Dark Matter phenomena related to dwarf galaxies, spiral galaxies and galaxy
clusters, with the result that the need for any Dark Matter disappears. Unfortunately, MOND
lacks a relativistic formulation so that it cannot be applied on cosmological scales [Raf97].
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The detailed profiles of the temperature and density of the hot X-ray gas have
been mapped out. By assuming hydrostatic equilibrium these measurements al-
low to determine the overall mass distribution in the cluster necessary to bind the
gas. The result is that the mass in the hot gas is between 10% and 20% [Whi95]
of the total predicted cluster mass while the visible mass contributes only 1% of
the total [O1i97].

In the last few years a third piece of evidence has been gathered that also
points to a very large amount of Dark Matter in clusters. Galaxy clusters gravi-
tationally lens the light emitted by quasars and other galaxies in the background
(see [Spi00]). The mapping of the mass distribution through the many arclets
seen in a number of clusters indicates matter density estimates in agreement with
measurements of hot gas in the clusters [Sad99].

1.1.2 Three Dark Matter problems

In terms of the density parameter, determinations of the matter contribution,
both baryonic and non-baryonic have not yet converged. However there is a re-
markable preference for values around 0.3 (for reviews see[Fre99],[Sch97], [Pri00],
[Gro00]). As we have seen inflation theory favours 2,y = 1 and indeed we now
have direct evidence from high red-shift supernovae and CMB anisotropies mea-
surements that Q;,; = 1.02+0:0¢[dB02]. These results are pointing towards a flat
universe whose energy is dominated by a vacuum component (cosmological con-
stant, quintessence) together with a Dark Matter component. The current view
might be summarised as shown in picture 1.2. As illustrated in the picture, be-

1 E T T T | T T T | T T I
& Dynamical Mass

LTminous Mattler

40 60 80 100
Hy [km s™! Mpc™!]

Figure 1.2: Summary of knowledge of © as function of the Hubble expansion param-
eter. The lowest band is luminous matter; the horizontal band is the galactic halo
matter component, crossing the BBN determination of the density of baryons. The
upper region is the estimate of dynamical mass component. Gaps in between illustrate
the Dark Matter problems[GB99a).
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tween the fraction predicted by BBN and the visible stars and diffuse gas there
is a huge fraction which is in the form of dark baryons. The gap between the
BBN baryon band and the mass inferred from cluster dynamics constitutes the
standard Dark Matter problem, but there is still a third dark matter problem,
i.e. the unfilled region which would constitute around 60% of the energy density,
from dynamical mass to nowadays critical density 25 = 1. As mentioned above,
one possibility could be that the universe is dominated by a diffuse vacuum en-
ergy, i.e. a cosmological constant. We are therefore facing the presence of three
dark components[For02, Tur00a:

e dark baryons
e dark non-baryonic matter
e dark energy

such that
Qo =Qp +Qpy + (1.11)

where the baryon density (g is given by the contribution of total baryonic matter
including dark baryons. The total matter density 2, corresponds to the sum
of Qp + Qpar. Qpar is further divided into the density of Hot Dark Matter,
Qupy and Cold Dark Matter, Qcpyr depending on whether the non baryonic
Dark Matter was relativistic (HDM) or non-relativistic (CDM) at the time they
decoupled from thermal equilibrium after the big bang 2. The reason for such a
classification originates from the fundamentally different consequences for struc-
ture formation in the universe, like formation of superclusters and clusters of
galaxies. HDM would form huge structures first (top-down approach), CDM vice
versa [RamO01b]. N-body simulation of huge parts of the universe showed that
structure formation cannot be understood with dominantly HDM (see [Pri97]).
A consistent scenario results for a substantial CDM component and a rather
negligible HDM component.

As previously mentioned, there is a strong consensus that a non-zero cosmo-
logical constant may be needed: the only known way to reconcile a low mass
density with a flat universe is that an additional dark energy dominates the
universe today. Its nature is unknown but it would have to resist gravitational
collapse, otherwise it would have been detected; on the other hand if most of the
energy of the universe resists gravitational collapse it is impossible for structure in
the universe to grow. This dilemma can be solved if the hypothetical dark energy
was negligible in the past and only recently became the dominant component.
According to general relativity this would require that dark energy has a negative
pressure [GB99a]. Recent cosmological observation find for the vacuum-energy
component the value Q) = 0.71 £ 0.11, having used h = 0.65 & 0.20 [dB02].

2also an intermediate state called Warm Dark Matter has been proposed.
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1.2 Dark Matter candidates

The inventory of Dark Matter candidates is rather huge. Whereas baryonic Dark
Matter is in the form of relatively “standard” astrophysical objects, e.g. cold
hydrogen clouds or compact objects such as neutron stars, brown dwarfs, or
generally MAssive Compact Halo Objects (MACHOs) and even black holes, the
nature of non-baryonic Dark Matter is still unknown and subject to speculations.
The existence of dark (relativistic or not) non-baryonic matter and dark energy
asks for extension of the standard model of fundamental interactions, since no
known particle or field can explain either of these components. Candidates within
the standard model are excluded, on the other hand those beyond the standard
model have not yet been detected in particle physics experiments. Thus the direct
or indirect detection of such particles would be a notable achievement both for
particle experimental and theoretical physics.

1.2.1 Baryonic candidates

As illustrated in picture 1.2 an important fraction of the expected amount of
baryonic matter is dark. Since Baryonic matter interacts with light, even if the
baryons are non-luminous themselves, they would absorb light [Dol99]. This re-
sults in stringent observational upper limits on many plausible candidates [Spi00].
Thus they cannot be in the form of hot diffuse gas otherwise there would be a
large X-ray flux; nor cold gas since it would absorb light and re-emit in the in-
frared. Baryons could otherwise have been processed in stellar remnants. This
seems implausible since there is no trace of the normal stars from which they
arise. Neutron stars or black holes in particular would typically form in a
Supernova explosion and thus eject heavy elements into the galaxy, which would
have been observed spectroscopically. They could be white dwarfs, i.e. stars
not massive enough to reach the supernova phase. They are in fact end-states of
stars with initial mass in the range of 0.8 — 8 M, where M, is the solar mass.
They are a good candidate since they form prolifically today. On the other hand
they would produce too much light or too many metals and helium which has
not been observed [Car94].

M-dwarfs are very dim stars in the the mass range 0.3 — 0.8M, but they
are excluded as main candidates by background light limits: very long exposure
images of the Hubble Space Telescope restrict the possible M-dwarf contribution
to below 6% [Raf97]. Low mass hydrogen burning stars seem also to be excluded
by source count rate and infrared measurements of other galaxy halos [Car94].

The most plausible alternatives are brown dwarfs, stars with mass M <
0.08 M which never ignite hydrogen and thus shine even more dimly only from
the residual energy due to gravitational contraction. The stellar mass function
raises towards small masses (most stars are small) and thus one would expect
significant numbers of such objects in the galaxy. Their existence has been very
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difficult to prove so far. However the brown dwarf scenario currently appears to
be the most plausible [Car94].

All the objects mentioned above are collectively called MACHOs and may
be identified through gravitational microlensing (see [Pac96]) by monitoring for
example the brightness of stars in the Magellanic Clouds. The light from a
distant star is deflected by the gravitational field of a massive object within the
line of sight from the observer to the star, such that the star will appear brighter
than in the absence of a deflector. This apparent brightening of the star due
to the gravitational microlensing effect has specific signatures which allows to
discriminate the presence of a MACHO against variable stars which constitute
the background. Recent observation of microlensing events rule out MACHOs as
the main constituent of the Dark Matter in the galaxy. The observed microlensing
events may explain around 20% of the Dark Matter in the Milky Way or may be
lensing objects in the Large Magellanic Cloud (LMC) [Alc00].

A final possibility are primordial black holes, which could have been cre-
ated in the early universe even before baryons were formed and thus may be also
classified as non-baryonic. Very low-mass black holes cannot form the bulk of
Dark Matter as they would give rise to high energy gamma flashes which are
not observed. Primordial black holes of about a solar mass could instead explain
microlensing observations of MACHOs towards the LMC. The main objection
against them is the lack of a plausible mechanism for forming them in the early
universe. Instead very massive objects, such as an early population of stars of
at least a hundred solar masses, could have rapidly formed black holes without
contaminating the interstellar medium with metals. However observation of the
radiation of the progenitor stars in the far infrared severely constrain this possi-
bility. Even more massive black holes would disrupt the galactic disk [Sad99].

1.2.2 Non-Baryonic candidates

One of the most popular extensions of the standard model includes a new symme-
try, called supersymmetry, which relates bosons, i.e. interactions mediators, with
fermions, the constituents of matter. Supersymmetric (SUSY) theories introduce
several possible Dark Matter candidates. SUSY particles have the same quantum
numbers as their standard model partners apart from the spin and a new quantum
number R, which distinguishes between “normal” matter and SUSY partners. It
can be defined in terms of baryon, lepton and spin numbers as [Oli97]:

R — (_1)3B+L+2S (112)

It follows that R=1 for ordinary particles and R=-1 for SUSY particles. Assum-
ing R-parity conservation, which is the usual minimal supersymmetric standard
model (MSSM) assumption, this theory offers a variety of Dark Matter candi-
dates such as the neutralino or sneutrino; the gravitino; the axino and others (for
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reviews see [Bet01] and [Spo02b]). Among these, the most interesting supersym-
metric candidate is the neutralino, often referred to as the Lightest Supersym-
metric Particle (LSP), which is also classified as the leading WIMP candidate.

Among the non-supersymmetric candidates the massive neutrino and the ax-
ion are the most direct possibilities. Assuming a “hot vs. cold” Dark Matter-
categorisation scheme as introduced in 1.1.2, the leading HDM candidate is the
light neutrino, while for CDM we find axions and WIMPs.

Neutrinos A light massive neutrino represents the simplest extension of the
standard model. The recent results on the atmospheric and solar anomalies (see
[Bet02]) strongly indicate that neutrinos do posses a mass: this also means that
they could compose at least a fraction of the dark matter. However N-body
simulations of structure formation indicate that a Universe dominated by light
neutrinos (HDM) spoils the process of structure formation. In addition, there
is a maximum number density of neutrinos allowed to be bound to the galaxy
due to the Pauli exclusion principle. As this number must exceed the average
density of the galactic Dark Matter (ppao = 0.3 GeV cm™ is the typical halo
density), this turns into a lower limit, known as Tremaine-Gunn limit, on the
required Dark Matter neutrino mass; for spiral galaxies this value is of about 20
eV [Raf97]. Therefore the hypothesis that light neutrinos could constitute the
particle Dark Matter on all scales is ruled out. They could however still play a
role as sub-dominant Dark Matter component in a flat CDM model; according
to [Tur00a] 0.003 < 2, < 0.15.

Another possibility is that neutrinos have very large mass, of the order of a
few GeV. To give a cosmologically interesting contribution to €2 in fact heavy
neutrinos should have masses m, > 3 GeV in order not to overclose the universe.
In this mass range they would be non-relativistic and act as CDM candidates.
This is however ruled out for Dirac neutrinos by accelerator and direct detection
experiments up to the TeV range [Ber0Oa]. In the case of a Majorana neutrino its
abundance in this mass range is too small to be cosmologically relevant [GB99a].

Axions Axions are very weakly interacting light bosons of an allowed mass
range from 107% to 1072 eV. The lower bound on the axion mass derives from
cosmological arguments in order not to have an overclosed universe and the upper
bound from SN1987A supernova dynamics [Raf00]. Axions arise as a solution of
the CP problem in Quantum Chromo Dynamics (QCD) theory and are also a
well motivated Dark Matter candidate. In fact they couple so weakly to matter
that they never were in thermal equilibrium in the early universe and would
behave today as a CDM candidate. There is no evidence that such particles
exist, but the present laboratory and astrophysical limits on their parameters are
such that, if they exist, they could well make up a significant portion of cosmic
Dark Matter[Tur00a].
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WIMPs The SUSY neutralino can be seen as a particular realization of a
generic WIMP. These massive particles (GeV to TeV range) are assumed to
carry a conserved quantum number which suppresses or forbids the decay into
lighter particles. Such particles should have been copiously produced in the
early universe through their weak interactions with other forms of matter and
radiation. As the universe expanded and cooled, the number density of the
WIMPs successively became too low for the annihilation process to keep up with
the Hubble expansion rate. A relic population of WIMPs should thus exist, and
it is very suggestive that the canonical weak interaction strength is just right
to make the relic density fall in the right range to contribute substantially to €2
[Ber00a], [Jun96].

Neutralinos are spin 1/2 Majorana particles which are linear combinations
of the SUSY partners of the photon, Z° and Higgs bosons, e.g. the photino,
Z-ino and Higgsino [Jun96]. From accelerator searches lower limits on neutralino
mass have been obtained, however these estimates are model dependent. Though
for example LEP searches place limits m, > 17 GeV [Ell97], there indeed exist
parameter space in the MSSM where the neutralino mass may be as low as 2 GeV
[Gab96]. It is therefore essential to have experiments which are sensitive enough
to confirm or exclude the existence of neutralinos in this mass range.

Phase T of the CRESST Dark Matter Search is unique in being able to probe
the low mass WIMP range due to its low energy threshold detectors, as will be
discussed in detail in this thesis.

1.3 The direct detection of Dark Matter

The experiments to reveal the nature and abundance of particle dark matter can
be divided in two conceptually different approaches: direct and indirect detection.
The physics underlying the direct detection technique is the elastic scattering of
a WIMP with a nucleus of the detector placed on the Earth and may be revealed
by measuring the phonon, ionisation or scintillation signal [Ram99]. Else one
may indirectly detect the products of annihilation of Dark Matter particles such
as gamma rays, antiprotons or positron, in the galactic halo or in the Earth or
Sun, in which case neutrinos could give an indirect signal [Ber00a].

The two quantities which are crucial to both direct and indirect detection of
Dark Matter are the local Dark Matter density, py and the velocity dispersion of
Dark Matter particles 7 = (v?)!/2. Detection rates which depend on annihilation
processes occurring in the galactic halo are strongly affected by uncertainties in
the matter distribution. Direct detection instead relies on local properties like the
local Dark Matter density. Also the way Dark Matter particles behave in velocity
space affects mostly direct detection, which relies on the energy transferred from
the Dark Matter particle to the detector[For02].

In order for the galaxies to reach a constant outer rotation curve, the density
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profile of the Dark Matter halo must fall approximately proportional to =2 in

the relevant radius range. Such a profile resembles the density structure of an
isothermal, self-gravitating system of particles which is characterised by a con-
stant velocity dispersion. Dark Matter halos are therefore often approximated
by the so-called modified isothermal sphere model. The radial density profile is

taken to be:
Po

1 4r2/r2
where 7. is the core radius and py is the central Dark Matter density [Bur95].
When tested by comparison with the Dark Matter distribution as derived from
the measured rotation curve of dwarf spiral galaxies, the modified isothermal
profile fits only the inner regions but rises too fast at large radii. The observed
universal mass profiles are well represented by the following phenomenological
density distribution:

p(r) (1.13)

= por 1.14
pDM(T) - (T+T0)(T2—|—7‘g) ( : )
where p is the central density and ry a core radius [Bur95]. The very existence
of a “core”, i.e. a central region where the density is approximately constant,
has been challenged by recent high resolution N-body simulation [Nav96]. The
canonical values for the local Dark Matter density is py = 0.3 GeV cm 3 though
there is considerable uncertainty and model dependence in this estimate [Jun96].
For neutralino WIMPs as a dominant component of the halo this translates to
about 3000 LSPs with mass m, = 100 GeV per cubic meter [Ros00]. Assuming a
typical galactic velocity of neutralinos of v/ca2 1073 the flux of particles with this
mass at the location of a detector at the Earth is roughly 10 m~2 s~! [Ber(0a).
The form of the halo distribution function presumably depends on the details
of the collapse process which formed the galaxy. General dynamical arguments
suggest that the WIMP velocities were thermalized by fluctuation in the gravi-
tational collapse, a process known as wviolent relazation. On this basis it can be
assumed that WIMPs have an approximately Maxwell-Boltzmann speed distri-
bution in the galactic rest frame (the halo is assumed to be non-rotating):

3\ 3v°
f(v)dv = dmny (27”)2) v?exp <_ﬁ> dv (1.15)

where nyy is the local number density of WIMPs of mass myy, defined as ny =
po/mw[Fre88]. The velocity dispersion @ is directly related to the asymptotic
flat rotational velocity as v = \/3/721100. In our Galaxy, the rotational velocity
appears to be already flat at the local position and therefore we set vy, = vg.
The experimental determination of the local rotational velocities v; = 230 % 50
km s7' (90% C.L.). The distribution is also truncated by an escape velocity
Vese = 450 + 650 km s™! (90% C.L.) [Bot97]. The canonical values for velocity
dispersion is o = 270 km s™' [Jun96].
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1.3.1 Theoretical event rates

The most important direct detection process is elastic scattering on nuclei, and
the recoil energy can be measured by means of various experimental techniques
with different nuclear species. As a first approach one may consider a stationary
detector with infinite resolving power, an equal detection efficiency for nuclear
recoils and electron recoils and consisting of a single type of nuclei. As introduced
above, the rate in a detector depends on the density py of WIMPs near the Earth
and the velocity distribution of WIMPs near the Earth. The event rate per
kilogram of detector mass, R, is qualitatively [Jun96]

R~ Mwov) (1.16)

my

where o is the elastic scattering cross section, (v) is the average speed of the
WIMP relative to the target and my is the target nuclei detector mass in kg.
As will be shown in the next paragraphs, to derive the exact expression for the
event rate one should take into account the WIMP velocity distribution in the
halo and that the detector is located on Earth, in orbit around the Sun with the
Solar system moving in the galaxy. Furthermore different target masses as well
as instrumental resolution and threshold effects have to be considered. Besides
these, the detection efficiency for nuclear recoils might be different from that for
the background electron recoils and there is a form factor correction dependent
on nuclear radius and recoil energy which also differs for spin-dependent and
spin-independent (scalar) interactions [Lew96].

1.3.2 Nuclear form factors

The form factor parametrises the loss of coherence due to the finite size of the
nucleus for the WIMP-nucleus interaction as the WIMP-energy increases. Both
spin dependent (axial) and spin-independent (scalar) cross sections are modified
at high momentum transfer q by form factors that reflect the spatial distribution
of nucleons inside the nucleus. When the momentum transfer to the nucleus
q = v/2myFE, is such that the de-Broglie wavelength A = h/q is smaller that the
size of the nucleus, the effective scattering cross-section decreases with increasing
momentum.

While spin-independent form factors are simply related to nuclear densities,
spin dependent cross sections reflect delicate aspects of nucleonic and nuclear
structure [Eng92]. Spin-independent scattering is a coherent process and an an-
alytic expression for the form factor can be derived. At non-zero momentum
transfer the form factor is defined as as the Fourier transform of the nuclear mat-
ter distribution, which in this case has a well defined form. In contrast, in the
spin dependent case the form factor calculations require significant effort since
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nuclear properties have to be calculated for each nucleus with an appropriate
nuclear model. For discussion and explicit calculations, see [Jun96, Eng91].
The effective cross-section, either spin-dependent or spin-independent, is thus
given by:
o =0 F?*(E,) (1.17)

Separation into the term oy (zero momentum transfer cross section) contain-
ing all dependencies on the specific interaction and F?(FE,), dependent only on
momentum transfer, is convenient in allowing model-independent results. How-
ever, in the case of spin dependent interactions, this correspond to considering
contributions only from the unpaired nucleon (single particle model) or nucleons
of the same type as the unpaired nucleon (odd group model) and has substantial
errors for large masses [Lew96, Tov00].

The cross section at zero momentum transfer for the spin-independent WIMP-
nucleus interaction is related to the mass of the target nucleus by the relationship

Tosi /2 [12may (1.18)

indicating that, apart from the form factor, the interaction rate is higher for
heavier nuclei.
In the case of spin-dependent interactions instead it is given by:

Oosa = PPONET(J + 1) (1.19)

where A2J(J + 1) is the nuclear spin factor and is usually estimated using the
“odd-group” model. C is the squared hadronic matrix element for the odd nucleon
in the nucleus [Jun96].

It is important to note that it is only for coherently interacting WIMPs that
very massive nuclei are desirable since the interaction cross section scales as the
nucleus mass squared. However in this case coherence loss must be considered.
For particles with only spin-dependent interactions on the other hand, the most
desirable detector nuclei are those that maximise energy loss, i.e. which match
nuclear and WIMP masses. In this case relatively small nuclear masses are de-
sirable [Fre88|.

For the scattering of light WIMPs on light nuclei, such as can be expected
with the CRESST sapphire detectors, the nuclear recoil energies are low enough
that the form factor F?(E,) ~ 1.

1.3.3 Nuclear Recoil Quenching Factor

The detector sensitivity for a nuclear recoil event is a crucial point in a Dark
Matter experiment. When a particle interaction occurs in an absorber the energy
deposited is shared between nuclear recoils and electron recoils. Ionising particles
such as a, and 7 radiation and heavy charged nuclei interact predominantly
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with atomic electrons, while neutrons and WIMPs interact predominantly via
the nuclear channel.

The quenching factor is defined as the ratio of the signal amplitude from
a nuclear recoil and from an electron recoil of the same energy. Conventional
detectors that measure the ionisation or the excitation of the electrons inside
the detector material such as Si, Ge and Nal detectors, have quenching factors
much lower than unity [Ale97]. On the contrary the quenching factor is expected
to be one for detectors which measure a thermal signal. In fact these detectors
measure the heat released by the particle which is in principle independent of
the interaction mechanism. However instances such as energy trapping or crystal
defects could in principle deteriorate this value.

The nuclear recoil detection efficiency for cryogenic particle detectors has
been measured using TeO, crystals (see[Ale97]) confirming a quenching factor
compatible with unity.

1.3.4 Energy spectrum

As WIMP velocities are non-relativistic, the energy deposited in a detector, E,,
due to WIMP nucleus elastic scattering is:
mimy

E, = mzﬂ(l — cost) (1.20)
X

where 6 is the scattering angle in the centre of mass frame.
The differential rate for elastic WIMP-nucleus scattering is given by the equa-
tion [Jun96]:

dR P00 9 /U fi(v) E,my
— N F2(E, dv; in = 1.21
dE, T2qu2 (Fr) v v Y v 2112 (1.21)

where Np represents the number of targets, my the target nucleus mass, u =
(mwmn)/(mw + my) the reduced mass, E, the recoil Energy transferred to the
nucleus defined above and F'(FE,) is the form factor defined in paragraph 1.3.2.
The term f;(v)is the velocity distribution of WIMPs assumed to be Maxwellian
in the galactic rest frame as defined in 1.15. Evaluated in the Earth’s rest frame
(see [Fre88, Jun96]), this results in [Don98§]

2 )2
ST, k) = %e:vp <—(UETUE)> (1.22)

where k is the normalisation factor and vg the Earth velocity vector.
For simplicity assuming a pure Maxwellian distribution (avoiding motion of
Earth and Sun), integrating over all detectable recoil energies (between Fy,,
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the Energy threshold of the detector, and E,,., = 2u?v?/my), for light WIMPs
where F(E,) ~ 1 the total event rate per kilogram is:

pPooo 2 —Eyprmy
22vg

(1.23)
where vy ~ 220 km s~ is the circular speed of the sun around the galactic centre.

Summarising, the main experimental requirements for direct detection tech-
niques are [Ram99:

e Energy threshold: as low as possible due to the quasi exponential decreasing
signal as function of recoil energy. The relevant energy region is generally
below 100 keV.

e Target mass: as high as possible due to the low cross section for WIMP-
nucleus elastic scattering.

e Background: as low as possible, the aim being to progressively reduce or
reject background events to allow a spectrum of rare nuclear recoil events
to be observed.

As we shall see in Chap. 4 cryogenic detectors of the type used in the CRESST
Dark Matter Search can achieve very low energy thresholds down to 500 eV
making them ideal for WIMP detection.

1.3.5 Signatures for WIMP direct detection

As previously mentioned, standard assumptions for WIMP Dark Matter searches
are that WIMPs are gravitationally bound to the galaxy, forming a spherical
isothermal halo model with a local density of 0.3 GeV/cm? and a Maxwellian
velocity distribution with a mean value of 232 km/s truncated at the escape
velocity from the galaxy of 650 km/s.

There are three types of WIMP signatures: the detector material dependence,
the annual modulation and the diurnal modulation. WIMP rates and spectral
shapes depend on the target material, therefore experiments which use different
target materials in the same set-up could identify a WIMP signal by comparing
rates and spectra. However this would require a signal to background ratio larger
than one. Due to the very low WIMP event rate only experiments with large
detector masses, low energy threshold and nuclear recoil discrimination capability
might in principle reach such a sensitivity. This is for example a physics potential
for CRESST Phase II. Up to now no experiment was able to exploit such a
signature.

With adequate event rate, i.e. with sufficiently low background and large
detector masses®, a positive evidence for a WIMP signal could be obtained from

3For an estimation of what can be defined a sufficient mass for different types of detectors,
see reference [Ram02a).
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the small annual modulation of the spectrum. This arises from the kinematics

Figure 1.3: Kinematics of the Earth within the non-rotating WIMP halo

of the earth within the usually assumed non-rotating halo model *. As shown in
fig. 1.3, the sun orbits the galaxy with a velocity of about 220 km s~ (including
the motion relative to the local standard of rest gives the indicated 232 km s™!)
and the Earth is orbiting the sun with a velocity of about 30 km s~! with the
orbital plane inclined at 60° respect to the galactic plane [Smi90]. Therefore the
Earth sees a larger WIMP flux in June when its rotational velocity adds to the
velocity of the sun, and by a smaller flux in December when the two velocities are
in opposite directions. An annual modulation of the count rate by a few percent
would then yeld a positive signature. Therefore, with this particular halo model
assumption, the following features are required in order to verify the presence of
a WIMP induced modulation [Ber0OOb]:

e the modulation follows a cosine-like behaviour;
e it has a period of one year;
e the maxima occur at tg ~ 2 June (~152.5th day of the year);

e the measured modulated amplitude is ~ 7% in the region of maximal sen-
sitivity.

Finally the most convincing evidence would arise from the directional asym-
metry of the recoiling nuclei, given a direction sensitive detector. In this case the
directionality is additionally modulated diurnally by the earth rotation about its
axis. The diurnal modulation is much stronger than the annual modulation and
in case of a positive signal would constitute the most sensitive proof.

“For the effect of different types of halo models on the expected WIMP signal, see[Kam98§]
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1.3.6 WIMP exclusion limits

Constraints on the WIMP interaction cross section are set by calculating the up-
per limit of the theoretical event rate, which is incompatible with the observed
event rate. Any set of parameters which produces a theoretical event rate exceed-
ing this limit is then excluded to a given confidence level (typically 90% C.L.).
In experiments without background subtraction such as CRESST Phase I , the
expected signal is on top of a background spectrum of unknown shape and no in-
formation can be extracted from the shape itself of the observed energy spectrum.
However any set of WIMP parameters (mass and cross-sections) which would pro-
duce more events than observed at some confidence level, can be excluded at that
confidence level independently of any assumption on the background shape.

So far there is no standard procedure in the literature for extracting upper
limits. As a first step the theoretical WIMP recoil spectrum must be convoluted
with experimental resolution and then for any given WIMP mass compared with
the observed spectrum applying criteria which would produce 90% exclusion lim-
its. Several groups use the so called optimal interval method, see [Bau99]. Given
a WIMP mass this method selects the energy bins giving the most stringent limit
on the cross section. It has been shown that this method actually produces ex-
clusion limits which have a lower degree of confidence than 90% and hence are
erroneously tight [Gre02, Ang02b].

For CRESST Phase I results, two other different methods have been developed
to extract upper limits, the fit method and the Monte Carlo method [Ang02b].
In the fit method the spectrum is fitted with an empirical function B using a
maximum likelihood method with Poissonian statistics in each bin. Without a
WIMP signal the best fit By simply describes the background. With a WIMP
signal S as calculated for fixed WIMP masses and a free cross section parameter,
the background function is redefined to B! =By—S. In case S>B, then B* = 0.
In other words, B! is not allowed to have negative values, avoiding in any sense a
background subtraction. The likelihood function calculated from the background
function is then used to set a 90% C.L. limit. For oq such that S < By in each
bin, the likelihood is unchanged. For increasing oy, when S>Bj in some energy
bin, then B! is limited at 0 and the likelihood L starts to decrease. The oy
excluded at 90% C.L. is obtained when In L = In Ly — 1.28%/2 is reached, where
Ly is the maximum likelihood of the best fit By. The Monte Carlo (MC) method
starts from the same empirical fit function and uses the fit function By as the
Poisson mean in each bin to generate a large number of synthetic MC spectra.
The functional form B is then fit to each synthetic data set and the oq is found
for which S = B in one energy bin for that data set. The 90 % C.L. upper limit
is that oy which is above 90% of the values determined from all synthetic data
sets.

The results of these three methods are shown in picture 1.4. Other methods
are suggested in reference [Gre02]. These correct for the bias of the optimal bin
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method and have been shown to give consistent result with those obtained with
the MC method[RamO01al.
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Figure 1.4: Comparison of the different methods to extract exclusion limits at 90%
C.L. for the WIMP—27Al spin-dependent oy limit [Ang02b).

1.4 Current Direct Detection Experiments

There are different types of detection techniques, ranging from the rather well
known germanium semiconductors technique, scintillator detectors at room tem-
perature and cryogenic detectors to the superheated Freon droplet detection

technique or direction sensitive projection chambers. For extended reviews see
[Mor01, Loi02, Ram02b].

Classical Germanium detectors Semiconductor detectors are characterised
by an excellent energy resolution, a well-proven technology and a very high purity
level. On the other hand the restricted choice of detector materials (Ge and
Si), the microphonic noise at low energies, the lack of discrimination capability
between electron and nuclear recoils and the high costs for large detector masses
are intrinsic limitations of such a technique.

The Heidelberg-Moscow Experiment was originally designed to search for
neutrinoless double-beta decay using classical Ge detectors. Due to the available
high purity of Ge and a substantial work on low background conditions they
achieved the lowest background (0.05 counts/kg/keV/day above 15 keV) of any
Dark Matter search without background rejection. Presently the collaboration
operates a dedicated Dark Matter experiment in the Gran Sasso laboratories in
a well-type set-up (HDMS) using a 200 g p-type Ge detector surrounded by a
2 kg veto detector. Photons or neutrons interacting in the inner detector have a
considerable probability to generate a coincident signal in the veto detector and



1.4. CURRENT DIRECT DETECTION EXPERIMENTS 21

thus be discarded. In the GENIUS project proposed by the same group 100 kg
of un-encapsulated Ge crystals shall be surrounded by a large volume of highest
purity liquid nitrogen to assure a radio-pure surrounding as well as a shielding.
A test facility has recently been approved.

The IGEX detector is situated in the Cafranc tunnel in the Pyrenees and
consists of a 2 kg Ge crystal enriched to 86% in ®Ge. They have a lower energy
threshold than the above experiments and reached the highest sensitivity (o_, ~
7x 10 %pb for coherent interaction) of all experiments using classical Ge detectors
(see fig. 1.6).

Classical Scintillators Several WIMP searches make use of scintillation de-
tectors, mostly Nal(T1) or liquid Xenon detectors. In spite of their poorer energy
resolution and intrinsic radio-purity if compared to Ge detectors, they have the
advantage of a wide choice of target materials, well established detection tech-
nique, low costs and hence the possibility of using large detector masses. Fur-
thermore, their main advantage for WIMP searches is their intrinsic pulse shape
discrimination capability to distinguish nuclear from electron recoil.

The DAMA collaboration is operating ~100 kg of Nal crystals each viewed
by two photomultiplier tubes (PMTs) in the Gran Sasso underground laboratories
and has collected within four years ~ 58000 kg-days of statistics. The non-zero
spin of the sodium nucleus makes these detectors also sensitive to axial coupling.
The DAMA group observed an annual modulation in their count rate (see fig.1.5)
which they claim to be compatible in phase and amplitude with a signal from
WIMPs of 52FL° GeV mass and WIMP-nucleon cross section of (7.270-3) x 1076 pb
[Ber0Ob]
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Figure 1.5: Annual modulation of the count rate as observed by the DAMA collabo-
ration over a period of four years.

The UKDMC group is using liquid xenon scintillator detectors. The ZEPLIN-
I experimental set-up consists of a 4kg prototype mounted in the Boulby mine
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in the UK. The scintillator is viewed by three PMTs which allow, by triple co-
incidence, to reject spurious events in or near the PMTs. A liquid scintillator
Compton veto and a lead shield complete the set-up. The ZEPLIN group is
presently developing an even more efficient background rejection technique that
allows discrimination on an event-by-event basis. The technique exploits ioni-
sation occurring in the liquid Xe in addition to scintillation. In this two-phase
liquid and gas detector ionisation electrons are extracted from the liquid into
the gas phase, where they are accelerated and generate electroluminescence that
is registered as a delayed signal by the same PMTs that are viewing the liquid
Xe. Since nuclear recoils generate much less ionisation than electron recoils the
secondary signal is much smaller for nuclear than for electron recoils. A one ton
project is hoped to cover a large fraction of the WIMP parameter space [Spo02a].

The ELEGANT V and VI experiments based in the Japanese Oto Cosmo
Observatory are employing, besides a 730kg Nal crystal array, 7.2kg of CaF,
scintillator. The F nucleus offers a non-zero spin and a very advantageous spin
factor which makes it particularly sensitive for axial coupling. Unfortunately
both materials in these experiments are not of the highest purity.

Cryogenic detectors, which will be discussed in detail in the following chap-
ters, are generally operated at temperatures from 10 mK to 100 mK. They are
using phonons as principal excitations and detect them as temperature pulses.
Phonons offer two advantages as compared to ionisation and scintillation: first,
the entire energy of nuclear recoils is transformed into phonons, whereas ionisa-
tion and scintillating detectors have relatively high quenching factors. Second,
the excitation energy of phonons, typically meV, is roughly three orders of mag-
nitude lower than that of electron-hole pairs or scintillation photons. These
two advantages result in a considerably lower energy threshold as well as a high
energy resolution. Combining phonon detection with either ionisation or scin-
tillation measurements allows very efficient event-by-event background rejection.
Another advantage, in common with scintillators, is the flexibility in the choice
of the target material.

ROSEBUD, up to now using low threshold sapphire and Ge cryogenic de-
tectors, are now studying phonon-scintillation detectors and have obtained inter-
esting results with ~ 50 g CaWO, and BGO crystals.

The CDMS collaboration operates Ge and Si cryogenic detectors with both
superconducting thin films and NTD Ge thermistors as temperature sensors
[Abr02]. Additionally, ionisation charges are drifted to thin film electrodes on
the crystal surfaces and provide efficient electron recoil discrimination. With one
100 g Si and four 165 g Ge detectors run in 1998 and 1999 CDMS could investi-
gate a large part of the 30 allowed region of the DAMA evidence, excluding the
DAMA most likely parameter set at > 99.9% CL [Abr02]. The experiment is
situated in a shallow underground site in Stanford and suffers from muon induced



1.4. CURRENT DIRECT DETECTION EXPERIMENTS 23

neutron events. Therefore a neutron subtraction is required to derive the strin-
gent Dark Matter limits. Within the year 2002 the experiment plans to move to
the Soudan deep underground lab.

The EDELWEISS collaboration is using 320 g Ge detectors similar to those
of CDMS, with NTD Ge phonon sensors and aluminium thin film charge collection
electrodes, split on one crystal surface into a central electrode defining a fiducial
volume and an outer ring electrode to reject events due to radioactive impurities
near the detector circumference. The detectors are operated at ~ 20mK in
the Modane underground lab in the French-Italian alps. In data taking runs
in the years 2000 and 2002 (12.1kg-days fiducial) no nuclear recoil events were
observed in the relevant energy range. A Dark Matter limit has been derived
that excludes the DAMA central value at 99.94 % CL [Ben02]. At present this
is the most sensitive limit of all Dark Matter searches for WIMP masses above
35GeV. For an upgrade of the experiment to ~ 30kg a large volume reversed
dilution refrigerator has been developed. The present limits of both the CDMS
and EDELWEISS experiments are shown in fig. 1.6, together with the IGEX Ge
diode limit and the allowed region of the DAMA WIMP candidate.
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Figure 1.6: Exclusion limits of some of the presently most sensitive direct WIMP
searches. The region above each curve in the parameter space WIMP-nucleon cross
section vs. WIMP mass has been excluded by the respective experiments. The closed
contour corresponds to the 3 o allowed region of the DAMA experiment, its central
value is represented by the full circle. The regions in the lower half delimited by the
bold lines represent the parameter space predicted by different SuSy model calculations
[Ben02].

CRESST, CDMS and EDELWEISS expect, after upgrading their respective
experiments to ~ 10 — 30 kg detector mass and improving background rejection
efficiencies, very similar sensitivities of about 1078 pb in the relevant WIMP mass
range, thus testing a significant part of MSSM models.
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Other techniques The PICASSO and SIMPLE experiments are testing
superheated Freon (CF,Cly) droplets immersed in a gel matrix as target material.
A nuclear recoil inside a droplet above a certain threshold energy evaporates the
droplet. The formation of a bubble can be registered as an acoustic pulse by a
piezoelectric transducer. The threshold energy can be adjusted by varying the
temperature. The advantage of this concept is, besides relative simplicity and
cost efficiency, that the superheated droplets are insensitive to electron recoils
due to their much lower dE/dx (energy dissipation per track length) such that
the radioactive background problem essentially does not exist for these detectors,
with the exception of alpha contaminants and nuclear fission.

The DRIFT-I detector in the Boulby mine consists of a low pressure CSy
time projection chamber that allows imaging of recoil tracks [Spo02a]. Beside
a low sensitivity to electron recoils, the track length provides a means for dis-
crimination. A problem is the low target density (~ 180 ¢ in the 1 m?® DRIFT-I
detector), i.e. the large volume required for a large-scale experiment. However,
the convincing evidence that would arise from the observation of a modulation
of recoil directions as expected from WIMP interactions seems attractive enough
to pursue this development.



Chapter 2

The CRESST dark matter search

The aim of CRESST is the search for WIMP Dark Matter particles via their elas-
tic scattering off the target nuclei in an absorber, sapphire crystals for CRESST
Phase I and CaWOQy scintillating crystals for CRESST Phase II. As discussed
in the previous chapter the energy deposited in a detector by a WIMP-nucleus
elastic scattering is very small and the relevant energy range is below a few tens
of keV. Furthermore due to the small WIMP-nucleus cross section event rates
are expected to be less than one event per day and per kg of detector mass. It
is therefore of crucial importance to suppress signals due to radioactivity which
would hide (as e.g. gamma, beta and alpha interactions), or mimic (in the case
of neutrons) the WIMP signals.

In this chapter the main sources of radioactive background and a character-
isation of the CRESST set-up in the Gran Sasso underground laboratories are
presented.

2.1 Sources of background radiation

Rare event searches are currently limited by radioactive background signals due to
cosmic rays, natural or induced radioactivity. Furthermore in very low-background
experiments the materials used for constructing the detectors might themselves
be a source of background. Therefore careful selection of radio-pure materials
for the experiment set-up is mandatory. The shielding against cosmic radiation
is achieved by installing the set-up in a deep underground site and against envi-
ronmental radioactivity by means of high Z and high density materials (usually
lead) and very radio-pure materials like copper. For WIMP searches, particular
attention must be devoted to neutrons. Since they scatter off nuclei they cannot
be distinguished from a WIMP signal. Therefore a neutron moderator is finally
needed to complete the set-up. Here the main sources of radioactive background
are mentioned, for a complete review see [Heu95].
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2.1.1 Cosmic radiation

Primary cosmic radiation is mainly composed of a hadronic component (protons
92.4%; « particles 6.7% and heavier nuclei < 1%) and a leptonic component
of electrons and neutrinos. Hadrons have a very high interaction probability
with atmospheric atoms (thickness ~ 1000 g-cm~?). For example protons have
an interaction length of about 90 g- cm ™2, while o particles and heavier nuclei
collide after an even smaller thickness [Gai90]. This translates into a very fast
degradation of primary radiation and only a very small fraction will reach the
Earth surface.

Secondary cosmic radiation at sea level is composed of about 70% muons,
~ 30% electrons and of < 1% of protons and neutrons. Muons are the most pene-
trating component and they contribute mostly to produce radioactive background
in low-counting facilities. They loose energy by ionisation and can contribute to
the detector background in different ways: by depositing energy in traversing the
detector itself; by producing energetic electrons which induce secondary electrons
and gamma radiation; by interacting with materials surrounding the detectors
followed by X, v and neutrons emission. Furthermore neutrons produced by
muons through spallation processes in turn produce radioactive nuclei.

Cosmogenic radionuclides are produced by the interaction of cosmic rays with
atoms in the atmosphere through spallation processes or neutron capture. The
most relevant radionuclides to environmental radioactivity are: 3H, *C, "Be and
2Na.

2.1.2 Environmental Radioactivity

Besides cosmogenic radionuclides, the main contribution to environmental ra-
dioactivity is due to primordial radionuclides and to radioisotopes man-made in
the last decades.

Primordial radionuclides are survivor isotopes of the original synthesis of mat-
ter in the solar system.The most important ones are *°K, 8’ Rb and radionuclides
belonging to natural radioactive chains [Eis87]. Potassium is present in na-
ture in three different isotopes of which only *°K is 3 unstable with a half-life of
1.3 x 10° y. Despite its low isotopic abundance (0.012%) it is one of the most
relevant contributors to natural radioactivity. Potassium is in fact a very com-
mon element to be found in rocks and soil. It is furthermore solvable in water
and it is a fundamental element for biological equilibrium of plants and animals.
Rubidium is present in nature as **Rb and 8 Rb, of which only the second is
radioactive with 4.8x10'" y half-life time. It is a pure 3 emitter and has 27.8%
isotopic abundance.

Finally there are four natural radioactive decay chains: Uranium, Tho-
rium, Actinium and Neptunium decay chains. Their half-lives are of the order
of the Earth age and their activity is observable still today. This is not the case
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for the neptunium chain whose progenitor, ?*!Pu, has a half life of 14 years and
the longest lived element of the chain 2*"Np has an half life of 2.14x10°® y which
is relatively short when compared to the age of the Earth. It is therefore now
extinguished and the only surviving element is 2°Bi, a stable isotope. Uranium
and Thorium are usually present in nature with an abundance ranging from a
few to several tens of p.p.m. (parts per million), depending on the type of rocks.
Uranium is commonly found in four different isotopes with mass numbers 230,
234, 235 and 238.

238U is the progenitor of the Uranium chain and has 99.28% isotopic abun-
dance. It is usually in secular equilibrium with 23U which belongs to the same
decay chain and has 0.0058% isotopic abundance. Also ?°U belongs to the same
family and has very short life time (t;/ = 20.8 days). The main contribution
of this chain to natural radioactivity is due to Radon and its daughters. ???Rn
comes from ??°Ra « decay. This is widely distributed in rocks and soil. Being
chemically very active and having 1.620 y half life time it might give rise to a
breaking from the secular equilibrium in the radioactive chain. Furthermore ??Rn
is a noble gas and it degasses from materials containing Radium, consequently
breaking the equilibrium. The ???Rn half life time (3.38 days) is long enough for
this gas to diffuse through the rock and into the air or groundwater. The ??2Rn
decay is followed by several o and 3 emitters with short lives (from ~ 10~ sec-
onds to some minutes) till the 2'°Pb isotope with 22 years half life time. As will
be described in the following paragraphs, 2'°Pb is the main contaminant of low
background shielding lead. Radon daughters are originally positively charged,
so they either stick to aerosols or they remain in form of ions and free atoms.
The distribution of these radionuclides is therefore strongly dependent on pres-
sure and ventilation. The deposition of dust particles on materials is favoured
when they have electrostatic charged surfaces, as it usually happens in the case
of plastic and glass.

235U is the progenitor of the Actinium decay chain and is also the main ra-
dionuclide used in artificial fission processes. It has 0.71% isotopic abundance
and therefore is less relevant to natural radioactivity than the Uranium chain.

232Th is the main constituent of natural Thorium (~ 100% isotopic abun-
dance). Though the total activity of the Thorium chain is about one third com-
pared to the Uranium chain, its abundance is about four times more and thus
both chains give about the same contribution to natural radioactivity.

Among the man-made radionuclides, mainly originated from weapon tests or
nuclear power plant accidents, the most important are °Sr and '"Cs. They
are both § emitters and relatively long lived: 20.8 y and 30.2 y half life time,
respectively. The 3 decay of ¥"Cs is accompanied by a 661.6 keV + emission line.
Another radionuclide which is relevant for low background experiments is %°Co.
It is a § emitter with 5.12 years half life time and is present in all modern steel.
It decays to °Ni emitting two characteristic cascade v lines of 1.173 and 1.332
MeV.
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2.1.3 Radioactivity at L.N.G.S.

The CRESST facility is located at the Laboratori Nazionali del Gran Sasso, in
the motorway tunnel of the Gran Sasso mountain at an average depth of 3.5x10°
g-em~2 of standard rock!. The rock overburden offers on one side an efficient
shield against cosmic rays, on the other side it is itself source of radioactivity
due to the presence of natural radionuclides as explained above. Thanks to its
mean thickness of ~3700 m.w.e.? (with a minimum value of 3150 m.w.e) the
flux of the most penetrating component of the cosmic rays, muons, is reduced
by a factor ~ 107% to about 1 m~2 h ~!'. Only cosmic ray muons of more than
~1 TeV can reach the underground laboratories [dGS]. Gran Sasso rock has an

Type of Rock Chemical Composition % Weight
Dolomite CaCO3 (90%), MgCO3 (10%) || 50

Dolomitic limestone || CaCOj3; (50%), MgCO3 (50%) || 29

Silicium limestone || CaCO3 (72%), SiO2 (8%),
Si, Al, K compounds (20%) 8
Carsic formation CaCO3 9
Detritus CaCOj3 (49%), MgCO3 (1%),
Si, Al, K compounds (50%) 3

Table 2.1: Chemical composition of Gran Sasso rock

average density of 2.71£0.05 g cm 2 and is mainly calcareous but also elements
as Aluminium, Silicium, Magnesium and organic sediments are present. In table
2.1 and in table 2.2 the chemical composition of the rock and the relative weight
of the single elements are reported.

Element | Relative Weight (%)
H 0.03

C 12.17

O 50.77

Mg 8.32

Al 0.63

Si 1.05

K 0.10

Ca 26.89

Table 2.2: Relative weight of the elements constituting the Gran Sasso rock.

LConventional homogeneous material with Z=11 and A=22
2meter water equivalent
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The activity of samples of rock coming from the different Laboratory halls
has been measured and results are reported in table 2.3. The activity is rather
low in Hall B and C while it is higher in Hall A. This is due to the different local
composition of the rock. In particular in Hall A an infiltration of black marly rock
has been found, which explains this difference in activity. The integral gamma
flux calculated for all natural chains is ~ 1y cm™2-s7'[Arp92], while the activity
due to ??Rn with the present ventilation system and monitored near Hall C is of
about 30+Bq-m 3. Phase I of CRESST was located in Hall B as shown in picture
2.1. Within one year after completion of Phase I the CRESST facility has been

Figure 2.1: Planimetry of L.N.G.S. underground laboratories. Hall B is in the middle
between the longest Hall C (the top cylinder in the figure) and Hall A, the present
place of the CRESST setup.

successfully moved to Hall A.

Sample Activity [Bq-kg™!]

232Th 238U 40K 214Bi
Hall A Rock 88 +0.3 84.7+ 8.4 22446 41.94+0.6
Hall B Rock 0.25+0.08 5.2+ 1.3 5.1£1.3 4.2+0.3
Hall C Rock 0.27+0.10 8.2+ 1.7 29+1.4 5.1+0.2

Table 2.3: Activity of samples of rock from Hall A, B, and C of Gran Sasso underground
laboratories.

Neutrons in an underground laboratory can originate from muon interactions
in the last meters of rock and from spontaneous fission or (a,n) reactions due to
natural radioactivity of the rock. The neutron flux in the Gran Sasso Halls has
been measured by different groups with different techniques as reported in table
2.4. The integral flux calculated for energies above 1 MeV is consistent in both

cases and is of the order of 10~ %e¢m=2 s~ !.
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A B
Energy interval ~ Neutron flux Energy interval Neutron flux
(MeV) (10~%cm=2s7") | (MeV) (10~%cm=2571)
<50 x107° 1.07£0.05
50 x 1072 = 1073  1.9940.05
1073 +2.5 0.53+0.008 1+2.5 0.14+0.12
2.5+5 0.18+0.04 2.5+5 0.134+0.04
5+10 0.04+0.01 5+10 0.154+0.04
10+15 (0.740.2)107% | 10+15 (0.440.4)1073
15+25 (0.14£0.3)107°

Table 2.4: Neutron fluxes measured in the given energy intervals.

A: measured in hall A with BF3 counters [Bel85].

B: measured in hall C with proton recoil scintillators in an energy range > 1 MeV
[Arn99].

Neutrons might scatter elastically or inelastically off the nuclei of the detecting
medium. Elastic scattering dominates at energies below 1 MeV [The96], neutrons
of these energies therefore constitute a dangerous source of background for Dark
Matter searches. For example, using equation 1.20 for a neutron elastic scattering
off an 2"Al nucleus, a maximum recoil energy of 10 keV is obtained for a 75 keV
incident neutron, which would result in a fake signal. Inelastic scattering on the
other hand, besides producing a target nuclear recoil, would excite the nucleus
hence inducing a de-excitation gamma emission. The observed result from several
inelastic scatterings would then be a gamma peak broadened by a distribution
due to nuclear recoils [Mar00].

A neutron shield is presently in preparation to complete the CRESST Phase
IT set-up.

2.2 CRESST experimental setup

The CRESST Phase I experiment was designed to operate simultaneously four 40
x 40 x 41mm? sapphire crystals of 262g each. The CRESST cryostat has been
specially designed with a low background cold box housing the detectors well
separated from a commercial He/*He dilution refrigerator (Oxford Instruments).
The cooling power of the cryostat is then transferred to the detectors via a 1.5
meter copper cold finger (see[Biih96]). The cold-box, shown in fig. 2.2 consists
of five concentric radiation shields of copper which surround the experimental
volume and the cold finger: a room temperature vacuum can; a liquid nitrogen
(77 K) thermal shield; a liquid helium (4 K) shield; 600 mK and finally 80 mK
inner thermal shields. The cold finger is connected to the mixing chamber and
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Figure 2.2: Picture taken while remounting the CRESST experiment in Hall A. The
cold box together with the copper shielding is shown. The outer lead shielding was not
yet mounted.

reaches at its bottom a base temperature of about 5 mK; the nitrogen and the
helium shields are attached respectively to the liquid nitrogen and liquid helium
dewar of the refrigerator. The cold finger and the shields are made of very
radio-pure copper, have been welded using the electron beam technique and then
electro-polished to remove residual surface contaminations and prevent further
recontamination. Finally, low-radioactivity lead is used for the vacuum seals in
some of the thermal radiation shields instead of indium which is the usual sealing
material for cryogenic application but contains radioactive '°In with 96% isotopic
abundance.

A three-storey building (see fig. 2.3) houses the whole set-up with the excep-
tion of the helium recovery system and the Liquefier, located in the connecting
tunnel between Hall C and B. On the third floor a working area for on-line control
of the experiment as well as a small chemistry laboratory, a work-shop instru-
ment storage and a flow box are located. The flow box is a room with a laminar
ventilation system which prevents dust from whirling around. Here the detectors
are prepared (cleaned, placed in their holders and bonded) before being mounted
in the cryostat. On the ground floor a class 100 clean room encloses the passive
shielding and most of the cryostat in order to allow clean conditions also while
mounting the detectors. A Faraday cage extending over the first two floors sur-
rounds the clean room and the top plate of the cryostat to eliminate external
electromagnetic interferences. The cryostat is accessible from the second floor
outside the clean room so that all the maintenance can be done without entering
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the lower level. The gas handling and pumping system necessary for the cryo-
stat as well as the data taking system are placed outside the Faraday cage. The
cryostat rests on air dampers to isolate it from vibrations of the floor and it is
mechanically decoupled from the pumping system.

Figure 2.3: Three-Storey building of CRESST experiment

2.2.1 The passive shielding

Figure 2.4 shows a schematic view of the cryostat and the passive shieling. In the
upper part the dewars for liquid helium and nitrogen are shown. A lead shield
rests in-between the dilution refrigerator and the cold box, as well as on the outer
part of the figure. Between the lead and the cold box, a Cu shielding is placed.
Lead is a high 7Z material and is superior to other shielding materials with
regard to its background resulting from the interaction of neutrons and muons
and from activation. Lead has in fact a high cross section for photo-electric
absorption and muon capture compared to lighter elements and its low cross-
section for neutron capture reduces the level of radio-isotopes which may be
activated cosmogenically. It is therefore a highly effective material for v shielding.
On the other hand, due to the photo-electric absorption, Pb K-shell X-rays with
energies of 72.8, 75.0, 89.4 and 84.7 keV may be emitted. Furthermore, it is
quite a difficult procedure (and hence very expensive) to produce lead with a
low 2!°Pb concentration. Its 3 decay with a lifetime of 22.3 years and 63.5 keV
transition energy is followed by 3 decay of 2°Bi to 2!°Po with half-lifetime of
5.0 days and a transition energy of 1162.7 keV. This short chain ends with an «
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decay of 2'%Po to 2°Pb with a lifetime of 138.3 days and a transition energy of
5407.4 keV [Ale98]. 2'°Bi energetic beta particles contribute to background by
inducing Bremsstrahlung radiation and characteristic lead X-rays as mentioned
above.

An inner layer of very radio-pure material is then usually added inside the
lead shield, to absorb this radiation. This layer is usually made of very pure
lead or copper. Despite its lower Z, copper has the advantage that it can be
produced with high purity levels [Heu95]. Once copper has been electrolytically
produced it is necessary to immediately store it underground. Cu has in fact
the drawback of having a considerable neutron capture cross-section. Therefore
its exposition to cosmic neutrons would result in the production of a significant
amount of radioactive nuclei.
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Figure 2.4: Schematic view of CRESST cryostat and passive shielding.

The CRESST shielding is composed of 14 c¢m of radio-pure copper directly
enclosing the cold box, followed by 20 ¢cm of Boliden Lead with a 2°Pb activity
of 35 Bq/kg for a total mass of 24 tons. To block the line of sight of the detectors
to the upper part of the cryostat, Plombum lead with a 2'°Pb content of 3.6
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Bq/kg is used. Finally, the entire shielding is enclosed in an air-tight Aluminium
container which is constantly flushed with Ny gas at a slight overpressure in order
to prevent radon from penetrating the shielding.

2.2.2 The crystals and other materials

CRESST Phase I detector consist of 262 g sapphire crystals. The temperature rise
in the sapphire absorber is measured using a Superconducting Phase-transition
Thermometer (SPT), realized by evaporating a ~2000 A layer of superconducting
tungsten (see next chapter). Each thermometer is provided with small aluminium
and gold pads for thermal and electrical connection. For Phase II detector mod-
ules a CaWOQ, scintillating absorber together with a CRESST type sapphire or
silicon light detector are being developed. The module is enclosed in a reflective
foil for a better light absorption. Each type of detector (both for Phase I and IT)
is housed in a copper holder thermally and electrically isolated from the cryostat
base-plate and the crystals are held tight in their holder via Delrin tips.

Element  limit (ppb)  counts/(keV kg day)
SCT CS SCT CS

U 0.04 0.02 <0.8 <0.4
Th 0.033 0.0023 <2.9 <0.2
K 900 1800 <1.7 <3.4
A1 0% - <0.006 -

Table 2.5: Upper limits of the Uranium, Thorium and Potassium (detection limits of
the neutron activation analysis) and 26 Al content (accelerator mass spectroscopy limit)
of sapphire crystals from Single Crystal Technology (SCT) and Crystal System (CS)
and resulting continuum count rates in the range 0-25 keV (excluding X-ray lines).
Conversion factors are: 1 mBq 23U /kg := 81 ppt U; 1 mBq 232Th/kg := 246 ppt Th;
1 mBq *°K/kg := 32.3 ppt K. One ppm of natural K (107% g K per gram material)
corresponds to 0.12 ppb of K40 [Biih96].

If any of these components contains radioactive contamination, in addition to
gamma rays and bremsstrahlung photons, also alpha and beta particles, charac-
teristic X-rays and Auger electrons would drastically affect the measured energy
spectrum. Therefore special care must be taken in selecting and then handling
these materials. The radio-purity of sapphire crystals from different suppliers
was measured with the neutron activation technique as reported in table 2.5.

A low-background Germanium counting facility at the Gran Sasso under-
ground laboratories has been used to measure potential contaminations in the
sapphire, in different CaWOQO, crystals, in the reflective foil and other samples. It
consists of several High Purity coaxial Germanium (HPGe) detectors of a relative
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efficiency® ranging from 84.8% to 119.9%. The results of these measurement are
reported in the Appendix A.

Jintrinsic efficiency relative to a standard Na(T1) scintillator[[EES6]



36

CHAPTER 2. THE CRESST DARK MATTER SEARCH



Chapter 3

CRESST detectors

CRESST is a Cryogenic Rare Event Search using Superconducting Thermometers
to measure the signal produced by a particle interaction in the absorber. The use
of cryogenic detectors in WIMP searches have the advantage of having low energy
threshold, excellent energy resolution and, as described in Chap.1, a quenching
factor equal to one. This combination makes them unique in sensitivity for the
detection of nuclear recoils that would result from a WIMP interaction. Moreover,
as discussed in Chap. 2, the main limitation in a rare event search is the residual
radioactive background. Therefore dramatic improvements in sensitivity are to
be expected if the detector itself is able to discriminate between electron recoil
(o, B,y events) and nuclear recoil (WIMP and neutron events).

In this chapter the general detection principles of low temperature detectors
are presented. A detailed description of the detectors employed for CRESST
Phase I as well as an overview of the detector module developed for CRESST
Phase II are then given in the chapter.

3.1 Cryogenic detectors

The detectors developed for CRESST consist of a dielectric target crystal with a
small superconducting thermometer evaporated onto one surface. When the film
is stabilised at a temperature between its superconducting to normal conduct-
ing phase, it functions as a highly sensitive thermometer. In a very simplified
model of a calorimeter, the energy AFE deposited in an absorber due to a particle
interaction increases the absorber temperature of

AFE
AT = —, 3.1
§ (31)
where C is the heat capacity of the absorber. In a dielectric material, due to
the absence of conduction electrons, the heat capacity at low temperatures is
dominated by the phonon system in which C' ~ (T//©p)3, where Op is the Debye
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temperature. At mK temperatures this 72 dependence renders the heat capacity
of the absorber very small and results in a measurable rise in the temperature
following a particle interaction. In an ideal model, an energy deposition is in-

Pl ol i il 8
ﬁheat bath

incident 4———— weak thermal

particle \ coupling

Thermometer

Absarber
crystal

Figure 3.1: Schematic view of a calorimetric detector.

stantaneously followed by an increase of temperature which then relaxes back
exponentially to its equilibrium value via a thermal link to a heat sink at a
constant temperature Tz as shown in fig. 3.1. The thermal relaxation time is

T=5 (3.2)
where C' again is the heat capacity of the absorber and G' the thermal coupling
to the heath bath. In reality this simple model is not sufficient to describe the
behaviour of the detectors. The rise time is not infinitely fast due to the different
processes occurring between a particle interaction and the observed signal. The
decay usually is not a simple exponential, but has two components with different
time constants. These are commonly referred to as thermal (slower component)
and non-thermal (faster) component. Moreover one has to consider the differ-
ent phonon and electron systems within thermometer and absorber in order to
determine a more accurate model for the signal evolution.

3.2 Model for pulse formation

The observed pulse shape depends on the various processes occurring in the
real detector. After any event the different parts of the system will be out of
equilibrium and will assume different temperatures. This will lead to heat flows
until a new thermal equilibrium is established. The way the subsystems return to
equilibrium values is determined by the thermal coupling between the systems.
This finally influences the temperature of the electron system of the thermometer,
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the signal which is eventually measured. A detailed description of a theoretical
model for the signal evolution for low temperature calorimeters is given in [Pr695].
In the following paragraphs this model is summarised.

3.2.1 Excitation and propagation of phonons in the ab-
sorber

Any energy deposition in the dielectric absorber, due to ionising radiation or
to WIMP and neutron interaction will create high frequency phonons. Ionising
radiation releases its energy in the electron channel, i.e. via inelastic interaction
with the electrons. It first creates highly excited electrons which loose their energy
by transfer to other electrons and/or by exciting electron hole pairs. Once the
energy of the excited electrons is lower than twice the energy gap in the dielectric
no further excitation of electron hole pairs is possible and within ~10ps the
relaxation happens via emission of optical phonons. The relaxation through other
channels (e.g. photons) is usually suppressed by the small density of states of
these excitations. This process is however important in the case of scintillating
crystals for the event discrimination. On a time scale of a few 100ps the high
energy optical phonons decay into two acoustical phonons with about half the
Debye frequency vp/2, leading to an almost monoenergetic phonon distribution.
For sapphire vp = k,©p/h ~ 21.7 THz.

The energy released in the nuclear branch, i.e. via elastic interactions with
nuclei, excites instead non-thermal acoustic phonons in a broad frequency range
either directly or via structural defects. The fraction of energy released via this
channel, negligible for photon and electron interaction, becomes important for
alpha and heavy ions and is dominant for WIMP and neutron interactions. These
high frequency phonons excited via both channels are not in equilibrium and
rapidly decay via anharmonic three phonon process with a decay rate I' oc w?.

In a sapphire crystal, starting with a phonon population at half the Debye
frequency (10.8 THz), numerical simulations show an initial very rapid (10us)
decrease of their mean energy down to about 600 GHz. After this all differ-
ences in the phonon spectrum caused by interactions via nuclear and electronic
channels are washed out and phonons spread ballistically over the crystal. On
a timescale of ms the frequency of the non thermal phonon population does not
change significantly anymore, i.e. phonons are not thermalized on ms time scales.
For comparison, 600 GHz corresponds approximately to the maximum of a 10K
Planck distribution.

3.2.2 Transmission at interfaces

After a few surface reflections the non thermal phonons are uniformly distributed
in the crystal. The time required can be estimated from crystal dimensions and
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the sound velocity averaged over directions and modes. For sapphire crystals this
velocity is v = 6490m/s. Since L=4 cm is the crystal dimension the time scale
required in this case is L/v ~ 6us [Sis99]. This time is still much shorter than
the rise time of the pulse, typically ~ms. Furthermore typical collection times of
the thermometer are of the order of 100 us. Therefore, the phonon population
usually does not thermalize in the absorber.

If such high frequency phonons enter the thermometer they readily interact
with the free electrons of the film. At very low temperatures the electrons and
phonons of the thermometer are treated as thermally weakly coupled subsystems.
Thus the electron system experiences a time dependent power input P,(t) due to
the absorption of non thermal phonons which is the origin of the fast component
of the signal. The absorption of high frequency phonons in the thermometer
competes with their thermalization in the crystal. A fraction € is thermalized in
the thermometer and (1 — €) in the absorber.

Assuming that all the phonons transmitted into the thermometer are ab-
sorbed, the ideal collecting time is given by

2V,

TO_A<UJ_O(> (3:3)
To = ideal collecting time
V. = absorber volume
A = area of the absorber-thermometer interface
vy = phonon group velocity normal to the interface
o = transmission probability
< ...> = average over modes and wave vectors of incident phonons

Numerical calculations for the interface sapphire crystal to tungsten strip yeld
< VLA > AL,03sW= 2548m/s (34)

Given 7 the effective absorption probability of the high-frequency phonons trans-
mitted into the thermometer then the thermalization rate in the film is

To
Tfilm = — 3.5
! , (3.5)

A value of 1 less than one is expected because the interaction of non-thermal
phonons depends on their polarisation. Longitudinal high frequency phonons
interact much stronger than transverse phonons with the electrons of the tungsten
film. Neglecting the absorption of transverse phonons, n = 0.29 is calculated for
transmission from sapphire to tungsten. Furthermore an incomplete absorption
of longitudinal phonon modes may arise from an insufficient thickness of the
thermometer.
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The electron and thermal phonon subsystems in the thermometer are ther-
mally coupled by G, xT?, and the thermal phonons in the thermometer are
coupled to the thermal phonons in the crystal via the Kapitza coupling Gk.
At very low temperatures G >> G,. Part of the energy thermalized by the
electrons escapes via the thermal coupling of the thermometer to the heat bath,
the rest flows back as thermal phonons into the crystal thus rising its temper-
ature. The transmission of thermal phonons across the boundary between the
thermometer and the absorber is governed by the Kapitza boundary conductance
G xT? between the thermal phonons in the thermometer and the absorber. For
a sapphire-tungsten interface G5 /T? was numerically evaluated to 0.430 kW K~*
m~2. At operating temperature ~ 15 mK the thermal coupling of the tungsten
film to the crystal is very weak, thus the dominant process is the relaxation of
the thermometer to the heat bath.

The detector is thermally coupled to the heat sink via a gold bond wire. The
coupling strength defines the thermal relaxation time 7 = C'/G of the thermome-
ter and can be calculated with Wiedemann-Franz-Law which connects electric
resistance R and thermal conductance G

G=LT/R (3.6)

where L is the Lorentz number (24.5 nWQ/K?).

The phonons in the absorber can be schematically seen as composed of two
populations, the thermal and the high frequency phonons. In fig. 3.2 P,(t)
represents a direct power input in the absorber due the thermalization of high
frequency phonons by parasitic inelastic processes at the crystal surface. The
thermal component of the pulse represents the temperature rise of the absorber
seen by the thermometer.

Finally it can be shown that the initial power input into the thermometer can
be written as

AE
P=" (3.7)

Tfilm

with AFE is the energy deposited by the incident particle.

3.2.3 The calorimeter model

In fig. 3.2 a schematic representation of the thermal model is given. In this model
it is assumed that the detector consists of three weakly coupled thermal subsys-
tems, namely the electrons in the thermometer, the phonons in the thermometer
and the phonons in the absorber. Each of them is characterised by its heat ca-
pacity C and its temperature T. They are thermally coupled via the respective
coupling constants Gy, G, Gep, Gep, and G, where

G, = direct coupling of the absorber to the heat bath via its mechanical mounting.
G., = effective coupling between the phonon system of the absorber and
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Heat Bath T,
Electron system W
of the thermometer T, G R
G
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Thermal phonon
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absorber

R.(t)

Figure 3.2: Thermal model of a calorimeter.

the electron system of the thermometer. Since the heat capacity of the

phonon system of the thermometer is negligible one can replace the Kapitza coupling
(Gg o< T?) between the two phonon systems and the electron-phonon

coupling (Gep < T°) with

1 1\ !
Gm—<Gw+5§> (3.8)

As previously mentioned the non-thermal phonons will either be absorbed in
the thermometer and heat the electrons at temperature 7, with a power input
P.(t) or directly thermalize in the absorber and contribute to P,. For a mathe-
matical description the following assumptions are also made:

e the total deposited energy AE creates high frequency phonons directly after
the interaction

e the energy density AE/V, of high energy phonons has no spatial depen-
dence

e assuming that the thermalization rate of this phonons is independent of
their frequency the time dependent power inputs can be described by
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Pt) = Poe ™, Palt) = ~CR(1) (3.9)

where 7, is the effective time constant for the thermalization of high fre-
quency phonons and is given by the contribution of thermalization in the
absorber 7. ysiq and in the thermometer 74;;,, (defined in the previous sec-
tion) and is given by

1 1 1
— =\, = + (3.10)

Tn Tfilm Terystal

The time constant 7, is proportional to the volume V' of the absorber
and indirect proportional to A. 7,5 is a property of the crystal and the
crystal surface, and is expected to scale like Terysiar ~ V/O, where O is the
surface area of the crystal.

e the thermal conductance of the absorber film is high enough that its tem-
perature has no spatial dependence

The thermal model of figure 3.2 can be described by two coupled differential
equations for the temperature 7, of the electrons in the thermometer and the
temperature T, of the phonons in the absorber:

dT.

C’ed—te + (Te —To)Geo + (Te — Ty)Gey, = P.(t) (3.11)
T
Ca% + (T, —T.)Geo + (To — Ty)Gay = Pu(t) (3.12)

With the initial condition T, (¢ = 0) = T,(t = 0) = T}, the equations have the
following solution for the thermometer signal AT'(¢):

AT, (t) = O(t)[Ap(—e /Tm 4 ey 4 Ay(e /™ — e7t/™)] (3.13)

As specified before, the time between interaction in the absorber and the estab-
lishment of a homogenous distribution of non-thermal phonons was neglected.
This is expressed by the step function ©(t).

The time constants are:

1 2 1 2
7-Z.n_)\—z'n_a+\/a2—4b Tt_)\_t_a—\/cﬂ—élb
(3.14)
a0 — Gea + Geb + Gea + Gab h— GeaGeb + GeaGab + GebGab
N C. C, N C.C,
and the amplitudes:
An PO()\m - (Gab/oa)) )‘t — Gab/oa B i (315)
6()\15 - )‘zn)()\zn — )‘n) Geb — (Ce/Ca)Gab Ce
PO()\t — (Gab/ca)) ( )\m — Gab/ca € >
A = - — 3.16
! 6()\t - )\m)()\t - )\n) Geb - (Oe/ca)Gab Ce ( )
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In equation 3.13 7;, is the intrinsic time constant of the thermometer and 7; is
the thermal relaxation time of the combined system.

V1

-5.924
-5.94+
-5.964

bty

-20

time (ms)

Figure 3.3: Thermal component (dashed line) and non-thermal component (dotted
line). The solid line represents the fit of the pulse.

The physical interpretation of eq. 3.13 depends on the operating temperature
of the detector, the strength of the coupling GG, of the thermometer to the heat
bath and the resulting ratio of 7,, and 7;,. In the case of a strongly coupled ther-
mometer or at higher operating temperatures (the so called “bolometric mode”)
part of the energy flows to the heat sink before it is completely collected in the
thermometer. In this case the pulse rises with 7;, and decays with 7,,. On the
contrary, for low temperatures and weak coupling of the thermometers 7,, < 75,
and the detector is in the calorimetric mode. This means that the relaxation
time of the thermometer is long enough that the energy flux of the non-thermal
phonons which have a life time 7, can be integrated. 7, is the life time of the
non-thermal phonons in the absorber and shows up as the rise time of both com-
ponents. A, 7;, describe the non-thermal component of the signal. It originates
from the direct absorption of non-thermal phonons in the thermometer. A;, 7;
represent the thermal component of the signal caused by temperature rise in the
absorber as it is measured by the thermometer.

3.3 CRESST absorbers

CRESST Phase I employed sapphire crystals as absorber. Being a dielectric
material with high Debye temperature (©p = 1040.8 K), small heat capacities can
be achieved by operating it at very low temperatures. High Debye temperature
means also high speed of sound (see for example [Ash76]). This results in a very
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high energy flow into the thermometer after a particle interaction (see equations
3.3, 3.5 and 3.7), hence a very sensitive detector with a low energy threshold is
achievable.

The thermometers which detect the phonon signal consist of tungsten strips
evaporated onto the surface of the crystal. The high melting point of sapphire
(Timerr =2310 K) avoids inter-diffusion with the tungsten thermometer during the
evaporation of the film which takes place at ~500 °C [Sis99]. Another important
property of sapphire crystals as absorber is their radio purity. Sapphire (Al,O3)
contains only stable isotopes 'O (99.76% isotopic abundance), '7O (0.04%), '#O
(0.2%) for the oxygen and 100% 27Al for the aluminium. As reported in the
previous chapter the radio purity of sapphire crystals was studied with neutron
activation analysis and germanium gamma spectroscopy. The results are shown
in tables 2.5 and A.1 and report only upper limits. Finally the presence of 100%
2TAl with a ground state nuclear spin of 5/2 makes this absorber fully sensitive
to spin-dependent WIMP-nucleon interactions.

CRESST Phase Il is using a scintillating crystal as absorber. Also in this case a
particle interaction excites phonons, but a small amount of the deposited energy
(< 2%) is converted into scintillation light. Since nuclear recoils which result
from WIMP or neutron interaction release less light than electron recoils one can
identify the type of interaction via operating a cryogenic detector in coincidence
with a light detector. The ratio of scintillation light and phonon signal then
allows an event-by-event discrimination.

As a first step the light output of several scintillating crystals, i.e. BGO, BaF,
PbWO, and CaWO, was studied, showing adequate light output at milli Kelvin
temperature [Meu99]. CaWO, was eventually chosen due to its relatively large
light output and high target nucleus mass. As discussed in Chap.1, this enhances
the WIMP-nucleus scalar cross-section due to its A% dependence and will also
enable CRESST Phase II to probe higher WIMP masses (> 30 GeV) which are
favoured by theory. Another selection criteria is its radio purity compared to
other candidates. Depending on the manufacturer CaWQO, showed good radio
purity levels when investigated with gamma spectroscopy as shown in table A.2
However, due to his high Z CaWO, is characterised by a high self absorption.
Therefore neither pure alpha or beta emitters nor low energy gamma radiation
such as 46 keV gamma emission line of 2!°Ph can be detected with germanium
spectroscopy.

A first proof-of-principle detector with CaWO, as scintillating absorber oper-
ated together with a small sapphire detector to collect the emitted light gave the
results shown in fig. 3.4. In this figure the scatter plot of the pulse height in the
light detector versus the pulse height in the phonon detector is shown. The sig-
nal of the phonon detector measures the total energy deposited in the absorber,
independent of the interaction, whereas the CaWOQO, light output due to electron
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recoils is quite high compared to nuclear recoils. The measured ratio is 7.4. The
measured quenching factor for alpha particles of 3.6 is lower, which however still
allows to discriminate v from neutron interactions. Finally a rejection factor of
98% was proven down to 10 keV, of 99.7% in the energy range between 15 and
25 keV and better than 99.9% above 25 keV, thus allowing a clear separation of
the electron to the nuclear recoil band down to 10 keV [Meu99].
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Figure 3.4: Scatter plot of the pulse height in the light detector versus the pulse height
in the phonon detector for the proof-of-principle module. The signal of the phonon
detector basically measures the total energy deposited in the absorber, independently of
the interaction. The ratio of the phonon signal to light signal then allows to distinguish
different types of events. A quenching factor for the light output of 7.4 was measured
irradiating the crystal with 122 and 136 keV photons from a Co’" source together with
NGr B source (left picture) and then adding an Americium-beryllium neutron source
(right picture) [Meu99].

A picture of the module developed for CRESST Phase II is shown in fig. 3.5.
The light detector consists of either a sapphire or a silicon substrate (see[Fra02])
with a tungsten film evaporated onto its surface. In the case of sapphire an addi-
tional absorption layer has to be evaporated on the substrate in order to enhance
the light absorption. To minimise light losses the whole module is enclosed in a
special foil. This is characterised by a reflectivity at room temperature > 98%
for wavelengths from 400 to 1000 nm for all incident angles and polarisations
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[Fra02].

Figure 3.5: Picture of an open detector module for CRESST Phase II.

Compared to sapphire CaWO, has a few drawbacks. Tungsten films evapo-
rated directly onto its surface have their normal-to-superconducting transition
at 40-50 mK. An intermediate diffusion barrier of SiO, between the crystal sur-
face and the tungsten must be added to lower the transition to ~15 mK [Fra02].
Another problem is the low speed of sound for the phonons. The Debye tem-
perature calculated from elastic constants is ©p = 247 K [Glu73]. Taking this
value as an estimate for the mean phonon velocity the speed of sound results to
be more than a factor 4.2 slower than in sapphire. The resulting lower energy
flux (which would limit the achievable threshold) can however be compensated
with a new thermometer design with phonon collectors [Ang02a]. As previously
mentioned, its higher target nuclei mass and the event-by-event discrimination
will allow CRESST Phase II to be about four orders of magnitude more sensitive
in investigating WIMP-nucleus cross-sections than the actual limit set by the first
phase.

3.4 CRESST Thermometers

The temperature rise which follows an energy deposition in the absorber is
measured via Superconducting Phase-Transition Thermometers (SPT). CRESST
SPTSs consist of a thin superconducting tungsten strip evaporated onto the sur-
face of the absorber. Typical dimensions are a thickness of 0.5+2 kA and an area
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of a few mm?. As illustrated in fig. 3.6 in the transition of tungsten from the

normal-conducting to the superconducting phase a small change in temperature
results in a relatively large change in resistance and can be exploited to make an
extremely sensitive thermometer. For sapphire detectors transition widths are
~1 mK. An energy deposition of 6 keV results in a temperature rise of about 40
pK while the detector is stabilised within a few pK.

narmal-
canducting

RFSLS 1 AMCE

TEMPERATURZ

Figure 3.6: Schematic normal-conducting to superconducting phase transition curve.

The detector performance depends on the shape of the transition curve and the
heat capacity of the thermometer at the operating point and can vary significantly
from film to film. The width of transition defines the dynamic range while the
sensitivity depends on its slope: the steeper the transition the more sensitive
is the detector to a small energy deposition. The sensitivity however depends
also on the read-out current: for high currents the sensitivity increases, on the
other hand critical current effects and self heating in the film would broaden the
transition hence setting a maximum. In fig. 3.7 the measured transition curves
of a sapphire detector at Gran Sasso for different currents are shown.

The heat capacity of the thermometer is a crucial parameter for CRESST
detectors which are mostly sensitive to non-thermal phonons. As previously in-
troduced, these are efficiently absorbed by the free electrons in the thermometer
and mainly thermalize there. This means that the temperature of the thermome-
ter rises above that of the absorber and the contribution of this non-thermal
component to the pulse amplitude is determined by the heat capacity of the
thermometer and the absorbed energy. The heat capacity can be decreased by
optimization of the film geometry. The reduction of the film size and thickness
is however limited by the collection efficency of non-thermal phonons. In case of
very small films, which are required for the light detector, the heat capacity of
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Figure 3.7: Measured temperature sweeps over the normal- to super-conducting phase
transition of a sapphire detector for different bias currents of 2, 4, 6 and 8 pA from
bottom to top.

gold bond wires would dominate and their thermal coupling strength G cannot
be made sufficiently small. Therefore a further reduction of the heat capacity
would rather result in a loss of sensitivity (see [Fra02]).

In general, in metals the electronic part of the heat capacity dominates at low
temperature, while the phononic contribution is negligible at mK temperatures.
The electronic specific heat depends linearly on the temperature. Considering
then in particular a superconducting metal, the specific heat has a discontinuity
at the critical temperature T,.. Well below the transition temperature it decreases
exponentially, while its value in the transition region can be expressed by

R
Cop = Ce (2.43 — 1.43ﬂ> . (3.17)
Ry
This assumes that the ratio of actual resistance R,, to normal conducting resis-
tance R, can be taken as a measure of the fraction of the film in the supercon-
ducting phase.

3.4.1 Signal Read Out

The resistance change of a low impedance phase transition thermometer is mea-
sured via a SQUID readout scheme. As illustrated in fig. 3.8, a constant current
Iy branches between the tungsten thermometer on one side and a shunt resistor
in series with the input coil of the SQUID on the other side. For the CRESST ex-
periment 50m¢) shunt resistors are used. The current through the SQUID branch
is given by:

Ry(T)

) s A
"Ry(T) + R,

(3.18)
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Figure 3.8: Readout circuit

I, = steady current through the input coil
I, = Total current applied

R; = film resistance

R, — shunt resistance

Any change in resistance R; will cause a change of the branching of the of the
applied constant current ;. Thus the increase of the current I, due to an increase
of R resulting from an energy deposition changes the magnetic flux coupled to
the SQUID by the input coil. SQUIDs are devices which are very sensitive to any
change of magnetic flux penetrating in their input loop: the input coil transforms
the current into a magnetic flux ® and this flux is then coupled into the SQUID
loop (superconducting ring with two Josephson junctions). The SQUID response
to a linearly changing input flux is oscillatory with a period of ¢q, where ¢q
represents a magnetic flux quantum, i.e. ¢y = h/2e ~ 2 x 107 Tm? To
linearise the response an electronic feedback circuitry operates the SQUID in
flux locked mode. This means that a separate feedback coil is used to keep the
flux through the loop constant. This feedback current is the output signal of
the SQUID electronics. When the SQUID is operated in a flux locked mode the
relation between current I; and output voltage V; is linear following the relation:

Vi = &(® + noy) (3.19)

where ® is the input magnetic flux and ¢ the gain of the SQUID system. In this
way the SQUID acts as a current meter and any ambiguity of the V- ® relation
which was present in the non-linearised case is avoided.
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A limitation of this readout scheme is however the maximum rate of flux
change which the feedback electronic of the SQUID system can compensate, the
slew rate. Any signal exceeding the slew rate (either by too high amplitude or a
too fast rise) can cause an offset in the SQUID response by a factor £ngy during
readout, i.e. a flux quantum loss. Thus after an event exceeding the slew rate
the base line of the SQUID will be different (n in eq. 3.19 has changed). This
has to be taken into account when stabilising the detector temperature via the
SQUID base line (see section 3.5.2).

The SQUIDs used for CRESST are commercially available DC-SQUID sys-
tems. The SQUIDs are mounted in the liquid He bath; to have a low Johnson
noise, the shunt resistors are thermally coupled to the mixing chamber. The con-
stant current is supplied by floating current sources, and the electrical connections
from SQUIDs to the detectors are twisted pairs of superconducting wires.

3.5 Data acquisition system

A scheme of the data acquisition system described below can be seen in fig. 3.9.
The detectors are housed in the copper holders which rest thermally and elec-
trically insulated from the copper base plate, inside the cold box (see Chap. 2).
Each holder is weakly thermally linked to the mixing chamber with a copper wire
to obtain a thermal relaxation time of a few hundred seconds. This design acts
as a thermal low pass filter for temperature fluctuation of the mixing chamber.
The mixing chamber reaches a base temperature T of 6 mK. A carbon resistor
(speer) and a heating resistor are used to regulate the temperature Ty of the
mixing chamber. The speer is read out with a four point measurement technique
with an AC resistance bridge (LR 700), which regulates with a PID! temperature
controller the power input into the heating resistor. Having up to four detectors
to be operated at the same time the temperature Tz has to be set below the low-
est operating point of all detectors. The holders are the temperature reference
for the single detectors. The 4 x 4 x 4.1 cm? sapphire crystals rest thermally
insulated on plastic stubs in their copper housing. Thermal contact between the
holder and the detector is provided by 204 Au wires bonded between an Au pad
in the middle of the W thermometer and the copper holder.

The electrical connection is established by superconducting Al wires bonded
from Al pads on both ends of the thermometer to isolated contact pads on the
holder. The superconducting wires connecting the thermometer to the readout
circuit are then screwed to the contact pads to avoid radioactive solder. The con-
stant bias current I for the detector readout is provided by voltage controlled
floating current sources. The current source can be adjusted either with a po-
tentiometer or controlled with an externally provided voltage to create a step
function used for measuring phase transitions (see section 3.5.1) . The ground

'Proportional Integral Differential
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Figure 3.9: Block diagram of the data acquisition system (see text).

dotted line delimits the components working at the heat sink temperature T and the

dotted line indicates the boundary of the cryostat.
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connection of the readout circuit is given by the gold bonding wire which es-
tablishes the thermal connection. The SQUID sensors are located in the liquid
helium bath at 4.2 K. The SQUID output signal is fed through a x1 differen-
tial amplifier (resistance matching), leaves the Faraday cage through a 50kHz
low-pass filter and is fanned into a trigger signal and the signal itself.

The trigger signal is shaped and AC-coupled to a trigger unit, which triggers
the digitiser, while the signal first passes an anti-aliasing low pass filter (8 pole
Bessel filter with cut-off at half the digitiser sampling frequency) and is then
DC-coupled into the digitiser. For every triggered event the transient digitiser
data is written to disk for off-line analysis, Chap. 4.1.

The time base is chosen such that on one side the full decay of the pulses of
the slowest among the detectors is recorded, on the other side that a sufficient
number of samples is taken during the rise of the signal. In the Dark Matter run
(see Chap 4) a time base of 40us was chosen, which provided about 20 samples in
the rise time of the pulse. In every record the starting point of the pulse is set at
one quarter of the record length (“pre-trigger” region). This region contains the
value of the baseline of the SQUID; in the “post-trigger” region then the pulse
is recorded. Each detector has its own independent trigger and data for each
triggered event are written to disk. A dead time of ~25 ms follows each trigger
to allow time for the read-out and the next pre-trigger region. Pulses arriving
within half of the post trigger region of the detector which triggered first are also
recorded. The information about the time delay with respect to the first trigger
is also provided, allowing an off-line study of coincident events (see 4.1.4).

Finally an Au wire bonded between small contact pads on the sapphire crys-
tals (in the drawing 3.9 the little squares next to the thermometer) and the Au
pad in the centre of the W thermometer serves as a heater to control the tem-
perature of the detector and to inject electrical heater pulses (see section 3.5.3).
In order to avoid cross-talk with the SQUID read-out circuit this heater is only
in point-like contact with the thermometer via a bond spot. External connection
with a heater module to the two small Al pads are used to apply a controlled
voltage across the gold wire. This module consists of a summing amplifier fol-
lowed by an analog square rooter and selectable resistors to define the heating
current. Since the heating power depends on the square of the input current, the
square rooter removes this dependence therefore linearising the relation. This is
particularly important since the heater is used for stabilisation of the operating
point and to send in test pulses. Without square rooter in fact the pulser energy
would depend on the heating power offset. The applied heating power results
from the sum of a constant contribution adjusted with a potentiometer on the
heater module and an additional contribution regulated by a computer controlled
Digital Analog Converter (DAC). The DAC output is provided by a software PID,
the Control program. The voltage supplied via the potentiometer sets the coarse
heating power for the chosen operating point and the control program stabilises
the thermometer at the operating point. Test pulses with a rise time of 50 us



54 CHAPTER 3. CRESST DETECTORS

and a decay time of 500 us are generated by a commercial Tail Pulse Module.
The amplitude of the test pulses is controlled by an external voltage. This is
created by the DAC in the data acquisition system, passed in the Faraday Cage
via feed through filters and then decoupled from the ground of the acquisition
system via a differential amplifier. A test pulser program set this voltage and
then triggers the module at regular time intervals. To suppress the noise from
the DAC it passes through 1/10 divider and a 10 s low pass filter. The signal
fed into the differential amplifier, is filtered and then shaped with a tail pulse
generator. Since one test pulse module generates the test pulses for all detectors,
a pulse attenuator is used to adjust them according to the dynamic range and to
the heater resistance of each detector.

3.5.1 Recording a transition curve

The performance of a cryogenic detector with SPT thermometer depends to a
large extent on the shape of the transition curve, as mentioned in section 3.4.
Since the bias current has a strong influence on the shape (the higher Iy the
less steep and often more linear the transition is), the first step for choosing
a good operating point consists of recording transition curves for different bias
currents. In fig. 3.7 the transition curves for different bias currents as function
of PID output voltage are plotted. Given I then the choice of a good operating
point is a compromise between the need of having high sensitivity, which results
from the steepness of the transition, and of a linear response. For this second
step it is very useful to monitor the detector response to heater pulses of known
injected amplitude in order to maximise the signal to noise ratio while checking
that linearity of response is maintained over the widest possible energy range.
To record a transition curve means to measure the SQUID output for a fixed
bias current Iy as a function of the temperature around 7, (critical temperature).
To avoid problems due to changes of the flux Quantum state of the SQUID,
we switch the bias current from Iy to—I; and take the half of the output step
of the SQUID as the transition curve. The temperature sweep around T, is
controlled by fixing the heat sink temperature 7z and varying the heating current
through the film heaters. T is chosen such that all four thermometers are in their
superconducting phase just below the transition. The power through the heater
is then swept up and down again around the T, of each detector. An alternative
way for a temperature sweep would be to vary the heat sink temperature via the
bridge, having zero heating current through the film heaters. This would allow
a simultaneous measurement of all transition curves and an absolute calibration
of the temperature excursion caused by an energy deposition. However since
the stabilisation of the detectors is done through the heater on the film, one
would need to know what heating current a certain temperature corresponds to.
Furthermore since the detectors have different T, and are weakly linked to the
mixing chamber (thus more subject to hysteresis phenomena on a short time



3.5. DATA ACQUISITION SYSTEM %)

scale) a measurement of the transition curve with the first method provides the
information to choose a good operating point.

3.5.2 The control

Once the operating points have been chosen, each detector needs to be stabilised
at this point independently. Since the SQUID output, i.e. the baseline, is also a
measure of the temperature of the detector, this is the most sensitive measure for
stabilisation. A software PID controller, the Control program, reads out baseline
samples and regulates the voltage sent into the heater circuit. For the sapphire
detectors the sampling rate was usually set at 0.2 Hz and the blocking time at
60 ms. If the time elapsed since the last trigger is less than the blocking time, it
means that a pulse is occurring and the baseline sample is discarded. If the pulse
exceeds the slew rate of the SQUID it can cause a so called flux quantum loss
(see section 3.4.1). This results in a different SQUID output voltage for the same
temperature and the computer might interpret it as a shift of the operating point
and consequently regulating the heating power input definitively loosing the real
operating point. It is however possible to overcome this problem via software
since flux losses always cause an offset in the readout which is a multiple of ¢.
Therefore the control program compares the new sample with the old sample and
if the difference is a multiple of ¢y this jump in the baseline value is ignored.

3.5.3 The heater pulses

In order to achieve a long term stability and a full understanding of the detector
performances, as required for a dark matter run, one needs to know the detector
response function at any given time.

To monitor the detector response, heater pulses with the shape adjusted to
create pulses similar to those of a particle interaction are sent at regular time
intervals. Heater pulses of different pulse height covering the whole dynamic
range are generated every 30 s. They are characterised by a rise time of about
20 ps and 1 ms decay time. This reproduces the non-thermal phonon behaviour.

The detector response function, i.e. the resulting pulse height as a function
of the injected energy, is usually non linear. Heater pulses provide a means to
extrapolate the calibration over the whole dynamic range as described in detail
in Chap. 4.1.1.

Besides monitoring the stability and the energy calibration, heater pulses
provide a measure of the trigger efficiency of each detector as function of the
deposited energy. A relatively higher number of test pulses are injected near
the detector threshold in order to be able to characterise the behaviour of the
trigger efficiency, for example to determine by off-line analysis a threshold of
100% retention efficiency (see Chap. 4.1.2).
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Since the sensitivity of a detector to low mass WIMPs strongly depends on
the achieved threshold (see Chap. 1) the exact knowledge of the efficency is a
crucial point for dark matter direct detection.



Chapter 4

CRESST Phase I: measurements
and results

As outlined in Chap. 1 the main experimental requirement to be accomplished in
a direct detection Dark Matter search are a low energy threshold, low background
and high target mass. In this chapter measurements carried out in the Gran Sasso
low-background facility (Chap. 2) with low energy threshold massive sapphire
detectors are described. After an introduction to the data analysis methods,
results of the first Gran Sasso measurements where a low background was achieved
are presented.

In a Dark Matter experiment it is necessary to run the detectors in stable
conditions over long periods of time (months). The attention is hence focused
on the reliability of the calibration and monitoring methods used for CRESST
which were studied with a dedicated run. Finally a very stable run characterised
by a very low energy threshold which gave the best Dark Matter limits is pre-
sented. The energy spectrum measured in this run is discussed and used to derive
limits on WIMP Dark Matter particles. As motivated throughout Chap.1 and
in 3.3, sapphire detectors are especially sensitive for low-mass WIMPs with spin
dependent interaction. CRESST Phase I results, presented here, improve existing
limits in this region.

4.1 Data analysis

The data analysis for the CRESST experiment is completely performed off-line.
Pulses exceeding a given threshold amplitude, are digitised and recorded to disk.
Furthermore, as described in section 3.5, when more than one detector is oper-
ated, pulses occurring within half of the post trigger region of the first acquired
pulse are recorded, together with the information about the time delay. .

In this section, the method developed to correctly evaluate the pulse height
of the recorded pulses, which takes into account the non linear detector response,
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is presented. A reliable calibration procedure is then discussed, which extends
the calibration performed with ~ lines from a radioactive source down into the
energy regions of interest for a Dark Matter search. Once the recorded spectrum
is calibrated, the triggering efficiency down to very low energies and the energy
threshold are precisely determined. Finally the monitoring of the stability of
operation and correction for instabilities, and rejection criteria for spurious pulses
are thoroughly discussed in the following paragraphs.

4.1.1 The calibration procedure
Pulse height evaluation

As a first step for a correct evaluation of the pulse height, each recorded pulse can
be filtered in order to maximise its signal to noise ratio. There are several filtering
methods. A rather simple algorithm is the so called moving average. Given a
certain number of channels (chosen according to the time base and the length of
the pulse) this algorithm calculates the average value among these channels and
then moves the calculation by one channel at each step along the record. Then
the pulse height is determined as the difference between the baseline value and the
maximum value obtained after averaging. This simple method, quite quick and
useful for a first look into the recorded pulses, is affected by two main problems.
First if the noise superimposed on the pulse is rather high (as it is usually the
case close to threshold), its height is overestimated. Second, near threshold this
algorithm is not always able to correctly identify the pulse maximum. Since this
is a crucial point to achieve a correct estimate of the energy threshold, a more
accurate method is needed.

Another method superior in improving the signal to noise ratio, is the optimal
filter (see [Pre93, Gat86]). However this method requires the signal shape to be
independent of energy and both the signal and noise to be stationary in time.
The signal should therefore obey a scaling law as [FF00]:

S = Hal(t) (4.1)

where a(t) describes an energy independent pulse shape and H is a factor pro-
portional to the pulse height (or to its integral). Usually it is difficult to exactly
match the shape of test and particle pulses. The test pulses are used to extrap-
olate the energy calibration from an energy which is high enough to pass the
photons through the cold box to the energy range of interest for Dark Matter.
In the case of non linear detector response, i.e. with pulse shapes changing with
energy (as in the case for CRESST) the optimal filter spoils the extraction of
pulse height as pulse shapes deviate from the averaged pulse used to construct
the filter. Since non linearity is connected with the excursion on the transition
curve, we need a method which reliably estimates the true pulse height indepen-
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dent of the signal shape. Therefore also in this case a more general method was
considered for CRESST detectors.

amplitude (V)

10 0 10 20 30
time (ms)

Figure 4.1: Heater Pulses templates of Run 17 (internal calibration run discussed in
4.2.4). The sequence shows the slight pulse shape changes with increasing injected
voltage. The templates are obtained averaging recorded pulses for 0.2, 2, 6 and 8V
injected amplitude respectively. The last heater pulse is at the end of the dynamic
range and starts saturating.

The procedure elaborated for the sapphire detectors makes use of “template
fits”. In general this technique consists of selecting a set of pulses, for example
from the calibration source, which are then averaged. The base line is then
subtracted and the averaged signal is divided by its amplitude to arrive at a
template for fitting all measured pulses. This method has several advantages. A
fit gives more information about a pulse (not only its pulse-height) including the
onset channel and the mean square deviation, therefore providing a tool to reject
spurious pulses (see 4.1.3). Furthermore it avoids the bias of picking the highest
point (due to noise fluctuations ) of suitably filtered pulses, which systematically
produce larger pulse amplitude values.

To overcome the problem of pulse shape changes with energy, heat pulses
are used. As described in section 3.5.3, the test pulses are sent with a set of
amplitudes throughout the entire dynamic range at regular time intervals. For
each injected amplitude a separate template is made, averaging the recorded
detector pulses as shown in fig. 4.1. The amplitudes of the test pulses are
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then determined by fitting them to the corresponding template. The calculated
amplitudes are then plotted as a function of the injected energy (see fig. 4.3 and
4.4 in section 4.1.1) and fitted with a polynomial to provide an accurate detector
response.

The calibration

CRESST sapphire detectors have been optimised to cover an energy interval
ranging from a few hundred eV up to a maximum of about 200 keV.

To calibrate the energy scale a source is inserted via a removable plug in a
machined channel through the bottom of the passive shielding. Via this channel
a calibration with an external source can be carried out at any time during data
taking without the need of opening the shielding or disturbing in any sense the
set-up. The source is placed just below the cold box. The plate on which the
detectors are mounted as well as the detectors holder are provided with holes to
minimise the amount of material between source and detectors.

A 57Co source is used for this purpose. This radioisotope has a half-life of
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Figure 4.2: >"Co decay scheme.

270.9 days and decays by electron capture to the stable isotope ®** Fe. As shown
in fig. 4.2 this decay is characterised is by several gamma emission lines: 122 keV
(85.6 % branching ratio), 136 keV (10.68 %) and 14.4 keV(9.16 %). The 122 and
136 keV lines are energetic enough to penetrate the cold box, while the 14.4 keV
photons are fully absorbed.

Together with the source also heat pulses of different amplitudes adjusted to
cover the whole acquired spectrum are injected into the thermometer, as described
in section 3.5.3. The heat pulses are distributed over the whole spectrum. Their
amplitude is determined as described in the previous subsection and then plotted
as a function of the injected voltage. As shown in fig. 4.3 a fit of these values
with a polynomial function determines then the detector response over the whole
dynamic range.
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Figure 4.3: Example of an amplitude response function of a Sapphire detector. On
the x axis the pulse-height of detector signals determined with a template fit is given
while on the y-axis the pulser control voltage is plotted, which is proportional to the
injected energy.
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Figure 4.4: Response function of fig. 4.3 in terms of equivalent 7y energy. On the x-axis
again the pulse height of detector signals is given while the y-axis is now converted to

energy. The scale factor between pulser control voltage and v energy was determined
by comparing the amplitudes of 122 keV pulses with that of neighbouring heater pulses.
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A template is constructed by averaging pulses from the 122 keV peak. The
measured pulse height associated to this emission line is determined fitting the
pulses to this template. A comparison of the pulse heights from the 122 keV line
and the neighbouring heater pulses provides an absolute calibration of the test
pulses in terms of equivalent v energy. In fig. 4.4 the same response function of
4.3 is plotted as a function of the deposited energy.

Once the response function is known, the energy of any particle pulse can be
determined. Again the template fit procedure is used. The response function is
used to convert the 122 keV template into energy in each time bin. For the particle
events in the background measurements, the response function obtained in the
calibration measurement is again used to convert the recorded events to energy
in each time bin. After this procedure the obtained pulse shape is independent of
energy, i.e. they are now linearised. In this case then the pulse amplitude provides
directly the information about its energy, as shown in fig. 4.5. The energy can
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Figure 4.5: Example of fit of a low energy pulse ( ~1 keV) using a linearised template
constructed by averaging pulses of the 122 keV emission line from a calibration source.
Both the template and the pulse are converted into energy before fitting, using the
procedure described in the text.

thus be determined by fitting a single similarly converted template (the 122 keV
template from the calibration measurement) to the linearised pulses. Since in
this case the pulses fulfil the requirement from the formula 4.1, the optimal
filter technique can be also applied. The optimal filter is constructed using the
linearised template from the calibration and randomly sampled baseline noise.
This last method slightly may improve the energy resolution when compared to
template fitting without introducing energy bias [Ang02b]. This way the source
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Figure 4.6: Heat pulses amplitudes over time.
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Figure 4.7: Heat pulses of figure 4.6 are here converted to energy and again plotted
over time. Drifts due to changes of the operating point have disappeared.
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provides the information about the energy scale while the heat pulses allow the
extrapolation of the calibration to the whole dynamic range. A calibration of the
whole spectrum is now obtained.

Heat pulses are also a powerful tool to recognise temperature drifts and correct
for them. In case of a change of the operating point, the measured pulse height
for a given injected voltage would consequently change as well. Therefore, once
the source is removed, test pulses are constantly injected in order to monitor the
detector operation. In fig. 4.6 the amplitude of several test pulses is plotted over
time and the consequences of temperature drifts are shown. Due to the linear
relation between energy and the pulser control voltage, these pulse-height changes
provide the information for adjusting the coefficient of the response function. In
figure 4.7 the same test pulses of the previous plot are now converted to energy
and again plotted over time. Any fluctuation due to a drift of the operating point
has disappeared.

In a Dark Matter run the calibration with a source is always done after all
operating condition have been settled. Heat pulses are always injected, both with
and without calibration source, during the whole run. Any time a slight change is
implemented a new calibration is carried out. Usually the calibration is repeated
at the end of the run to confirm the stability of detector operation.

Correction for pulser non-linearities

The calibration method described so far assumes that the pulser module is ideal,
i.e. not affected by any offset and perfectly linear. In order to study and hence
to avoid any systematic of this type, the actual heating power injected into the
thermometer was monitored. As described in 3.5 the voltage amplitudes of the
test pulses are set via software and sent through the DAC (see fig. 3.9) to the
pulser module which generates the pulses. A heater module adds these pulses to
the heating needed for stabilising the operating point and takes the square root
of this sum. The output of the square rooter which is then fed to the detector is
also recorded with the transient digitiser.

This set-up allows the detection of any possible pulser non-linearity. The
energy AF injected by a heater pulse is then determined from the recorded
heater voltage Uy (t)

t
Eipye = @ / Uz(t) — Ug (4.2)
0

Uy is the constant voltage needed for stabilising the operating point onto which
the heater pulse is superimposed. U, is determined from the pre-trigger range
and « is a proportionality constant obtained calibrating with the 122 keV peak.
The expected or linear energy is instead given by

E
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where E/V is the Energy scale factor per pulser control voltage determined from
the calibration procedure and A;,; is the control voltage amplitude. To correct for
any deviation of the actual injected energy from the nominal value the recorded
output from the square rooter is used. Finally the difference AE = Eyye — Epin
between the actual and the nominal energy for each test pulse value is obtained.
The results are averaged and fitted as shown in fig. 4.8. This plot accounts for
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Figure 4.8: Results of pulser monitoring. Once the difference between the nominal
and actual injected energy (see text) is calculated, the obtained values are averaged
and fitted as function of the energy. The energy correction function is thus determined.

the pulser non-linearities, i.e. for the energy correction of the injected energy.
As a final step this correction is included in the response function as obtained
from the calibration, and the correct energy spectrum is obtained. The whole
procedure of pulse height evaluation, calibration and correction for pulser non
linearities has been checked with a dedicated run as will be described in 4.2.4.

4.1.2 Software threshold and trigger efficiency

Another crucial point for a correct interpretation of the acquired spectrum in a
Dark Matter analysis is the trigger efficiency. Again the heat pulses are essen-
tial to properly study it. In fact with the injection of several heat pulses with
decreasing amplitudes down to threshold it is possible to study their retention
efficiency and thus to know how many particle pulses may be lost at a certain en-
ergy. Knowing the number of injected pulses, the number of acquired test pulses
defines the retention efficiency at that energy.
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Figure 4.9: Acquired test pulses for four discrete injected energies. In the first peak
(run 20, Chap.5) only 100 out of 440 pulses are seen. The second peak at 0.9 + 0.05
keV shows 100% triggering efficiency. Therefore a software threshold of 1 keV with
100% triggering efficiency can be safely applied here.

To extract the Dark Matter limit a conservative approach has been adopted,
setting a software threshold such that the retention efficiency at threshold is
100%. An example of this procedure is shown in fig. 4.9.

4.1.3 Rejection of spurious pulses

In a rare event search it is necessary to minimise or (when possible) eliminate all
contributions to the acquired energy spectrum which are not due to the sought
signals. Therefore a method able to distinguish particle events from spurious
pulses and to discard them retaining all the good ones or strictly knowing the
retention efficiency has to be developed.

Particle events are expected to have a time independent and Poissonian dis-
tribution. In fig. 4.10 all acquired data from the Dark Matter run (see also
section 4.2.3) with neither cuts nor software threshold applied are plotted as a
function of time. At least two bursts of event can be recognised here, the first
after about 17 hours measuring time and the latter after 85 hours. They are
irregularly distributed over time and have a counting rate excess up to four times
the mean value. These types of events can be generated by mechanical vibrations
or electronic noise on the baseline. In figure 4.11 typical events taken from the
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Figure 4.10: Run 16: event rate as a function of time before setting any software
threshold or cuts.

first and the second bursts respectively are shown. These noise events lead to an
undesired enhancement of the count rate close to threshold, which is particular
disturbing when seeking for dark matter signals.

There are several ways to deal with these events. The most direct one would
be not to consider measuring time records containing these bursts. However,
besides a loss of measuring time, this method is not rigorously justifiable. An
alternative is to apply a time filtering method [Bau99]. In this case the complete
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Figure 4.11: Example of noise events. The event on the left is a typical event from
the first burst in the time distribution, while on the right an event from the second one
is shown.
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measuring time is divided into chosen time intervals (here for example 30 minutes)
and the probability for N events to occur into one time interval is computed for
the whole energy spectrum. The physical event distribution is Poissonian and
the noise events lie far from its mean value. In fig. 4.12 the distribution per 30
min intervals of the uncut data shown in 4.10 is given. The cut is then set at

N=<n>+30 (4.4)

three standard deviation from the mean value < n > of the Poisson distribution.

The method used to analyse the CRESST Phase I results rely exclusively on
Pulse Shape Discrimination (PSD) and removal of coincident events (see next
subsection). In CRESST Phase I detector nuclear recoil events and radioactive
background are indistinguishable both in shape and in amplitude, given the same
deposited energy. Therefore the v radiation emitted by the radioactive source
can be successfully used to calibrate a PSD method against noise events. The
template fit as described in 4.1.1 provides a powerful method to discard spurious
pulses. From the calibration source, good events are selected either from the 122
keV peak or from the Compton edge region usually choosing pulses from 35 to
40 keV (the Compton edge nominal value for 57Co is 39.46 keV).

For each fitted pulse the deviation of its shape to that of the template is
calculated and the value of the square root of the mean squared deviation, the
RMS value, is obtained. Hence, plotting the logarithm of the RMS value over
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Figure 4.12: Distribution of the number of counts per 30 min intervals for the uncut
data of fig. 4.10.
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Figure 4.13: Logarithm of the RMS value as a function of the energy. The solid line
indicates the RMS cut applied in run 16 (Dark Matter run). The event lying above this
line show a distorted pulse shape as in the case of noise events or of saturated pulses.
The efficiency of this cut was tested with heater pulses, resulting in only 1 out of 1032
of the 580 eV pulses being discarded (lower left figure). The same cut was applied
also to the calibration measurement (lower right figure) showing that only 0.22% of the
events were discarded.

the energy, a figure as shown in 4.13 is obtained. Events that lie far away from
the resulting band can be discarded. To calibrate the retention efficiency, exactly
the same cut is applied to both the calibration run and the test pulses.

After applying a software threshold and a proper RMS cut the same data set
of figure 4.10 is now shown in fig. 4.14. On the left side the event rate is plotted
in function of time and on the right side their Poissonian behaviour is shown.

To extract Dark Matter limits a very conservative RMS cut has been applied
such that the retention efficiency was 100% over the whole range.
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Figure 4.14: Left: rate as a function of time of the same set of data shown in fig 4.10
after applying a software threshold and the RMS cut. Since the detector was triggering
in the noise, the main reduction of the mean count rate is due to the applied threshold.
On the right the distribution of these events per 30 min intervals is shown.

4.1.4 Rejection of coincident background pulses

In Dark Matter detection experiments the presence of radioactive background
counts is one of the most severe limiting factors. In CRESST Phase I using sap-
phire detectors there are no means to distinguish in a given detector a nuclear
recoil event due to neutrons or WIMPs from an electron recoil event due to the
presence of radioactive contaminants. However, since WIMP interaction cross
sections are extremely small, they have a probability compatible with zero to
induce coincident events in two or more sapphire detectors. Therefore WIMP
events are expected to be in anti-coincidence with any other detector and time
correlations between pulses originating in different detectors are considered for
a possible reduction of the background. Besides, coincident events deposit only
a ratio of their energy in each triggering detector thus contributing to the con-
tinuum of the spectrum, while the information relevant to the identification of
their source is contained in the sum of the deposited energy in all coincident
detectors. As a consequence all these events can be removed without subtracting
any information relevant to dark matter and then be separately analysed for a
better understanding of the background.

As described in 3.5 all events which trigger within half of the post trigger
region from the first are recorded. In order to avoid discarding random coinci-
dences the time difference distribution is studied. As shown in fig 4.15 a clear
coincidence peak appears due to the “true” coincident events. The events from
this peak are then selected and discarded, thus retaining practically all events
which may have happened to be randomly coincident.
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Figure 4.15: Coincident events from Run 16 (Dark Matter run). On the left side the
time difference distribution (here as pulse onset channel difference) is shown. On the
right side the peak selected for removing true coincidences thus still retaining random
ones is blown up. It is characterised by a FWHM of about 0.4 ms and long tails (10
channels) extending to about 4 ms for very low detected energies. The cut is set at £4
ms.

4.2 Measurements and results

4.2.1 The early problem of spurious counts

During 1999 a first series of measurement with four 4 x 4 x 4.1 cm? crystals

in low background conditions were performed. The detectors were mounted as
explained in 2.2 inside the cold box facing each other with no material in between.
However the measured rate was much higher than expected as shown in fig.
4.16. Tts time-dependent non Poissonian behaviour clearly showed that its origin
could not be attributed to radioactivity. Besides this, the absence of any true
time coincidences between any of the detectors confirmed this statement. In
a further run the possibility of electromagnetic interference which might heat
the thermometer creating thermal signals similar in shape to particle pulses was
exploited. The readout system of one detector was modified to improve the
immunity to electromagnetic interferences. Electromagnetic disturbances created
on purpose inside the Faraday cage showed that the detector was immune to any
interference, however still providing an unchanged high count-rate.

To further investigate the origin of this count-rate, a so called “double detec-
tor” [Mei99], was implemented. As shown in fig. 4.17 it consists of a crystal with
two thermometers on one surface. As a result it was found that signals detected
from the two thermometers were coincident in time and they were both seeing
the same energy deposition, while these signals were not coincident with the
other detectors. This meant that the signals could only be due to high frequency
phonons created inside the sapphire, thus excluding an external origin.

Finally, microscopic cracks in the sapphire crystals at the contact points where
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Figure 4.16: First measured spectrum in low back-ground conditions: the count rate

is much higher than expected, time-dependent and non Poissonian, i.e. not caused by
radioactivity.

Figure 4.17: Double detector: two tungsten films are structured onto the crystal
surface.

the sapphire balls support the crystal in its holder, as shown in fig. 4.18, were
recognised. This led to identification of the origin of the background with struc-
tural relaxation in the crystal. Due to the almost point like contact area with
the sapphire spheres, an excessive pressure was applied to these points to hold
the crystal tight in their housing thus avoiding vibrations. Therefore in spring
2000, plastic stubs were used to replace the sapphire. Despite their larger contact
area, they did not lead to any detectable loss of sensitivity, while the spurious
background completely disappeared as will be described in the next subsection.
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Figure 4.18: The old holding design of a sapphire crystal into the copper housing was
provided by sapphire balls. These were meant to minimise the contact area in order
not to cause any loss of sensitivity. However, the large pressure resulting from the
force needed to tightly hold the crystals created microscopic cracks at the contact area.
The structural relaxation was creating high frequency phonons producing the spurious
background.

4.2.2 Run 15: a low count-rate long term run
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Figure 4.19: Bonding scheme for electrical and thermal connections of the two crystal
implemented in Run 15.

In this run only three read-out channels were working : Chl, 2 and 4. The
SQUID read-out system for Ch. 3 is not working. The set-up is as follows:
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e Crystal nr. V (see table) mounted in holder nr. V. Connected to read-out

channel 1.

e Crystal nr. X, called “double” detector in holder nr. II is connected to the
readout channels 2 and 4.

Crystal V

Crystal X (double detector)

Dorer Elektroptik
Ettlinger Str. 5

BEC Breznikar
Consulting GMBH

Distributor Franz Haniel Str. 82
76307 Karlsbad 47443 Moers
Crystal Systems Inc. SCT
Mantfacturer Shetland Industrial Park Single Crystal Technology BV
27 Congress Street Ir. Schiffstraat 220
Salem, Massachussets 01970 | NL-7547 RD Endeschede
Material Al,O4 Al O3
Mass 262 g 262 g
Dimensions 40x40 x 41 mm? 40x40 x 41 mm?
Surface 2 r-plane epi-polished 2 r-plane epi-polished

4 sides optically polished

4 sides optically polished

W film evaporation

550° crystal temperature
substrate heating power:
396A/2.57V+374A/2.4V
8 + 3.6 x 10~% mbar
rate of deposition: 2 A/s
film thickness: 1900 A

500° crystal temperature

123A/2.9V=360A/2.3V

1 x107% =3 x 107 mbar
rate of deposition: 2.3 A/s
film thickness: 2000 A

W thermometer size

8 x 9mm?

2 thermometers 3 x Hmm?

Table 4.1: Run 15: Crystal description [Mei99].

The schemes for electrical and thermal connections are shown in fig. 4.19. As

described in section 3.5 the Au wire stitch bonded on the central Au pad serves
as heater, while thermal contact as well as grounding is provided by a 20 yum Au
wire bonded directly to the copper holder. The electrical connection is provided
by Al wires bonded from Al pads on the thermometer to the SQUID contact
pads. On the holder, electrically isolated Cu-Kapton-Cu pads are used.

The mixing chamber was stabilised at 30 k{2 corresponding to a temperature
of about 5 mK. After recording transition curves for several bias currents for all
detectors (as shown in fig. 4.20 for readout channel 1), bias currents of 4.4, 11
and 26 puA were chosen for channel 1, 2 and 4 respectively.

Ch4, characterised by a very small transition, proved to be very insensitive
and with a rather low signal to noise ratio. Several attempts were performed to
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Bias currenf: 1.1, 2.2, 3.3, 4.4 , 5.5 6.6, 7.7, 8.8, 9.9, 1

SQUID output [V]

0.05 0.10 0.15  0.20
Heater Voltage [V]

Figure 4.20: Run 15: transition curves of channel 1 for different bias current from 1.1
to 11 pA as indicated in the header on the plot.

improve its response and it was finally operated with 400 pA bias current. The
achieved threshold for this channel was however about 5 keV and will not be
further discussed.

Calibration

A 57Co was used to calibrate the detectors (see section 4.1.1) and the method
described in section 4.1.1 using standard event templates for each injected voltage
amplitude was applied to determine the test pulses height. For the particle pulses
a standard event was obtained by averaging pulses from the 122 keV emission line
of the 57Co source. The obtained response function before and after conversion
to energy is shown in fig. 4.21 for both chl and ch2. After conversion to energy
the fit of the 122 keV emission line gives the results shown in fig. (4.22). As can
be observed in this figure the energy resolution is worse than expected due to an
asymmetric broadening of the peak to the left side. This effect is not yet clearly
understood but it is very likely that it depends on crystal properties.

The calibrated response function was then used to linearise the standard event
template from the 122 keV in each time bin. This linearised template was then
used to fit again all pulses in order to avoid distortion due to the changing of
pulse shapes from the 122 keV energy template towards the lower energies.

A check of the calibration down to lower energy was performed as suggested
in [Sis99] selecting events which are coincident in the two detectors. As results
from fig. 4.23 two bands corresponding to a total energy deposition 122 keV and
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Figure 4.21: Run 15: Polynomial fits of the response function of pulser control voltage
amplitude over pulse height in channels on the left side and after the conversion to
energy on the right side for both ch 1 (upper figures) and ch2 (lower figures).
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Figure 4.22: Run 15: fits of the 122 keV emission line after conversion to energy for
channels 1 and 2.
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Figure 4.23: Run 15 °"Co calibration: plot of the coincidence events between the two
detector. On the axis the energy of channel 1 (x) and channel 2 (y) obtained by fitting
converted pulses with a linearised standard event template are plotted. In this run
the pulser non-linearities were not taken into account (see the discussion in the results
section).
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Figure 4.24: "Co calibration performed at the end of run 15. As in fig. 4.23 the plot
of the coincidence events between the two detectors is shown, the method used here to

calibrate this measurement is exactly the same as the one applied to the background
measurement.
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136 keV are visible. Any error in the extrapolation of the energy calibration via
the heater pulses would result in a distortion of these bands from a straight line.
Due to the geometrical arrangement of the detectors in the cryostat, this method
allows to probe the energy calibration between ~ 10 + 112 keV (see [Sis99]). In
this plot in particular the gap in the low energy range is due to the relatively
high threshold set during this recording time for channel two to avoid an excessive
high rate.

After removing the source the response function is constantly monitored via
injecting heat pulses (see section 3.5). Again their pulse height is determined
via fitting each of them to its template. The conversion factor from pulser con-
trol voltage to energy determined with the calibration is applied. The response
function is then used to convert particle pulses in each time bin and their energy
is determined by fitting them with the linearised template from the calibration
source. A check of this method within this run was performed applying it to a
calibration measurement acquired at the end of the run. In fig. 4.24 the resulting
plot of the coincident event as function of channel 1 and 2 energies is shown.

Results
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Figure 4.25: Comparison between run 15 energy spectrum and the best earlier result
before substituting sapphire balls with plastic stubs for holding the sapphire in their
copper housing.

Run 15 was the longest of CRESST Phase I lasting about three months ac-
quiring ~ 15 kg days of data. As introduced in section 4.2.1 and shown in fig.
4.25 it was the first run after the background problem due to crack formation had
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Figure 4.26: Test pulses (counts) for several injected discrete energies for channel
1 (left) and channel 2 (right). Ch. 1 triggers 100% efficient at 2.3 keV The energy
resolution of channel 1 at 2.3 keV is of 600 eV. Ch. 2 triggers 100% efficient at 3.5 keV.
The resolution is about 700 eV at this energy.

been solved. However, as will be shown hereafter, the achieved threshold was not
yet optimal to extract Dark Matter results. Nevertheless this run was very im-
portant to successfully demonstrate the long-term stability and reliability of the
CRESST set-up. Furthermore it enabled the development of analysis methods
that were discussed in section 4.1 to properly understand the acquired spectrum.
This study identified also a systematic error in the energy calibration due to
pulser non linearities (4.1.1) which was taken into account in the subsequent Run
16 used to set Phase I Dark Matter limits.

log (RMS)

20 40 60 80 100 120 140 160 180 200

Energy [keV] Energy [keV]

Figure 4.27: Run 15: Plot of the logarithm of the RMS deviation of data from fit for
channel 1 (left side) and channel 2 (right side) obtained by fitting all recorded events
with a linearised template. The template was obtained averaging for each detector 122
keV pulses from the calibration source and converting it to energy as described in the
text.
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In fig. 4.26 a spectrum of the lowest injected discrete test pulse energies is
shown for channel 1 (left plot) and channel 2 (right plot). A trigger efficiency
of 100% is reached at 2.3 keV for ch. 1 and at 3.5 keV for ch. 2. As can be
observed from the response functions of these two channels shown in figure 4.21,
the response function of channel two extends over a wider energy range and is
much more linear than the one of ch. 1. This results in a smaller pulse shape
change over the energy range and the logarithm of the RMS deviation of the pulse
shape from the linearised template as shown in figure 4.27 on the right is almost
constant. This is different for channel 1 as shown on the left plot of fig. 4.27.
Above 120 keV the value of the deviation of the pulse shape from the template
increases and the opposite happens in the low energy region. On the figure the
line indicates the pulse shape cut that has been applied. Apart from the structure
blown up in fig. 4.29 on the upper side, all the pulses above this line are due to
interactions which lead to an energy deposition beyond the dynamic range and
therefore result in events which saturate as shown in fig. 4.28.

amplitude (V)

0 -5 0 5 10 15 20 25 30
Fime (ms)

Figure 4.28: Saturated pulse shape.

The pulses leading to the structure blown up in fig. 4.29 came into existence
after substituting the sapphire balls with plastic stubs. As shown in the lower
plot of the same figure, all these pulses are characterised by a longer decay con-
stant and a low energy deposition. Therefore the calculated deviation of their
shape from the template results in this characteristic shape shown in the upper
figure. At threshold the PSD method is not powerful enough to allow a clear
discrimination and the two distributions of the RMS deviation tend to merge as
shown in fig. 4.27. The hypothesis is that signals in this band are due the to
heat releases from structural relaxations in the plastic support and as shown on
the right side of fig. 4.29 they are regularly distributed over time.

As a next step the events in coincidence in the two detectors were removed. As
described in 4.1.4 events within a +4 ms interval in the onset channel difference
distribution plot were removed. These events have been separately analysed and
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Figure 4.29: Channel 1: pulses with a longer decay constant probably due to heat
releases from the plastic supports. On the upper plot their distribution in the plot of
the log(RMS) deviation versus energy is blown up. On the lower left plot the typical
shape of these pulses is shown while on the right side their rate as a function of time
is plotted.

a plot is shown in 4.30. On these events the same threshold of 1.5 and 2.5
keV has been set for ch. 1 and 2 respectively. Also the pulse shape cut has
been applied. Although in fact most of the saturated pulses are true coincident
events, their pulse height does not provide sufficient information to reconstruct
the deposited energy. Therefore they are misplaced in the energy spectrum as
can be seen in fig. 4.27. In figure 4.30 an overview of the distribution of the
coincident events over the energies of the two detectors is given and a blown up
view of the points and of the low energy region is shown in the two lower plots.
About 20% of the good events are coincident. Besides having low statistics, many
events undergo multiple scattering, and the total energy deposition due to the
sum of the coincident events does not result in any structure as in the case of the
calibration measurement (4.23).
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Figure 4.30: Plot of the events coincident in the two crystals over the energies of
channel one (x axis) and of channel two (y axis). In the lower plots the points have
been blown up for a clearer identification of any structure. However no information
can be deduced about the total energy deposited in the two detectors resulting from
the sum of the coincident events, not even in the lower energy region (right lower plot).

Energy spectrum

The final energy spectrum of channel 1 obtained summing up a total of 14.92
kg days live time is given in fig. 4.31 in counts/kg/keV /days and plotted with
1 keV energy binning. In the energy region between 15 to 25 keV the count
rate in counts/keV /kg/days is ~ 1.4 and drops down to less than 0.4 above 50
keV. The peak in the low energy region is present in both detectors with about
the same count-rate of 6 +1 counts per crystal per day. The fitted position
of this peak gives 7.9 +0.1 keV for channel one and 7.1 £0.1 keV for channel
2. This could be due to Copper (from the holder) or Nickel (from the wires)
X-ray lines (8 and 7.4 k-shell emission lines respectively). However, a thorough
check of the energy calibration at the lower energies identified a systematic error
in the energy extrapolation due to pulser non-linearities (see 4.1.1). An effect
of this can be shown blowing up the low energy region of the response function
as in fig.4.33. In this run a correction for this error could not be implemented
since the square root output of the heater module was not recorded in parallel
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Figure 4.31: Run 15, channel 1 final energy spectrum. The data consist of 14.92
kg days live time plotted from threshold (2.5 keV) to 150 keV with 1 keV binning.

Both the RMS and the coincidence cuts have been applied as described in the previous
subsection.
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Figure 4.32: Run 15: fit of the peak on channel 1 and 2 energy spectrum on 18.4 days
live time. The peak position is at 7.9 £0.1 keV on channel 1 and at 7.1 +0.1 keV on
channel 2.

(see section 4.1.1). In this case the fit of the response was simply forced to
zero. As will be shown in the subsequent measurements (section 4.2.4) the effect
of this correction results in a shift of the peak position towards lower energies.
Furthermore the energy resolution of the peak on both detectors is twice the
one of the test pulses at the same energy (see fig.4.26), suggesting the presence
of a more complicated structure. Therefore this first hypothesis about a Cu-Ni
contamination was discarded.
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Figure 4.33: Zoom of the response functions of channel 1 and 2 (fig. 4.21 right plots)
in the low energy region: the effect of the systematic error due to pulser non linearities
is here visible.
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Figure 4.34: Ch2 energy spectrum selected between 10 and 150 keV and plotted with
2 keV binning.

The energy spectrum of channel 2 shows a slightly higher count-rate: about
1.8 counts/keV /kg/days in the energy region between 15 to 25 keV and 0.5 above
50 keV. The shape of the spectrum (fig. 4.34) suggests the contamination of the
crystal with 219Pb. The 219Pb $- decay to 2'°Bi is characterised by a 16.4 keV
Q-value with 84% branching ratio and 63.5 keV Q-value with 16% branching
ratio. This decay is characterised therefore by a 46.54 keV gamma emission line.
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210Bi beta decays (1162.1 keV Q value with 100% b.r.) to ?'°Po which eventually
decays emitting a 5.3 MeV alpha particle with 100% branching ratio. The 21°Po
a-decay results in the 2°°Pb daughter nucleus recoiling with an energy of 103
keV. All these features seem to be present in this spectrum and a fit of the 46
keV gamma emission line and of the 103 recoil peak is shown in fig. 4.35. The
results of the fits are given in table 4.2.2.

This would translate in a measure of a Quenching Factor (see chap.1) equal
to 1 in the specific case of sapphire crystals. However due the low statistic of this
measurement, no strong conclusion can be drawn here.
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Figure 4.35: Run 15: fit of the 46.54 keV ~y peak and of the 103 keV recoil feature
plotted with 1 keV binning. The results of the fit are reported in table 4.2.2 for different
binnings.

Table 4.2: Results of the fit of fig. 4.35

Binning Fit position [keV] Error FWHM [keV]
0.2 keV 477 +05 1.6

0.5 keV  48.3 +0.7 1.9

1 keV 49.2 +£09 1.9

0.2 keV  105.5 + 7.5 247

0.5 keV  106.9 +49 21.8

1 keV 108.0 +14.8 221

For comparison a simulation of such a contamination with the EGS4 code
[Mar00] at different implantation depths in a sapphire crystal gives the spectra
shown in fig. 4.36. Dx50 corresponds to implantation depths of up to about
5 pm. The most prominent features in the spectra are the full energy peak
of the 46.5 keV internal conversion level in 2!°Bi, the 30.1 keV L1 conversion
electron (emitted in 69% of internal conversion) and the 16.4 keV L1 ?'°Bi level.
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Figure 4.36: Figure taken from [Mar00]. It shows the dependence of the shape of the
simulated 2'°Pb and ?'°Bi energy spectrum on the implantation depth of 2!Pb in the
sapphire crystal. Increasing values of DX n correspond to deeper implantation. For
the details on the resulting spectrum features see the text and the given reference.

Only in 5% of all decays, a 46.5 keV ~ is emitted directly. The strong peak at
46.5 keV for the largest implantation depth means that almost all de-excitation
electrons and X-rays also fully deposit their energy in the crystal. The smaller
the implantation depth, the more spectral features become apparent, e.g the
peak at 16.4 keV where the 30.1 keV conversion electron escapes the crystal.
An additional spectral feature included in these figures is the 17 keV f— decay
of 21Pb which precedes the internal conversion process. Its continuous energy
distribution adds on the internal conversion spectral features, e.g. produces the
asymmetric 46.5 keV peak in the last figure (lower right panel).

4.2.3 Run 16: The Dark Matter run

In this run four sapphire crystals were mounted in the cold box as follows:
e Readout Ch. 1: Crystal nr. 5 in holder nr. 5 as in Runl5.

e Readout Ch. 2: double detector in holder nr. 6 as in run 15. Only one
thermometer connected
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e Readout Ch. 3: The SQUID chip of this channel is broken. A “dummy”
detector is however implemented in order not to leave any crystal face
directly exposed towards the cold box. For this purpose sapphire detector
nr. 7 in holder nr. 3 has been used.

e Readout Ch.4: crystal nr. 8 in a mixture of holder nr. 7 (new one from
TU-Miinchen machined out of radiopure copper) and holder nr. 2 from
which the screws and the cover have been taken. For a description of this
crystal see table 4.2.3. The detector has been rotated by 90 degrees with
respect to its previous placing in the copper holder in order to avoid to
have cracks as contact points. Out of six faces there is only one point that
still has the contact on the crack, at the centre of the face. Delrin tips have
been used for mounting.

Crystal VIII
BEC Breznikar
Consulting GMBH

Distributor Franz Haniel Str. 82

47443 Moers

SCT

Single Crystal Technology BV
Manufacturer Ir. Schiffstraat 220

NL-7547 RD Endeschede
Material Al,O4
Mass 262 g
Dimensions 40x40 x 41 mm?
Surface 2 r-plane optically polished

4 sides optically polished
550° crystal temperature
substrate heating power:
375A/2.43V+363A/2.39V
8 =2 x 10~® mbar

rate of deposition: 2 A /s
film thickness: 1900 A

W thermometer size 3 x 5mm?

W film evaporation

Table 4.3: Run 16: Crystal description[Mei99].

Due to the experience gained with the previous run the shaping of the trigger
signal was optimised and a lower trigger threshold was obtained. Channel 1 and 4
showed the best performance and after a few days of data taking it was therefore
decided to use readout channels 2 and 3 to monitor the square-rooter output of
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the heater module to record the injected test pulses in the detectors connected
to channels 1 and 4 respectively as described in 4.1.1. These two detectors were
facing each other. Data from detector nr. VIII (channel 4) which showed the
lowest threshold were used to set dark matter limits, while the detector connected
to channel 1 was used to remove coincident events. The bonding scheme for
detector nr.VIII is shown in fig. 4.37.

A\

XX

Figure 4.37: Detector nr. VIII bonding scheme.

The calibration was performed during a ten hour run with an external *’Co
source as in Run 15 and subsequently checked with another calibration run at
the end of the data taking period. The measurement time of the background
run was 138.8 hours of which 0.6 h were dead time, which corresponds to a total
of 1.51 kg days of data. The result of the energy correction for the pulser non-
linearities (fig. 4.38) applied to the channel 4 response function is shown in fig.
4.39. The zoom in the low energy region shows that the systematic error on the
extrapolation present in Run 15 has now been corrected for.

The detector response monitored with test pulses was stable within resolution
during the whole recording period. In fig. 4.40 the lowest test pulse amplitudes
used to calculate the above response function are shown as function of the whole
running time.

As can be observed in figures 4.40 and 4.41 the trigger efficiency for channel
4 of 100% was measured at 580 eV throughout the whole run used to set Dark
Matter limits. A software threshold of 600 eV was applied.

As described in section 4.1.4 events in coincidence in two or more detectors
cannot be due to WIMPs and therefore can be safely discarded. As shown in fig.
4.15 the cut was set at about £ 4 ms (420 channels in the figure plotted over the
onset channel difference) thus removing the coincidence peak in the distribution
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Figure 4.38: Energy correction for channels one and four.
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Figure 4.39: Detector nr. VIII response function after applying the energy correction

as described in 4.1.1.

of the time differences. The upper histogram shown in fig.4.42 represents the raw
spectrum, while the middle histogram shows the data after removing coincident
events. 76 counts were removed with this cut out of 446 events from threshold
to 120 keV, which translates into about 17% of all recorded data are coincident.

The PSD method described in 4.1.3 and 4.2.2 was then applied fitting all
the events with the linearised template obtained by averaging and converting
to energy pulses from the 122 keV calibration peak. Both saturated and noise



90 CHAPTER 4. CRESST PHASE I: MEASUREMENTS AND RESULTS

Pulse Height [V]

0.00

Figure 4.40: Pulse heights of heater pulses corresponding to 580, 1.04, 2.04 and 4.08
keV (see also fig.4.41). The detector is stable within the resolution before applying any
linearisation.
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Figure 4.41: Gaussian fit of test pulses injected on detector n VIII plotted over energy.
The result shows a 100% trigger efficiency for the test pulse located at 580 eV.

pulses were discarded and the cut was chosen such that the retention efficiency
was 100% at all energies down to threshold. As described in section 4.1.3 and fig.
4.13, this efficiency was checked with two methods: the same cut was applied to
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test pulses resulting in only one out of 1032 being discarded at 580 eV; the same
procedure was also applied to the calibration measurement where only 0.22% of
all events were discarded. The lower histogram of fig. 4.42 shows the final result
after applying both cuts. Also reverting the sequence of the cuts, the coincidence
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Figure 4.42: Run 16: detector nr. VIII (readout channel 4) energy spectrum. The
upper histogram shows the raw data, the middle histograms results after removing
events in coincidence with channel 1 (see text) and the lower histogram is the final
energy spectrum obtained after applying the pulse shape cut.
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Figure 4.43: On the left side the final energy spectrum in 200 eV bins of the Dark
Matter run is shown. The solid curve is an empirical fit to the experimental spectrum
used to set Dark Matter limits (see 4.3). On the right side the behaviour of the count-
rate in the region between 20 and 120 keV is shown.
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cut again removes about 17% of the events with proper pulse shape. Having only
one out of six faces facing the other crystal this result is consistent with all events
being background.

The final spectrum is again shown in fig. 4.43. In the energy range between
15 and 25 keV there are 0.73 £0.22 counts/kg/keV /day while around 100 keV the
measured rate is less than 0.3 counts/kg /keV/day. The fit of the peak already
present in Run 15, now corrected for the systematic introduced by the pulser
is placed at 5.9 keV. The measured rate is 7£1.2 counts per crystal per day as
in the previous run. Its position suggests the presence of a **Fe contamination
which emits Mn X-rays at 5.9 keV and no gamma. However as already in section
4.2.2 its resolution of 520+90 eV is about twice the FWHM of test pulses at the
same energy (fig.4.41) and, as will be shown in the next subsection, of a 6.4 keV
line from an internal calibration source.

4.2.4 Run 17: The Calibration run
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[ Ch1l
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sl T0mm
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Figure 4.44: Run 17: calibration run with a weak 57Co source placed inside the
cold box directly facing the crystals. As shown here the two detectors used for the
Dark Matter run remained unchanged in this set-up while the other two crystals where
removed. At their place a low activity ®’Co melted in a Pd foil and glued on a copper
holder was placed at a distance of about 410 mm as shown in this figure.

This run was dedicated to check the reliability of the calibration method at
low energies. A major effort was devoted to select a proper source characterised
by a weak activity (of the order of few counts per day) and 7 emission lines in
the low energy range. Such a source could not be implemented in the standard
position since the copper in-between would have shielded the lower energy +y
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decays. Therefore a low activity ®”Co was eventually selected and mounted inside
the cryostat directly facing the crystals as shown in fig. 4.44.

The set-up concerning readout channel 1 and 4 remained unchanged from the
Dark Matter run. The other two crystals were removed to place the source and
on readout channels 2 and 3 the square rooter output of the heater module was
monitored. The data consist of a ten hour run with an external 5"Co source
in standard position to calibrate conforming to the method used in the Dark
matter run, and of about 50 hours recording time after removing the external
source. After about 38 hours in which the pulse height response to test pulses
of the same injected voltage amplitude on channel 4 was exactly the same as
during calibration, the detector experienced a drift of the operating point. This
is shown in fig 4.45 where the left plot shows the measured pulse height of test
pulses during the recording time with the external calibration source and the
right plot show the measured pulse height over time after the external source has
been removed. The injected voltage amplitude is the same for the whole period,
but in the last 22 hours the pulse height changes.
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Figure 4.45: Measured pulse height as a function of time during the ten hour calibra-
tion run (upper figure), during the first 38 h measuring time (lower left plot) and in
the last 22 h measuring time after a gain jump occurred (right lower figure). As can
be seen here the measured pulse height for the same injected voltage amplitudes is the
same in the first two figures while it changes in the last one.

The analysis was done separately for the two mentioned periods. Since in Run
16 the analysed measuring time was at the same operating point as during its
calibration, the first period was used to study the systematic of the calibration
method as applied in the Dark Matter run. The second period was then studied
to investigate the influence of such jumps in the gain on the calibration.

As previously described each test pulse was fitted with a separate template for
each amplitude, while background pulses were fitted with a linearised template
averaged from events contributing to the 122 keV peak from the external source.
The correction implemented for the pulser non linearity monitored during the
whole acquiring period is shown in fig. 4.46.
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Ch4 Energy correction
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Figure 4.46: Energy correction in keV for channel 4 in the first 38 h (on the left) and
after the gain jump (on the right).

After performing the whole calibration procedure the distribution of test
pulses in terms of equivalent gamma energy is plotted over time in fig. 4.47.
In plot 4.48 the response function for the first 38h is shown.
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Figure 4.47: Test pulses in terms of equivalent gamma energy as function of time in
the two recording periods (see text).

As introduced in section 4.1.1 fig. 4.2, besides the 122 and 136 keV ~ lines,
the >"Co emits 14.4 keV « and 6.4 keV Fe X-rays. These last two lines gave rise
to the peaks shown in fig. 4.49 and the result of the fit for the first 38 hours is
given in table 4.4.

As a result the calibration procedure puts the 14.4 and the 6.4 keV lines 5.3%
and 5.4% too high (table 4.4). The energy resolution for the 6.4 KeV peak is
AE = 200 £+ 50 eV (FWHM) in agreement with the energy resolution of the
heater pulses.

Dark Matter limits are mostly affected by the lower energies. However, since
energies are shifted to higher values this error puts CRESST limits on the conser-
vative side. As shown in table 4.5 this effect is more severe in case of an abrupt
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Figure 4.48: Ch 4 response function.
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Figure 4.49: Fit of the measured energy of the 6.4 keV X-ray and 14.4 keV + lines
from the internal ®”Co source. The detector was calibrated with the same procedure
as in the Dark Matter run.

Table 4.4: First 38.17 h period. This file has been calibrated fitting each test-pulse
amplitude to its averaged standard event and it has been corrected for pulser non-
linearities. The 122 keV peak results to be at 122.6+£0.33keV

Fit results for 6.4 keV peak: Fit results for 14.4 keV peak:
6.74 — 0.05 + 0.07 (90%C.L.) 15.25 — 0.09 4+ 0.09 (90%C.L.)
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Table 4.5: Period from 38.17 h to 60.16 h. The 122 keV peak results to be at
121.4740.37keV

Fit results for 6.4 keV peak: Fit results for 14.4 keV peak:
7.04 —0.25 4+ 0.21 (90%C.L.) 15.76 —0.08 4+0.08 (90%C.L.)

gain jump as it occurred in this case. The result for this measurement period is
compatible within errors with the previous one.

4.3 CRESST Phase I Dark Matter limits
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Figure 4.50: Comparison between CRESST Phase I measured spectrum and that ex-
pected for nuclear recoils caused by elastic WIMP scattering. The theoretical spectrum
shown here is a 5 GeV WIMP spectrum excluded at 90% confidence level.

CRESST Phase I upper limits for the WIMP scattering cross section as a
function of a WIMP mass have been obtained by comparing the measured 1.51
kg days spectrum of Run 16 (figure 4.43) with a theoretical event rate. The
overview of the method applied to obtain CRESST Phase I results is given in
Chap. 1.3.6. In figure 4.50 the measured energy spectrum is compared with a 5
GeV WIMP spectrum excluded at 90% confidence level.

The details for the calculation of the expected WIMP scattering recoil spec-
trum are given in [Ang02b] where an isothermal WIMP halo model (see section
1.3) has been assumed using a truncated Maxwell velocity distribution. As in-
troduced in Chap. 1.3.6 this spectrum was convoluted with the experimental

resolution. An energy dependent resolution formula which interpolates between
the measured values at 6 keV and 122 keV AE = /(0.519keV)? + (0.0408E)>
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Figure 4.51: Equivalent WIMP-proton cross section limits for a spin-dependent in-
teraction as a function of the WIMP mass. The parameters above the indicated lines
are excluded at 90% C.L. CRESST limits are extracted from the 1.51 kg day measured
spectrum discussed in section 4.2.3. For comparison also limits from EDELWEISS dark
matter search using cryogenic sapphire detectors, from the LiF cryogenic experiment at
the Nokogiriyama site, and from DAMA and UKDMC using Nal detectors (see Chap.
1.4) are shown [Ang02b].

has been used. The recoil spectrum was convoluted with a Gaussian with that
FWHM and a quenching factor equal to 1 was assumed.

The Monte Carlo method described in Chap. 1.3.6 using the empirical fit
of the data shown in fig. 4.43 has been applied giving the result shown in fig.
1.4. To compare the results to those of experiments using other target nuclei
the resulting WIMP-nucleus cross sections have been converted in WIMP-proton
cross sections.

In fig. 4.51 the obtained 90% C.L. upper limits on the oy (see section 1.3)
for spin-dependent WIMP interaction on Al are shown. In this plot equivalent
WIMP-proton cross section limits at 90% C.L. as a function of the WIMP mass
for the spin dependent case are compared with limits of EDELWEISS, DAMA and
UKDMC (see section 1.4) results. As can be observed CRESST limits improve
existing results for low-mass WIMPs. In fact the very low energy threshold of
600 eV achieved in the Dark Matter enabled us to explore WIMP cross section
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for mass range down to 1 GeV.
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Figure 4.52: Equivalent WIMP-proton cross section limits at 90% C.L. for a spin-
independent interaction as a function of the WIMP mass. For a comparison For a
comparison limits from EDELWEISS using Ge detector with heat and ionisation active
discrimination technique and from CDMS cryogenic detectors are shown. CDMS limits
are obtained applying a statistical subtraction of the neutron background. DAMA
exclusion limits with Nal are also shown and the closed contour indicates the DAMA
positive evidence at 3o C.L. from the annual modulation data.

While for the spin-dependent interaction the only contribution comes from
27 Al nuclei which have spin 5/2 and 100% isotopic abundance (see section 3.3),
for the spin independent interaction both Al and O nuclei contribute. Due to the
A? dependence of the cross section (section 1.3.2) the spin-independent channel is
not favoured in case of a target with light nuclei as sapphire. However, as shown
in fig. 4.52, CRESST Phase I is improving current best limits for WIMP masses
below 5 GeV.



Chapter 5

CRESST phase 1I: first
measurements

The main goal of CRESST Phase II is to actively discriminate electron recoils
caused by ionising radiation, from nuclear recoils caused by neutrons and WIMP
interactions and to provide improved sensitivity for high mass WIMPs. This can
be achieved with the simultaneous measurement of the phonon and scintillation
light signal using a scintillator with high mass target nuclei as absorber. As
described in Chapter 3.3 a first 6 g proof-of principle detector using a CaWO,
scintillating crystal and a small sapphire cryogenic detector to detect the emitted
light, showed a rejection for electron recoils of better than 99.7% above 15 keV.
A 300 g scintillating calorimeter has been developed for the second Phase of
CRESST (see [Fra02]) and is currently operating in the Gran Sasso set-up.

In this Chapter an overview of the first measurements carried out at Gran
Sasso is given. In particular a run where two sapphire detectors and a Phase
IT detector module were implemented is discussed. The sapphire detectors were
used to check the radioactive background level after the move of the experiment
to Hall A.

5.1 First Gran Sasso measurements and results

As mentioned in section 3.3 less than 2% of the energy deposited in the scintil-
lating absorber is converted into light. Therefore the main challenge in scaling
up to a 300 g detector module was the optimisation of the light collection and
detection. For this purpose a very sensitive light detector had to be developed.
Different types of detectors were investigated, finally achieving best results using
a silicon substrate and a new thermometer design with phonon collectors. Fur-
thermore a new holder with highly reflective inner surface shown in fig. 3.5 was
developed to minimise light losses [Fra02].

For the phonon channel, the scintillating properties at low temperatures of

99



100 CHAPTER 5. CRESST PHASE II: FIRST MEASUREMENTS

crystals from different suppliers are under study [Don]. Another major concern is
their radio purity. As mentioned in chapter 2 gamma spectroscopy is not always
helpful for selecting the crystals since it does not provide any information about
alpha decays and, due to the high Z of the crystal, gammas below ~100 keV,
if present, are self absorbed in the crystal. Therefore only a direct test in the
CRESST set-up allows a complete identification of the contaminations present in
the crystal as will be discussed for Run 20.

5.1.1 Run 18

A first Phase II module was implemented in the Gran Sasso set-up before CRESST
shut down for the move. Due to the short time scale a first yet unoptimised pair
of detectors was used.

A CaWO, from a Hungarian supplier with a 8 x 9 mm tungsten thermome-
ter directly evaporated onto its surface was used as absorber. The geometry and
bonding scheme were the same as for the sapphire thermometers (see fig. 4.37).
As mentioned in section 3.3, tungsten thermometers directly contacting the crys-
tal showed a transition temperature of ~ 40 mK. This implied a few drawbacks:
the achieved threshold was rather high (about 10 keV) and the different operating
temperature needed for the light detector (~ 12 mK) and the CaWO, detector
rendered the stabilisation of the module more difficult. On the other hand the
dynamic range was rather linear and wide, ranging from threshold up to about 3
MeV as shown in fig. 5.1.
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Figure 5.1: Run 18: CaWOy response function. The calibration has been performed
using the 1.1 MeV gamma line from a %°Co source together with the injection of test
pulses. However, since the shape of test pulses is rather different from that of particle
pulses (see text) the extrapolation of the calibration is unreliable.
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Figure 5.2: Dependence on the non-thermal component versus energy of the test pulses
compared to particle events. For increasing energies the non thermal contribution to
the heater pulses drops down while for particle pulses it remains constant.

The calibration of this detector was performed with the procedure described
for the sapphire detectors. To calibrate the detector also at higher energies, the
1.1 MeV gamma line from a ®°Co source was used instead of the 5"Co emission
lines. The injection of high energetic heater pulses to cover this wide energy range
resulted in a pulse shape rather different from the particle pulses. It was observed
that the higher the injected energy, the lower the fraction of the non-thermal to
thermal component was. This is shown in figure 5.2.  The heater injects the
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Figure 5.3: Run 18: the solid line represents the fit of a particle event of 1.1 MeV
(left plot) and of a test pulse of the corresponding energy (right plot). The pulse
shapes are substantially different, thus spoiling the extrapolation method of the energy
calibration. The dashed dotted curve represent the thermal contribution to the signal
and the dotted line the non thermal component which results to be much smaller for
test pulses compared to particle events.
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Figure 5.4: Run 18: bonding scheme of the light detector. The dotted lines indicate
the gold bonding wires and the solid ones aluminium. The two squares on the bottom
left are Copper Kapton isolated pads on the holder for the SQUID readout current
and the two on the right serve for the heater. The two pads on both ends of the
thermometer are of gold.

energy almost point-like in the centre of the film, whereas the energy input from
non thermal phonons is uniform. The thermal coupling of the film is highly non
linear since the power P o< (T3,.irons — Tphonons)s Where T is the temperature. The
hot region of the W film near the injection point couples stronger to the substrate
and thus the larger is the fraction of phonons transmitted into the absorber.

In fig 5.3 the fit of the non-thermal and thermal component is shown for a
particle pulse (left plot) from the 1.1 MeV ®Co gamma line and for a test pulse
(right plot) of the same energy. The test pulse shape then changes with increasing
energy and differs substantially from the shape of particle events, thus spoiling
the extrapolation of the energy calibration.

For the light detector the detector used for the proof-of principle measurement
was implemented. It consisted of a sapphire substrate of 10x20 x 0.5 mm? coated
on one 10x20 surface with silicon to improve the light absorption. Two small Al
pads were added to the original design for the heater connections. The bonding
scheme is shown in fig. 5.4. The pads on both ends of the thermometer are
of gold and the two small pads for the heater are of aluminium. The dotted

-1 5 0 5 0 15 P 2% E)

Time [ms]

Figure 5.5: Light detector pulse corresponding to a 1.1 MeV signal on the scintillator.
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lines indicate Au bonding wires while the solid ones represent Al wires. The
dimensions of this thermometer were 1 X 1.5 mm. The sapphire substrate was
resting on three sapphire balls and was held by two teflon springs from the top.
At the contact point between the teflon and the substrate a sapphire ball was
placed.

The base line of this detector showed large oscillations (see fig. 5.5) probably
due to vibrations of the too long bonding wires needed to connect the thermome-
ter to the pads on the holder. This prevented any calibration of the detector
and provided no useful information in the energy region relevant to Dark Matter.
Nevertheless the information about the pulse height already showed the discrim-
ination potential of such a module. In fig. 5.6 an alpha contamination present in
the crystal is clearly separated from the gamma band from the calibration source.
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Pulse height [V]
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Figure 5.6: Run 18: scatter plot of a 2.5 h calibration measurement. On the x-axis
is the pulse height of the phonon channel and on the y-axis is the pulse height on the
light detector. The alpha population is clearly separated from the upper band from
gamma and beta interactions. The two denser spots on the upper band are due to the
1.1 and 1.3 MeV gamma lines of the 5°Co source.

Another problem which showed up in this first run was the too high amount of
teflon used for the holder. It needed a very long time to properly cool-down and
even after running the detectors for several days, the measurement was disturbed
from heat releases coming from the holder. For the subsequent runs the holder
was completely redesigned using copper as housing as shown in fig. 3.5 and teflon
only as tips (and no more sapphire balls) to tightly keep the crystal inside the
holder [Fra02].
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5.1.2 Run 19

In this run a different CaWO, crystal from the same Hungarian provider was
tested. An Ir/Au thermometer was used for the phonon channel (see [Sta]). For
the light channel a 30x30 x 0.5 mm? silicon light detector with a 1x1.5 mm?
tungsten standard thermometer was used. The Ir/Au thermometer showed a
transition at around 20 mK. Unfortunately the thermometer was not perfectly
sticking to the crystal and probably this was the main reason for the small signal
to noise ratio. Therefore this detector was useless below about 500 keV. On
the other hand again it showed a very linear and even wider dynamic range
compared to the previous run. This is shown in fig. 5.7. A %°Co source was used
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Figure 5.7: Run 19: response function of the CaWQO, detector with an Ir/Au ther-
mometer. The dynamic range is very wide. However the thermometer was not opti-
mally sticking to the crystal giving rise to a rather low signal to noise ratio and to a
different pulse shape of test pulses from particle events. Therefore also in this run the
energy extrapolation is not reliable although test pulses were covering the whole range
up to 6 MeV as can be seen on this plot.

to calibrate the detector together with the injection of heater pulses covering the
range from 500 keV up to about 6 MeV. Again the pulse shape of test pulses was
rather different from particle pulses as discussed for the previous run. Due to the
high noise on the baseline a proper template from particle pulses could not be
constructed. Therefore pulses were averaged with the moving channel algorithm
to estimate their pulse height. The resulting calibration spectrum is shown on
the left plot of fig. 5.8. On the right plot the corresponding spectrum of the
light detector is shown. This detector has been analysed using the template fit
method. The resolution on the 1.1 and 1.3 MeV electron equivalent peaks is ~130
keV and the resolution on the baseline is ~6.5 keV.

A small cross talk between the heater current injected for the test pulses
and the bias current was present as shown in fig. 5.9. Since the bond stitch
is not really point like, the smaller the thermometer sizes are, the higher is the
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Figure 5.8: Fit of the calibration peaks from the ®*Co source on the phonon channel
(left plot) and of the corresponding peaks on the light detector (right plot). The 5°Co
peaks result at 1174.2 £+ 0.42 keV and 1333.8 4 0.39 keV with a FWHM of 46.5 keV
on the phonon channel and at 1184 £+ 3 keV and 1338 £ 3 keV on the light detector.
The resolution of this detector at these energies is 126.5 £ 9 keV.

possibility of such a cross talk. The read out current runs in fact from one Al
pad on the end of the thermometer to the other perpendicularly to the gold strip
placed in the middle. If the bond spot is not perfectly perpendicular a voltage
drop across the film can be created thus coupling the heater current into the
readout circuit.To increase the sensitivity of the light detector and eliminate such
problems a completely new thermometer geometry [Fra02, Pet] was developed as
will be discussed in the last section of this chapter.
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Figure 5.9: Light detector test pulse. In the insert the effect due to the cross talk is
blown up.

A 13.8 h measurement was performed without source. The scatter plot of the
coincident events on the phonon channel and on the light detector is shown in
figure 5.10. The light emission associated with an alpha interaction results to be
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Figure 5.10: Run 19: 13.8 h background measurement. On the x-axis the energy of
the phonon channel is plotted while on the y-axis the corresponding electron equivalent
energy of the light detector is given. The lower band groups events originating from
alpha interactions and the measured quenching factor is ~ 5.6.

quenched by a factor ~ 5.6. In particular an alpha contamination at an energy of
about 2.6 MeV is present with a count rate of ~ 15 counts/h. The fit of this peak
is shown fig. 5.11 on the left side. On the right side the same peak as measured
on the light detector is shown.

50
30
40
25
°o 20 v 30
c c
) )
S 15 S 20
10
c 10
0 ‘ 0 N[0
2400 2500 2600 2700 2800 200 400 400 800 1000
Energy [keV] Energy [keV e.e.]

Figure 5.11: Fit of the alpha peak on the phonon detector. The fitted position results
at 2580 £ 2 keV. On the right plot the corresponding peak resulting at ~470 electron
equivalent keV on the light detector is shown.

The origin of this contamination is yet unclear. It is present in all CaWO,
crystal measured so far, showing different count rates. This excludes any hy-
pothesis related to W isotopes. Run 18 in fact showed a count rate of about 30
counts/h for the same contamination. There are not many candidates that are
alpha unstable having such a low Q value. The most favourable candidates are
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naturally occurring isotopes, 4"Sm, ¥6Os and " Hf. The latter one has however
an isotopic abundance of only 0.16 % and an half life of 2 x 10'® y. Therefore
to produce a count rate of 30 counts/h a contamination of 0.22 g of this iso-
tope in the crystal and therefore a presence of 140 g of natural Hf is required!
The same applies for '¥¢Os which has 1.58 % isotopic abundance and an half life
of 2 x 10 y. The high amount of contaminants needed to be present in the
crystal to produce such a rate completely excludes these elements as candidates.
147Sm instead has an isotopic abundance of 15.0% and has shorter half life time,
t172 = 1.06 x 10'*, compared to the previous candidates. It results that 4.02x 10
atoms or 1.003 x107° g of “7Sm are needed in a crystal to produce a rate of 30
counts/h. This would translate in a contamination of 6.86 x107° g of natural
Sm in the crystal.

In table 5.1 a list of possible candidates is reported. However since these
isotopes are not naturally occurring (except 'Y"Sm), a convincing mechanism
for their production in the crystal should also be found to consider them as
candidates. Numerical simulations have shown that, among others, *6Gd would
be produced by cosmic activation on natural W [Ram00]. This isotope decays
via electron capture (EC) with a half life time of 48.3 days into '"®Eu, which
in turn decays again via EC with 4.6 d half life time into **Sm which is alpha
unstable and has a Q-vaule of 2529 KeV. This short chain ends in the stable
isotope *2Nd.The observed count rate is in any case too high to attribute the
origin of such a contamination to cosmic activation. Since the uncertainty on
the energy calibration at higher energies is rather high, ¥"Sm remains the best
candidate so far.

Table 5.1: Candidates for the alpha contamination of energy from 2 MeV to 3 MeV.
The assumed count-rate for these calculations is 30 counts/h. In case the contamination
is internal, CRESST detectors would measure the whole decay energy, i.e. the Q-value.
In case of superficial contamination a double structure corresponding to the energy
carried by the alpha and to the Q-value is to be expected [Ale97]. Half life times and
energies have been taken from reference [LBN].

Isotope Half life Eapha Q-value Contamination Contamination
y] [keV]  [keV] [n. of atoms] g]

147Gm 1.06x10" 2233 2310 4.018x10'6 1.003x107°
(6.86 x 10 of
natural Sm)

154Dy 3% 109 2872 2947  1.13x10'2 3% 1010

150Gqd 1.79x10% 2726 2809 6.78x 10" 1.77x10~10

146Qm  1.03x10% 2455 2529 3.905x10"3 9.75x107°
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5.1.3 Run 20

In this run a Phase II detector module together with the two sapphire detectors
described in Chap. 4 for the Dark Matter run were implemented. The energy
spectra of the two sapphire detectors were analysed in order to check any change
in the radioactive background level by comparing them to the background mea-
surements obtained for the first Phase of CRESST. This will be discussed at the
end of this subsection.

For the Phase II detector module the same light detector used in run 19 to-
gether with a new CaWO, crystal from an Ukrainian supplier were employed.
A 0.3 pm buffer layer of SiOy was evaporated on the crystal below the tungsten
film lowering the transition temperature to ~15 mK. The dimensions of the ther-
mometer were reduced to 4x6 mm. The low T is expected to decrease the heat
capacity and thus achieve a lower threshold. The film geometry was standard
but the two Al pads evaporated at the side of the gold strip which are usually
serving as heater contact pads came off while bonding at Gran Sasso. Therefore
the alternative bonding scheme shown in fig. 5.12 had to be used. The gold wire
was bonded from the heater copper pad on the holder to the gold strip in the
middle of the thermometer and then directly to the holder. The other heater
copper pad used to connect the superconducting wires to inject the current was
grounded. As already mentioned, any misalignment between the gold strip and
the bond stitch can give rise to a cross talk between the heater current and the
bias current and this risk is increased with this kind of bonding scheme.

W

w Groundﬁ

Figure 5.12: Run 20: bonding scheme for the thermometer on the CaWO, crystal.
From the heater pad on the holder the gold wire is bonded to the gold strip and then
directly to the copper holder. The other heater pad on the holder is grounded as well.

?

The detector was operated with 3 pA bias current and the corresponding
transition curve is shown in fig. 5.13. The transition was highly non-linear and
the operating point was chosen on the upper part of curve as indicated by the



5.1. FIRST GRAN SASSO MEASUREMENTS AND RESULTS 109

(range x 100)

SQUID output [V]

PID oufput [V]

Figure 5.13: Phonon channel transition curve. The detector was operated with 3 puA
bias current and the operating point was chosen in the upper part of the transition as
indicated by the arrow.

arrow on the plot. With this thermometer the problem with the test pulse shape
disappeared, and the fraction of the non thermal component was constant in the
whole range as shown in fig. 5.14. However the dynamic range extended only
to about 0.25 V measured pulse height, corresponding to about 600 keV. This is
shown in fig. 5.15. All alpha events saturate, therefore a new analysis method
exploiting the time duration of the pulse was developed. A template is averaged
from pulses in the low energy region (in this case from the >’Co peak) where the
detector still is in the linear regime, i.e. until the root mean square deviation of
the measured pulses from the fitted template does not start to rise with energy. As
an example the logarithm of the RMS deviation of the pulses from the template
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Figure 5.14: Dependence of the non thermal component versus energy for the heater
pulses in the phonon channel. The non thermal fraction remains constant for the whole
dynamic range and equal to the value fitted for particle pulses.
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Figure 5.15: Run 20: 5" Co calibration measurement: measured pulse height spectrum
of the phonon channel. Above 0.25 V all events are saturated. At around 0.05 V the
122 keV and 136 keV peaks from the source are visible. The higher peak at their left
is the 46 keV gamma peak from a 2!Pb contamination present in the crystal.

for the calibration measurement of run 20 is shown in fig. 5.16. Above 0.06 V the
value of the deviation is changing. Due to the non linear response the pulse shape
deviates from the template shape, resulting in an increase of the RMS value with
energy. For all measured pulses below this point, the fitting procedure is standard.
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Figure 5.16: Logarithm of the RMS value of the data from the template fit over pulse
height. The structure at 0.02 V is 46 keV peak from the internal ?'°Pb contamination,
while the other two are the °’Co emission lines. Above 0.06 V the detector non-
linearities result in a pulse shape change and thus a change in the RMS value.
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Figure 5.17: Fit of the CaWO, events with a template obtained averaging pulses from
the 122 keV peak. The fit is truncated at 0.2 Volts. For pulses of amplitude below this
value the fit procedure is standard (left plot). For pulses with amplitude exceeding this
value, the higher part of the pulse shape is distorted due to saturation. Therefore the
fit is truncated and the amplitude of the pulse is reconstructed from the template.

For all the pulses whose measured pulses height exceeds the chosen value, the fit
is truncated at the chosen value as shown in fig. 5.17 and the upper part of the
pulse is reconstructed from the template. This procedure gave very promising
results as will be shown in section 5.2. To apply this method a longer time window
which includes the decay of saturated signals needs to be recorded. Unfortunately
this crystal showed a very high count rate due to contamination from the natural
chains (see below) which caused pile-up problems. Therefore the longer the time
window, the more severe was this problem. Eventually a record length of 2048
channels and a time base of 40 us was chosen. Part of the needed information
from the decay time was missing as can be seen in fig. 5.18. The fit was truncated
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Figure 5.18: In this figure two examples of high energy events are shown. The higher
the energy, the longer the time the pulse spends in the saturation region. Therefore,
if the recorded time window is not large enough, the necessary information is missing
and the fit procedure fails as happens in the example on the right.
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Figure 5.19: Run 20 calibration measurement shown also in fig. 5.15. Here the
pulse height of the saturated pulses has been reconstructed with the truncated fit
procedure. The structure at around 1.7 Volts originates from alpha contaminations
from the natural radioactive chain of 238U.

as high as possible, i.e. at 0.2 V just below the saturation region, however the
incompleteness of information significantly worsens the energy resolution. The
pulse height spectrum reconstructed with this procedure is shown in fig. 5.19.
Another problem in applying this method to analyse this run was that the test
pulses were injected only within the dynamic range and not in the saturation
region. Therefore no real check of this procedure could be performed in this run.
Furthermore the energy calibration was performed with a 5"Co source and due
to absence of test pulses above 600 keV, the only way to extrapolate the energy
calibration was to make a linear fit of the detector response as shown in fig. 5.20.
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Figure 5.20: Run 20: energy versus measured pulse height. Since the test pulses are
injected up to only 600 keV the extrapolation of the calibration could be performed
only with a linear interpolation.
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Figure 5.21: Run 20: CaWO, measured energy spectrum. A contamination of about
1.2 Bq/kg of 2!°Pb is present inside the crystal (see text).

The energy spectrum obtained with a 59.12 h live time measurement is shown
in fig. 5.21 in logarithmic scale. The crystal shows an overall count-rate of almost
1 Hz above 10 keV, of which about 0.25 Hz are due to alpha contaminations and
~(0.7 Hz arise from gamma and beta interactions. The spectrum is dominated
by 2'9Pb decay features. This isotope beta decays to 2'°Bi with a Q-value of 63
keV. The beta spectrum has an end point at 17 keV with 84% B.R. and at 63
keV with 16 % B.R. Therefore the decay is accompanied by a 46 keV gamma
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Figure 5.22: Run 20: 2'°Pb characteristic peak measured on the CaWQ,4. The 46
keV gamma emission line is broadened to the right side by the 17 keV end point beta
spectrum.
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emission, which in the spectrum results to be broadened on the right hand side
by the 17 keV beta spectrum as shown in fig. 5.22. The count-rate in this peak
is of about 0.28 Hz. ?!°Bi is a pure beta emitter with the Q-value of 1.17 MeV.
This beta spectrum can be observed in fig. 5.21 and again the count-rate from
about 70 keV to 1.2 MeV is ~ 0.3 Hz. At its right another beta spectrum is
visible. This is probably due to the beta decay of 23*(™ Pa (also from 2**U chain)
whose spectrum has an end point at 2.27 MeV with 98 % B.R.. The presence of
this contaminant was found also on anther CaWQ, crystal produced by the same
company as shown in the last table of the appendix. At about 2 MeV again the
17Sm alpha peak is present but in lower amount showing only 0.4 counts/h. The
energies of the alpha peak are misplaced as mentioned above. ?'°Pb beta decays
to 2'9Bi which in turn alpha decays with 100% B.R. into 2°°Pb with a Q-value
of 5.4 MeV. Therefore it is reasonable to expect that the most intense peak on
the spectrum is associated to this decay. The alpha energies are thus misplaced
by about 800 keV towards lower energies. Taking this peak as reference point,
the other two peaks at its left are due to the 4.27 MeV alpha decay energy of
238U and the 4.8 MeV from Th230+Ra226 alpha decays, in agreement with the
presence of 4™ Pa,

Indeed assuming that the lowest peak is due to the *"Sm alpha decay at 2.3
MeV and calibrating the spectrum from this line, the highest peak results at 5.4
MeV and the most resolved peak at its left results at 4.27 MeV, corresponding to
the Q-value of 238U decay. This is shown in fig. 5.23 and is a first confirmation
of ""Sm being the contaminant.
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Figure 5.23: Same spectrum as shown in the previous figure, now calibrated from the
2.3 MeV alpha peak ( corresponding to the Q value of 1*”Sm alpha decay). The highest
peak results at 5.416+ 0.46 MeV as expected (see text) and the peak on the left results
at 4.264 £ 0.5 MeV which corresponds to the Q value of ?33U. This is a first verification
of the hypothesis of the presence of 7Sm.

Finally the scatter plot of this measurement is shown in fig. 5.24. Due to the
substantial pile-up several cuts on the rise time, decay time and on the baseline
difference before and after the pulse have been applied. The events lying between
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the electron recoil band and the alpha band are due to misplaced saturated pulses
due to the lack of information about their decay time.
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Figure 5.24: Run 20: scatterplot of the 59.12 h measurement shown in the previous
pictures. Due to a substantial pile up and to the too short time window of the recorded

pulses, the spectrum reconstructed using the procedure of truncating the fit (see text)
has a bad energy resolution which causes an enlargement of the alpha band.

Sapphire results

Figure 5.25: Run 20: set-up. The two cubes represent the two sapphire detectors.
They are both directly facing the Phase 1T module.

The purpose of this measurement with the sapphire detectors was to monitor
the radioactive background of the cold box after disassembling and reassembling
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the whole set-up for the move. However, due to the strong contamination on
the CaWOQy crystal, a direct comparison with the background level measured for
Phase I is difficult. The two crystal were lying adjacent both facing the Phase 11
module as shown in fig. 5.25. Crystal V described in table 4.2.2 was connected
to the read-out channel 3 and crystal VIII (table 4.2.3) was connected to channel
4. The first showed 100% triggering efficiency at 1 keV as shown in fig. 4.9 and
the latter at 3.5 keV. The observed count rate after removing all true coincident
events (see 4.15) and applying a PSD cut is reported in table 5.1.3 and compared
with run 15 and 16 results. In the energy interval from 15 to 25 keV the count

Run 15 Runl6 Run 20

Crystal number: V (chl) | VIII (ch4) V (ch3) VIII (ch4)

kg days: 14.92 1.51 1.31 1.31
Energy interval rate

keV counts/kg/keV /day

5to 10| 9.23 £0.35 | 7.82 £ 1.02 | 10.64 £+ 1.27 | 11.43 £ 1.32

10to 20 || 1.94 £0.11 | 1.72 £ 0.34 | 3.95 £ 0.54 | 2.06 £ 0.40

15t0 25| 1.41 £ 0.09 | 0.73 £0.22 | 3.11 £ 048 | 1.29 + 0.31

20 to 50 || 0.83 £0.04 | 0.48 £ 0.10 | 1.85 £ 0.21 | 1.34 £ 0.18

50 to 100 || 0.39 £ 0.02 | 0.38 +£ 0.07 | 1.11 £ 0.13 | 0.88 £ 0.12

90 to 130 || 0.40 £ 0.02 | 0.21 £ 0.06 | 0.87 £ 0.13 | 0.59 +0.10

Table 5.2: In this table the background count-rate in counts/kg/keV/day is compared
for two different crystals before and after the move. As described in Chapter 4 crystal
VIII was rotated in its holder (run 16) such that the teflon tips did not contact the
points were microcracks had been observed, while this was not the case for crystal V
in run 15. Therefore the crystals have been reused in the same conditions in order to
provide a comparison as direct as possible. From 15 to 25 keV the count rate after the
move a factor of 2 higher than for Phase I for both crystals. Crystal V shows a higher
count rate than crystal VIII both before and after the move.

rate is a factor of 2 higher than for Phase I on both crystals. Below 10 keV
the rate is similar, but always higher that in Phase I. Both detectors again show
the 5.9 keV structure with the same count rate (about 7 counts/crystal/day) as
before the move. This is shown in fig. 5.26. Both detectors have been calibrated
with the procedure described in Chap. 4 but the test pulses were not monitored.
Therefore the correction for pulser non linearities is not included and the peaks
are shifted to higher energy as in run 15.
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Figure 5.26: Fit of 5.9 keV line already observed in all the runs of Phase I using
sapphire detectors. Again the measured count-rate is of about 7 counts/ crystal/ day
as before the move.

5.2 Status

Light detector: substantial effort has been devoted to realise a more sensitive
light detector [Fra02]. To increase the sensitivity, the heat capacity has been
reduced while the collecting area of the thermometer has been kept constant us-
ing superconducting phonon collectors while reducing the area of the tungsten
thermometer. These phonon collectors absorb the non-thermal phonon without
contributing to the heat capacity of the thermometer. For phonon collectors with
dimensions below 1 mm the whole energy may be transmitted to the thermome-
ter with negligible losses [Loi99]. Therefore the thermometer design has been
optimised as sketched in fig. 5.27 [Fra02, Pet]. With such a small thermometer

Aluminium phonon collector:
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Figure 5.27: New light detector design [Pet]. The thermometer has been reduced
in size and provided with superconducting phonon collector. The gold strip serves as
heater and defines the coupling strength.
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size, also the heater geometry had to be changed. In case of very small films in
fact the gold bond wire needed for the heater and the thermal grounding would
dominate the heat capacity. Also the thermal coupling strength G is determined
by the bond wire and cannot be appropriately reduced. If the heat capacity is
reduced and G remains constant, the relaxation time is no more long enough to
integrate the energy flux of non-thermal phonons thus resulting in a loss of sen-
sitivity. Therefore the bond wires have been replaced by a an Au film heater as
shown in fig. 5.27, providing a smaller heat capacity defining at the same time a
weaker coupling strength [Fra02]. In fig. 5.28 the measured pulse height from the
“old” light detector is compared to the new one. The same Hungarian CaWOQO,
crystal has been used for these two measurements carried out in Gran Sasso. As
can be observed in the figure for the same measured amplitude on the phonon
channel (corresponding to about 60 keV) the signal on the new light detector is
about three times higher.
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Figure 5.28: Run 21 and 22: the same Hungarian CaWOy (crystal D) has been
mounted together with a light detector with the old design (left) and with the new one
(right).The darker line is the measured signal on the phonon channel corresponding
to about 60 keV energy deposition. On the right plot the signal on the light detector
associated to the same light output is about three times higher.

CaWQO,: concerning the scintillator, the light output at room temperature of
the different crystals has been measured [Don|. The best light output (comparable
to a Nal) was obtained with the Ukrainian crystal used in run 20, which had the
drawback of being highly contaminated with 2'°Pb. The Hungarian crystals, on
average more transparent and less contaminated than the Ukrainian ones, showed
at least a factor of two lower light output. The reasons for this behaviour are
under study. A set-up to investigate the scintillation properties of these crystals
at 4 K temperature is also in preparation.

Two different new crystals from the Hungarian provider have been measured
in the Gran Sasso set up and their radioactive background has been studied. In
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fig. 5.29 their alpha background spectrum in counts/day/kg/10keV is compared.
The plot on the left, from the crystal used in both run 21 and 22 with different
light detectors, shows a much lower contamination from the natural radioactive
chains. The spectrum from the second crystal, discussed below, is blown up in
fig. 5.30. To determine the pulse height the method using the truncated fit has
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Figure 5.29: Alpha spectrum of the Hungarian crystals D (left) and B (right). Crystal
B shows is contaminated with the natural chains of 233U and ?*2Th. This is shown in
detail in the next figure.

been applied on both detectors. The best energy resolution obtained so far is
about 13 keV at the 1.1 MeV peak from a %°Co source and about 17 keV at the
2.3 MeV alpha peak (crystal D on the figures).

On the Hungarian crystal B, alpha structures due to the 23*U and ?*?Th
natural chains are measured( see fig. 5.30). The contribution from the upper
part of the U chain above ?26Ra is rather small while a contamination of about 5
mBq/kg of ?°Ra has been identified. *°Ra has a half life of ¢,/ = 1620 y while
all the daughter nuclei until 2'°Pb have much shorter life times as illustrated on
the figure. Therefore they quickly reach an equilibrium state and thus decay
with the same rate as *Ra. *'°Pb instead has a half life time of ¢/, = 22 y.
Therefore the lower part of the chain below ?'°Pb is almost absent. The measured
quenching factor for the alpha contamination on this crystal is of 4.3 as shown
in fig. 5.31. However this depends strongly on the correctness of the energy
calibration. As discussed for the previous runs the energy extrapolation with
test pulses to such high energies has not yet converged to a reliable procedure.
Since there is no other convincing explanation rather than *"Sm for the alpha
contamination above 2 MeV, this peak has been used to calibrate both spectra.
As came out already in run 20, the consistency on the expected rate and position
of the identified peaks strongly favours this hypothesis.
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Figure 5.30: Run 22: Alpha spectrum of the Hungarian crystal B. Besides the presence
of the ?32Th and of the upper part of the 238U chains, a contamination of ??6Ra of
about 5mBq/kg has been identified. As sketched on the right of the figure ??°Ra has a
relatively long half life time. Therefore it quickly reaches (~days) an equilibrium state
with the daughter nuclei which then decay with the same rate of ??°Ra until 2!Pb.
This has instead a half life of 22 years. Therefore the 2!°Po peak is very small.
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Figure 5.31: Run 22: Ratio of phonon/light energy for the alpha band. The ratio of
phonon/light energy for the electron recoils is normalised to 1 and the light emission
due to alpha interaction results to be quenched by a factor of 4.3.

5.3 Next steps

So far due to technical problems or to unexpectedly high background rate no Dark
Matter data have been taken. A full characterisation of the detector behaviour,
prior to any Dark Matter consideration, is therefore still under study. However, in
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the current run 22 few days of measurement have been analysed with the discovery
of some events in the phonon channel with no associated light emission. These
are shown in fig. 5.32 and they have a rate of about 10 counts/kg/ day.
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Figure 5.32: Run 22: scatter plots of the measured spectra on crystal D (left) and
crystal B (right). A few events on the phonon channel resembling in shape particle
events but with no light emission associated have been identified. They show a count
rate of about 10 counts/kg/day. Their origin still has to be clarified. Since some
damages have been observed on the crystals, very likely they result from the formation
of damages in the crystal due to the mounting.

The nature of these events is yet unclear, but after the experience with the
sapphire detectors (see Chap.4.2.1) it is very likely that they are caused by the
holding system. In fact again some damage has been observed at the contact
points with the teflon tips, and a new design for these tips has been studied.
These will be implemented in the next run. In parallel, new crystal providers
have been contacted and a study on the radioactive contaminants on different
crystal powders used to grow them has been undertaken. Finally a calibration
with a source emitting high energy gammas such as the 2.6 MeV line from 232Th
is planned to thoroughly study the radioactive background and a calibration
procedure which allows the extrapolation to the alpha region. Though these
energies are not in the region of interest for Dark Matter a complete identification
of the radioactive background can be very helpful for developing methods to
reduce it.
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Chapter 6

Conclusions and Perspectives

6.1 Conclusions

In this work the suitability and the high potential of CRESST in the Dark Matter
direct detection have been demonstrated. CRESST Phase I used 262 g sapphire
crystals as a target medium and the goals of a low background, long-term sta-
ble cryogenic operation, low energy threshold and thus good sensitivity for low
mass WIMPs were fully achieved. In a measurement lasting about three months
and acquiring ~ 15 kg days of data a low radioactive background was achieved
and the long term stability of operation of CRESST detectors was demonstrated.
In this run two detectors were working, showing a background of 1.94 + 0.11
counts/kg/keV/day in the energy interval from 10 to 20 keV and dropping be-
low 1 between 25 to 50 keV and below 0.4 above 50 keV. One detector revealed
a 219Pb surface contamination. A structure around 103 keV, corresponding to
the energy of the nuclear recoil of 2°Pb daughter nucleus following the 2'°Pb o
decay, was found. This would translate in a direct measure of a quenching factor
equal to 1 in the specific case of sapphire. The low statistics of this measurement
however did not allow a strong conclusion. A systematic error in the energy ex-
trapolation procedure due to pulser non-linearities was also identified in this run
and a method to correct for these non-linearities was applied. The reliability of
the monitoring and the calibration procedure were then investigated with a ded-
icated run. A low activity *’Co source was mounted inside the cryostat directly
facing the crystals . The 14.4 v line and the 6.4 keV Fe X-ray line produced by
this source were fitted at 15.167509 and 6.70730 keV respectively, with the fit
errors corresponding to 90% C.L. This systematic shift to higher energies in the
threshold region puts CRESST Phase I Dark Matter limits on the conservative
side. In a very stable run of 1.51 kg days of data with a background level below 1
count/kg/keV/day above 20 keV and a very low energy threshold of 580 eV were
achieved. This run was used to set Phase I Dark Matter limits. The detector was
100% efficient above a software threshold of 600 eV. A pulse shape cut with a re-

123
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tention efficiency of 100% for good events at all energies was applied and events
in coincidence with an adjacent detector were removed. A coincidence rate of
17% was found. Considering that only two detectors were active in this run and
only one face out of six was facing the other crystal, this is consistent with all
events being background. The background level was below 1 count/kg/keV /day
above 20 keV, falling to about 0.3 at 100 keV. Sapphire detectors are especially
sensitive for low-mass WIMPs with spin dependent interaction and improve on
existing limits in this region.

First measurements with the CRESST Phase II detector module were per-
formed at the Gran Sasso set up and analysed. Despite many technical problems
faced during these first tests, the module showed high discrimination potentials
and alpha contaminations were clearly separated from the gamma interaction
band. A fit procedure which reconstructs the pulse height of saturated pulse
was investigated achieving an energy resolution of about 13 keV at the 1.1 MeV
peak from a %°Co source and about 17 keV at the 2.3 MeV alpha peak. The
radioactive background of the measured CaWO, crystals was studied, identifying
a 2'%Pb internal contamination of about 1.2 Bq/kg on the Ukrainian crystal and
a 2?°Ra contamination of about 5 mBq/kg on a Hungarian one. The radioactive
background level of the CRESST cold box after the move was also investigated
using two sapphire crystals. In the energy interval from 15 to 25 keV the count
rate resulted in a factor of 2 higher than for Phase T on both crystals.

6.2 Perspectives

So far due to technical problems or to an unexpectedly high count rate, no Dark
Matter data have been taken. For the near future several measurement with
different crystals will be performed until the module behaviour will be fully un-
derstood and a Dark Matter run will be performed.

An upgrade of the experimental set-up from 4 to 66 readout channels is then
planned for next year. The number of running modules will be increased up to
33 modules for a total mass of 10 kg. All modules will fit in the present cold box
without need of modifying the cryostat. The projected sensitivity of CRESST
Phase II for a 10 Kg CaWO, detector and 3 years of measurement is shown in
fig. 6.1.

The results discussed in this thesis showed the reliability and stability of
operation of CRESST over long periods of time and the first results obtained
with the Phase IT detector module showed the high potential of the 300 g module.
Therefore exciting physics results can be expected in the coming years.
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Figure 6.1: WIMP-nucleus cross section limits (90% CL) for coherent interactions as
a function of the WIMP mass. CRESST II limit represents the projection expected for
a background level of 1 count/keV /kg/day, a rejection efficiency of 99.7% above 15 keV
and 30 kg years of measurement. For a comparison the DAMA (with the contour for
positive evidence) and the most recent CDMS, ZEPLIN and EDELWEISS results (see
Chap.1) are shown. The projection for CDMS in the Soudan mine is also drawn. As

shown in this figure, the expected sensitivity of CRESST Phase II covers a significant
part of the MSSM parameter space.
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Appendix A

Sample measurements with -y
spectroscopy

Table A.1: Sample: Sapphire crystal 4 x 4 x 4.1 cm?

Date of measurement: October 1998
Measurement live time: 617.60 h

Sample Mass: 262 g
Decay Chain | Energy | Element | Activity or
upper limit at 95% C.L [mBq/kg]
232Th 2614.47 | 28TI <4.8
- 1460.75 | ** K <46.7
- 661.60 | B37Cs <2.3
609.31 :
238 214
U lireaso | B[ <3
1173.21 | 4
] 133247 ° | <13
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Table A.2: Sample: CaWOQ, crystal
Date of measurement: February 1999
Measurement live time: 303.4 h

Sample Mass: 304.799 g
Decay Chain | Energy | Element | Activity or
upper limit at 95% C.L [mBq/kg]
583.14 | 28Tl
232
Th 011.20 | 2Ac | <7
- 1460.75 | 9 K <41.5
351.99
28U 609.31 | 21Bi < 9.9
1764.50
1173.21 | 4
) 133247 0| <t

Table A.3: Sample: 5 CaWOQ, substrate crystal , (20 x 10 x 5) mm?® each
Date of measurement: February 2001
Measurement live time: 572.914 h
Sample Mass: 30.5 g

Element or Decay Chain | Activity or
upper limit at 95% C.L [mBq/kg]
232Th <14.7
BU < 13.5
40 K 213 +90
50Co <73
137Cs <9.2




Table A.4: Sample: material for butyl o-ring

Sample: material for butyl o-ring

Date of measurement: February 2001
Measurement live time: 475.917 h

Sample Mass: 2.3 g

Element or Decay Chain | Activity or
upper limit at 95% C.L [mBq/kg]

232Th 149 +35

88U 362 +£41

25U <73

0K (3.4 £0.6) Bq/kg

%0Co <72

137Cs 140450

Table A.5: Sample: commercial Aluminum foil

129

Date of measurement: February 2001
Measurement live time: 475.871 h
Sample Mass: 42.2 g

Decay Chain Element | Activity or
upper limit at 95% C.L [mBq/kg]
228
222Th NOT in equilibrium 228?{1 ;giillﬁl
226
23U NOT in equilibrium 2345§a (225'10 3) Bq/ke
257 191+3
- 0K < 85
- %0Co <44
- 137Cs 9.94+3.7
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Table A.6: Sample: 3M reflective foil for CaWo, detector module
Date of measurement: January 2002
Measurement live time: 774.118 h
Sample Mass: 52 g

Decay Chain | Element | Activity or
upper limit at 95% C.L [mBq/kg]
232Th <11
234Th <104
238U 234mPa <266
226Ra, <8
23577 <7
- 0K 76+34
- 0Co <5
- 1705 442
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Table A.7: Sample: adhesive foil used to cover lead shield to prevent dust from

contaminating the inner copper shielding; new brand

Date of measurement: January 2002
Measurement live time: 774.139 h

Sample Mass: 42 g
Decay Chain | Element | Activity or
upper limit at 95% C.L [mBq/kg]

23277}, 22Ra, 78+13
228Th 48+10
234Th 0.20+0.07

BU 2AmPpy 0.284+0.17
226Ra 0.12+0.01

25U 10£3

- 10K 0.60+0.11

- 50Co <5

- 1705 1144
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Table A.8: Sample: adhesive foil as previous table; old brand
Date of measurement: January 2002
Measurement live time: 833.257 h
Sample Mass: 26.4 g
Decay Chain | Element | Activity or upper limit at 95% C.L [mBq/kg]
23277}, zz:Ra 78+13
Th 48410

234Th 0.20+0.07
28U BAmpy 1 0.284:0.17
226Ra 0.124+0.01

250 1043

- 0K 0.6040.11
- 0Co <5

- 137Cs 11+4

Table A.9: Sample: CaWO, crystal
Date of measurement: October 2002
Measurement live time: 403.708 h
Sample Mass: 299.6 g
Decay Chain | Element | Activity or
upper limit at 95% C.L [mBq/kg]
22Ra <2

Th 228Th 1.1£0.6
- 40 K <16
287y 26Ra | < (10+3)
234mPpy, 95442
- 60 Co <1
- 137Cs <2

; 210 P, | <16 Bq/kg
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