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Abstract

In the past years, detailed observations and cosmological models have reached the con-
clusion that large amounts of Dark Matter exist in the universe. Since the standard
model of particle physics cannot explain the abundance of non-baryonic matter, weakly
interacting massive particles (WIMPs) are predicted by many theories. A promising
approach to directly detect such Dark Matter particles is the measurement of nuclear
recoils induced by WIMP-nucleon scattering.
The CRESST (Cryogenic Rare Event Search with Superconducting Thermometers) ex-
periment, located in the Gran Sasso underground laboratory (LNGS) in Italy, uses
CaWO4 scintillating crystals, equipped with superconducting transition-edge sensors
(TESs), as cryogenic (∼ 10mK) targets with a total mass of ∼ 10kg. An event-by-event
background discrimination is achieved by simultaneously measuring the deposited recoil
(phonon) energy and the associated scintillation light, which is detected by a Si absorber
also equipped with a TES. CRESST, combined with technology from the EDELWEISS
experiment, will be scaled to a total target mass of up to ∼ 1ton in the future multiple-
target experiment EURECA.
CaWO4 with its heavy constituent tungsten (atomic mass number A ≈ 184) is a suit-
able target, since the elastic spin-independent WIMP-nucleon scattering cross-section is
predicted to be proportional to A2. For kinematic reasons, background neutrons that
can mimic WIMP recoils, scatter mainly off oxygen. The heavier the recoiling nucleus,
the higher is the ratio between phonon and light signals, which is commonly referred
to as Quenching Factor (QF). An accurate determination of the QFs is essential to dis-
tinguish between possible WIMP recoils and background. Past measurements were not
able to determine the QF of tungsten at mK temperatures with satisfying accuracy.
The neutron-scattering facility at the accelerator of the Maier-Leibnitz laboratory (MLL)
in Garching is a unique experiment aiming to determine QFs of target crystals at mK
temperatures. Neutrons with energies of up to ∼ 11MeV are scattered off a CRESST-
like CaWO4 cryodetector into neutron-detector arrays positioned at certain scattering
angles. By measuring the phonon energies of the nuclear recoils in the cryodetector and
perfoming a Time-of-Flight (ToF) measurement, the recoiling nucleus (O, Ca or W)
can be identified for all energies of the incident neutrons. The QFs of the respective
elements can then be determined by analysing the data obtained from the phonon and
light channels of the cryodetector. Data is acquired by a newly installed VME-based
electronics and the challenging data analysis is performed off-line.
The ToF method has successfully been applied and data from one beamtime (∼ 1 week)
has been analysed. The results of the experiment clearly show that three populations
of recoiling nuclei corresponding to O, Ca and W can be identified and - despite low
statistics - reasonable tendencies for the QFs are measured. Particularly promising is
the possibility to determine QFs at low recoil energies down to the region of interest of
the CRESST experiment (10-40keV).
The results obtained so far suggest several improvements to reach maximum perfor-
mance: The light detector’s sensitivity will be increased by the application of the
Neganov-Luke effect and a reduction of the mass surrounding the cryodetector will
help to suppress background, which is mainly due to parasitic neutron scattering. The
experiment in its final phase will be able to characterize different target materials for
the future EURECA experiment within beamtimes of typically 2-4 week.
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Chapter 1

Introduction to Dark Matter

1.1 Evidence for Dark Matter

The existence of large amounts of non-luminous matter in our galaxy has been claimed
since the 1930s - first by F. Zwicky [1] - and the evidence that the majority of the mass
of the universe is made up of non-baryonic Dark Matter (DM) has been continuously
growing [2].
Strong evidence for DM comes from the detailed study of rotational curves of galaxies.
From observations of the emission lines of neutral hydrogen, the velocities of stars can
be measured even at high radial distances from the galaxies’ centers. The following
relation between the velocity v of the star and its distance r from the galaxy core is
expected within Newtonian mechanics:

v(r) =

√
GM(r)

r
(1.1)

where G is the gravitational constant and M(r) is the mass of the luminous matter
inside the orbit. However, measurements of rotational curves of galaxies (e.g. the galaxy

NGC6503 in figure 1.1) do not show the r−
1
2 dependence, but a flat distribution even

for large distances from the galatic cores.

On large scales, observations of the cosmic microwave background (CMB) provide
evidence for the existence of non-baryonic Dark Matter. First discovered by Penzias and
Wilson in 1964 [4] and nowadays measured with high precision by satellite missions, the
CMB shows small temperature fluctuations over the whole sky. These temperature
fluctuations were mapped by WMAP (Wilkinson Microwave Anisotropy Probe) [5].
After expansion into spherical harmonic functions a power spectrum in dependence
of the multipole moment l (see figure 1.2) is obtained. For small l and thus large
scales, the intensity in the power spectra is low, which means the CMB is homogeneous.
From maxima in the power spectrum, the size of the temperature fluctuations in the
CMB can be derived and compared with cosmological models. Best agreement has been
found for the ΛCDM theory [6], i.e. a universe dominated by Cold Dark Matter and
the cosmological constant Λ. According this model, ∼ 23% of the mass-energy density
of the universe is due to DM, only ∼ 4% originates from baryonic matter and ∼ 73% is
due to Dark Energy (Λ) the physical origin of which is also unknown.

Further convincing evidence for DM is demonstrated by the merging of two galaxy

11



12 CHAPTER 1. INTRODUCTION TO DARK MATTER

Figure 1.1: Rotational curve of the galaxy NGC 6503 together with the contributions
of gas, optical disc and halo [3].

Figure 1.2: Five-year power spectrum obtained from WMAP [5] plotted together with
the results from Acbar, Boomerang and CBI. The solid curve fits the ΛCDM best. For
details see text and [6].
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clusters, as observed for the Bullet Cluster (see figure 1.3) [7]. Gravitational lensing
shows the gravitational potential of the two gelaxies (solid lines), whereas optical and
X-ray pictures show the luminous matter distribution after the merging process for
stars and intercluster plasma, respectively. As clearly visible in figure 1.3, the cluster
cores passed through each other with nearly no interaction, whereas the gas shows clear
signs of friction and is thus concentrated between the two cluster cores. This strongly
demonstrates, that the major part of the matter is due to a component which is weakly
interacting and which we do not yet understand: Dark Matter.

Figure 1.3: Left: Optical image of the ”Bullet Cluster” observed by the Magellan tele-
scope. The solid lines indicate the gravitational potential. Right: X-ray image of the
”Bullet Cluster” observed by the Chandra telescope. The white horizontal bars indicate
distances of 200kpc. Images from [7].

1.2 Dark Matter Candidates

Although Dark Matter has not yet been discovered, a few constraints are already known
from the observations discussed in section 1.1. DM particles have to interact weakly
with baryonic matter, otherwise it would have been already detected. Since apperently
it clumps on small-scale structures - as for example shown for the Bullet Cluster [7]
- DM particles have to be heavy, otherwise they would be relativistic and smear out
structures that are present in the universe. Candidates proposed by different models
are commonly referred to as WIMPs (Weakly Interacting Massive Particles). In the
following the most important candidates are listed.

• Neutrinos: The only possible candidate among the particles of the standard
model is the neutrino, since it is interacting only weakly and by gravitation. How-
ever, experiments show that neutrinos are light m < 2.3eV [8]. Thus they alone
cannot represent the large amount of non-baryonic matter, since small-scale struc-
tures could not exist due to the relativistic velocities of the neutrinos.

• Supersymmetric Particles: The most likely candidate for a masive DM particle
is the lightest supersymmetric (SUSY) particle, the neutralino, which is stable and
is predicted to interact with baryonic matter only through weak interaction (and
gravitation). The MSSM (Minimal Supersymmetric extension of the Standard
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Model) theory [9] predicts cross-sections for direct detection of these particles by
nuclear scattering off baryonic matter - for spin-dependent and spin-independent
interaction. The MSSM also provides the possibility of indirect detection via
particles produced in the coannihilation of SUSY particles, since they are proposed
to be Majorana particles.

• Axions: These hypothetical particles are introduced to solve the CP problem of
the QCD (Quantum Chromodynamics). Although they are light (m < 10−2eV),
they could have built small-scale structures and thus make up Dark Matter, as
they were never - in comparison to the neutrinos - in thermal equilibrium in the
early universe [10].



Chapter 2

The CRESST Experiment

The CRESST (Cryogenic Rare Event Search with Superconducting Thermometers) ex-
periment uses cryogenic detectors for the direct measurement of Dark Matter particles.
In this chapter, the basics of the experiment after the upgrade to CRESST-II [11], its
setup and the obtained results are described. CRESST is successfully running at the
moment and new results will be published in 2010.

2.1 The CRESST Detectors

The CRESST detectors use CaWO4 crystals at mK temperatures as target material
and silicon-on-sapphire (SOS) scintillating substrates to detect the scintillation light
[11]. One cylindrical CaWO4 absorber crystal has a mass of ∼ 300g and is 4cm in
height and 4cm in diameter. On the surface of the crystal a transition-edge-sensor
(TES) is deposited, to obtain a highly sensitive measurement of temperature changes
in the absorber. The TES relies on a tungsten film, which is stabilized in the transition
from the superconducting to the normal-conducting state (∼ 15mK). As can be seen
in figure 2.1, small changes in temperature cause a significant change in the resistance
of the sensor. In this case the phonon signal induced by a scattered particle can be
measured. CaWO4 with its heavy constituent tungsten was chosen as target material
, since the experiment is looking for coherent - spin independent - WIMP interaction
with a predicted cross-section proportional to A2, where A is the atomic number (see
section 5.3). In addition, CaWO4 has a high output of scintillation light.

The SOS light detetectors that are sensitive down to ∼ 20eV consist of a sapphire
waver of 40mm diameter and 0.4mm thickness, with a silicon layer is expitaxially grown
on one side. Again a tungsten TES is used for readout.
Both detectors are combined to a CREEST module inside a reflective, scintillating
housing, as drawn schematically in figure 2.2. The detectors are read out simultaneously
by SQUIDs (Superconducting Quantum Interference Devices) [11]. In figure 2.3 an
opened CRESST detector module is shown.

2.2 Experimental Setup

The CRESST experiment is based in the Gran Sasso underground-laboratory (LNGS)
in Italy, where the muon-induced background is reduced (compared to the flux at the

15
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Figure 2.1: Typical transition curve of a transition-edge-sensor (TES) from the supercon-
ducting to the normal-conducting state [12]. As indicated, small changes in temperature
cause significant changes in the resistance of the sensor.

Figure 2.2: Schematic picture of the CRESST detector module, where the most im-
portant parts are indicated [11]. Each TES of both detectors is weakly coupled to the
mixing chamber of the cryostat (see section 7.2).
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Figure 2.3: Opened CRESST detector module [11], with the SOS light detector on
the left and the CaWO4 target crystal on the right side. The crystal is encircled by
a scintillating foil and hold by silver-coated bronze clamps within a structure made of
copper. On the top face of the crystal the TES structure is visible.

surface) by six orders of magnitude to a rate of about 1m−2h−1 [13]. The detectors are
cooled to mK temperatures by a 3He-4He dilution refrigerator (as described in detail in
section 7.2). A cold finger (made of copper) with a length of ∼ 1m couples the detector
volume to the mixing chamber in order to suppress background originating from the
devices of the cryostat. To further reduce the background (discussed in 5.3), a system
of active and passive shieldings is installed around the cryostat (see figure 2.4). The
detector volume is enclosed by 14cm of copper, 20cm of lead and a gas-tight radon box,
which is continuously flushed with pure N2 gas and thus reduces the activity due to
radon. The Rn-box itself is surrounded by a neutron shield consisting of 45cm thick
polyethylen blocks and an active muon-veto (∼ 20 plastic-scintillator panels) [11].
Up to 33 detector modules can be mounted within the detector volume in the so-called

”carousel” (see figure 2.5). A multichannel electronics system with 66 SQUID-readout
channels and the respective data acquisition was installed to handle the large number
of detectors. The whole experimental setup and readout electronics are housed in a
Faraday cage to reduce electro-magnetic disturbances.

2.3 Results and Future Developments

2.3.1 Results of the Commissioning Run

In the commissioning run of CRESST II from March 27th to July 23rd 2007, two detector
modules were operated with a cumulative exposure of 47.9kg-days. Since the light
output per deposited energy is strongly dependent on the type of particle interacting
in the scintillator crystal (commonly referred to as quenching, see chapter 5), the ratio
between light and phonon energy (light yield) can be used to discriminate background
from possible WIMP events. Different measurements [14] [15] [16] clearly demonstrate:
The heavier the recoiling particle, the lower is the light output of a recoil event. Since
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Figure 2.4: The CRESST cryostat after the upgrade to CRESST II: CA indicates the
detector carousel, CR the mixing chamber of the cryostat, CF the cold finger, PB the
lead shield, MV the muon veto, PE the polyethylen shield, CU the copper shield and
RB the radon box [11]. For explanations see text.

Figure 2.5: The detector holder (called ”the carousel”) can be equipped with up to 33
CRESST detector modules [11]. It is thermally coupled to the mixing chamber by a
cold finger made of copper (see text).
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tungsten recoils are highly preferred due to the ∼ A2 dependence of the cross-section
for WIMP-nucleus interaction, an upper limit for the light output for a possible WIMP-
induced recoil can be defined. In figure 2.6 the light yield (normalized to one for electron
recoils) is plotted versus the phonon energy deposited into the CaWO4 crystals of the
two detectors operated in the commisssioning run. Below the solid (red) curve in this
plot, 90% of all WIMP events due to tungsten recoils are expected. After an exposure
of 47.9kg-days three events remain in the acceptance region between 10 and 40keV.
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Figure 2.6: Yield plots of the two detectors (Zora and Verena) operated during the
commissioning run of CRESST-II in 2007 [11]. Below the dashed (black) curve 90%
of all nuclear recoils and below the solid (red) curve 90% of all tungsten recoils are
expected. As described in section 5.3, WIMPs are assumed - in the energy range from
10 to 40keV - to scatter preferably off tungsten. At a total exposure of 47.9kg-days,
three candidate events remain in the tungsten acceptance region.

From the measured WIMP event-rate, an upper limit for the coherent - spin indepen-
dent - WIMP-nucleon scattering cross-section can be obtained. This limit is plotted in
figure 3.3 in section 3.4 with a minimun of 4.8·10−7pb at a WIMP mass of ∼ 50GeV [11].

2.3.2 Current Run

CRESST is running continuously since July 4th 2009, after the cooldown process was in-
terrupted by the serious earthquake in April 2009 in the Abruzzi. Currently 18 CRESST
detector modules are installed in the setup, of which ten are giving data, resulting in
a total target mass of 3kg. Assuming that the main part of the data-set is usable, the
current CRESST run already has an exposure of several 100kg-days [17]. With addi-
tional data from the year 2010, the CRESST experiment should be able to reach a limit
of the coherent WIMP-nucleon cross-section in the ∼ 10−8pb region.





Chapter 3

Further Dark Matter Experiments

This chapter gives a brief overview of the most important running experiments for the
direct detection of Dark Matter (DM) besides CRESST.

3.1 Cryogenic Ionization Detectors

The experiments CDMS [18] - currently the leading DM experiment - and EDEL-
WEISS [19] use the simultaneous measurement of heat and ionization caused by particle
interactions in semiconducting absorbers. The CDMS (Cryogenic Dark Matter Experi-
ment) experiment, located at the Soudan Underground Laboratory, USA, uses cylindri-
cal Ge and Si absorbers (thickness ∼ 10mm, diameter ∼ 76mm) operated at cryogenic
temperatures (< 50mK). On one side of each detector four phonon sensors are deposited
in order to measure the recoil energy and position of an event. The ionization signal
is measured by electrodes on the other side of the crystal. The ratio of ionisation and
phonon signal provides an efficinet event-by-event discrimination between electron and
nuclear recoil events. In the most recent publication [18], data taken between July
2007 and September 2008 with a total exposure of 612kg-days were published. The
whole CDMS data set pushes the lowest upper limit for the elastic WIMP-nucleon spin-
independent cross-section down to 3.8 · 10−8pb for a WIMP mass of 70GeV. Two events
where observed in the event acceptance region, which is shown in figure 3.1.

The French-German EDELWEISS (Experience pour Detecter les WIMPs en Site
Souterrain) experiment, located in the Laboratoire Souterrain de Modane (LSM), uses
a similar detector principle based on Ge crystals of 70mm diameter and 20mm height.
Recently published data of the experiment’s phase II [19] sets an upper limit for the
WIMP-nucleon cross-section of 1.0 · 10−7pb at 80GeV from a total effective exposure of
144kg-days. One possible WIMP candidate recoil event is observed.

3.2 NaI Scintillator

The DAMA experiments (DAMA/NaI, DAMA/LXe, DAMA/LIBRA) [20] are the only
experiments that claim the discovery of Dark Matter, based on an annual modulation
of the measured signal, which is predicted to be due to the varying velocity of the Earth

21
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Figure 3.1: Ionization yield (ratio of ionization and recoil energy) of events obtained
by two CDMS II detectors is plotted versus the recoil energy. The solid (red) curve
indicate the 2σ electron and nuclear recoil bands. Round (red) markers mark the two
candidate events inside the nuclear recoil band, after the application of timing cuts. For
more detail concerning these results see [18].
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relative to the WIMP halo. The DAMA/LIBRA experiment is situated in the Gran
Sasso Laboratory (LNGS) and uses 25 ultra-pure NaI crystals (doped with Ti), whose
scintillation light is detected with photomultipliers. The detectors exhibit a total target
mass of 250kg. After a total exposure of 0.3ton-days, an annual variation of 2% within
the energy interval between 2 and 4keV is measured (see figure 3.2).
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Figure 2: Model-independent residual rate of the single-hit scintillation events, mea-
sured by the new DAMA/LIBRA experiment in the (2 – 4), (2 – 5) and (2 – 6) keV
energy intervals as a function of the time. The residuals measured by DAMA/NaI and
already published in ref. [4, 5] are also shown. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment. The exper-
imental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curves represent the cosinusoidal functions be-
haviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained by
best fit over the whole data, that is: (0.0215± 0.0026) cpd/kg/keV, (0.0176± 0.0020)
cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV for the (2 – 4) keV, for the (2 – 5) keV
and for the (2 – 6) keV energy intervals, respectively. See text. The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 ton×yr.
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Figure 3.2: Residual rate of single-hit events in the energy interval from 2 to 4keV
measured by DAMA/LIBRA and DAMA/NaI. The annual fluctuation is clearly visible
and representated by a superimposed cosinoidal function (solid line). The zero of the
time scale is January 1st [20].

However, these results - assuming elastic scattering - are for the most part already
excluded by other experiments (see figure 3.3). But the results are compatible with
the inelastic Dark Matter (iDM) theory, as discussed for example in [21]. Anyway other
experiments have to prove these results and careful investgations concerning background
and possible systematical errors are necessary.

3.3 Liquid Noble Gases

A different approach to detect Dark Matter particles is the use of liquid noble gases, as
for example Xe or Ar. The most successful experiment is the XENON experiment [22]
situated in the Gran Sasso Laboratory. The background discrimination is based on the
scintillation/ionization ratio being different for electron and nuclear recoil events. The
XENON detector is realized as a two-phase time-projection chamber (TPC) with liquid
Xe as absorber and a gaseous Xe-phase on top of it. After an interaction of a particle
in the liquid phase, charge carriers and scintillation light are produced. The charges are
drifted by an electric field to the gaseous phase, where they produce a second light flash.
The light is detected by two arrays of photomultipliers positioned on the bottom and
at the top of the detector. These two signals and the drift time of the charges are used
for active background suppression. The experiment is currently in the XENON10 phase
with a target mass of 17kg and has set an upper limit for the WIMP-nucleon elastic
spin-independent cross-section of ∼ 4.5 · 10−8pb for WIMP masses around 30GeV from
a total effective exposure of 58.6kg-days. The next phase of the experiment is planned
with a target mass of up to 1ton and an improved background suppression system.
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3.4 Obtained Dark Matter Limits

The upper limits for the WIMP-nucleon elastic spin-independent cross-sections, which
are obtained by the DM experiments described in this work, are shown in figure 3.3
together with a large range of theoretical predictions [23].
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Figure 3.3: Exclusion plot for elastic spin-independent WIMP-nucleon scattering. The
limits of several important Dark Matter experiments are shown together with theoretical
predictions [23]. Picture taken from [24].



Chapter 4

The EURECA Project

EURECA (European Underground Rare Event Calorimeter Array) will be the future
European Dark Matter search experiment using cryogenic detectors with a target mass
in the ton-scale [25]. The collaboration has started in March 2005, initially based on
CRESST (see section 2) [11], EDELWEISS (see section 3.1) [19] and ROSEBUD (Rare
Objects SEarch with Bolometers UndergrounD) [26], but additional groups are joining.
The project is aligned with the European Astroparticle Roadmap Recommendations for
multiple targets and multiple techniques.

4.1 Planned Experimental Setup

EURECA is planned to be based in the LSM (Laboratoire Souterrain de Modane)
in France, which is the deepest site in Europe with about 4800m.w.e. (meters water
equivalent). The cosmic muon-rate is suppressed by seven orders of magnitude to ∼
4m−2day−1. The excavations for the new lab - that will host the EURECA experiment
- are planned for 2010 together with the construction of a safety gallery for the existing
road tunnel. The planned tunnel system is shown in figure 4.1.

The experiment will consist of two individual cryostats for mK temperatures to
allow changes on one setup while the other cryostat is running (see figure 4.2). The
detector volume will be surrounded by ∼ 3m of water as a shield against background
and the water tanks will be additionally equipped with photomultipliers (PMTs) to
establish an active Cherenkov muon-veto system. Only the mixing chamber of the
dilution refrigerator will be in the water tank, whereas the other cryogenic devices are
placed outside to reduce radioactive contamination around the detector volumes. The
pumping system will be housed in a separate cave in order to avoid vibrations (for
details concerning dilution refrigerators see section 7.2). The detector modules, that are
mainly based on CRESST and EDELWEISS techniques, will be installed in tower-like
structures to allow quick detector exchange without long interruptions.

4.2 Multitarget Aspect

The EURECA poject is based on the expertise acquired by the CRESST and EDEL-
WEISS experiments, which are both using complementary background discrimination
techniques: light and phonon detection in CRESST, phonon and ionization detection

25
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new LSM 
extension

existing LSM 
laboratory

Figure 4.1: Sketch of the LSM underground laboratory in Modane, France, after the
excavations for the new safety gallery and the new laboratories for the EURECA exper-
iment are finished.

cryostat 1 cryostat 2

water 
tank

dilution 
refrigerator

Figure 4.2: Planned setup of the EURECA experiment [27] with two individual cryostats
connected to one dilution refrigerator. Except for the mixing chamber, all devices of
the dilution refrigerator are placed outside the cryostats. Both cryostats are submersed
in water to achieve optimal shielding against background radiation. A separate water
tank can take the water of the shielding, if the setup of one of the two cryostats has to
be changed.
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in EDELWEISS. The cryogenic detectors of different target materials - e.g. scintillating
CaWO4 crystals and semiconducting Ge - will be arranged closely packed in tower-like
structures and altogether have a target mass of several 100kg. Multiple-target materials
allow to test the predicted A2-dependence of the coherent spin-independent WIMP-
nucleon cross-section [28] due to different target materials with a wide range of atomic
mass number A. Different scintillating crystals -besides the initial choice of CaWO4 due
to the expertise gained in the CRESST experiment - are under investigation and are
discussed in more detail in section 11.2. The major goal of EURECA is to reach a limit
for the WIMP-nucleon cross-section in the ∼ 10−10pb region, which is currently most
favoured by theory [29].





Part II

Neutron Scattering Experiment
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Chapter 5

Quenching Factors

As descibed in chapter 2.1, the CRESST detectors simultaneously measure the deposited
energy of a particle scattered in the CaWO4 crystal and the corresponding scintillation
light. The fact that the relative light output of an event is strongly related to what kind
of particle is interacting, is commonly referred to as quenching. The so-called Quenching
Factor (QF) is introduced in order to characterise this behavior.

5.1 Definition

In figure 5.1 left the phonon signal is plotted versus the light output of a typical
CRESST-like detector module irradiated by gammas.

electron
recoils

electron
recoils

nuclear
recoils

Figure 5.1: Detector response of a scintillating crystal operated as cryogenic detector
used in the CRESST Dark Matter experiment . The phonon energy is plotted against
the light energy. In the left panel the detector is irradiated by a 57Co and a 90Sr
source, in the right panel with an additional AmBe neutron source. Clearly two bands
corresponding to electron and nuclear recoils in the target arise. After calibration (see
text), the pulse height in the light detector is given in terms of the electron-equivalent
energy Eee. Plot from [30].
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Clearly one band with different lines, originating from discrete gamma energies can
be seen. There are different methods to calibrate the channels:

• The detectors of the CRESST experiment are calibrated with the ∼ 122keV γ-line
from a 57Co source and the scale is linearized by heater pulses. This so-called
control pulses deliver a known energy via ohmic heating in order to determine the
pulse height-energy realtion for the whole energy range [11].

• In the setup descibed in this work, no heater pulses are available. Hence different
gamma sources are used to calibrate the detectors (137Cs, 133Ba, 55Fe). In the
energy region of the γ sources (> 100keV), the pulse heigth-energy relation is
fairly linear, as shown in [16].

As the light output from a scintillator like CaWO4 is only in the order of 1%, the
phonon energy holds as a measure for the total deposited energy ER in the crystal,
whereas the energy calibration of the light channel is given in terms of the so-called
electron-equivalent energy Eee (figure 2.1). The Quenching Factor is defined as:

QF =
ER
Eee

(5.1)

By definition the QF for a electron recoil energy of 122keV is equal to one.
In the right panel of figure 5.1 the crystal is additionaly irradiated by an AmBe neutron
source. A second band of events can be seen, corresponding to nuclar recoils induced by
neutrons. The lightoutput is significantely lower than for electron recoil events leading
to higher values of QFs.
Often the Light Yield Y is used. It is defined as:

Y =
Amplitude in the Light Detector

Amplitude in the Phonon Detector
(5.2)

If the Light Yield is plotted versus the totel energy measured by the phonon detector,
two horizontal bands appear, corresponding to electron recoils(by convention: Y = 1)
and nuclear recoils, respectively. As an example, figure 5.2 shows the response of the
CRESST detector module Verena/SOS21 in presence of a neutron source during the
commissioning run of CRESST II.
The Quenching Factor is then determined as:

QF =
Light Yield for an Electron Recoil Event of Energy E

Light Yield for a Nuclear Recoil Event of Energy E
(5.3)

With the current setup of the cryogenic detectors, the resolution of the light detectors
is not sufficient to separate individual nuclear recoil bands, that are related to the
respective elements in CaWO4 .

5.2 The Birks Equation

In general there is no reason to believe that the QF is energy-independent and has thus
to be determined at different energies. A theoretical description of this problem is given
by Birks [31]. As a basis for the following considerations based on the Birks Equation

dL

dx
=

S dE
dx

1 + kB dE
dx

(5.4)
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Figure 5.2: Scatter-plot for a CRESST detector module (Verena/SOS21) during the
commissioning run of CRESST II in the presence of a neutron source [11]. The light
yield is plotted against the phonon energy. The upper band corresponds to electron
recoil events, whereas the dominant population below is due to nuclear recoils induced
by neutrons. Below the red curve 90% of the oxygen recoils are expected, calculated
from the quenching factors (see section 5.4) and the resolution of the light detector.
The energy dependence of the Light Yield for the electron recoils is clearly visible in the
energy range below 20keV.

where dL/dx is the light energy emitted per unit length, dE/dx is the energy per unit
length deposited by the ion, S the scintillation efficiency. The proportionality constants
k and B depend on the material (for a detailed description see [32]). For heavy ions,
dE/dx gets very large. This leads to a saturation effect for the light output per unit
length:

dLion
dx

=
S

kB
(5.5)

In this limit, the light yield can be obained by integration over the path of the ion

Lion =
S

kB
·R (5.6)

where R is the range of the ion. With Lion = SEee (5.1) the QF can be calculated as:

QF =
ER
Eee

=
ERS

Lion
= kB

ER
R
∝ ER (5.7)

This means, the Quenching Factor is proportional to the mean specific energy loss
ER
R

of the respective ion.
The energy dependence is particularly important, because it is difficult to measure
QFs down to the region of interest (10-40keV, see section 9). In figure 5.2 the energy
dependence of the Light Yield and thus the QF for electron recoils in CaWO4 is shown.
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5.3 Relevance of QF for Dark Matter Search

Neutron Background
Neutrons are a dangerous background for the Dark Matter Search with CRESST, as

they can mimic WIMP interactions. From the simulations [33] concerning the different
neutron-background sources in the Gran Sasso Laboratory (LNGS), the rates expected
for the CRESST detectors could be obtained. Following neutron sources are considered:

• Fission of 238U produces neutrons with energies below 10MeV, as shown in figure
5.3. As it is present in the rock surrounding the lab, in the concrete walls as
well as in the experimental setup itself (e.g. lead) dominates the background rate
[33]. With the polyethylene shielding the neutrons can be sufficiently moderated,
only the fission neutrons from material inside the shielding remain as a dangerous
background.

• Muons can induce high-energy neutrons (up to 100MeV or even higher) outside and
inside the experimental setup. Since the polyethylene shielding is not sufficient to
moderate the muon-induced neutrons, an active muon veto is installed. However,
neutrons that are induced outside the veto (rock, concrete, polyethylene ... ) are
still a dangerous background. Further details on this topic are discussed in [34].

For the remaining high-energy, muon-induced neutrons, double detection (simulta-
neous nuclear recoil events in several detectors) is a possible rejection method. For
remaining neutrons from fission of 238U an active background reduction by phonon-light
discrimination in the detector module is required.
Due to the stoichiometric conditions in CaWO4 and kinematic reasons, most of the neu-
trons are expected to be scattered off oxygen, as shown in figure 5.3 for the 238U-fission
neutrons, that are an essential part of the background [16].

Figure 5.3: On the left side an energy spectrum of fission neutrons from 238U is shown.
The right panel shows their expected recoil rate in the region of interest (10-40keV) for
the three elements in CaWO4 [16].
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Identification of a Possible WIMP Signal
The CRESST experiment for Dark Matter search is sensitive for spin-independent

WIMP interaction with the highest sensitivity for WIMP masses around 50GeV [11].
The WIMP-nucleus scattering probability is given by

Γ =
MTarget

mN

%χ
mχ

< v > σχNA
2 (5.8)

= 300/day

Mtarget

1kg

A
100

ρχ
0.3GeV/cm3

mχ
100GeV/c2

< v >

230km/s

σχN
1pb

A2

1002
(5.9)

where MTarget is the target mass of a material with mass number A, mN the nucleon
mass, ρχ is the WIMP density in the Halo of the galaxy, mχ the WIMP mass, < v >
the average WIMP speed and σχN the total spin-independent WIMP-nucleus cross sec-
tion [28]. The expected WIMP recoil spectra for different target materials are plotted
in figure 5.4 for recoil energies ranging from 0 to 100keV.

Figure 5.4: Expected WIMP recoil spectra for the three elements W, Ca, O and for
CaWO4 itself are plotted for recoil energies from 0 to 100keV. The calculation was
made for a WIMP mass of 60GeV and the WIMP-nucleon cross section σχN is assumed
to be 10−8pb. The local minimum in the cross section for scattering off W at 55keV is
due to the Helm form factor. Plot from [35].

In CaWO4 , scattering off tungsten is strongly favoured, since the the WIMP inter-
action cross section is ∝ A2,. More than 95% of all scatterings off a CaWO4 crystal
below 40keV are related to tungsten recoils. Thus 40keV is the upper threshold for DM
search with a cryogenic CaWO4 detector (the lower threshold is due to the discrimina-
tion threshold at ∼ 10keV).
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Active Background Discrimination
Since most of the background neutrons scatter off oxygen, whereas WIMP would

preferably scatter off tungsten, the identification of the recoiling nucleus in the CaWO4 crystal
can help to discriminate dangerous neutron background from a possible WIMP signal.
Hence a detailed understanding of the quenching and a exact measurement of the QFs
is necessary to obtain maximal efficiency for the CRESST detectors.

5.4 Earlier QF Measurements

A lot of effort has been made and is still being made to measure the Quenching Factors
of CaWO4 and other materials. This section will give a brief introduction to the already
performed experiments and their results.

5.4.1 Time of Flight Mass Spectrometer

At the Max-Planck-Institut für Physik in Munich (MPP) a facility has been installed to
measure QFs of different crystals at room temperature. This is realized with a Time-
of-Flight Mass Spectrometer (ToF-MS), where ions are shot onto a crystal’s surface,
causing the emission of scinitillation light (see figure 5.5). The ions are produced in a
Laser Desorption/Ionization source (LDI), where a pulsed laser induces ions, that are
accelerated by a voltage up to 18kV and shot into the main chamber of the TOF-MS.
There the ions of a fixed energy and mass are selected [14]. The laser is adjusted at
such an intensity that, on average, less than one ion reaches the crystal. The produced
scintillation light from the crystal is measured with a photomultiplier tube (PMT).

Figure 5.5: Schematics of the setup for the QF measurement with a Time-of-Flight Mass
Spectrometer (ToF-MS) [14]. Ions are produced in the Laser Desorption/Ioinization
source (LDI) and accelerated into the main chamber, where the desired ion energy and
mass are selected and finally shot onto the target crystal. The produces scintillation
light is detected with a PMT.

The QFs results are listed in table 5.1 for the three elements in CaWO4 . Al-
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though QFs of various elements (even non-mandatory constituents of the scintillator)
and crystals can be measured with this setup with a comparatively small complexity,
these results have to be verified for the crystal’s bulk and for the operating temperature
of a cryogenic detector.

5.4.2 Neutron Scattering at Room Temperature

QF measurements at room temperature, but for the bulk of crystals, were performed
using neutrons as probes at our institute [15]. A CaWO4 crystal is irradiated with
neutrons from a pulsed monenergetic neutron beam (11MeV), inducing nuclear recoils
in the bulk. Via Time-of-Flight (ToF) measurements at fixed scattering angles, fixed
kinematics are achieved. The scintillation light of the chosen recoil energy is measured
by two PMTs, that are optically coupled to the CaWO4 crystal (figure 5.6 left). More
details on the working principle of this measurement method are given in chapter 6
and [15].

Figure 5.6: Left : Schematics of the experimental setup. The CaWO4 crystal (red), the
two PMT (grey) coupled to the crystal and additional neutron detectors (blue) placed
at different scattering angles. Right: Light output of the CaWO4 crystal irradiated by a
monoenergetic neutron beam. The light output is normalised to one for oxygen recoils.
The best fits for the two populations, corresponding to oxygen and calcium are shown.
Tungsten recoils produce too little light to be detected with this setup. [15]

The response of the CaWO4 crystal and the QFs results for oxygen/calcium are
shown in figure 5.6 (right) and table 5.1, respectively. Since the light output of tungsten
recoils is below the threshold of the PMTs, only a lower limit for the QF of tungsten
could be obtained.

5.4.3 Neutron Scattering at mK Temperatures - First Steps

In order to further improve the setup described in section 5.4.2, a cryostat was installed
at the exerimental setup (section 7.2). In [16] and [36], first steps where taken towards
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the final goal to measure the QFs of the three elements of CaWO4 in the mK tempera-
ture range.
The CRESST-like detector module was irradiated by neutrons of a monoenergetic neu-
tron beam (11MeV). By analysing the continuous spectra in the nuclear recoil band
of the phonon-light discrimination plot, the contributions from the three elements in
CaWO4 can be obtained. Although it is not possible to completely separate the three
corresponding bands, the populations can be fitted by Gaussians (figure 5.7) at different
phonon energies. Due to kinematic reasons, tungsten recoils are only expected up to
∼ 200keV.
With this method the QFs at mK temperatures for oxygen and calcium could be mea-
sured with satisfying accuracies, whereas the QF of tungsten still has a large error (see
table 5.1).

calcium

oxygen

tungsten

Figure 5.7: Top panels: Light yield versus phonon energy for CaWO4 irradiated by
11MeV neutrons. The area marked in gray indicates the investigated energy range.
Bottom panels: Histrograms of the light yield of the nuclear recoil band. These dis-
tributions were fitted with a sum of Gaussians corresponding to the elements that are
expected to take part in the scattering process in the respective energy range. Left
panels: In the energy range from 160 to 180keV three contributions arise (from O, Ca,
W) Right panels: For kinematic reasons, in the energy range from 200 to 240keV only
two populations (O, Ca) appear. For further details see [16].
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5.4.4 Earlier Results for QFs of O, Ca and W

The values of the QF for the three elements in CaWO4 measured with the experiments
described above, are listed in table 5.1.

Element ToF-MS Jagemann Coppi
Oxygen 14.3± 0.5 12.8± 0.5 10.0± 0.1
Calcium 27.4± 1 16± 4 19.0± 2.5
Tungsten 41± 3 > 33 35+19

−9

Table 5.1: QF results for the experiments descibed above. Measurements with the Time-
of-flight mass spectrometer (ToF-MS) [14], neutron scattering at room temperature
(Jagemann) [37] and measurements at mK temperature (Coppi) [16].





Chapter 6

Working Principle of the
Experiment

Since it is not possible the obtain a satisfying accuracy for the Quenching Factor (QF) of
tungsten at mK temperatures with the setup described in section 5.4.3, another method
of measurement has been applied.
A certain scattering angle for the neutrons is chosen. Then, for a fixed neutron energy,
one expects three populations of nuclear recoils in the phonon channel of the cryodedec-
tor originating from O, Ca and W recoils, respectively (figure 6.1).

phonon energy
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Figure 6.1: Schematics of the expected recoil spectrum in the low-temperature phonon
detector for a fixed scattering angle.

6.1 Time-of-Flight Method

A CRESST-like CaWO4 detector module is irradiated by a pulsed neutron beam from
the accelerator. For simplicity, in order to explain the working principle of the experi-
ment, incident neutrons of 11MeV are assumed in this section. Neutron detector arrays
are placed at a typical distance of 0.5-2m at different scattering angles to measure the
scattered neutrons (see figure 6.2). If the pulse width of the beam bunches is in the order
of ∼2-3ns, the neutrons scattered in the cryodetector can be identified by measuring the

41
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time between their production in the hydrogen cell at the end of the beamline and the
detection in the neutron detector arrays (Time-of-Flight measurement).

beamline

hydrogen cell
(neutron production)

 neutron detector 
array

neutron detector

cryostat

central 
cryodetector 

lab

 neutron detector 
array

Figure 6.2: Schematical top view of the experimental setup. An additional neutron
detector is installed at 0◦ to monitor the pulsed beam directly.

The events obtained in this way are thus related to one of the three elements in
CaWO4 (as we will see in chapter 9, a background from the surroundings of the cry-
odetector remains). Due to high energy resolution in hte phonon channel of the cryo-
detector, the recoiling nucleus can be identified. Since in the cryodetector module the
phonon and light channel are measured simultaneously, the corresponding light output
can be obtained on an event-by-event basis. Thus, a value for the QFs as defined in
chapter 5 can be given by averaging the light output of the events in each population
and determining their respective phonon energy .

6.2 Scattering Angles

As the QFs for O and Ca at mK temperatures could already be measured with the
method described in section 5.4.3, the scattering angle is preferably chosen to get a max-
imum number of tungsten recoils. Figure 6.3 shows the differential elastic cross-sections
for incident 11 MeV neutrons scattering off the three elements in CaWO4 plotted versus
the scattering angle.The cross-section of oxygen is already multiplied by four to take
the stoichiometric conditions of CaWO4 into account.

The cross-section for W shows two local maxima at about 80◦ and 45◦, respectively.
Before choosing the preferred scattering angle the following points have to be considered:
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Figure 6.3: Differential elastic cross-sections of O, Ca and W for incident 11MeV neu-
trons plotted against the scattering angle in the laboratory system. The stoichiometric
conditions in CaWO4 and the natural isotope ratio of tungsten are included.

• The cross section for a scattering angle of 45◦ is higher by a factor of six than that
for 80◦.

• At smaller scattering angles, the probability to detect direct neutrons from the
source (due to the finite opening angle of the beam itself) increases. Direct neu-
trons of lower energy might mimic scattered ones and thus give rise to a higher
number of accidental conincidences.

• Choosing smaller scattering angles has an impact on the recoil energy ER in the
central detector, since ER is decreasing and thus making it more difficult to mea-
sure the light output which is intrinsically small.

In this work, both angles (45◦,80◦) were tested and in addition the neutron detector
arrays were placed at different distances from the central detector.
The different recoil energies ER for different elements x and different angles ΘCM can
be calculated in the center-of-mass system (CM) for elastic scattering [15],

ER = 2En
mn ·mx

(mn +mx)2
(1− cos ΘCM) (6.1)

where En is the incident neutron energy and mn, mx are the masses of the neutron and
of the element x, respectively. ΘCM can be obtained from the scattering angle in the
laboratory system Θlab by coordinate transformation between the two systems:

cos ΘCM = −k sin Θlab ±
√

1− k sin Θlab · cos Θlab (6.2)

with k = mn
mx

. Since k < 1, only the + sign holds in this equation (for details see [15]).
In general - even for a fixed energy of the incident neutrons - this leads to a continuous
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recoil spectrum in the phonon detector up to a maximum energy ER(mx). For the two
preferred angles discussed above, the recoil energies are shown in table 6.1 for O, Ca
and W.

Element O Ca W
ER(80◦) [keV] 1095 450 99
ER(45◦) [keV] 412 164 35

Table 6.1: Calculated recoil energies for the two scattering angles Θlab = 45◦, 80◦ for
incident neutrons of 11MeV.

The assumptions and calculations made in this chapter are not restricted to 11MeV
neutrons, but hold for neutrons of the whole energy range considered for this experiment
(from ∼ 1.5 to ∼ 15MeV).

6.3 Recoil Spectra of CaWO4 at Fixed Scattering

Angles

Since the neutron production process (described in section 7.1.3) not only produces ∼
11MeV neutrons but also neutrons of lower energies, a continuous recoil-energy spectrum
is expected, even if the scattering angle is fixed. In this section, the expected recoil
rates at fixed scattering angles of the elements in CaWO4 are calculated for the neutron
spectrum of the beam.
A typical ToF spectrum of the neutrons obtained with the neutron detector positioned
at 0◦ scattering angle is plotted in figure 9.1 (section 9.1). This plot can be transformed
into an energy spectrum by calculating relativistically the kinetic energy Ekin from the
time t the neutrons need to travel the distance s.

Ekin = m0c
2(−1 +

√
c2

c2 − s2

t2

) (6.3)

The energy spectrum (see figure 9.2 in section 9.1) exhibits a peak at ∼10.6 MeV
and a continuous spectrum, that increases exponentially towards lower energies. The
histogram has been fitted by an exponential and a Gaussian characterizing the peak,
plotted as red (solid) line in figure 9.2. For energies below the threshold of the neutron
detector, the exponential was extrapolated to zero energy.
The National Nuclear Data Center [38] provides cross-sections of nearly all isotopes and
many types of interactions online. In this work, software to analyse this data format
has been developed in the numerical computing environment MATLAB [39]. In the
following only elastic neutron scattering on the three elements of CaWO4 is considered.
The angular distribution of the elastic neutron-scattering cross-section f(µ,E) is gen-
erally represented as a series of Lengendre polynomial

f(µ,E) =
NL∑
i=0

2l + 1

2
al(E)Pl(µ) (6.4)

where E is the energy of the incoming neutron, µ = cos(θ) the cosine of the scattering
angle, Pl the Legendre polynomial of order l, al the Legendre coefficients of order l
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and NL the number of Legendre coefficients. The Legendre coefficients are provided
by ENDF and are given for a wide energy range (from ∼ 10keV up to ∼30MeV). The
differential cross-section dσ

dΩ
can be calculated by

dσ

dΩ
(µ,E) =

1

2π
σ(E)f(µ,E) (6.5)

where σ(E) is the energy-dependent elastic cross-section for neutron scattering, which
can also be obtained from the ENDF database. In figure 6.4 the differential cross-section
for a scattering angle of θ = 80◦(laboratory frame) is plotted versus the incident neutron
energy for the three elements in CaWO4 . The stoichiometric conditions in CaWO4 and
the natural isotope ratio of tungsten are included in the calculations.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 150

0.5

1

1.5

neutron energy [MeV]

d!
/d
"

 [b
ar

ns
/st

er
ad

ia
n]

 

 

 oxygen
 calcium
 tungsten

Figure 6.4: Differential elastic cross sections of O, Ca, and W plotted versus the energy of
the incident neutrons for a scattering angle of 80◦ (laboratory frame). The stoichiometric
conditions in CaWO4 and the natural isotope ratio of tungsten are included.

In order to calculate the expected recoil rates in the CaWO4 crystal, the differential
elastic cross section (see equation 6.5) is convoluted with the measured neutron spectrum
(see figure 9.2). Figure 6.5 shows the recoil rates of CaWO4 obtained in this way.

The spectrum is dominated by oxygen over the whole energy range. Calcium is
strongly suppressed at energies > 5MeV , whereas the recoil rates for tungsten show
a broad local maximum at about 10 to 12MeV. This is particularly important for the
scattering experiment, since one wants to measure the QF of tungsten.
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Figure 6.5: Expected recoil rates for O, Ca and W plotted versus the energy of the inci-
dent neutrons for a scattering angle of 80◦ (laboratory frame). The rates are calculated
using the measured energy spectrum of the neutrons produced by the accelerator (see
figure 9.2) and the calculated differential cross section (see equation 6.5). The stoichio-
metric conditions in CaWO4 and the natural isotope ratio of tungsten are included.



Chapter 7

Experimental Setup

7.1 The MLL Accelerator as a Neutron Source

The neutron scattering facility is placed in Hall II at the accelerator of the MLL (Maier
Leibnitz Laboratorium) in Garching. Figure 7.1 shows a top view of the accelerator
facility. Several important components of this setup will be described in the following
sections.

low-energy
buncher

negative ion injector

tandem tube

analyzing 
magnet 

experimental setup
low-energy
chopper

Figure 7.1: Top view of the MLL accelerator facility in Garching. Important components
are indicated.
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7.1.1 Ion Production and Acceleration

The accelerator laboratory is equipped with a negative-ion injector (figure 7.2) that
allows to use a wide range of ions [40]. A solid cone-shaped source is placed in an
evacuated vessel, where a heater produces neutral Cs vapour, which deposits on the
surface of the source as well as on an ionizer. The ionizer is heated to 1400◦ and, by
applying an electric voltage (U2), Cs+ ions are generated and finally sputtered onto the
source. There they knock out target atoms (in our case 11B) from the source. Since the
11B atoms have to pass a few layers of evaporated neutral Cs atoms, they easily pick
up an electron from the loosely bound outermost electron shell of the Cs atoms. In this
manner B− ions are produced and preaccelerated by the extraction voltage U1.

Cs Heater

Ionizer 1400°

Cs
Cs⁺¹¹B- 

  Source (here: 11B)

Cs CsCsCs Cs

Cs

U
1

U
2

Figure 7.2: Working principle of the negative ion injector. Evaporated Cs atoms are
ionized and sputtered onto a solid target, where they knock out negatively charged
target ions (in our case 11B). A more detailed description is given in the text.

After passing the low-energy pulsing devices (described in section 7.1.2) the beam
is injected into the tandem accelerator tube, where the maximum accelerator voltage
of 15MV can be used twice. Due to a stripper foil in the middle of the tank, electrons
of the negative ions are stripped off and the generated positive ions traverse the same
potential difference (15MV) again.

The beam usually consists of ions with different charge numbers and thus of miscel-
laneous energies. With the analyzing 90◦ magnet the desired energy and charge state
(here 11B+5, means that all electrons of 11B are stripped off) can be selected and focused
into the beamline in order to be guided to the experiment.

7.1.2 Pulsed Ion Beam

The Time-of-Flight (ToF) measurement requires extremely sharp bunches of the beam
(width ∼ 2-3 ns), for which different devices of the accelerator are used and need to be
properly adjusted. The so-called Low-Energy Buncher is used to compress the contin-
uous beam periodically into packages. This is achieved by a saw tooth voltage applied
between the hollow buncher tubes, which enclose the beam. The principle is shown in
figure 7.3.
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Figure 7.3: Scheme of the Low-Energy Buncher: (a) principle of the actually used setup
with two applied sine-shaped voltages, (b) functional principle of an ideal saw tooth
voltage (U) between the buncher tubes.

Applying a saw-tooth-voltage in the gap between the two tubes early arriving ions
are decelerated, late arriving are accelerated, thus a periodic accumulation of ions is
generated. Since a clean and stable saw-tooth voltage at the desired frequency of 5
MHz is difficult to generate, two sine waves of 5 MHz and 10 MHz, respectively, are
applied at two separated gaps of the bunch tubes. By adjusting the phase between
them one can obtain an approximately saw-tooth shaped voltage. Because of this ap-
proximation, along with a sharp peak periodically appearing every 100ns, a background
intensity (±20 ns around the peak) remains, which is depicted in figure 7.4a.
For this reason a Low-Energy Chopper is installed in front of the Buncher, to cut away
parts of the beam, before it reaches the Buncher. As shown in figure 7.5 the Chopper
simply consists of a capacitor with an applied AC voltage, which wiggles the beam over
an aperture. Regulating the amplitude of the voltage and the phase with respect to the
buncher, the cut region (hatched area in figure 7.4a) can be adjusted at will. As can be
seen in figure 7.4b, a pattern with sharp peaks remains.
The buncher produces a logical signal for every bunch in order to have a timing infor-
mation, that is required for the coincident measurement.

7.1.3 Neutron Production

To produce neutrons in the MeV regime, the reaction p(11B,n)11C was chosen [41]. This
nuclear reaction takes place in a cell (inner diameter: ∼ 1cm, length ∼ 3cm) placed
at the end flange of the beamline at a distance of ∼ 30cm from the cryodetector. The
hydrogen gas at a pressure of 2bar in the cell is separated from the vaccum in the beam-
line by a 5µm thick molybdenum foil that can stand the pressure difference of 3bar and
allows the high energetic 11B beam to pass with an average energy loss of 4.9 MeV [15].
The hydrogen cell can by filled and evacuated by a system of transfer tubes.
The energy of the 11B beam is adjusted in such way that a maximum event rate is
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Figure 7.4: Schematics of typical beam structures. (a) shows a pattern using only the
Buncher, whereas in figure (b) the Chopper/Buncher ensemble is turned on and properly
adjusted. The hatched areas, confined by red vertical lines, indicate the part of the beam
that is discarded by the Chopper.

~5 MHz

aperturecapacitor

Figure 7.5: Working principle of the Low-Energy Chopper. An AC voltage is applied
on the capacitor, that wiggles the beam over the aperture. More details are given in the
text.
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achieved without reaching the energy of the first excited state of the daughter nucleus
(11C), which would lead to lower-energy neutrons (figure 7.6). A 11B beam of an energy
of 55.4 MeV is found to be the optimal value, leading to a resonant production of 11MeV
neutrons. Due to a large Center of Mass (CM) velocity the induced neutron beam is
collimated in forward direction (inverse kinematics). Because not all 11B ions are inter-
acting with the H2 gas, a Au beam-stop is installed at the end of the cell. Reactions
in this gold disc produce a background of lower energetic neutrons, but for 197

79Au this
background has been shown to be smallest [42].

Figure 7.6: Specific 0◦ neutron yield and neutron energy versus the incident 11B energy
for the nuclear reaction p(11B,n)11C. The grey vertical line indicates the 11B energy
used in this experiment (55.4MeV). n0 indicates the line of elastic scattering, whereas
n1, n2... indicate the lines of inelastic scattering leading to the first, second excited state
of 11C. Y0 and Ȳ0 is the yield of the high-energy branch and the low-energy branch of
the n0 reaction, respectively [41].

The total acceleration voltage is stabilized at 10.2MV resulting in a beam energy
of 61.5MeV while losses [15] in the Mo-window (4.8MeV) and the hydrogen cell itself
(1.3MeV) lead to the desired resonance energy.
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7.1.4 Mounting of the Cell and Beam-Monitoring System

During the commissioning beamtimes it appeared to be quite a challenge to hit the
target cell properly, thus several mounting and monitoring devices have been installed
within this work, both to stabilize the beam at the right position and to control the
shape of the beam itself.
The end of the beamline was supported by a variable aluminium profile system (item R©-
profiles [43]) to avoid vibrations of the setup, for example, when filling the hydrogen cell.
In order to check the shape of the beam at about one metre distance from the hydrogen
cell, a removable quartz screen was installed. When hit by an ion beam, the quartz scin-
tillates and thus reflects the actual beam shape. The screen is mounted together with
a mirror, so that the scintillation light of the quartz can be observed through a glass
window by a CCD camera (Figure 7.7a). The quartz/mirror ensemble can be moved in
and out of the beam by a pneumatic lifter. Using the various quadrupole magnets in the
beamline, the beam shape can be optimized, preferably to a circular shape. Elliptical
beam shapes not only hit the hydrogen volume, but also the material surrounding it,
leading to a parasitic neutron background.
At the hydrogen cell itself, two electrodes can be used to measure the current of the
beam. Maximizing the current (figure 7.7b) on the Au beam stop while minimizing it
on the ring-shaped aperture in front of the cell can be obtained by adjusting X and Y
dipole magnets.

Au beamstopaperture

hydrogen cell

¹¹B⁺⁵ n

CCD

pneumatic
lifter

quartz
screen

glass
window

display

¹¹B⁺⁵

(a) (b)

mirror

Figure 7.7: (a) The camera setup to monitor the 11B beam. (b) Schematic view of the
hydrogen cell with its electrodes (aperture, Au beamstop) to measure the beam current.

7.2 Cryogenic Setup

7.2.1 3He-4He Dilution Refrigerator

To cool the CRESST-like detector to its operating temperature of ∼ 20mK a 3He-4He
dilution refrigerator (KELVINOX400, cooling power of 400µW at 100mK) with a base
temperatur of ∼10mK is used [44]. Despite the complexity of this kind of refrigerator
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and the big effort to install the cryostat in the beamline of the accelerator, it represents
the most convenient way to obtain the required mK-temperatures and cooling power.
In the following we will give a brief description of the working principle of a 3He-4He
dilution refrigerator, for further details see [45].
In order to obtain temperatures in the temperature regime < 0.1K, evaporation cool-
ing that uses the latent heat of evaporation while pumping on a cryogenic liquid (e.g.
3He, 4He), is not sufficient. As can be seen in figure 7.8 a minimum temperature of
∼ 0.3K can be reached by reducing the vapour pressure of 3He due to the exponential
decrease of the cooling power (Q ∝ exp− 1

T
). Pumping on 4He results in a limit of ∼ 1K.

Figure 7.8: The left panel indicates the cooling power of the 3He evaporation and the
dilution cooling of a 3He-4He mixture plotted against the temperature. The right plot
shows the phase digram of a 3He-4He mixture at saturated vapour pressure. Below the
lambda point (T=0.867K) the mixture separates into two phases. The finite solubility of
3He in the mK range is of utmost importance to reach mK temperatures (see text) [45].

To reach even lower temperatures another cooling method is applied, namely the
enthalpy of mixing two quantum liquids. This can be realized by using a mixture of 3He
and 4He below its lambda point at T=0.867K, where the mixture separates into a 3He-
rich and a 3He-poor phase (see figure 7.8). The finite solubility of 3He in 4He (6.6% @
T=0K) is crucial for the cooling mechanism. If 3He is removed from the 3He-poor phase,
3He atoms will pass the phase boundary to maintain the minimum solubility. Since the
enthalpy of 3He in the dilute phase is larger than in the concentrated phase, each 3He
atom passing the phase boundary is cooling the system. As one can see in figure 7.8 left
the temperature dependence of the cooling power is weaker and is maintained down to
the mK range.
The technical solution of this cooling mechanism is shown in figure 7.9 . Since a con-
tinuous cooling is required, the mixture is circulated in a closed cycle with pumps, that
are placed outside the cryostat at room temperture. The mixture is precooled by a
4He evaporation stage (the so-called 1K-pot), where the mixture condenses. The 3He is
continuously removed in the so-called still by pumping which as a welcome side-effect
leads to the cooling of the system by 3He-evaporation. The phase boundary occurs in
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the mixing-chamber, the coldest part of the cryostat, to which the detector module is
thermally coupled. Temperature differences between the downstreaming and upstream-
ing gas/liquid are compensated by heat exchangers.
Since the scattering experiment requires a minumum amount of material around the
detector module to avoid parasitic neutron scattering, a dedicated slim He-dewar was
designed and installed (see figure 7.15) [44].
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Figure 7.9: The main components of a 3He-4He dilution refrigerator are shown schemat-
ically (left) and indicated on a picture of the cryostat used in this experiment (right).
The working principle of a dilution refrigerator is explained in the text.

7.2.2 CRESST-like Detector Module

The central cryodetector module of the scattering experiment is built like a CRESST
detector module, of which the working principle is described in section 2.1. A detector
module consists of a phonon detector and a light detector.
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The CRESST modules are designed for a low-background environment like in the Gran
Sasso Laboratory and can stand a maximum rate of 0.5-1Hz, whereas the detector for
the neutron scattering experiment on the earth’s surface has to cope with much higher
rates (tens of Hz).
For this reason a dedicated detector module (figure 7.10) with the following features
was designed and developed in [35] and installed in [36].

• To reduce the overall event rate in the phonon detector, the dimensions of the
cylindrical CaWO4 crystal are 20mm in diameter and 5mm in height. In addition,
this geometry achieves a low number of neutron double scatterings (∼ 7%), which
is important for the separation of the nuclear recoil bands of the three elements
in CaWO4 .

• An Ir-Au TES (Transition Edge Sensor) with a sharp transition curve (width
∼ 2mK) at a temperature TC of ∼ 60mK is directly evaporated onto the absorber
crystal.

• The decay times of the pulses can be reduced to ∼ 2ms by increasing the surface of
the TES. Unfortunately this increases the heat capacity of the TES, resulting in a
lower pulse heigth, i.e., reduced sensitivity. As a compromise TES equipped with
Al-phonon collectors, that are superconducting below 1.2K and thus have a van-
ishing heat capacity, are used to absorb phonons generated in the CaWO4 crystal.
More details are given in [35].

• The detectors are operated in the so-called electrothermal feedback mode to sta-
bilize the detector via a change of the dissipated power of the bias current in the
TES: After a particle interaction, the resistance of the TES is increased. This
leads to a lower current in the TES and thus to a ”cooling” of the detector. As a
result the decay times of the pulses are reduced.

• The light detector consists of a 20mm x 20mm silicon crystal of thickness 525µm.
The Ir-Au TES is of the same kind as the one described above with a transition
temperature of TC ≈ 37mK.

The detectors are mounted in a copper housing (wall thickness ∼5mm), where the
CaWO4 crystal was initially held by teflon clamps. During commissioning tests of the
detector, dark counts (events in the phonon detector, but not in the light detector)
occurred, that were referred to lattice relaxations due to tensions caused by the clamps.
Thus the upper teflon clamps were exchanged by weaker ones made of annealed CuSn6

(bronze), what solved the dark-count problem [36].
On the bottom side of the CaWO4 absorber crystal, the light detector is placed. The
remaining parts of the holder are coated with a highly reflective foil to increase the
light-collection efficiency.
A teflon ring thermally isolates the two detectors. Both are weakly coupled to the
mixing chamber by Cu-wires. Together with heaters and thermometers (RuO2) for
each detector an independent temperature stabilisation of the two detectors can be
maintained. The temperature regulation is achieved by two resistance bridge systems
(Picowatt, AVS-47B), that operate the heaters via a PID controller.
The TESs of both channels are read out by two SQUIDs (Superconducting Quantum
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Figure 7.10: The pictures show the two detectors of the module for the scattering
experiment, the phonon detector and the light detector, respectively. On the left side
the dector module is mounted in the cryostat, where both detectors are independently
coupled to the mixing chamber with Cu-wires and thermally decoupled in-between with a
teflon ring. Both detector holders are equipped with separate heaters and thermometers
to stabilise the temperature separately.

Interference Device), thermally coupled to the 1K pot (figure 7.9). For details concerning
the SQUID system see [36].
For the energy calibration of the light detector, a 55Fe source is mounted below the light
detector (not present in figure 7.10). It is enclosed by a copper box of wall thickness
3mm. Through a hole of ∼ 1mm in diameter at the top of the box, the light detector is
irradiated by X-rays from the source. The hole in the box is covered by an aluminium
foil of thickness ∼ 0.015mm, hence the Al-flourescence photons, induced by X-rays from
the 55Fe source can be additionally used for calibration. The X-ray emission does not
affect the CaWO4 crystal and thus the phonon detector, since the 55Fe source is mounted
below the light detector.
Details on the calibation process of the light and phonon detector are given in section
7.3.5.

7.3 Neutron Detectors

In order to detect the neutrons scattered off the central detector module, 34 neutron de-
tectors are placed at certain scattering angles around it. Photomultiplier tubes (PMTs)
collect light from a special organic scintillator, that allows to distinguish neutrons from
gammas via Pulse Shape Discrimination (PSD).
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To avoid direct neutron events, polyethylen shieldings are placed between neutron de-
tectors and hydrogen cell (see figure 7.15).

7.3.1 Organic Liquid Scintillators

Scintillation Mechanism
In this section a brief introduction to some important properties of organic liquid

scintillators with focus on PSD is given, further details can be found in [46] [31].
For the detection of charged particles, materials with the property of luminescense can
be used. If charged paricles cross such materials, they interact electromagnetically with
the molecules in the scintillator leading to excitation or ionization. In liquid organic scin-
tillators the deexcitation of π-state electrons of benzene-like molecules produces photons
in the visible or ultraviolet range, which can be detected by PMTs. In figure 7.11 the
orbital structure of such ring-shaped hydrocarbon molecules is shown together with a
diagram of the energy levels of the π-orbital system. Depending on the relative spin

Figure 7.11: The diagram on the left side shows a ring-shaped benzene molecule. The full
(black) lines indicate the pz orbitals of carbon and the dashed (blue) lines the molecular
π orbitals. The diagram on the right shows the energy levels of a typical π-orbital with
singlet (S0, S1...) and triplet (T1, T2) states. The energy spacings between the electronic
levels are between 2 and 4.5eV. S00, S01 etc. indicate vibrational sub-levels [46].

orientation of the two electrons in a molecular orbital, singlet (S0, S1, S2 ...) or triplet
(T1, T2, ...) states are excited. Since transitions between triplet and singlet states are
highly forbidden due to selection rules (phosphorescence, decay times ∼ 10−6s), most of
the energy is dissipated via fluorescene light emission (decay times ∼ 10−9-10−8s) from
excited singlet states to the ground state (S0). Triplet states can be populated indirectly
when two ionized molecules recombine, Thus the density of populated triplet states is
proportional to the density of ionized molecules. Because transitions of the kind Ti-S0

are forbidden, most of the triplet states are depopulated by intermolecular interactions,
which results in delayed fluorescence compared to the direct emission [46].
Since the emission spectrum of a scintillator overlaps with its own absorption spectrum,
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often a second organic component, a so-called wavelength-shifter is added in small con-
centration (O(1g

l
)). Those molecules absorb photons emitted by the scintillator and

reemit at longer wavelengths. As a consequence this energy is not sufficient to excite
the primary component. It becomes transparent and this light can reach the photo-
cathode of the PMT. In additiont, the wavelength is shifted towards the region, where
common photocathodes of PMTs have their maximum sensitivity.

Pulse Shape Discrimination (PSD)
Since heavier and slower particles in comparison to fast electrons have a larger energy

deposition per unit length dE
dx

in the scintillator material and thus a higher ionization
rate, they have a higher fraction of delayed fluorescence, as mentioned above. This has
an impact on the longer components of pulse-decay times. As a consequence, different
particles can be distinguished by their pulse shape. Figure 7.12 qualitatively shows
pulses of alpha particles, fast neutrons (proton recoils) and gamma rays for comparison.

Figure 7.12: Pulse shapes of different particles are shown qualitatively. P1 and P2
indicate integration gates, that are applied from 0 to 50ns (short gate) and 0 to 600ns
(long gate), respectively [32].

The pulse can be integrated over different time intervals. Typically, two so-called
integration gates are applied, one short (∼50ns) and one long (∼500ns). This is sufficient
to distinguish between different particles (in our case: neutrons and gammas). The long
integration gate contains enough information to identify the incoming particles down to
a certain energy, where the bands overlap due to the signal-to-noise ratio. This is shown
in figure 7.13.

7.3.2 Design of the neutron detectors

The neutron detectors consist of a hexagonal Al container for the liquid scintillator.
The inner diameter is ∼ 9.1cm and the height is ∼ 5cm (figure 7.14). A Philips XP-
3461-B photomultiplier is optically coupled to the perspex window of the container with
silicone oil, which has nearly the same refraction index as the window. The bialkali
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Figure 7.13: The ratio of the integrated pulse signals of the short and the long integration
gate is plotted versus the short gate, which is a measure for the deposited energy. The
black dots indicate events from an AmBe neutron source, whereas the red dots indicate
events from a Na22 gamma source. The upper population represents the gamma band,
whereas the lower band originates from neutron-induced protons. The measurement
was performed as a proof of principle with the setup described in section 7.3.2.

photocathode of the PMT has a diameter of 76mm. The time resolution of the PMT
ranges from 2 to 3ns. The PMT tubes are operated with a negative voltage of -1900V.
The whole detector weights about 2.5 kg and is enclosed in a PVC tube.
Currently 34 PMTs of this type are installed and working in our setup.

Figure 7.14: Schematic diagram of the neutron detectors used in the Scattering Exper-
iment. The PMTs were constructed and first used by the SICANE team [47] in Lyon,
France. Later they were shipped to Munich.
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7.3.3 Construction of a new Mounting System

In this work, the mounting system of the whole experimental setup was replaced by
a new, more variable system consisting of Al profiles (commercially available from
[43]). This provides high stability of the mounted devices (neutron-detectors, beam-
line, polyethylen shieldings) and allows quick changes of the experimental setup (e.g.
change of the scattering angle). Figure 7.15 shows the present experimental setup from
different perspectives.

7.3.4 Filling with New Liquid Scintillator

The manufacturer Nuclear Enterprise, Ltd. (NE) developed an organic liquid scintilla-
tor (called NE213)with excellent neutron-gamma dicrimination properties. The neutron
detector were originally equipped with this scintillator. Unfortunately, after some time
(O(10y)) the PSD performance and the light output degraded due to oxygen that leads
to a destruction of the benzene-like structures.
In this work, the old scintillator was replaced by the EJ-301 scintillator in principle
identical to NE213 but now produced by Eljen Technology [48], USA. The most impor-
tant properties of this liquid scintillator are summarized in figure 7.16, whereas its main
ingredients are displayed and briefly characterized in figure 7.17.

Before being filled into the PMT cells, the liquid scintillator has to be deoxygenated
by sparging with pure nitrogen (∼ 10h for one litre), because contact with oxygen de-
teriorates the benzene-like structures and thus reduces the scintillation efficiency. With
the setup shown in figure 7.18 the scintillator can be filled into the PMT cells without
having contact to oxygen. After the filling process the cells are sealed with clamped
teflon (PTFE) tubes, since teflon resists the aggressive organic scintillator.

7.3.5 Calibration and Discrimination threshold

Energy Calibration
To characterise different scintillators an energy calibration was carried out, by irra-

diating the samples with gammas from different sources. Due to the low Z-value of the
ingredients of organic liquid scintillators, no photo-peaks are visible and thus compton
edges are used to realize an energy calibration. The energy E of a Compton-scattered
electron is given by

E(Θ, Eγ) = Eγ − Eγ

1 + Eγ
mec2

(1− cos Θ)
(7.1)

where Eγ is the incoming gamma energy, me the electron mass and Θ the scattering
angle. The maximum energy ECE transferred to the electron is achieved by backscat-
tering of the photon and becomes visible as the Compton Edge in the spectrum, where
the pulse height in the PMT is plotted versus the event rate (figure 7.19, left). ECE is
given by

ECE =
Eγ

1 + mec2

2Eγ

(7.2)



7.3. NEUTRON DETECTORS 61

cryostat

large-area
neutron detector

beamline

neutron-detector 
arrays

neutron detector 
at 0°

polyethylen
shielding

Figure 7.15: Experimental setup from different perspectives (Top: from the beamline,
middle: from opposite of the beamline, bottom: side view). The gas-handling system
of the dilution refrigerator and parts of the electronics are located on top of the setup.
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Figure 7.16: Properties of the EJ-301 organic liquid scintillator (identical to the widely
used NE-213). On the right side the emission spectrum of the scintillator is shown [48].

Figure 7.17: Structure formulas of the main ingredients of EJ-301 (NE213) [15]. It con-
sists of the organic scintillator naphtalene (ii) which is dissolved in 1,3-Dimethylbezene
(i); this primary component emits photons at λ ∼ 340nm. Two wavelength-shifters,
POPOP (iii) and PPO (2,5-Diphenyloxazole) (iv) are used to achieve the emission spec-
trum as shown in figure 7.16.

EJ 301

N 2

N 2

liquid

exhaust

PMT cell

perspex
window

reservoir

recuperation
tank

switcher
teflon tube

Figure 7.18: Filling setup for the PMT cells. In the reservoir the scintillator can be
deoxygenated by sparging with pure nitrogen. Afterwards the liquid can be pressed into
the cell with nitrogen. When the cell is filled completely, it is sealed with clamped teflon
tubes.
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In table 7.1 the gamma energies of different sources used in this work are listed along
with the respective energies of the Compton Edge.

source process branching half-life[y] Eγ[keV ] ECE[keV]
22Na β−/EC 100% 2.6 1275 1062
22Na e+e− annihilation 90% 2.6 511 341
137Cs β− 85% 30 662 478

Table 7.1: Gamma sources used in this measurement with their respective gamma en-
ergies Eγ [15] and the energy of the Compton Edge ECE.

Due to the finite resolution of the detector, the exact fit function for the Comp-
ton spectrum is the convolution of a Gaussian (detector resolution) and a distribution
described by equation 7.1. To characterize the scintillators in their discrimination capa-
bility, the following procedure is sufficient: A Gaussian fit is applied to the high-energy
part and the Compton edge is assigned to the point aCE were the spectrum has de-
creased to half of the maximum (towards higher pulse heights) [49] [15]. In figure 7.19
left, the spectrum of the scintillator LAB+10g

l
PPO (see section 7.3.6) calibrated with

22Na and 137Cs sources is shown together with the Compton edges fitted by Gaussians.
Assuming a linear detector response [32], the calibration factor f can be obtained by a
linear fit to the calibration points (ECE, aCE)i

E = a · ECE
aCE

= a · f (7.3)

where a is the pulse height and E the energy deposited in the scintillator. Figure 7.19
(right) shows that the linear fit (here for the scintillator LAB+10g

l
PPO) is in good

agreement with the assumptions made above. The error of the fit is assumed to be the
total calibration error.

Determination of the Discrimination Threshold
The energy, above which electron and nuclear recoil events can be distinguished (here

at a 2σ confidence level), is referred to as the discrimination threshold (DT) of a scin-
tillator.
To determine the DTs of organic liquid scintillators, the following steps are taken:

• From a scatter plot like that shown in figure 7.22, where the ratio of the event
rates in the short and long integration gate is plotted against the deposited energy,
an energy interval of ∼ 100keV in width is chosen.

• The ratio of these events can then be plotted in a histogram, where two distribu-
tions due to electron and nuclear recoils are visible.

• The two populations in the histogram are fitted by two Gaussians (figure 7.20
right). A 2σ-discrimination is possible, if the distributions do not overlap on a
2σ-level.
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Figure 7.19: Top: Pulse-height spectrum of the scintillator LAB+10g
l
PPO irradiated

with the 22Na and 137Cs gamma sources. The black lines indicate the Compton edges
fitted by Gaussians. Bottom: The calibration points obtained from the Compton edges
of 137Cs (ECE =478keV) and 22Na (ECE =1062keV) are plotted together with a linear
fit.
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Starting at high energies (∼ 3MeV) this fitting procedure is repeated shifting the 100keV
energy interval to lower energies (steps of ∼ 50keV). In each step the 2σ-points of the
two Gaussians (marked in figure 7.20 right) are recorded. In figure 7.20 (left) these
points are plotted versus the energy and the discrimination threshold can be obtained
by the crossing points of the two curves.

7.3.6 Tests with Different Liquid Scintillators

With the method described in section 7.3.5, 6 different scinitillators were tested. Along
with EJ-301 (NE213) [48], that is now used in the Neutron Scattering Experiment and
NE- 343, another commercially available scintillator, the scintillators LAB and PXE
(figure 7.21) with different concentrations of the wavelenghtshifter PPO (2g

l
, 10g

l
) are

tested. The mixtures are produced at our institute, for further properties of the scintil-
lators see [46].

The measurements were made at the MLL accelerator in Garching with the setup
described previously in this chapter. The different scintillators that were investigated
were filled using the method described in section 7.3.4. The samples were irradiated by
an AmBe neutron source [15].

scintillator discrimination threshold light output
EJ-301 (NE-213) (111±20)keV 100%
LAB+10g

l
PPO (732±80)keV (72±6)%

LAB+2g
l
PPO (1201±132)keV (74±7)%

PXE+10g
l
PPO (304±33)keV (90±9)%

PXE+2g
l
PPO - (71±6)%

NE-343 (614±67)keV (80±8)%

Table 7.2: Discrimination threshold and relative light output for different scintillators
obtained with the method described in section 7.3.5. The light ouput is normalized to
that of EJ-301.

In figure 7.22 the scatter plots of the tested scintillators are shown and the corre-
sponding discrimination thresholds and relative light output of the scintillators are listed
in table 7.2.
Since EJ-301 (NE-213) has the lowest threshold and the highest lightoutput it was
chosen as scintillator for our neutron detectors. Nevertheless, PXE+10g

l
PPO shows

promising properties and due to its much lower cost (factor ∼ 10) it could be a solution
for detectors, requiring a larger amount of scintillator (i.e. section 7.4).
Data from these measurements was also used in [50] to investigate discrimination prop-
erties of scintillators for the future large scale neutrino experiment LENA (Low Energy
Neutrino Astronomy).
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Figure 7.20: Bottom: The ratio of the event rates of the short and long integration gates
(ratio) from events of an interval of ∼ 100keV around a definite energy (∼ 1400keV) is
plotted in a histogram (grey dots). The solid line indicates the two Gaussians fitted to
the spectrum. The dashed lines mark the 2σ-points of the two Gaussians. Top: The
2σ-points obtained at different energies are potted versus the energy. The discrimination
threshold is obtained by the crossing point of the two lines. In this case the threshold
is at 732keV (LAB+10g

l
PPO).
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Figure 7.21: Main properties of the scintillators PXE and LAB [46].

7.4 ”Grossmaul” Detector

In order to increase the detection area for the scattered neutrons a new kind of detector
was developed in this work.

7.4.1 Design and Properties

The ordinary neutron detectors used for the scattering experiment consist of small cells
filled with liquid organic scintillator (∼ 0.3l) optically coupled to a photomultiplier
(PMT), as described in section 7.3. In order to increase the detection area per read-
out channel, a new detector design was chosen. This large-area detector (for historical
reasons called ”Grossmaul” detector) consists of a quadratic tube (side length 6cm) of
1m length made of 2mm thick Al, which is filled with 3.6l of EJ301 (NE213) liquid
scintillator. EJ301 has the lowest discrimination threshold among the tested scintil-
lators (see section 7.3.6) and thus the best neutron/gamma discrimination capability.
The tube is sealed at each end by glass windows and custom-built teflon-coated o-rings,
that resist the aggressive liquid scintillator. For a backup sealing, the glass windows,
in addition, are fastened to the Al-flange at both ends of the tube by a two-component
glue (UHU endfest 3000). The PMTs (Philips XP-3461-B) are optically coupled to the
glass windows by silicone oil. Each PMT is enclosed by Mu-metal (to avoid magnetical
disturbances) inside a light-tight housing made of steel. The PMT-tube is softly pressed
onto the glass window by a spring to ensure a sufficient optical coupling. The inner walls
of the tube are covered with reflective Al plates (1mm thick, reflectivity ∼ 90%) in oder
to guide the light to the glass windows at the tube’s ends. In figure 7.23(left) a schematic
view of the setup is shown. The large-area detector has been integrated into the setup
of the mounting system made of Al-profiles (see section 7.3.3). In figure 7.23(right) one
side-detector array is shown together with the prototype of the ”Grossmaul”-detector.

The detector is mounted, so that the whole tube is at a scattering angle of ∼ 80◦

with a maximal uncertainty of ±1◦. Hence no determination of the event position in the
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Figure 7.22: Scatter plots of different organic liquid scintillators irradiated with a AmBe
neutron source. On the x-axis the energy is plotted in keV (0 to 3000keV) and on the y-
axis the ratio of the events in the short and long integration gates is plotted in arbitrary
units. The event-density differences between the plots are due to different statistics of
the measurements. The overlap at high energies is due to saturation effects of the PMT
for scintillators with a high light output. More details are given in the text.

scintillator is required. This would generally be possible by calculating the ratio of the
pulse heights of an event measured by both PMTs. In addition, since for the scattering
experiment only the neutron/gamma-discrimination capability is important (see section
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liquid 
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Figure 7.23: Left: Schematical view of the large-area neutron detector (”Grossmaul”
detector). Right: Picture of the prototype of the large-area neutron detector. It is
mounted above the side neutron-detector array, that is equipped with 16 PMT (grey
tubes).

8), no energy calibration is necessary. However, a calibration is helpful to characterize
the detector and determine its separation threshold (see section 7.3.5).

7.4.2 First Measurements

The first measurement was performed with an AmBe neutron-source [15] irradiating the
large-area detector from a distance of ∼ 170cm, which is the typical distance between
crypdetector and neutron detector during a beamtime (see chapter 7). In order to
test the neutron/gamma discrimination an additional measurement has been performed
with a 22Na-gamma source. The data is acquired with the same system used for the
measurements described in section 7.3.6. Figure 7.24 shows a discrimination plot of one
PMT of the detector, where the ratio of the results of the short and long intergration
gates is plotted versus the pulse height. Events from the AmBe neutron source and the
22Na gamma source, are plotted by black and grey dots, respectively. This measurement
confirms the good neutron/gamma capability of the scintillator EJ301 (NE213) even for
a large scintillator volume (3.6l).
Unfortunately, no energy calibration is possible since the events take place everywhere in
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the tube and thus arrive at the PMTs with different pulse heights. Hence no compton-
edges are visible and no value for the discrimination threshold can be stated. However,
it can be seen, that the proton recoil band is broader (less discrimination capability)
compared to that obtained in a measurement with a small scintillator cell of 0.3l (see
figure 7.22). The discrimination threshold can be estimated using the energy, where the
PMT starts to saturate (see figure 7.22 for EJ301), as a rough energy calibration. The
threshold is estimated to be ∼ 350keV and thus a factor ∼ 3 higher than the threshold
obtained for the small scintillator volume. However, the detector covers a ∼ 5 times
larger area per channel compared the ordinary neutron detector.
These first results look promising and for the beamtime in December 2009 the prototype
of the ”Grossmaul” detector was operated.

Figure 7.24: Scatter plot of one PMT of the large-area detector, irradiated by an AmBe-
neutron source (black) and a 22Na-gamma source (grey). The ratio of the results of the
short and the long integration gates is plotted versus the pulse height in arbitrary units.
The upper band corresponds to gamma-induced electron recoil events and the lower
band to neutron-induced proton recoils.

7.4.3 Future Improvement

For a further improvement of the large-area detector, the reflectvity of the inner walls
of the Al tube has to be increased in order to guide more light to the PMT cathodes.
A comparison between figure 7.24 and figure 7.22 shows, that the mean pulse height of
proton recoils is lower for the larger detector. This can easily be explained, since the light
intensity decreases by ∼ 10% at every reflection, hence the larger the distance between
the PMT and the position of the event in the scintillator, the smaller the detected light
signal. If the reflectivity is increased, the position-dependent difference in the pulse
heights should become smaller and thus an energy calibration could be possible. In
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addition, the difference of the pulse shapes between electron and proton-recoils should
be more significant, if the light intensity is increased.
A reflectivity of ∼ 99.9% can be achieved with a highly reflective foil (VM2000A) as
used for example in the CRESST experiment. However, it is quite challenging to cover
the Al tube with the foil, as the scintillator dissolves the glue on the back-side of the
foil. The glue has to be removed or sealed by a scintillator-resistent glue.
Another approach to improve the current setup is to analyse the data with respect
to the position of the event in the scintillator volume, which can be reconstructed by
determining the ratio of the pulse heights measured with both PMTs. Thus the pulse-
height spectrum would be less smeared out and a position dependent energy calibration
and discrimination between neutrons and gammas would be possible.

7.5 Data Acquisition

7.5.1 VME Modules

The scattering experiment (described in chapter 6) requires an advanced and fast elec-
tronic data-acquisition system. Since the time-constants of cryodetector (∼ 2ms) and
PMTs (∼ 10ns) differ by several orders of magnitude, a hardware coincidence-search
is not possible. Hence all events in all detectors during the measurment campaigns
are recorded and the analysis is performed offline. The huge amount of data (several
terrabytes of data per week) requires a fast bus system. For this reason, a VME-based
system was chosen and developed in [36].
The following VME-based modules are used:

• Time to Digital Converter (CAEN v1190, 64 channels): The event times of all
detectors (PMTs, cryodetectors) and the logical signal from the buncher of the
accelerator are recorded. The TDC is working in a continuous recording mode.

• Analog to Digital Converter (Struck Sis3302, 8 channels): The cryo-pulses from
the phonon and the light detectors are recorded with a maximum sample rate of
100MHz and a resolution of 16bit. The pulse can be averaged onboard in order to
reduce the amount of data and to filter noise.

• Analog to Digital Converter (Struck Sis3320, 8 channel): Five of these flash-ADC
modules are operated to allow data-taking of up to 40 PMTs. The main feature of
these modules is, not to record the full pulses, but to apply integration gates to the
pulses in order to achieve a pulse-shape discrimination (see section 7.3.1). Only
the results of these gates are stored, which reduces the amount of data significantly
(several orders of magnitude).

• Constant Fraction Discriminator (CEAN v812, 16 channels): CFDs do not trigger
on a certain threshold but on a fraction of the pulse height, which makes the trigger
time independent of the pulse height. All detectors are connected to one of the
three CFD modules and the output is directly fed into the TDC.

• VME controller (CAEN v2718): The VME controller connects the VME bus to a
standard PC by an optical-fiber cable.
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A more detailed explanation of the electronic system will be given in [36]. The data-
readout of the modules is described in section 8.1. In figure 7.25 the connection scheme
of the electronic devices and the detectors is shown.

PMT PMT PMT PMT

v812 CFD

Sis3320 ADC

Sis3302 ADC

v1190 TDC

Cryodetector
VME bus

VME Controller

40 PMTs
anode pulse

anode pulse

ECL signal

light and phonon signal

trigger signal

optical link

standard PC

Figure 7.25: Wiring scheme of the VME-based modules and the detectors of the neutron
scattering experiment. PMT signals are converted to logical signals (ECL standard) by
the CFDs and forwarded to the TDC module [36].

7.5.2 Acquisition Software

For control and readout of the VME-based electronic system, a dedicated software was
developed in [36]. In the following the most important features are pointed out.
The software was written in C++ and has a graphical interface to display pulses of all
detectors even during the measurement. These live-plots are an important tool to check
the functionality of the setup at all times. Besides the pulses from the cryodetectors,
PMT pulses can be displayed and the integration gates for the pulse-shape discrimination
(see section 7.3.1) can be applied. The length of these gates can be optimized, while
the neutron/gamma discrimination capability is checked in a live-discrimination plot
(e.g. see figure 7.13). In addition, the software is able to display live-coincidence plots
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(like figure 9.1) between two channels. This is especially useful for the adjustment of
the beam-pulsing (see section 7.1.2), where a live-coincidence measurement between
accelerator bunch and a PMT positioned at a scattering angle of 0◦ is performed. All
parameters of each VME module can be modified at any time (such as trigger settings,
thresholds, sampling rates, etc.).
Finally, the data from the VME modules is saved on the hard discs of a PC and is then
backuped on the server of the MLL-laboratory in Garching.





Chapter 8

Data Analysis

The software for the data analysis of the neutron-scattering experiment has been writ-
ten in the numerical computing environment MATLAB and is described in more detail
in [36]. High importance was given to the automization of the individual steps of the
analysis, since the enormous amount of data (∼3 Terrabyte per week of beamtime)
makes a manual operation impossible. Nevertheless, every step of the analysis has to
be properly monitored and results of the individual steps have to be interpreted before
proceeding. Since MATLAB is able to quickly display intermediate data and easily
allows changes to the program code, it was favoured over programming languages like
C++ which would allow faster computing.

This chapter gives a brief overview of the steps of data analysis used in this work.

8.1 Data Readout

The data of the measurements acquired by the VME-electronics modules (section 7.5.1)
are loaded into the MATLAB environment. All modules of the readout electronics are
explained in section 7.5.1. In the following the data output of all types of modules are
described.

ADC (Sis3302) for the Cryodetector
For both, phonon and light detector, the pulses are recorded with the following prop-

erties:

• General pulse parameters: trigger, adresses concerning measurement and pulse
numbers

• Full sampling of all pulses (typical sampling length: 30.000 data points, sampling
rate: max. 100MHz)

• Timing information derived from the trigger of each ADC (so-called time stamps)

ADCs (Sis3320) for the neutron detectors
Events recorded by the 40 ADC channels (actually 34 neutron detectors have been

operated) are saved with the following information:

75
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• General pulse parameters: trigger, adresses concerning measurement and pulse
numbers, ...)

• Results of up to eight integration gates, which sum different parts of the pulses
(see section 7.3.1)

• Timing information derived from the trigger in the ADC (time stamps)

• Additional pulse information (pulse height, channel number of detector which
triggered)

The on-board application of the integration gates, instead of recording the whole pulse,
saves memory. This is important, since we have to cope with high rates in the PMTs
(∼ 100Hz)

TDC module
The signals of the neutron detectors, the cryodetector and the logical pulse from

the buncher of the accelerator (see section 7.1.2) are recorded with a 64-channel TDC
module. The following information is recorded

• channel number

• timing information (time stamps)

A measurement campaign (beamtime of ∼1 week) is typically split into periods
ranging from a few hours to a maximum of one day, because maintenance at the experi-
mental setup and monitoring of the pulse conditions of the accelerator make it necessary
to interrupt data-taking. The data is saved in different folders and has to be treated as
individual measurements, since maintenance can change the setup (for example: working
point of the cryodetector). These folders are combined at the end of the data analysis,
when comparability is checked.

8.2 Analysis of the Cryodetector Pulses

The Analysis of the pulses of the cryodetector, which is described in section 7.2.2, is an
ambitious undertaking. In figure 8.1 typical pulses from the light detector (grey) and
the phonon detector (black) are shown. They are measured simultaneously.

8.2.1 Creating a Standard Event

Figure 8.2 shows the transition curve of the phonon detector used in this setup. The
temperature of the TES (Transition Edge Sensor) is stabilized in its transition from
the normal-conducting to the superconducting state, preferably in the region where the
transition is fairly linear. Thus the pulse height is supposed to be proportional to the
total energy deposited in the absorber. Nervertheless, if the energy is high enough to
reach the non-linear part of the transition or even as high that it warms up the detector
to the normal conducting state, the pulses saturate and the detected pulse height is no
longer a good measure for the deposited energy. In the normal-conducting state the
resistance does not significantly change anymore with temperature and thus the pulse
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Figure 8.1: Typical pulses from an electron recoil in the CaWO4 crystal: phonon de-
tector (large, black line) and the light detector (small, grey line). Raw samples of the
ADC are plotted in arbitrary units. Typical decay-time constants for this detector are
∼ 2ms (see section 7.2.2).

is flattened at the top (see figure 8.5 in section 8.2.2).

Also noise (which is difficult to avoid in our very sensitive setup) makes an energy
determination, where simply the maximal pulse height is measured, impossible, because
the deposited energy would be overestimated.
In order to determine the amplitude of the pulses, a dedicated fitting method (the so-
called standard-event fit) is used. This method is widely spread for the data analysis of
cryogenic experiments (e.g. CRESST) [51]. For this reason a toolbox to establish the
standard event fit was integrated in our MATLAB environment [36].

Realisation of the Standard-Event Fit
In figure 8.3 the unfitted amplitude of the light channel is plotted versus the amplitude

of the phonon channel. Clearly two bands arising from electron and nuclear recoils
appear. The bending of the bands at higher pulse heights arises from the saturation
effect originating from non-linearities of the TES transition. A coarse energy calibration
is achieved by localising the peaks of the calibration source (here 133Ba ), which was
always present during the measurement campaigns. The most prominent gamma-line of
133Ba at 356 keV is most visible (see figure 8.3). Additionally, muon-induced electron-
recoil events appear significantly in the energy range from 0-500keV.

The phonon detector is fairly linear up to a recoil energy of ∼ 100keV. This was
determined from the analysis described in this work and in [35] [28]. Thus, pulses from
the energy region ±20keV around ∼ 100keV (typically from the electron-recoil band)
are chosen to build a standard event. This can be achieved by summing the selected
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Figure 8.2: The resistance of the Transition-Edge Sensor (TES) of the phonon detector
used in this work is plotted versus the temperature. The transition curve between
superconducting and normal-conducting state has linear and non linear regions. The
curve was recorded in [35].

pulses and by normalizing the amplitude of the resulting pulse to one. The resulting
standard event has a smooth shape, because the procedure works as a filter for the noise,
which occurs statistically. In figure 8.4 typical standard events for the phonon and for
the light channel are shown.

If the deposited energy in the absorber is high enough to saturate the detector, the
pulses are flattened at the top and the pulse shape above this energy cannot be used to
reconstruct the real pulse height. Hence, only the information from the pulse shape up
to this energy (so-called cut-off energy) is used for the fitting procedure. This method
is called the truncated standard event fit.

The truncated standard events are fitted to every pulse of the phonon and light
detector. The free parameter of the fit is the onset of the cryo-pulse. For each onset,
the pulse height giving the minimum RMS (root mean square) value, is calculated. The
cut-off energy is fixed and equal for all pulses. In figure 8.5, the working principle of this
fitting method is demonstrated. The black (solid) line indicates the standard event for
the pulse, which is plotted in grey. Only the pulse shape below the dashed line is fitted.
Above this energy the pulse shape deviates significantly from the real shape because of
saturation effects. As a consequence, one would underestimate the energy of the events
by only looking at the pulse height.
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Figure 8.3: A typical scatter-plot, where the unfitted pulse height in the light channel
is plotted versus the pulse height in the phonon channel, is shown from a measurement
in presence of the neutron beam and an additional 133Ba calibration source. Several
populations of events are visible, the most prominent band is referred to as the electron
recoil band, in which also the γ-lines of 133Ba are visible. The bands of events at lower
light energies are neutron-induced nuclear recoils. The bending of the bands at higher
energies originates from saturation effects, of both the phonon and the light detector.
The gap at about 2000 on the x-axis is an artefact of the transition curve of the phonon
detector [36].

In figure 8.6, the fitted amplitudes of the light channel is plotted versus the fitted
amplitude of the phonon channel. After the truncated standard event fit was applied
to all pulses of a measurement campaign, the two bands corresponding to electron and
nuclear recoils show a linear behaviour up to the MeV phonon-energy range.
An additional population originates from X-ray events from the 55Fe source placed below
the light detector. This events are light-only events, since X-rays are absorbed directly
by the Si substrate of the light detector and thus no phonon signal in the CaWO4 crystal
is expected. This kind of events can be seen in figure 8.3 along the y-axis with a vanishing
energy in the phonon channel.

8.2.2 Quality Control of the Events

In this section various populations of events, which cannot be fitted by the standard-
event method, are described and solutions to identify them are presented. Events are
either modified in order to be fitted correctly or discarded, in order not to falsify the
results. An important tool to identify events is the RMS plot, where the root-mean-
square value (RMS) of the standard event fit is plotted versus the fitted amplitude in
the phonon channel (figure 8.7) and the light channel, respectively.
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Figure 8.4: Standard events for the phonon (solid black line) and the light detector
(dashed red line), constructed by summing electron recoil pulses from the energy region
±20keV around 100keV.
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Figure 8.5: A pulse (grey line) with an energy higher than the cut-off energy (dashed
black line). The dashed curve indicates the respective standard event. Futher explana-
tions are given in the text.

The following populations of events have been identified and methods to treat them
are described:

• Events caused by missing ADC data (see [36]) as shown in figure 8.8(a), where
the first samples were not recorded and show random data. This strongly affects
the fitting procedure, the free parameters of the fit are mismatched. The software
determines those events and discards them.

• Pile-up events, as shown in figure 8.8(b), that are caused by too high event rates,
can easily be identified by checking the monotonicity of the pulse decay. If a new
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Figure 8.6: Events fitted by the truncated standard-event method are shown in a scatter-
plot, where the fitted amplitude in the light channel is plotted versus the fitted amplitude
in the phonon channel. The linear detector response up to large pulse heights is clearly
demonstrated. The upper band corresponds to electron-recoil events induced by 133Ba-
gammas or muons, whereas the events in the lower band are due to nuclear recoils from
the neutrons of the accelerator beam, which was always present during this ∼ 1 day
measurement. The kink in the electron recoil band at pulse height ∼ 1500 is due to
energy dependent quenching at lower energies (see section 5.2).

pulse appears before the previous pulse has fallen to the baseline level, both events
are discarded. For the future, a data analysis software will be built to reconstruct,
at least a fraction of pile-up pulses.

• Events with an unstable baseline (figure 8.8c,d) can be caused by many reasons:
If a previous pulse has not fallen completely to the baseline level before a new pulse
rises, its amplitude will be determined in a wrong way. Second, the baseline can be
unstable due to electronic noise or mechanical vibrations (microphonics). Third,
in several beamtimes strange undershoots appear in the pulses, which are not
completely understood. Fortunately, these events can be discarded from the data
analysis by cutting away pulses with a large standard deviation of the baseline .

• At higher energies flux-quantum losses in the SQUIDs arise often (for explana-
tion see [28]) and thus the baseline is lowered by a multiple of the flux quantum.
In figure 8.8(e) a typical pulse of this kind is plotted. In the fitting process flux-
quantum losses are compensated. Thus these pulses can be treated as normal
events.

• X-ray pulses from the 55Fe source (see figure 8.8(f)) have a different pulse shape
and are thus not well-fitted by the standard event for light pulses originating from



82 CHAPTER 8. DATA ANALYSIS

!2000 0 2000 4000 6000 8000 10000 12000 14000
100

102

104

106

108

fitted amplitude in the phonon channel [arb. units]

RM
S 

va
lu

e 
of

 th
e 

fit
 [a

rb
. u

ni
ts]

pile!up events

energy region of the standard event

band of well!fitted pulses

light only
 events

Figure 8.7: The RMS value of the fit is plotted versus the fitted amplitude in the phonon
channel. The RMS value provides a measure of the quality of the fit. The lower dominant
band contains well-fitted pulses. The local minimum at an amplitude of ∼ 1500 is the
region, where the standard event was taken from. The splitting of the band at higher
energies is due to different numbers of flux-quantum losses of the SQUID. Pile-up and
other events, that are fitted incorrectly (see text), are located at higher RMS values.

the CaWO4 crystal. X-ray pulses can easily be identified, since they do not affect
the phonon channel (light-only events).

• During long-time measurements (∼ 1 week), the working point of the detectors
can change for several reasons (e.g. warming up of the detector due to mechanical
vibrations). This in turn changes the detector response. Since a change in the
working point has an impact on the mean standard deviation of the baseline,
a sudden change can be identified by controlling this value (see figure 8.9). It
has to be checked properly, if these changes affect the resolution of the detector
significantely. If necessary, these regions can be cut away (usually called stability
cut).

After the cuts described above have been performed, remaining events with RMS-
values in one of the detectors - much higher than the average for a certain amplitude -
are cut away graphically in the RMS-plot (see figure 8.7).
The methods described in this section secure a high quality of the fitted pulses. However,
the price one has to pay is, that ∼ 60% of all pulses are excluded from the data analysis.
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Figure 8.8: Black lines indicate the phonon channel and grey lines describe the light
channel. Six examples of pulses, to which special attention has to be paid. (a) Pulse
pattern originating from missing ADC data (b) Unstable baseline due to pile-up: the
previous pulse has not yet completely fallen back to baseline level. (c) Noise trigger.
(d) Undershoot after a pulse in the light channel (not completely understood) and
oscillations. (e) Shift of the baseline originating from flux quantum losses in the SQUID.
(f) Direct absorption of an X-ray from the 55Fe source in the light detector. Further
explanations in the text.

8.2.3 Calibration of the Cryodetector

Calibration of the Phonon Detector
During the beamtimes a 133Ba source is always present in order to calibrate the phonon

detector. The source is placed at a distance of ∼ 1m from the cryodetector to avoid too
high counts rates.
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Figure 8.9: The standard deviation of the baseline of pulses in the phonon channel
is plotted versus time. The sudden change of the mean value of the prominent band
indicates a change in the working point of the detector.

In figure 8.10, a typical energy spectrum of the CaWO4 phonon detector from a mea-
surement of ∼ 5 days is plotted. The four γ-lines from 133Ba (276.4keV, 302.9keV,
356.0keV and 383.8keV) and the e+− e− annihilation line at 511keV are clearly visible.
The muon-induced background up to ∼ 400keV is the dominant background source.
The γ-lines have been fitted by Gaussians, for the dominant 133Ba-line at 356.0keV the
FWHM is about 8.3keV. Because this value is obtained by fitting the peak with the
largest statistics, it is a good indicator for the energy resolution of the detector. Also it
is a proof for the stability of the detector, as the spectrum is recorded over a period of
∼ 3 days.

The curve that fits the calibration points in a reasonable way is a power law of the
form

E = a · xb (8.1)

where x is the fitted amplitude in the phonon detector, E is the deposited energy, a and
b are the fit parameters. In figure 8.11 the calibration curve is plotted together with the
calibration points. The result for the fit parameter b is - depending on the working point
of the detector - in the order of 1.05±0.05 and thus the detector response is fairly linear.

Calibration of the Light Detector
The silicon substrate that is used as the light detector can, in principle, be calibrated

by γ-sources as well. However, on the one hand, the resolution of the light detector is not
as good as the phonon channel and thus closeby lines cannot be separated. Furthermore,
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Figure 8.10: Calibration spectrum of the phonon detector irradiated by a 133Ba-source
(276.4keV, 302.9keV, 356.0keV and 383.8keV). The peak at 511.0 keV is due to e+− e−
annihilation.
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Figure 8.11: The calibration points for the phonon detector from a 133Ba-source
(276.4keV, 302.9keV, 356.0keV and 383.8keV) and the e+ − e− annihilation (511.0keV)
are fitted with a power law function E = a · xb.

it cannot be excluded that the CaWO4 crystal shows non-linearities (depending on the
excitaion energy) in its emission spectrum. Thus, this method is not sufficient to prove
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the linearity of the light detector.
However, a calibration can be achieved by using the X-ray pulses from a 55Fe source,
mounted below the light detector. 55Fe decays to 55Mn by electron capture and the
excited 55Mn atoms further deexcite to the ground state by X-ray emission. Hence
the Kα (5.899keV) and Kβ (6.490keV) lines can be detected in the silicon substrate. In
addition an Al foil is installed between the 55Fe source and the light detector. Most of the
X-rays pass the foil without interaction, but the interacting ones excite Al atoms. The
dexcitation process produces X-rays of 1.49keV, commonly referred to as Al-fluorescence
(emission). The X-rays are fully absorbed by the silicon substrate and the produced
phonons are measured with a TES (see section 7.2.2). When the X-ray photons interact
in the Si substrate, Si atoms are excited, which dexcite by X-ray emission of 1.74keV
(Si-fluorescence). If these photons escape the substrate (events near the surface), the
detected energy is the difference between the energy of the incoming X-ray photon and
the Si-fluorescence photon of 1.74keV. Hence two, so-called Si-escape peaks (4.16keV
and 4.75keV), corresponding to the Kα and the Kβ line of 55Mn arise.
For the calibration with X-rays a separate standard event fit is applied, where the
standard event is constructed by X-ray pulses. This is necessary because the pulse
shapes due to X-rays that are absorbed directly by the light detector and due to the
scintillation light originating from the CaWO4 crystal, differ.

Al
1.49keV

Si-escape

4.16keV  4.75keV

X

5.90keV
K 

K 

K 

K 

6.49keV

Figure 8.12: Calibration spectrum of the light detector irradiated by a 55Fe source. The
Kα and Kβ, the respective Si-escape peaks and the Al-fluorescence originating from the
Al-foil on top of the source are used for calibration of the light detector (see text). The
origin of an additional peak appearing at ∼ 2.1keV is not yet understood. This has to
be investigated in future experiments.

In figure 8.12 a typical X-ray calibration spectrum irradiated ∼ 3 days by a 55Fe
source is plotted. The calibration points can be fitted with a linear fit (see figure 8.13)
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Figure 8.13: The calibration points for the light detector from a 55Fe-source (EKα =
5.90keV, EKβ = 6.49keV), the Si-escape peaks (ESi−Kα = 4.16keV, ESi−Kβ = 4.75keV)
and the Al-fluorescence line at 1.49keV are fitted with a linear function.

E = a · x (8.2)

where x is the fitted amplitude, E the energy deposited in the absorber and a the fit pa-
rameter. The FWHM of 390eV and thus the energy uncertainty of the most prominent
peak (Kα) is regarded as the energy resolution of the light detector. This is in good
agreement with the value obtained in [35].
Now, that the linearity of the light channel is proven, the absolute energy calibration
of the light detector can be achieved.
The prominent 133Ba-line at 356.0keV can be cut out graphically of a scatter plot as
the one shown in figure 8.6. Hence the position of this line in the light channel can
be determined with high precision by a Gaussian fit. This point can be used to scale
the light channel in terms of an electron-equivalent energy (see section 5). Assuming
that the energy dependence of the QF is negligible in the energy range from 100 to
400keV (see section 5.2), the light yield can be normalized to 1 for electron recoils of
356keV. The linearity is further checked by analyzing the calibration data, where other
γ sources were present (22Na, 137Cs and 57Co). Unfortunately, our 57Co source placed
outside the cryostat was too weak to obtain a sufficient rate to use it for a continuous
calibration during the beamtimes. For future experiments a new 57Co source will be
available. This is important to reach consitency with the calibration method used in
CRESST (see section 5).

Figure 8.14 shows a yield plot of a fully calibrated data set of ∼ 3days in the phonon
energy region from 0 to 1.1MeV.
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Figure 8.14: The light yield is plotted versus the phonon energy for a ∼ 3day measure-
ment, where the neutron beam and the 133Ba source were present. The upper band
originates from gamma-induced electron recoils, the lower band from neutron-induced
nuclear recoils. The light yield was normalized to one for electron recoils at an energy
of 356.0keV (γ-line of 133Ba). Events between the bands are due to inelastic scattering
off tungsten (see chapter 9).

8.3 Search for Coincident Events

8.3.1 Time Stamp Mapping

Since the different VME-modules have different clocks, the time scales disperse with
time (O(∼ ms/h)) for several reasons (temperature gradients between the modules,
slightly different quartz frequencies, etc.). To solve this problem, the modules can be
synchronized by an external clock, which, however, leads inevitably to fixed operation
frequencies for the modules. To keep maximum flexibility (different clock rates for
the individual devices), another method of synchronizing the modules was chosen and
developed in [36].
Since the output of the detectors are recorded in parallel by the ADCs and the TDC, the
same pattern of time stamps (see section 8.1) arises in both modules, but they are scaled
individually due to the different clocks. Hence the TDC time is chosen as the global time
scale and the time scales of the other modules (ADCs) are rescaled (”mapping”). To
achieve this, a pattern of time stamps (”finger prints” of typically ∼ 100events) in the
ADC is selected. This is compared with the pattern of the TDC time stamps. When the
position of smallest deviation between these two patterns is found, the position holds as
a calibration point for the scales. This method of ”finger print matching” is repeated
every O(100µs), to achieve a calibration (matching) between ADC and TDC time scales
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for the whole measurement campaign. At the end of this calibration step, the global
time from the TDC is assigned to every ”mapped” pulse in the ADC as a new property.

8.3.2 Neutron-γ Discrimination

Due to the neutron-γ discrimination capability of the neutron detectors (see section
7.3.1), γ-events originating from the accelerator bunch and γ-background (mainly from
cosmic muons) can be discarded. This is an important tool to reduce the number of
accidential coincidences significantly . The discrimination cut has to be performed indi-
vidually for each neutron detector, because every detector has slightly different physical
properties. In figure 8.15 a scatter plot of a typical neutron detector is plotted, where
the cut neutron events (red) are enclosed by full lines. The cut can be done graphically
by a tool implemented in the MATLAB analysis software (”banana cut”).

Figure 8.15: Discrimination plot of a neutron detector of the detector array (see figure
7.13). The upper band represents electron recoils induced by gammas, whereas the
lower band is due to neutron-induced proton recoils in the liquid organic scintillator.
The graphically performed cut on neutron events is shown as red dots enclosed by solid
lines. The bands overlap above a pulse height of ∼ 5500 [arb. units] due to saturation
effects of the PMT. The overlap below ∼ 100 [arb. units] is mainly due to electronic
noise.

8.3.3 Double Coincidences

In this step of analysis, coincidences between the bunches of the accelerator and events
in the neutron detectors are determined (so-called double coincidences). The bunch rate
of the accelerator is ∼ 300kHz and the bunches have a measured bunch width of ∼ 2ns,
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which is in the order of the time jitter of the photomultiplier tubes (PMTs). Since the
pulses in the neutron detectors have fast rise times (∼ 1ns), the trigger time of the PMT
is taken as the time of the event. In a search margin of ±500ns around every bunch of
the accelerator, neutron events in the neutron detector arrays are identified.
Together with the neutrons a large number of gammas is produced in the hydrogen cell,
which are detected in the neutron detector after a time ∆tγ = ∆s

c
(after travelling a

distance ∆s). In figure 8.16 a typical time-of-flight (ToF) spectrum for a detector of the
detector array is shown. The gamma peak at 350ns and the neutron events at about
380-550ns are visible. Because the absolute peak positions in ToF spectra vary from
detector to detector due to different cable length and PMT properties, a time calibration
is necessary for each detector.
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Figure 8.16: Typical ToF spectrum of a neutron detector of the detector array placed at
an angle of 80◦. The prominent peak at ∼ 350ns is due to gammas from the accelerator
bunch, whereas the neutrons arrive later (from ∼ 380ns to ∼ 550ns).

Since at the end one is interested in the time-of-flight of the neutrons ∆tn, the
gamma peak is used to calculate the time of neutron production tstart in the hydrogen
cell. Hence the neutron ToF can be calculated as ∆tn = tn − tstart for each detector.

8.3.4 Triple Coincidences

In order to achieve completely fixed kinematics, one has to search for coincident events
from the cryodetector, the neutron detector arrays and the accelerator buncher (triple
coincidences). The onset of pulses in the cryodetector can be determined with a preci-
sion of ∼ 10µs, which is large compared to the timing accuracies of the neutron detectors
and the signal from the accelerator bunch, both being accurate to a few nanoseconds.
Pulses in the cryodetector are searched for in a time margin of ±1ms around every
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double-coincidence event. The time difference ∆ttriple between the time of a double
coincidence and the nearest cryo-pulse is calcutated. Since the probability for a triple-
coincidence event is very small O(0.11

s
), the pulse rate of the accelerator can be of the

same order or even higher (typically every ∼ 3µs) than the precision of the onset deter-
mination of the cryo-pulses. As the ToF of the neutrons is orders of magnitude smaller
(∆tn ≈ 50ns) than the precision of the triple-coincidence time, the time of the pulse in
the neutron detector holds for the time of interaction in the CaWO4 cryodetector.
In the search margin (±1ms), one expects a constant background originating from acci-
dental coincidences and an accumulation of events at ∆ttriple ≈ 0ms. Figure 9.4 shows
a ∆ttriple-distribution from a five-day measurement campaign (beamtime August 2009).
A more detailed discussion is given in chapter 9.





Chapter 9

Results

During the year 2009 four beamtimes of about one week length each were performed.
The first two measurement campaigns (February 2009, June 2009) were commissioning
beamtimes and have been used to reach a better understanding of the complex acceler-
ator setup (especially the challenging pulsing devices) and to test the new VME-based
data acquisition, which was developed in [36]. The results of several tests and acquired
data have improved the understanding of the experiment significantly. With the knowl-
edge obtained in these beamtimes, improvements on the experimental setup have been
made (see chapter 7). Thus - during the beamtime in August 2009 - it was possible to
take data for ∼ 6 days. The data acquired in this measurement campaign is analysed
and reported in this chapter.
An additional beamtime in October 2009 (∼7days) is not yet analysed, but the data
analysis is in progress. An discussion on this beamtime is given in section 10.3

9.1 Energy Spectrum of the Neutron Beam

The Time-of-Flight (ToF) spectrum of the neutrons is measured by the neutron detector
positioned at a scattering angle of 0◦ at a distance of ∼ 113cm from the hydrogen cell
(see chapter 7). A typical ToF distribution of the beamtime in August 2009 is shown
in figure 9.1, where events are plotted in black. Neutron events (plotted in grey) are
selected by applying a neutron/gamma discrimination cut (see section 8.3.2). Due to
technical constraints of the pulsing devices - only for this beamtime - the spectrum
exhibits a double-bunch structure. Besides the main gamma-peak at ∼610ns, there ap-
pears a secondary gamma-peak at ∼710ns, that is shifted by 100ns due to a feature of
the 5MHz-clock of the buncher device. About 20ns later than the respective gamma-
peaks, the fastest neutrons of ∼ 12−13MeV reach the detector. The prominent peaks at
∼ 630ns (∼ 730ns) represent neutrons of ∼ 11MeV from the resonant production in the
hydrogen cell (see section 7.1.3) and at later flight times neutrons with lower energies
reach the detector.
The double-bunch structure does not corrupt the coincidence search, since these two
distributions are separated by the analysis software and thus can be combined to one
single peak with a higher intensity. However, some problems with this adjustment did
occur (see chapter 10), hence effort was made to avoid double-bunch structures. During
the beamtime in December 2009 a different bunching method was chosen and a single-
bunch structure was achieved.

93
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Figure 9.1: Typical ToF spectrum measured with the PMT at 0◦ scattering angle and
a distance of ∼ 113cm from the hydrogen cell. The double-bunch structure (at ∼
600 − 700ns and∼ 700 − 800ns) is a feature of the bunching devices (see text). The
undiscriminated events are plotted in black, whereas neutrons are indicated in grey.
Details concerning the neutron spectrum are given in the text .

Using equation 6.3 the neutron-energy spectrum can be obtained (figure 9.2). The
measured spectrum - plotted in grey - is fitted best by a sum of a Gaussian centered
at ∼ 10.6MeV and an exponential. The spectra is rising exponentially towards lower
energies down to the threshold of the PMT at ∼ 1.5MeV. Due to the good consistency
of data and fit, the exponential curve is extrapolated to zero.

9.2 Coincident Events

9.2.1 Determination of Triple-Coincidence Events

Due to changes in the working points of the cryodetectors, ∼ 1day of datataking from
the ∼ 6day data-set of the beamtime in August 2009 has to be discarded, hence the data
analysis (described in section 8) is applied on a five-day data-set. From the ∼ 4, 000, 000
pulses recorded by each cryodetector, only ∼ 80, 000 events (∼2%) fulfill the triple-
coincidence condition (see section 8.3.4). A yield plot, where the light yield is plotted
versus the phonon energy of the remaining events is shown in figure 9.3.

The event distribution of these coincident events in the time margin ∆ttriple of ±1ms
is shown in figure 9.4. As expected, this histogram shows a constant background due to
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Figure 9.2: Typical neutron-energy spectrum of the beamtime in August 2009. The
prominent peak at ∼ 10.6MeV originates from the resonant production of neutrons in
the hydrogen cell. The spectrum is well fitted by a sum of a Gaussian and an exponential
(red curve). The exponential is extrapolated to zero. For details see text.

accidental coincidences and an accumulation at ∆ttriple ≈ 0 (see section 8.3.4). The grey
bars indicate the uncut data, whereas the black distribution represents the neutrons,
that are cut graphically in the yield plot (lower band in figure 9.3). Figure 9.4 shows
events of the energy range between 20keV (separation threshold of the cryodetector) and
2MeV. Higher energies are not of interest, since neutrons of ∼ 11MeV induce nuclear
recoils only up to ∼ 1.1MeV for a scattering angle of 80◦.
The accumulation around ∆ttriple = 0ms exceeds the background significantly within
±10µs around the peak position. Since the jitter of the onset time of the cryodetector
pulse is in the order of ∼ 10µs, events in the time interval of −5µs ≤ ∆ttriple ≤ 15µs
are selected. The interval contains 639 events (∼ 0.015% of all events in the data set)
with a significant background of ∼ 300events. After the neutron cut in the yield plot of
the cryodetector, 82 events remain with a expected background of ∼ 23 (∼ 27%). This
background, which is due to accidental coincidences, is derived by calculating the mean
value of coincidences to the left and right of the accumulation in figure 9.4.

9.2.2 Distribution of Triple-Coincidence Events in Time

For each time-of-flight value of the triple-coincidence neutrons and thus for a discrete
energy of the incident neutrons, three population of recoil energies in the phonon channel
should appear due to kinematic reasons (see chapter 6). In reality, however, not only
monoenergetic neutrons are produced, but a continuous neutron spectrum (see figure
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Figure 9.3: Light yield plotted versus the phonon energy for all triple-coincidence events
of the ∼ 5day-measurement campaign, where in addition to the neutron beam a 133Ba
source was present. The upper band originates from gamma-induced electron recoils,
the lower band from neutron-induced nuclear recoils. The light yield was normalized to
one for electron recoils at an energy of 356.0keV (prominent γ-line of 133Ba). Events
between the bands are due to inelastic scattering off tungsten.

9.2). The correlation between recoil energy in the phonon channel and neutron ToF is
calculated in the following.
The recoil energy ER is proportional to the energy En of the incident neutrons (see
equation 6.1):

ER = 2En
mn ·mx

(mn +mx)2
(1− cos ΘCM) (9.1)

= K(mx,ΘCM) · En (9.2)

where ΘCM is the scattering angle in the center-of-mass system, mx the mass of the
reoiling nucleus and mn the neutron mass. The total flight time of the neutrons ∆t on
their path before scattering (s1 ≈ 37cm) and after scattering (s2 ≈ 173cm) can thus be
calculated as (non-relativistic calculation, error < 1%)

∆t = s1 ·
√

mn

2En
+ s2 ·

√
mn

2(En − ER)
(9.3)

≈ s ·
√

mn

2(En − ER)
(9.4)

where s = s1 + s2 and the error of the approximation made from 9.3 to 9.4 is ∼ 1%,
taking into acount that s1/s2 ≈ 0.2. The recoil energy can be calculated in dependency
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Figure 9.4: All triple coincidences (grey) and events after a cut on neutrons in the
cryodetector (black) are plotted versus the time difference between the time of double-
coincidence (see section 8.3.3) and the onset of the pulse in the cryodetector within
a time margin of ±1ms. The constant background is due to accidental coincidences,
whereas the accumulation of events around ∆ttriple = 0ms is due to real coincidences.

of ∆t:

ER =
K(mx,ΘCM)

1−K(mx,ΘCM)

mn

2

s2

(∆t)2
(9.5)

In figure 9.5 the recoil energy of the 82 triple-coincidence events remaining after
data-analysis cuts are plotted versus the ToF. In addtion, the theoretical curves for the
three elements in CaWO4 obtained by equation 9.5 are shown.

In spite of low statistics, three populations of events around the respective theoretical
curves are visible. In order to quantitatively identify the recoiling nucleus, an error
estimation was carried out.

9.2.3 Error Estimation

The following errors are considered:

• Statistical error in distance s, mainly due to the size of the PMT cell (∆sstat1 =
5cm), the size of the crystal in the cryodetector (∆sstat2 = 1cm) and the size of
the hydrogen cell (∆sstat3 = 1.5cm).

• Systematical error due to the uncertainty in the measuring method of the distance
s: ∆ssyst = 3cm. The difficulties in measuring the distance are discussed in section
11.1.5.
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Figure 9.5: The recoil energies of the 82 triple-coincidence neutron-events are plotted
versus the neutron ToF. Events with a ToF larger than 130ns have not been recorded due
to technical reasons (explained in section 10.2.3). The three lines indicate the calculated
recoil energies of the three elements in CaWO4 for different ToF values.

• Statistical error in determination of angle due to the size of the PMT cell: ∆Θstat =
2◦.

• Systematical error in angle due to uncertainties in the positioning method of the
detector array and the vertical alignment of the CaWO4 crystal: ∆Θsyst = 2◦.

• Statistical error in the flight time due to the uncertainty of the buncher (∆tstat1 =
2ns) and the PMT (∆tstat2 = 2ns). Improvements concerning these error are
discussed in section 11.1.8.

• Systematical error to the finite resolution of the phonon detector: ∆Ephonon =
9keV (constant).

The total statistical error of the recoil energy ER is calculated by using the Gaussian
error propagation [52] of equation 9.5:

∆ER(stat) =

√√√√ 3∑
i=1

(
∂ER
∂s
·∆sstati

)2

+
3∑
i=1

(
∂ER
∂t
·∆tstati

)2

+ (9.6)

+

(
∂ER
∂Θ
·∆Θstat

)2

The total systematical errror of ER is the linear sum of the error-propagation terms:
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∆ER(syst) =
∂ER
∂Θ
·∆Θsyst +

∂ER
∂s
·∆ssyst + ∆Ephonon (9.7)

The sum of the total statistical error and the total systematical error results in the
total error

∆ER(K(mx,ΘCM), t) = ∆ER(stat) + ∆ER(syst) (9.8)

In figure 9.6 it is plotted for oxygen recoils together with its main components versus
the neutron ToF.
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Figure 9.6: Different contributions to the error of the oxygen-recoil energy are plotted
versus the neutron ToF. The errors of calcium and tungsten only differ by a constant
factor.

9.2.4 Identification of the Recoiling Nuclei

In order to identify the recoiling nucleus, from which the neutrons scattered off, the
calculated recoil energy ER (see section 9.2.2) is shown with its total error ∆ER (see
section 9.2.3) for the three components of CaWO4 in figure 9.7. ER is plotted in thick
lines, the error bands ±∆ER are plotted in thin lines for each element. Within the thin
lines the nuclear-recoil events for the respective elements are expected in agreement
with the estimated errors, whereas events outside there bounds are due to accidental
coincidences.
Events with a low recoil energy at short ToF (< 40ns) and events with a large recoil
energy at large ToF (> 80ns and well above the oxygen band) are cut and treated
separately (20 events). This is discussed in more detail in chapter 10.
Altogether 62 events remain.
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Figure 9.7: The recoil energies of the 62 triple-coincidence neutron-events, that remain
after cuts, are plotted versus the neutron ToF. Full lines indicate the calculated recoil
energies for different ToF and thin lines the acceptance bounds obtained by the error
estimation in section 9.2.3 for O, Ca and W. The cuts are explained in the text.

After all cuts, 14 nuclear-recoils off oxygen, 14 off calcium and 7 off tungsten remain.
16 events are well separated from the calculated bands and thus related as background.
11 events remain on or close to the acceptance-bounds and thus - with this low statistics
- no identification is possible. For the further analysis, only the 35 well-identified events
are taken into account.

9.3 Recoil Rates

Using the ENDF data-base (see section 6.3) the expected energy-dependent cross-section
can be calculated for different scattering angles. In figure 9.8 the cross-sections at 80◦

for the three elements in CaWO4 (see figure 6.4 in section 6.3) is convoluted with the
energy spectrum of the neutrons from the accelerator (see figure 9.2) to obtain the ex-
pecte recoil rates.

The energy-dependent cross-sections of calcium and oxygen exhibit a large number
of resonances (mainly below 6MeV) and thus strong fluctuations. In order to com-
pare these curves with the actual data, a running-average filter [53] was applied to the
cross-sections. This makes the spectra smoother and increases the comparability to the
measured data of low statistics.
In figure 9.9 the averaged cross-sections are shown together with a histogram of the
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Figure 9.8: Expected recoil rates for the three elements of CaWO4 at a scattering angle
of 80◦ are plotted versus the inicident neutron energy. The cross-sections calculated in
section 6.3 are convoluted with the measured neutron-energy spectrum. The stoichio-
metric conditions in CaWO4 and the natural isotope ratio of tungsten are included. The
spectra are smoothed by applying a running-average filter (see text).

recoil events identified with the respective elements in CaWO4 (see section 9.2.4). The
neutron energy En inducing recoils of the respective element is determined using equa-
tion 9.3 and the measured recoil energy ER and ToF ∆t. The calculated cross-sections
are arbitrarily normalised, but the relation between oxygen, calcium and tungsten has
been kept.
There is good agreement between expected and measured recoil rates, as discussed in
section 10.1.

9.4 Quenching Factors

The statistics obtained during this measurement campaign are too low to actually derive
reliable Quenching Factors (QF) for the three elements of CaWO4 . However a tendency
can be seen and verifies the ToF-measurement method described in this work. Table
9.1 summarizes the values for the QFs (as defined in section 5.1) obtained for the 14
oxygen, 14 calcium and 7 tungsten events identified in section 9.2.4.

The results concerning the QFs are discussed in more detail in section 10.1.



102 CHAPTER 9. RESULTS

Energy Range QF(O) QF(Ca) QF(W)
ER = 9− 12MeV 11 - 42
ER = 0− 12MeV 10 8 25

Table 9.1: Quenching Factors (QF) for the three elements of CaWO4 measured at
different energy ranges. Due to the very low statistics (event rates can be seen in figure
9.9), reliable QFs cannot be stated, but a tendency can already be seen. Discussion in
chapter 10.
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Figure 9.9: Expected recoil rates (full lines) for the elements of CaWO4 at a scattering
angle of 80◦ is compared with the actual data (histogram) measured in this measurement
campaign. The calculated cross-sections are arbitrarily normalised, but the relation
between oxygen, calcium and tungsten has been kept.





Chapter 10

Discussion of the Results

In this chapter, the results obtained in chapter 9 are discussed and problems with the
experimental setup are pointed out.

10.1 Consistency of the Measured Data

In the following, several consistency checks for the measured data are given:

• A basic proof for consistency is that an accumulation of triple-coincidence
events appears at ∆ttriple ≈ 0ms, which is explained in section 8.3.4 and shown
in figure 9.4. These events must originate from actual coincidences between the
accelerator bunch, one detector of the detector array and the cryodetector, whereas
accidental coincidences cannot explain an accumulation, as they are expected to
be uniformly distributed.

• Further, the signal-to-background ratio for events from the accumulation around
∆ttriple ≈ 0ms in figure 9.4 increases from 2:1 to 4:1, if only neutrons - instead of all
events - are considered (see section 9.2.1). This is reasonable, as the gamma rate
exceeds the neutron rate in the cryodetector by a factor of ∼ 10 and thus acciden-
tal coincidences should originate mainly from gamma events. This confirms, that
the origin of the accumulation is mainly due to neutron-induced nuclear recoils.

• As expected by simple kinematics (described in section 9.2.4), three populations
of recoil energies appear, if the triple-coincidence events are plotted versus ToF
(see figure 9.7). This distribution is in good agreement with the calculated recoil
energies for the three elements in CaWO4 .

• With the help of figure 9.7 the following background estimation can be per-
formed: As described in section 9.2.4, out of 62 events, 35 are identified as nuclear
recoils of one of the three elements in CaWO4 and 16 are clearly regarded as back-
ground. As accidental coincidences are uniformly distributed in time and - in first
approximation - also in recoil energy up to an energy of 1.5 MeV, they will also
populate the region between the acceptance bounds of the three elements. For
this reason, a simple geometrical estimation can be made to approximately derive
the total number of background events in this plot. The acceptance regions cover
about 16% of the whole energy-time plane, that contains 62 events. Thus a total
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background of 16
0.84

= 19 events is estimated for the entire region of interest. This
is in good agreement with the expected background rate of ∼ 16 events, as derived
from the triple-coincidence plot (see figure 9.4 in section 9.2.1).

• The expected recoil rates shown in figure 9.9, that are calculated from the
ENDF database [38], are in agreement with the measured data. In particular
the distribution of events at high energies, from about 9 to 12MeV (ToF of ∼
45 − 55ns), is in remarkable consistency with the expectation that only oxygen
and tungsten recoils are found.

• In order to exclude systematical errors in the data analysis, a number of
consistency tests have been performed. For example it has been checked, if the
events - remaining after all coincidence searches - are equally distributed over all
neutron detectors and over the whole measurement campaign. No conspicuous
data has been found.

• The obtained values for the QFs are - in spite of low statistics - a reasonable
confirmation for the correctness of the measurement. From earlier measurements,
the QF for oxygen is known with high precision (see table 5.1) at mK temperatures
(QFoxygen = 10.0 ± 0.1) [16]. The QF for oxygen (∼ 10) obtained from the 14
events in the oxygen acceptance-region is in very good agreement with these earlier
results. The seven events for tungsten result in a higher QF (∼ 25), which confirms
the tendency to higher QFs for heavier atoms (the QF of tungsten is expected to
be 35+19

−9 [16]). Nevertheless, the events identified as calcium recoils do not support
this tendency, as the QF is measured to be ∼ 8, which is in disagreement with
earlier results (QFcalcium = 19± 2.5) [16]. This is assumed to be mainly due to the
lower resolution of the light detector and can be seen in figure 8.14 as a significant
broadening of the nuclear recoil band below ∼ 200keV. Thus - at lower recoil
energies - higher statistics are mandatory to make reliable predictions.

10.2 Problems with the Present Setup

Low statistics are an intrinsic problem of the experimental method, since a certain
scattering angle is chosen and thus only a tiny solid angle is covered by the neutron
detectors (∼ 0.5%). Thus the experimental setup as well as the data analysis has to
be made as effective as possible. The following problems that occurred during the past
beamtimes are discussed and suggestions for solutions are given.

10.2.1 Large Mass Surrounding the Cryodetector

As described in section 9.2.1, ∼ 300 of all triple-coincidence events are regarded as actual
coincidences. One would expect that nearly all of these events should be detected as
neutrons in the cryodetector, since a cut on neutrons is already performed in the neutron
detectors of the detector array. The number of actual events remaining after a cut on the
nuclear recoil band in the cryodetector module (∼ 60) does not confirm this assumption.
Only one-fifth of the neutrons, that fulfill the double-coincidence and ToF conditions
(see section 8.3.3) actually scatter off the CaWO4 crystal. The rest - four-fifth - of the
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neutrons produce electron-recoil events in the cryodetector.
Thus, these neutrons must scatter in the nearby material of the CaWO4 crystal and
produce gammas by inelastic interactions. This is reasonable, as the mass of the detector
holder (∼ 0.5kg of copper, described in section 7.2.2) is ∼ 17 times larger than the mass
of the CaWO4 crystal (∼ 30g) and the cryodetector covering a large solid angle will
measure a significant part of the produced gammas. Additional material is due to the
He-dewar (Al) and parts of the cryostat around the detector module (mainly copper
and steel).
This problem can be solved by signifantly reducing the mass around the detector, mainly
by re-designing the detector module (see section 11.1.1). Also possible changes on the
cryostat itself and the He dewar will be discussed in section 11.1.2.
Of course, a reduction of the mass surrounding the detector alone will not increase the
number of scatterings in the CaWO4 crystal, but - since the gamma-rate is reduced
and thus less pile-up events are produced - the neutron-rate can be increased by raising
the beam intensity of the accelerator. For a quantitative description of these effects a
Monte-Carlo simulation is necessary (see section 11.1.6).

10.2.2 Resolution of the Light Detector

The resolution of the light detector decreases significantly at lower energies, which is
visible in a broadening of the nuclear-recoil band in the energy region below ∼ 200keV
( see for example figure 8.14). This is mainly due to the decreasing signal-to-noise ratio
at low energies. As the final goal will be measuring the QFs in the region of interest of
the CRESST experiment (10-40keV), an improvement of the light detector is necessary.
Otherwise much better statistics would be required. The resolution of the light detectors
used in the CRESST experiment is higher, and the broadening of the nuclear recoil band
appears at lower energies (∼ 60keV, see figure 5.2).
The resolution can be improved by increasing the light-collection in the detector housing,
as discussed in section 11.1.1. In addition, there is a lot of very promising activity at
our institute concerning the improvement of light detectors by using Neganov-Luke
amplification techniques (see section 11.1.3) [12].

10.2.3 Double-Bunch Structure

At the beamtime in August 2009, a double-bunch structure was provided by the bunching-
devices of the accelerator (see section 9.1). Unfortunately, there is a significant overlap
of neutron events of the primary and the secondary bunch in the ToF spectrum. This
can be seen in figure 10.1, where the neutron ToF of all triple-coincidence events are
plotted in a histogram. A significant overlap between about 100ns to 180ns is visible.
Events from both bunches are taken for the analysis of the experiment. On the one
hand low-energetic neutrons from the first bunch can mimic high energetic neutrons
(ToF < 40ns) at low recoil energies. On the other hand, high-energetic neutrons from
the secondary bunch appear as events with high recoil energies at large ToF values
(above the oxygen acceptance-region at TOF > 80ns). Fortunately, these events can be
cut (see figure 9.7). However, parasitic events inside the acceptance bounds of the three
elements of CaWO4 cannot be exluded. The sudden drop in the event rate at about
230ns is due to a threshold in the coincidence-search algorithm.
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For future beamtimes a method was developed to avoid this double-bunch structure and
provide only single bunches with sufficient intensity.
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Figure 10.1: Top: Distribution of the ToF values of all triple-coincidence events origi-
nating from the double-bunch structure of the beam. The significant overlap between
events from the primary and the secondary bunches between ∼ 100 and ∼ 180ns is
clearly visible. Bottom: Parasitic events that most probably originate from the signifi-
cant overlap of the primary and secondary bunch are indicated. For details concerning
this plot see section 9.2.2.

10.3 Consequences for the Beamtime in October 2009

With the knowlegde of earlies beamtimes, several improvements and changes have been
performed for the beamtime in October 2009. The bunching of the accelerator (see
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section 10.2.3) and also the scattering angle and thus the positions of the PMT arrays
have been changed. As one can see from figure 6.3, the differential elastic cross-section
for tungsten is higher by a factor of ∼ 6 at a scattering angle of 45◦ compared to 80◦.
For neutron energies from ∼ 8 to ∼ 14MeV, tungsten makes the dominant contribution
to the total recoil rate for this scattering angle, as can be seen in figure 10.2.
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Figure 10.2: Expected recoil rates for the three elements of CaWO4 at a scattering angle
of 45◦ are plotted versus the inicident neutron energy. The cross-sections calculated in
section 6.3 are convoluted with the measured neutron-energy spectrum. The stoichio-
metric conditions in CaWO4 and the natural isotope ratio of tungsten are included. The
spectra are smoothed by applying a running-average filter.

However, to avoid that direct (non-scattered) neutrons from the hydrogen cell can
reach the neutron-detector array, the polyethylen shielding has to be positioned inside
the opening angle of the neutron beam. This leads to an increase of the number of acci-
dental coincidences. In addition, the influence of the shielding on the neutron spectrum
has to be investigated. In order to test such a setup, one detector array was positioned
at 45◦. The other detector array remained at a scattering angle of 80◦, but the distance
s to the cryodetector was reduced from ∼ 170cm to ∼ 100cm to increase the number of
coincidences, since the detection probability increases with 1/s2 towards lower distances.
The data-analysis of this beamtime is ongoing and results will be presented in [36].





Chapter 11

Outlook

The results obtained in this work are very promising and show that the Time-of-Flight
measuring-method in connection with cryodetectors has been a good choice for the
determination of the Quenching Factors (QF) in the region of interest of the CRESST
experiment (recoil energies from ∼ 10 to ∼ 40keV). Clearly, in order to obtain reliable
values of the Quenching Factors for CaWO4 , more statistics and further improvements
are necessary. In the following, some improvements and solutions for the problems
discussed in chapter 10 are suggested.

11.1 Future Improvements

11.1.1 New Design of the Detector Holder

In the present setup, the holder of the cryodetectors is too bulky and gives rise to
parasitic scattering of neutrons (as discussed in section 10.2.1). The CaWO4 crystal is
surrounded by a cylindrical structure made of copper and a wall thickness of ∼ 5mm.
The mass of the holder material exceeds the mass of the detector by a factor of ∼ 10.
Much less mass is actually required for the stability of the housing and the support of
the detector devices. A model for a new design could be the typical holder of a CRESST
detector (see figure 2.3), which consists of copper rings - instead of massive plates - at
the top and bottom to hold the CaWO4 crystal and the light detector. Instead of a
massive cylindrical housing made of copper, the crystal is surrounded only by a highly
reflective foil (VM2000 [11]), with a negligible mass.
In addition, the clamps - presently made of bronze - should be replaced by ones that
are coated by reflective silver or a highly reflective foil. This avoids absorption of light
in the clamps, which - at present - cover a significant part of the crystal’s face.
The re-design of the detector holder should also include a new construction of the
connection between mixing chamber and detector holder. The mass of this construction
should be reduced significantly, for example, by using hollow profile structures of copper
instead of massive rods.

11.1.2 Changes of the Cryostat

The cryogenic detector is surrounded not only by the detector holder, but also by an
onion-like structure of vessels of the cryostat. The main mass-contributions are the Inner
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Vaccum Chamber (IVC) made of stainless steel with a wall-thickness of ∼ 3mm, radia-
tion shields made of Cu with a total thickness of ∼ 2mm, the vacuum-isolated He dewar
made of stainless steel (∼ 2mm) and the outer dewar made of Al (∼ 5mm). It has to
be considered that scattering neutrons have to pass these materials twice. These vessels
cannot be removed, as they are necessary for the operation of the cryostat. However,
the masses can be reduced to decrease the number of parasitic scatterings of neutrons
and gammas. This has to be properly investigated in cooperation with the institute’s
workshop in order to assure the functionality and security of the cryostat.

11.1.3 Neganov-Luke Light Detector

At our institute, light detectors based on the Neganov-Luke effect [54] [55] have been
developed and prototypes have successfully been tested [12]. The working principle
relies on an amplification of the signal induced by photons that are absorbed by the
Si substrate of a light detector: A voltage (V) is applied by additional Al-electrodes,
which are evaporated onto the Si absorber (see figure 11.1). Electron-hole pairs that are
produced by an incident photon, are accelerated by this so-called Neganov-Luke voltage
and generate additional phonons in the absorber. Thus the signal is amplified before
being measured by the TES. Measurements show, that the signal-to-noise (S/N) ratio of
pulses in the light detector can be increased by a factor of ∼ 10 with an applied voltage
of ∼ 100V compared to an ordinary light detector (see figure 11.1) [12].

Figure 11.1: Left panel: Working principle of a Neganov-Luke detector with an addi-
tional voltage V applied at electrodes evaporated onto the semiconducting absorber (e.g.
a Si single crystal). Right panel: The amplification and the signal-to-noise (S/N) ratio
are plotted versus the applied voltage V for a measurement with a Neganov-Luke light
detector [12]. Above ∼ 100V, no further increase of the S/N ratio can be seen.

At the moment, measurements with a CRESST-like detector module equipped with
a Neganov-Luke light detector are ongoing. If successful, such a detector should be
installed at the scattering experiment as soon as possible.
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11.1.4 Additional Large-Area Neutron Detectors

Higher statistics can be obtained by increasing the area covered by the neutron detector
arrays. In his work (see section 7.4), a new design of a neutron detector is presented,
that increases the detection volume per readout-channel by a factor of ∼ 5. A prototype
was running during the beamtime in October 2009 and preparations to integrate more of
these large-area detectors in the mounting system (see section 7.3.3) have been started.

11.1.5 Reduction of Systematical Errors

For future beamtimes, systematical errors can be reduced by a more exact measurement
of the positions of the cryodetector as well as the PMT arrays. This is a challeng-
ing undertaking, because the position of the CaWO4 crystal changes due to the large
temperature change from room temperature to the mK range. In addition, the height
of the cryostat above ground can change, as the whole cryogenic setup is mounted on
air-dampers. With a further investigation of these effects and an exact measurement
of the distances, the systematical error of the flight path of the neutrons ∆s could be
decreased to < 1cm.
In the same way, the systematical error of the scattering angle can be improved. If the
exact vertical position of the CaWO4 crystal is known, a more precise alignment of the
PMT arrays will be possible.

11.1.6 Monte-Carlo Simulations

In order to investigate problems quantitatively and to allow to estimate the improve-
ments due to specific changes of the setup, a Monte-Carlo simulation of the entire setup
would be a powerful tool. This would, in particular, help to determine which masses con-
tribute most to parasitic scattering of neutrons (discussed in section 10.2.1) and where
efforts to reduce them should preferably be made. In addition, this experiment offers a
great opportunity the compare experimental data with the results of simulations.

11.1.7 Update of the Analysis Software

As described in chapter 8, many events of the cryodetector have to be discarded (∼ 50%)
for different reasons. A large amount (∼ 50%) of these unusable pulses are due to pile-
up in the cryodetector. For the future, a software will be developed, which removes the
second (and third, etc.) pulse of a pile-up event. Hence at least one pulse (namely the
first) of a pile-up event can be treated as an ordinary pulse. However, if a second pulse
is too close to the first, the pulse shape cannot be reconstructed, as the two pulses have
too much overlap. Thus, at present no exact quantitative prediction of the increase of
statistics can be given, but it should be in the order of 10− 20%.

11.1.8 Improved Beam Monitoring System

The time resolution of the used PMTs is in the order of 3-4ns. As a consequence, the
beam pulses of the accelerator cannot be further optimized, as the buncher is adjusted
by minimizing the width of the beam-induced gamma-bunch measured by a PMT at
a scattering angle of ∼ 0◦ (see section 9.1). A minimum bunch width of ∼ 1ns is
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possible with the pulsing setup of the accelerator. For a more exact measurement, a
high-precision PMT with a lower time-jitter and a smaller scintillator volume should be
installed. This would reduce the statistical error due to the bunch width of the neutron
beam.

11.1.9 Application of the CRESST calibration system

As described in section 8.2.3, for the present experiment, the calibration of the phonon
detector is achieved by a 133Ba gamma-source and the light detector is calibrated by
X-rays from a 55Fe source. Although the detector response is fairly linear (see figure
8.13), no calibration points at low energies (< 1.5keV) are available in this setup. The
CRESST experiment makes use of heater calibration pulses, that inject Ohmic heat of
a known energy into the detector. Thus a finer calibration in the whole energy range
of the detector can be achieved, as well as a stability check during a long-term mea-
surement, since heater pulses can be injected continuously (typically every 30s). Both
phonon and light detectors are separately calibrated by heater pulses [11]. The absolute
energy-pulse height calibration can then be achieved with the 122keV gamma-line of a
57Co source.
In the future, this calibration method should be taken over for the neutron-scattering
experiment described in this work, as for the exact determination of the QF, full consis-
tency with the CRESST experiment will be of great interest. As a side effect, one can
get rid of the additional mass of the 55Fe-source (and its holder) that is mounted below
the light detector. This would help to further reduce the problems described in section
10.2.1.

11.2 New Target Materials for EURECA

In the framework of the future Dark Matter (DM) project EURECA (see section 4)
with its different target materials, the neutron-scattering facility being unique in the
world as an experimental setup for the measurement of Quenching Factors (QFs) at
mK temperatures, will be a powerful tool. The energy of the neutrons produced by the
accelerator (∼ 11MeV) is sufficient to measure light originating from nuclear recoils of
heavy atoms (e.g. W or Bi). Once completed, after the realization of the improvements
discussed in section 11.1, the setup and the data analysis will be ready to investigate
different target materials within beamtimes of typically 2-4 weeks. A large range of
suitable crystals are candidates for DM search. In the following a few examples are
listed, which are presently under discussion.

• ZnWO4 - first results show a higher radiopurity and light ouptut (∼ 110% at 9K)
compared to CaWO4 [56].

• Bi4Ge3O16 (BGO) - provides a higher light output (∼ 125% at 20mK) compared
to CaWO4 and has the heavy constituent Bi (A≈209) that is in the same order
than W (A≈184) [57].

• Al2O3 doped with Ti3+ and Cr3+ - [58] shows encouraging results concerning
energy threshold and resolution although this scintillator has an increased heat
capacity. In addition, 27Al is a candidate for spin-dependent DM search.
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• NaI - a promising candidate with a large light output (∼ 550% of CaWO4 at
300K). In addition, 127I makes spin-dependent DM search possible. However, NaI
is difficult to handle, since it is highly hygroscopic and fragile.

• Molybdates XYMoO4 - e.g. Li2MoO4 has been measured at 10mK. The light
output, however, is only ∼ 6% compared to CaWO4 at 9K [59], which makes it
less favourable for DM experiments.

A detailed understanding of the light-response of such materials is required in or-
der to achieve maximum performance in a large-scale experiment as EURECA. In its
final phase, the neutron scattering experiment in Garching will be equipped with a so-
phisticated light-detector (see section 11.1.3) and an ultra-sensitive, modular phonon
detector, which can be attached to the respective target materials.
Especially after the recent publications of the CDMS experiment [18], a confirmation of
the limits for the WIMP-nucleon cross-section - measured with different target materials
(to check ∼ A2 proportionality) - is of great interest for a deeper understanding of the
origin of Dark Matter.
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”Vorträge halten” in Grenoble in Erinnerung bleiben. Danke auch für die Korrektur
dieser Arbeit.
Ohne die unzähligen Diskussionen mit Walter Potzel, sein physikalisches Verständnis
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