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CHAPTER 1

Motivation

Based on countless experiments during the last century, physicists have made
decisive advances to answer the question about the origin of the constituents
that we and our environment are made of. They found that atoms are made
of electrons moving around the atomic nucleus. It later turned out that the
atomic nucleus itself is an agglomeration of smaller particles, protons and
neutrons. And these, in turn, are again consisting of other particles, called
quarks. Over the past 120 years an emerging branch of physics, particle physics,
was able to map the fundamental particles that compose everything we can
see around us and the laws that govern their interactions. The recent dis-
covery of the Higgs particle finally completed the so-called standard model of
particle physics. Yet, we have more than one reason to believe that this is not
the final word in this matter, that there is in fact more than meets the eye.

Astronomers in the 1930’s found hints that there must be hidden mass con-
tributing to the gravitational force that keeps rotating galaxies from dispers-
ing. Another observation pointing to the existence of this invisible, or dark
matter is an effect called gravitational lensing: massive objects can deflect light
that travels from far-away stars towards us. This effect was observed to be
much larger than could be explained by the abundance of visible, luminous
matter like stars and interstellar gas or dust.

But hints for the existence of dark matter also come from a different field
of physics: cosmology was developing very fast after the discovery of the cos-
mic microwave background radiation. Measurements of this radiation sug-
gest that all the matter in the Universe is divided into 84 % dark matter and
only 16 % of “ordinary”, visible matter. This means that we can understand
merely one sixth of the matter with the standard model of particle physics.

Over the last decades physicists have proposed a multitude of candidates
for dark matter particles. Among them is the well-motivated weakly interacting
massive particle (WIMP). The weak interaction would allow a collision of this
hypothetical particle with normal matter. Numerous experiments are under
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way to detect the energy deposited by an elastic scattering of a WIMP with a
detector material. These interactions are expected to be extremely rare, much
less than one event per kilogramme of detector mass in an entire year. This
implies the need for large detectors with excellent sensitivity to identify and
exclude background events.

The currently best-performing experiments, in terms of their detection sen-
sitivity, rely on the same technology: a time projection chamber (TPC) filled with
more than 100 kg of liquid and gaseous xenon, providing the target for an en-
ergy deposition via elastic scattering of WIMPs with the xenon nuclei. The
deposited energy can produce scintillation light and ionization electrons in
the liquid xenon. Those two, light and electrical charge, provide a measurable
footprint of a WIMP interaction.

At the time of this writing, there has not yet been an undisputed detection
of WIMP dark matter. Thus, one has to improve the detectors looking for
them. To increase the probability for recording a passing WIMP and confirm
its existence experiments have to increase the target mass and the sensitivity
of the detector.

This thesis focuses on the second aspect and investigates how to improve
the detector technology and instrumentation for dual-phase noble gas TPCs.
This is done in two ways. First, we explore an alternative detection method
for the charge signal. A more precise measurement of the charge has the po-
tential to enhance the energy resolution at small energy deposits in the TPC.
Second, we need to test new detector technology as well as to study detec-
tion characteristics of xenon in a controllable laboratory environment. For this
purpose we build a small-scale Xenon facility in Amsterdam (XAMS) with the
first Dutch dual-phase xenon TPC inside.

The content is structured as follows. The remaining part of this chapter re-
visits the most compelling arguments for the existence of dark matter, and
describes dark matter candidates as well as different methods to detect them.
Chapter 2 focuses specifically on WIMP detection with dual-phase noble gas
TPCs and explains this technology in detail.
Chapter 3 then introduces the GridPix detector, a gaseous detector with a pix-
elated readout that offers a potential precise detection of the ionization charge
signal. The study of GridPix properties at conditions similar to operation in
dual-phase noble gas is described in chapter 4. Chapter 5 reports the construc-
tion and commissioning of XAMS, and concludes this thesis with results from
the initial characterisation with gamma calibration sources.

1.1. Indirect evidence for dark matter

Dark matter results from a hypothesis that can explain astronomical observa-
tions and fits in cosmological models on the evolution of the Universe. We
will first consider a few examples that suggest the existence of dark matter
before discussing the proposed constituents and their properties. This leads
us to possible strategies how to detect dark matter.
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1.1.1. Galaxy rotation curves

In the 1930’s astronomical observations indicated that in the conglomeration
of stars—galaxies, galaxy clusters, and nebulae—there is invisible mass. The
Dutch astronomer Jan Hendrik Oort measured the Doppler shift in the spectra
of stars in the Milky Way galaxy [1]. Accounting for the visible mass of the
stars as well as the gas and dust between them he found these objects moving
faster than expected from the laws of Kepler and Newton. The gravitational
attraction of the visible objects could not have prevented the escape of the
stars rotating around the galactic centre. Since the Milky Way galaxy is not
diverging into the space around it Oort assumed there must be an invisible
mass providing the missing gravitational force. Nearly at the same time his
Swiss colleague Fritz Zwicky studied the motion of galaxies inside the Coma
galaxy cluster applying the virial theorem.

He compared their rotation with their mass distribution that he derived
from the luminosity of the stars and gas [2, 3]. One would expect that the
objects further from the rotation centre move slower than those close to it.
But the rotation curves, graphs plotting the angular velocity against the dis-
tance to the centre, show a different behaviour. See figure 1.1 for an example
curve. For a wide range in radius the angular velocity does not decrease.
They found it hard to believe that Newtonian mechanics was violated. There-
fore also Zwicky postulated a non-luminous, thus invisible or dark type of
matter that provides the missing mass1. A few decades later Rubin measured
the rotation curves of a multitude of galaxies and her findings confirmed this
phenomenon [4].

1.1.2. Gravitational lensing

There is a phenomenon called gravitational lensing that can be used to identify
large mass distributions using starlight. Very massive objects can deflect the
light from far-away stars on its way to us, as shown in figure 1.2. One can
distinguish weak and strong gravitational lensing. Weak lensing only slightly
bends the path of light, creating a blurred image of a stellar object. Strong
lensing on the other hand shows multiple distorted, arc-shaped images of the
original light source.

When the gravitational field is strong enough interstellar gas inside this
field emits X-rays that can be used to get a more complete picture than by the
stars and galaxies. Especially in the case of the so-called Bullet Cluster2, two
galaxy clusters that traversed each other in the past, this type of imaging leads

1There are in fact theories of modified Newtonian dynamics, or MOND, that try to explain these
findings with a law of gravity that differs on large scales from what we observe in our galactic
neighbourhood. One shortcoming of those theories is that they cannot explain the phenomena
pointing towards the existence of dark matter at all length scales at once.

2The name Bullet Cluster refers to the system 1E0657-56. There are other examples of clusters
that collided in the past and that are showing a similar mismatch of the visible and total mass
distributions, although without such a distinct bullet shape: Abell 520 and MACS J0025.4-
1222.
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Figure 1.1.: Rotation curves of spiral galaxies [4]. For large distances between stars in-
side any spiral galaxy and its centre the angular velocity does not decrease. If one
derives a galaxy’s mass distribution solely by its luminous content (stars and gas)
one expects a decreasing velocity for increasing radii. The widely believed rea-
son why galaxies are not diverging is that there is hidden mass providing enough
gravitational attraction.

Figure 1.2.: Example for gravitational lensing in a picture of Abell1689 taken by the
Hubble space telescope [5] (combining visible and near-infrared light). The weak
lensing only blurs the image of the light source (visible as a halo around a light
source). Strong lensing deflects the light much more which leads to multiple im-
ages of the same object that appear as thin arcs (indicated by the arrows) around
the centre of the “lens”.



1.1. Indirect evidence for dark matter 5

1 2 2 1

before today

Figure 1.3.: Composite image of the Bullet Cluster 1E0657-56 [6]. The optical image
was taken by Magellan and the Hubble Space Telescope (in orange and white).
The gravitational potential (in blue) is determined by gravitational lensing of the
optical image. The Chandra X-ray Observatory measured the emissions of the hot
intracluster gas (shown in pink) which contributes most of the visible baryonic
matter. The cartoon illustrates the passage of the smaller cluster 1 through cluster
2: the gas reveals the collision, while the mass distribution is largely unaffected,
suggesting a dark matter contribution that hardly interacts.

to new insights of the composition of astronomical objects. Figure 1.3 shows
an optical image taken by the Hubble Space Telescope, together with an X-
ray image measured by Chandra (in pink). Due to the passage of the smaller
cluster (1) through the larger one (2) its gas is compressed to a “bow wash”
or bullet shape. The gravitational potential (in blue) is inferred by weak grav-
itational lensing, showing an obvious mismatch of the luminous matter dis-
tribution and the gravitational potential. The existence of dark matter could
provide an explanation of the observed behaviour of the clusters.

After the discovery of the cosmic microwave background (CMB) in 1964
many experiments set out to survey the CMB radiation with increasing angu-
lar precision. One of the most famous was the Cosmic Background Explorer
(COBE) that measured the temperature of the radiation to be T = 2.726 K.
The CMB was measured to be isotropic and very homogeneous: it showed
only very small anisotropies in the order of one in 105. COBE’s successor, the
Wilkinson Microwave Anisotropy Probe (WMAP) was able to take a detailed
picture of the CMB’s temperature anisotropies [7] whose precision was then
surpassed by that of the Planck spacecraft. See figure 1.4 for the all-sky map
of the temperature fluctuations of the CMB.

One can expand the map of the fluctuations in a series of spherical har-
monics. The resulting angular power spectrum in figure 1.5 is deduced from
the coefficients of the spherical harmonics. It represents roughly speaking the
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Figure 1.4.: All-sky map of the cosmic microwave background’s anisotropies. The
Planck spacecraft measured the CMB with unprecedented precision [8]. The vari-
ations in the radiation are the result of the quantum fluctuations in the dense, very
early Universe—seeds for matter accumulation to shape today’s Universe.

mean temperature difference when comparing points at various distances ex-
pressed as solid angle in the sky coordinates. It shows one large peak and
smaller ones following at smaller angular differences (higher multipole mo-
ments). The peaks of the power spectrum correspond to the acoustic oscil-
lations: while the gravitational force attracts matter of any kind, there is a
counteracting force from the radiation pressure of the photons that acts only
on baryons. The oscillation resulting from the interplay of these forces has a
characteristic frequency. One can fit a cosmological model to the spectrum, six
free parameters that describe an expanding universe after a Big Bang that is
spatially flat and that is governed by the laws of General Relativity. For ex-
ample, from the relative height of the first and third peak one can deduce the
baryon density Ωb; and one can also determine the dark matter density ΩDM

as well as the density of dark energy ΩΛ [9]:

Ωb = (4.85 ± 0.05) %, ΩDM = (25.82 ± 0.44) %, ΩΛ = (69.2 ± 1.2) %,
(1.1)

with Λ being the cosmological constant, representing the dark energy that is
responsible for the accelerated expansion of the Universe.

The CMB map suggests regions in the universe that were more or less dense
already at the beginning of our Universe’s existence. Those are the regions
where mass would accumulate to gradually form the structures that we can
see today. The evolution of the Universe is described in the standard model
of cosmology, taking its beginning in the Big Bang and expanding since then.
A recent example for an elaborate simulation of the Universe’s evolution is
the Illustris simulation. It uses supercomputers to calculate the development
of large-scale structures from identical initial conditions following a given pa-
rameter set describing the interactions between particles and energy in an ex-
panding universe. The simulation was able to reproduce structures with strik-
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Figure 1.5.: Power spectrum of the temperature anisotropies in the CMB as seen by the
Planck satellite [8]. From features in the CMB’s power spectrum we can deduce
the fraction of the Universe’s content: “ordinary” baryonic matter, dark matter,
and dark energy.

ingly similar spatial distribution of (dark) matter at different length scales [10],
confirming the most accepted theories about the structure formation since the
Big Bang. In particular, these results favour “cold” dark matter (CDM), so
non-relativistic particles that are slow enough to allow mass clustering due to
gravitation. “Hot”, relativistic particles would lead to a more blurred struc-
ture than we observe in today’s Universe. This assumption is formalised in the
ΛCDM model of cosmology, describing cold dark matter in an expanding uni-
verse. This model contains the set of six free parameters that are determined
by fitting the angular power spectrum in figure 1.5.

1.2. Hypothetical dark matter particles and their

detection

This section presents candidates for dark matter particles and then explains
approaches for their possible detection.

1.2.1. Dark matter candidates

Trying to answer the question about the nature of dark matter particles, we
can summarise a number of properties that any candidate has to satisfy:

• The particle needs to be massive (and abundant) enough to explain the
gravitational effects.

• It does not interact electromagnetically, otherwise we should see it with
regular telescopes. So it needs to be electrically neutral.
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• The particle has to be non-baryonic.

• It is non-relativistic. (There might as well be a contribution from hot
dark matter. To explain the aforementioned structure formation though,
a large fraction of ΩDM has to be cold.)

• The particle’s lifetime needs to be long compared to the age of the Uni-
verse. And even if there are numerous particles of the dark sector that are
unstable and decay, at least the lightest at the end of decay chains should
be stable.

There are various theories proposing candidates that make up dark matter.
Only a few of these candidates offer the advantage of being within reach for
experimental detection during the next decade. In the following, we take a
look on this selection and how dedicated experiments can verify the existence
of these candidates.

Axions are hypothetical particles that have been introduced to solve the prob-
lem of the strong CP violation: There is a term in the Lagrangian of quan-
tum chromodynamics that violates CP symmetry, similar to the weak
interaction. However, this violation has not (yet) been confirmed exper-
imentally, potentially being too small an effect. The introduction of a
new field cancels this CP-violating term [11]. Axions are the quanta of
that field.

Standard Model neutrinos can indeed explain partly the dark matter abun-
dance in the Universe.3 However, they could not contribute more than
a small fraction to it. Experiments measuring the neutrino mass from
the tritium β-decay put a current upper limit of mν < 2.05 eV with next-
generation experiments aiming for a sensitivity of around 0.2 eV [12].
This puts an upper bound on the energy density of Ων ≤ 0.07.

Moreover, neutrinos are relativistic particles which implies that they
would “wash out” fluctuations at scales <40 Mpc [13].4 Within this so-
called free-streaming length they do not provide enough attraction via
gravitation, but enhance the expansion of matter, thus inhibiting the for-
mation of small-scale structures. This influence of neutrinos on the struc-
ture formation can even be used to calculate a maximum total mass of

the neutrinos
3∑

i=1
mi = 0.28 eV, summed over the three families i [14, 15].

Sterile neutrinos are proposed as a right-handed version of standard model
neutrinos. Therefore, they do not interact through the electroweak force.
They are assumed, however, to mix like their left-handed cousins. In the
mixing process of such a neutrino oscillation a photon could be radiated.

3Furthermore, they are the only candidates that are indisputably known to exist.
4For comparison, the Milky Way has a diameter of 31 kpc to 37 kpc, the Local Group of galaxies

(including the Milky Way) is an estimated 3.1 Mpc large.
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This effective two-body decay is predicted to lead to photon energies of
few keV.

Weakly interacting massive particles, or WIMPs, are another type of hypo-
thetical dark matter candidate, or rather a class of particles.

The ΛCDM model assumes that dark matter was produced in the Big
Bang with an initial density. It must have been in thermal equilibrium
with Standard Model particles, meaning that dark matter changed into
ordinary matter and back at a constant rate. Following an increased ex-
pansion known as inflation the Universe expanded and the particles an-
nihilated at a lower rate that is proportional to 〈nσAv〉, the product of
dark matter number density n, the cross section σA for pair annihila-
tion into Standard Model particles times the velocity v of the particles.
When this product gets smaller than the Hubble parameter describing
the expansion of the Universe, a critical density is reached. The parti-
cles do not annihilate anymore, their abundance is fixed. This process is
called freeze-out and results in the thermal relic density of WIMPs. The ex-
pected dark matter abundance ΩDM, needed to explain the observations
explained in the previous section, has to equal the thermal relic density.
One can calculate the cross section that determined the freeze-out [16]:

ΩDMh2 ≈ 3 × 10−27 cm/s

〈σv〉 , (1.2)

where h is the Hubble constant in units of 100 km/(s Mpc).

We find that, depending on the exact mass of the dark matter particle(s),
this cross section is of the same order as the one from the weak inter-
action. Theories assume a WIMP mass in the range of 10 GeV to a few
TeV (while lighter WIMPs with mWIMP < 1 GeV are also considered for
the search). A well-motivated WIMP candidate is the lightest supersym-
metric particle, the neutralino χ0 [16].

Recently, the local dark matter density around the Earth has been mea-
sured to be 0.3 GeV/cm3 [17] (about a third of the proton mass per cm3).
As the Earth revolves together with the Sun around the Galactic centre,
it is experiencing a kind of “head wind” of WIMPs due to the relative
velocity inside the Galactic dark matter halo. This leads to an average
WIMP velocity of 270 km/s.

We will dedicate the next section to the different methods for detecting dark
matter, focusing eventually on the direct detection of WIMP dark matter.

1.2.2. Dark matter detection methods and readout strategies

The only possibility for us to “see” dark matter is through an interaction either
with or producing ordinary matter. A dark matter particle could be produced
by colliding standard model particles with sufficient energy. Two dark matter
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Figure 1.6.: Possible detection mechanisms of dark matter (DM) with particles of the
Standard Model (SM) with the arrows showing the time direction. A DM parti-
cle could be produced by colliding SM particles in accelerator-based experiments
to be detected as missing transverse energy. It could also be detected either in-
directly via its annihilation products or directly via elastic scattering off target
nuclei.

particles could also annihilate and produce two Standard Model particles. A
dark matter particle could possibly also scatter off a Standard Model particle.
Figure 1.6 illustrates these different ways.

Indirect detection

A centre-of-mass energy that is high enough could produce dark matter at
particle accelerators. Collider experiments like ATLAS and CMS at the Large
Hadron Collider at CERN scrutinize their data to search for strange signals
like missing transverse energy in the reconstructed events [18].

The axion, although being electrically neutral, can interact electromagnet-
ically in the following way. In high electromagnetic fields it can transform
virtual photons of this field into real photons via the Primakoff effect [19]. A
predicted dark matter signal would lie in the region of 1 µeV to 100 µeV. Prob-
ing this energy range the ADMX experiment tries to detect an axion signal in
a high magnetic field inside the laboratory [20]. The CAST experiment looks
for axion signals from the sun [21]. Recently, the XENON100 experiment put
upper bounds on the axion mass [22], not detecting a signal at higher mass.

If sterile neutrinos indeed mix into Standard Model neutrinos, then an X-ray
photon could be radiated during such an oscillation. One can look for spectral
lines from large astronomical objects that contain a lot of dark matter. Such a
line was recently measured at 3.5 keV in the Andromeda galaxy and Perseus
galaxy cluster by two X-ray telescope satellites, NASA’s Chandra X-ray Obser-
vatory and ESA’s XMM-Newton [23, 24]. Another experiment, JAXA’s Suzaku
X-ray Observatory satellite, could not confirm this finding [25]. The authors
of [23] and [25] state that a more sensitive measurement by the future Astro-H
satellite will be necessary to reconcile this contradiction.
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Direct detection via elastic scattering

Direct search experiments try to detect the signature of a hypothetical elastic
scattering of a dark matter particle with a detector medium. The momen-
tum transfer from a WIMP to “ordinary” matter through elastic scattering is
highest if the collision partner has the same mass. The supposed WIMP mass
ranges from 10 GeV/c2 to 1000 GeV/c2. The transferred recoil energy from an
interaction with atomic electrons is negligible, whereas the scattering with
heavy nuclei is more likely to produce a measurable signal. When a dark
matter particle scatters off a nucleus the recoil energy can be detected. Recent
studies investigate the benefit of using also the direction of the recoiling nu-
cleus to associate it with a WIMP scattering ([26] and references therein). This
approach typically employs a gaseous target to allow for a detectable track of
a few mm, limiting current experiments to a low target mass of about 0.1 kg.

From here, we will focus on direct WIMP detection through measuring the
recoil energy from elastic scattering. In these rare events the keV-scale re-
coil energy of the nucleus is transformed into scintillation, ionization, and
phonon excitation, depending on the detection medium. There are different
approaches to measure the recoil energy via one or two of these detection
channels, as figure 1.7 illustrates. Experiments like DAMA/LIBRA [27, 28]
and CoGeNT [29], using one of the three channels, claim to have detected
dark matter signals. They found an annual modulation in the event rate
that they explain with an expected “WIMP wind” resulting from the Earth
revolving around the Sun within a resting galactic dark matter halo. These
claims have not been confirmed without doubt by other experiments relying
on the combination of two detection channels. Using this combination and
the signal signatures allow to discriminate against events from electromag-
netic background, as will be explained in section 2.2. Some dark matter search
experiments use cryogenic crystals where phonon excitation can be measured
alongside either scintillation light or ionization charge. Another type uses liq-
uid noble gas—mainly argon or xenon—to measure the recoil energy in form
of scintillation light and ionization charge:

Scintillation and phonon excitation Some experiments, such as CRESST [30]
and ROSEBUD [31], use scintillating crystals as cryogenic bolometers,
reading out the crystals’ scintillation light with photosensors. The pho-
non energy is detected with transition edge sensors by measuring the
resistance of superconductive strips that heat up above their transition
temperature. A proposed next-generation experiment using this tech-
nique is called EURECA [32].

Phonon excitation and ionization One can operate cryogenic bolometers as
ionization detectors to combine these two channels. Experiments like
CDMS [33] or EDELWEISS [34] use ultra-pure germanium and/or sili-
con crystals.

Scintillation and ionization These two signals can be read out in dual-phase
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Figure 1.7.: The three main channels to measure the recoil energy in direct dark matter
search: ionization, scintillation, and the excitation of phonons. The combination
of two channels provides some experiments with a powerful tool to distinguish
dark matter scattering events from background events.

noble gas time projection chambers (TPCs). The scintillation in the liquid
phase is recorded by photosensors, as is the proportional scintillation,
or electroluminescence, of the ionization electrons drifted into the gas
region of the TPC. The ZEPLIN [35], XENON [36], and LUX [37] exper-
iments use xenon as the detection medium, ArDM [38] and WARP [39]
use argon.

To reduce external background, all these experiments have their location in
underground laboratories that are well-shielded from cosmic radiation. Pu-
rification efforts and careful selection of radiopure materials in the structure of
the detector have resulted in a significant sensitivity improvement of the dif-
ferent detection technologies, see figure 1.8. Currently running experiments
put upper limits on the interaction rate, which translates to less than one single
expected WIMP scattering per year for every kilogram of detector mass. This
upper limit is illustrated by so-called exclusion plots (figure 1.9) that show the
minimum measurable WIMP-nucleon scattering cross section as a function of
assumed WIMP mass. At low WIMP mass it is limited by the energy threshold
of the detector. At high WIMP mass, the WIMP flux decreases depending on
ΛCDM model parameters. The curve has its minimum where these thresholds
meet. Improvement of the sensitivity to low energy depositions could make a
large parameter space accessible for WIMP search.
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Figure 1.8.: Development of the detection sensitivity of the different detection tech-
nologies over the past 10 years [40]. The sensitivity is expressed in units of the
spin-independent (SI) WIMP-nucleon cross section. The horizontal line repre-
sents an event rate of 1 event per year and one kilogram of detector mass. The
vertical line indicates the date of this plot.
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curve.



CHAPTER 2

Dual-phase noble gas time projection chambers for

direct dark matter detection

This chapter focuses on the detection technology of a time projection cham-
ber (TPC) filled with dual-phase noble gas. Whereas the large gas-filled TPCs
used for particle tracking in high-energy physics experiments aim to not de-
flect a passing particle, the TPCs for direct WIMP search need to provide a
massive target and are thus partly filled with dense, liquefied noble gas, usu-
ally argon or xenon. In this chapter we review the detection properties of those
two gases, and we will see how a dual-phase noble gas TPC could detect the
signals from a WIMP collision. In the last section, we discuss the potential
benefits of a direct readout of the charge signal for the detector sensitivity.

2.1. Detection characteristics of argon and xenon

Argon and xenon are the most widely used gases for dual-phase TPCs, see ta-
ble 2.1 for their detection properties. The most important differences between
these two gases are the atomic mass, the natural occurrence of radioactive iso-
topes and the boiling point.

Since the spin-independent WIMP-nucleon scattering is coherent, its cross
section scales with the square atomic mass number A2 xenon offers a high in-
tegral rate of these scatterings. See figure 2.1 for a comparison of noble gases
and germanium, a common material for cryogenic bolometers.1 These num-
bers underline the importance of using high-mass detectors, with multi-tonne
targets currently being built.

Moreover, xenon does not have any long-lived radioisotopes that could in-
troduce intrinsic background into the detector target. Natural atmospheric

1The calculated rates are simply the expected scattering rates. For an estimate of the detection
rate both the energy resolution and detector efficiency as a function of recoil energy have to
be taken into account.
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Table 2.1.: Properties of argon and xenon [42–44]. Scintillation yields represent max-
imum values calculated with the unquenched W value. See [43] for detailed W

values for different particles.

Property Argon Xenon

Atomic number Z 18 54
Mean atomic weight (amu) 39.95 131.30
Boiling point Tℓ(Ar,Xe) at 1 atm (◦C) −185.9 −108.1
Liquid density at Tℓ(Ar,Xe) (g/cm3) 1.394 3.057

Triple point
−189.4 ◦C, −111.9 ◦C,
0.689 bar 0.805 bar

Dielectric constant of liquid εr 1.51 1.95

Energy loss dE/dx in liquid (MeV/cm) 2.1 3.8
Radiation length (cm) 14 2.8

Scintillation wavelength (nm) 126 178
Scintillation yield Ly (photons/keV) 51 72
W value photons (max) (eV) 19.5 ± 1.0 13.8 ± 0.9

Ionization yield Qy (e−/keV) 42 64
W value (gas) (eV) 26.4 22.0
W value (liquid) (eV) 23.6 ± 0.3 15.6 ± 0.3
Electron mobility (cm2/(V s)) 400.0 ± 5.0 2000.0 ± 20.0
Saturated electron drift velocity (cm/s) 6.4 × 105 2.6 × 105
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Figure 2.1.: Expected integral rate for elastic WIMP scattering for xenon, germanium,
argon and neon [43]. The rates assume a WIMP mass of 100 GeV/c2, a WIMP-
nucleon cross section of 1 × 10−44 cm2 and a perfect energy resolution. The rates
are calculated according to [45] using the shown parameter assumptions for the
dark matter halo (compare section 1.2.1, page 9). While the lines give the calcu-
lated values, the markers indicate thresholds for the current state-of-the-art of the
respective technologies. Due to its high atomic mass, xenon offers the highest
integral rate for low detector thresholds at this mχ .
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argon, however, contains the radioisotope 39Ar.

In turn, the production of argon is much cheaper and the purification is
comparably easy due to the low boiling point at which contaminants simply
freeze out.

2.1.1. Energy transfer in liquefied noble gases

When a particle scatters off a Xe atom (similar for argon) some energy is trans-
ferred to the target as recoil energy. Recoiling electrons (mainly from interac-
tions with β- and γ-rays) or recoiling nuclei (from interactions with neutrons
and WIMPs) can ionize or excite the surrounding atoms. The excited Xe*

atoms form excited diatomic molecules (excimers) Xe2
* with neutral atoms. As

they decay, they emit scintillation light in the vacuum-ultraviolet (VUV) at a
wavelength of λXe = 178 nm (λAr = 126 nm) [42]:

Xe∗ + Xe→ Xe2
∗

Xe2
∗ → 2Xe + hν excitation scintillation (2.1)

The ionized atoms form singly charged molecules Xe2
+ with neutral atoms.

If the ionization electrons are left to recombine, excited atoms form which
eventually decay under the emission of scintillation light:

Xe+ + Xe→ Xe2
+

Xe2
+
+ e− → Xe∗∗ + Xe

Xe∗∗ + Xe→ Xe∗ + Xe + heat

(2.1)
→ 2Xe + hν recombination scintillation (2.2)

Figure 2.2 illustrates this process of energy transfer for xenon; the process
for argon is similar. We can learn three things from (2.1) and (2.2): First, if one
can extract the ionization electrons before they recombine, one can measure
not only the scintillation light, but also a charge signal from the interaction.
Second, the transport of electrons, for example by an electric field, suppresses
the recombination process and thus reduces the light signal from an interac-
tion. Third, for a given energy deposition the individual numbers of quanta
(photons hν and electrons e−) are anti-correlated [47]. Figure 2.3 illustrates
this effect: the light yield decreases for an increasing electric field that inhibits
the recombination process. At the same time, the charge yield rises with in-
creasing electric field.



2.2. Working principle of a dual-phase noble gas TPC 19

atomic motion

excitation + ionization

Xe
*

Xe2
* + Xe

 2Xe + hν

scintillation light (178 nm)

S2S1

electron recoil

nuclear recoil

Xe
+
 +  e

-

+ Xe

Xe2
+
 + e

-

recombination

Xe
**

 + Xe

escaping

electrons

ionization

electrons

Figure 2.2.: Mechanism of how recoil energy is converted to prompt scintillation light
(S1) and a ionization charge signal (S2). The process is similar for argon, with a
scintillation wavelength of 126 nm. Schematic from [46].

2.2. Working principle of a dual-phase noble gas

time projection chamber

In a dual-phase noble gas TPC most of the detector vessel is filled with liquid,
with a thin gas layer of a centimetre or less on top, see figure 2.4. Across the
TPC, metal meshes define two electric fields: a drift field in the liquid from a
cathode at the bottom to a so-called gate mesh (or gate grid) just beneath the
liquid-to-gas interface; and an extraction field between the gate mesh and an
anode at the top in the gas phase. Metal rings along a voltage divider chain
between cathode and gate mesh define a homogeneous drift field. At the top
and the bottom of the TPC there are arrays of photomultiplier tubes (PMTs).

The prompt scintillation light created by an interaction with an incoming
particle is detected by the PMTs as the so-called S1 signal. The ionization elec-
trons drift through the liquid towards the gate mesh. See figure 2.5 for the
drift velocity in liquid and gaseous xenon. The extraction field leads the elec-
trons into the gas layer where they are accelerated. If they gain substantial
energy they may create a secondary light signal S2 via proportional scintilla-
tion. Light from the S1 signal reflects at the liquid surface (due to the different
refractive indices of liquid and gas) such that most of it is detected by the bot-
tom PMT array. The S2 signal, on the other hand, is primarily recorded by the
PMTs in the gas. The time difference between S1 and S2 is the drift time td

of the electrons, and is a measure for the z position of the interaction. The xy

position can be determined from the hit pattern of the PMT arrays, typically
the one at the top.
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Figure 2.3.: Absolute light (top) and charge (bottom) yields for electron recoils as a func-
tion of gamma energy and applied drift field. The curves are obtained by NEST
that provides the best fit to world data [44, 48]. The yields depend on how much
the electric field reduces the recombination process, so they are anti-correlated.
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Figure 2.4.: Working principle of a dual-phase noble gas TPC. The recoil energy of an
elastic scattering of a WIMP off a nucleus leads to a prompt scintillation signal S1.
Ionization electrons drift in an electric field towards the liquid-to-gas interface.
With an extraction field between gate mesh and anode the electrons emerge and
create a proportional scintillation signal S2 via electroluminescence. It is possible
to reconstruct the xy coordinates with the help of the PMT arrays. Exploiting the
saturated drift velocity of the ionization electrons in the liquid one can calculate
the z position from the time difference td between S1 and S2. Schematic from [42].
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Figure 2.5.: Electron drift velocity in gaseous and liquid xenon and argon as a function
of drift field (liquid) or reduced drift field E/p (gas) [42].
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Figure 2.6.: The ratio S2/S1 as a function of the recoil energy for an AmBe neutron
source (producing a nuclear recoil, left) and a 137Cs γ source (producing an elec-
tron recoil, right) [51]. This parameter allows identification of electromagnetic
background events. Neutron sources are used to imitate the nuclear recoil signa-
ture of a WIMP scattering.

An important feature of noble gas TPCs is the possibility of particle iden-
tification: one can discriminate between electron recoils and nuclear recoils.
The excitation scintillation (2.1) has two components called the singlet and the
triplet component that are caused by different spin states. For nuclear recoil
events, a larger singlet to triplet ratio is observed than for electron recoils [49].
The identification of the different decay times allows to perform a pulse shape
discrimination where one uses the light pulse shape to select only events from
nuclear recoils. This method is widely used in argon where the decay time
constants are 7 ns and 1.6 µs for the singlet and the triplet component, respec-
tively [39]. In xenon a pulse shape discrimination is more challenging because
the decay times do not differ as much, 4 ns for the singlet state and 22 ns for the
triplet state [50]. Another discrimination method exploits the fact that the ratio
of excitation over ionization depends on the linear energy loss: electron recoils
(from interactions with photons or electrons) have a low dE/dx and the ratio
S2/S1 is larger than for nuclear recoils (from interactions with neutrons and
WIMPs) that have a high dE/dx. Figure 2.6 shows calibration measurements
with a dual-phase xenon TPC: the bands of nuclear recoils from a neutron
source and of electronic recoils from a γ source can clearly be distinguished.

The nuclear recoil energy Enr of a given event in the liquid xenon can be deter-
mined by measuring S1. However, the light yield Ly (in number of photons
produced per unit energy) depends on the particle type as well as the en-
ergy [52] (compare figure 2.3). A common practice to calibrate a detector uses,
instead of neutrons, a gamma source producing an electron recoil: one mea-
sures the electron equivalent energy Eee from the interaction of Eref = 122 keV

photons of a 57Co source at zero electric field ~Edrift [46, 53]. This is a standard
in the field with a maximum recombination due to the absence of field (com-
pare figure 2.3). The dimensionless relative scintillation efficiency Leff of nuclear
recoils with respect to the reference electronic recoil at zero field is defined
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as [54]

Leff(Enr, ~Edrift = 0) =
Eee

Enr
=

S1(Eref)

Ly (Eref, ~Edrift = 0)Enr

. (2.3)

If a drift field is applied one calculates Enr via the relation

Enr =
Eee

Leff

Se

Sn
=

S1

LyLeff

Se

Sn
, (2.4)

taking into account field-dependent quenching factors Se,n for electronic and
nuclear recoils, respectively. Benchmark measurements for Leff are needed to
build a model to calculate any nuclear recoil energy.

Finally, the high density of liquid noble gases provides compact self-shield-
ing from external background to an inner, so-called fiducial volume. Exploiting
the 3D reconstruction, one can exclude scatter events from the outer regions
of the detector target, which additionally reduces background events from
surrounding radioactivity.

2.2.1. Signals from calibration sources

We can make an estimation of expected signals from interactions of 662 keV
photons from 137Cs, another common calibration source, inside liquid xenon
with an applied drift field of 1 kV/cm. From the NEST curves in figure 2.3 one
can obtain the light and charge yields per keV of energy deposit. The figure
also shows the reduced values due to a drift field of 1 kV/cm, influencing the
recombination process:

Ly (E = 122 keV,Edrift = 0) = 63 photons/keV ≈ 7700 photons (2.5a)

Ly (E = 662 keV,Edrift = 1 kV/cm) = 22 photons/keV ≈ 14 400 photons (2.5b)

Qy (E = 662 keV,Edrift = 1 kV/cm) = 51 e−/keV ≈ 34 000 e− (2.5c)

A full absorption of the 137Cs photon energy thus creates about 14.4 k pho-
tons and 34 k electrons in liquid xenon at a typical drift field of 1 kV/cm. The
signals measured by the PMTs at the top and bottom of the TPC are only a
fraction of the produced signal. A reduction of the detected prompt scintilla-
tion signal S1 arises from:

• limited light collection efficiency, a function of the interaction position
inside the active region; affected by total internal reflection at the liquid-
to-gas interface, solid angle effects, reflectivity of the TPC walls, trans-
parency of the field meshes, and the Rayleigh scattering length;
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• the quantum efficiency (QE) of the PMT photocathode (PMTs are typ-
ically selected for a high QE at the scintillation wavelength of around
30 %);

• light absorption due to residual H2O impurities in the condensed noble
gas.

For detecting the ionization charge the drift electrons are converted to a
light signal S2 by proportional scintillation that is reduced by:

• a limited lifetime of drifting electrons due to attachment to electronega-
tive impurities, a function of the interaction depth, compare (2.6) (where
about 200 µs correspond to an impurity level of less than one part per
billion of O2 equivalent [55]);

• the pressure in and the height of the gas gap;

• an electron extraction efficiency depending on the field around the li-
quid-to-gas interface (at typical fields used in experiments, the extrac-
tion efficiency is very close to unity);

• S2 gain depending on the electric field in the gas layer between the
liquid-to-gas interface and the anode;

• the photocathode QE as for S1.

For a calculation of the signals one usually needs the help of numerical sim-
ulations of the detector to include all the effects mentioned above. On the
other hand, these simulations rely on observables, like the electron lifetime,
that can only be determined experimentally.

2.2.2. Electron lifetime

The combination of information from S1 and S2 requires the drift of electrons
through the entire length of the TPC. Homogeneously distributed impurities
of electronegative elements such as oxygen lead to attachment of the drift-
ing electrons and reduce the S2 signal, see figure 2.7. Therefore, in ionization
chambers using liquid xenon, one must monitor the purity of the detector
medium to be able to correct this reduced signal.

A measure for the purity of the xenon inside the TPC’s drift volume is the
electron lifetime τe . After an interaction with a particle of energy E the number
of detected photoelectrons decreases due to attachment according to

S2(td ,E) = S2(0,E)e−td/τe , (2.6)

where S2(0) is the signal that would be observed in the ideal case of no attach-
ment and td is the drift time, i.e. the time between S1 and S2. The graph in
figure 2.7 illustrates this relation.
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Figure 2.7.: Schematic of how the electron lifetime can be used to determine the purity
of the xenon inside the TPC. Ionization electrons moving through an extended
drift length attach to impurities (left). The number of electrons that “survive” until
the extraction region decays exponentially for deeper drift regions, i.e. longer
drift times (right). The decay constant of this attachment process is called electron
lifetime.

2.3. Benefits and challenges of an alternative charge

readout in dual-phase time projection

chambers

To date, the S2 signal from scattering events in dual-phase noble gas TPCs
is indirectly detected by arrays of PMTs. PMTs are complex detectors with
highly specialised materials. A disadvantage of such a highly efficient com-
posite system is that it is difficult to produce in a radiopure way, i.e. with-
out traces of radioactive isotopes. Detailed studies identified the most impor-
tant components with radioactive impurities: the metal package as well as the
stem pins (made of Kovar alloy for a small thermal expansion coefficient), the
stem itself (made of borosilicate glass) and the electrodes (made of stainless
steel) [56]. As a result, more than 100 PMTs inside a typical dual-phase noble
gas TPC2 contribute significantly to the detector’s intrinsic background. Ta-
ble 2.2 compares the radioactive contamination of several bulk materials and
PMTs. There are efforts to reduce the radioactive content of PMTs to be used
in experiments of the next generation [58].

Another approach to the reduction of radioactive contaminants is using al-
ternative devices that contain materials that can be produced with superior
radiopurity. One of the next-to-next generation experiments for direct dark
matter search is currently planned and designed by the consortium for Dark
Matter Wimp Search With Noble Liquids (DARWIN) [61]. In this joined effort,
groups from both the argon and the xenon community assess the potential of

2In XENON100 there are 242 1” PMTs [36], LUX employs 122 2” PMTs [57], and XENON1T plans
to use 248 3” PMTs [58].
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a multi-tonne, multi-target detector. The added value is the combination of the
advantages of both noble gases potentially sharing a common infrastructure
(like cooling facilities). One work package of the DARWIN R&D programme
is dedicated to investigate alternative charge readout for dual-phase noble liq-
uid TPCs.

The challenges for a successful operation of charge detectors, especially
gaseous detectors placed above the liquid-to-gas interface, can be divided into
three groups:

Operation in pure gas To avoid attachment of drifting electrons inside the
TPC, the detector material has to be radiopure and must not outgas any
contaminants. Specific for the operation of gaseous detectors, it must
work without admixtures of quencher gases. These organic gases are
typically used in gaseous detectors to quench UV photons created in the
electron amplification process. Without the quench gas there may be a
higher discharge probability which may in turn lead to a lower achiev-
able gas gain (compared to the operation with quencher gases) at a given
electric field in the amplification region of the gaseous detector.

Operation at low temperature Usual operation temperatures for dual-phase
TPCs are around −186 ◦C for argon at standard pressure and at about
−90 ◦C for xenon at a typical pressure of around 2 bar. This environment
leads to thermal stress on any detector material, especially compound
materials. A higher gas density changes the mean free path of electrons,
thereby influencing the electron amplification. A lower temperature, on
the other hand, may offer improved noise characteristics of local readout
electronics.

Substitution of the top PMT array The replacement of (some) PMTs in the
top array by alternative detectors and the related partial loss of S1 signal
will not play a role just yet. We first need to study the physics of alterna-
tive readout methods before taking into account their mounting inside a
TPC.

The research in this thesis addresses the challenges of the first two groups.



CHAPTER 3

GridPix – a candidate detector for direct charge

readout

GridPix is a combination of a pixel chip with a Micromegas-like amplification
grid on top. In this chapter we study an integrated grid that has been applied
directly on top of a Timepix chip.

After introducing the GridPix technology in section 3.1 we explore Grid-
Pix’s detection properties. Section 3.2 presents how one can determine gas
parameters using GridPix in a beam of high energy muons. To prepare mea-
surements in pure noble gas we study the gas gain in a standard argon-based
gas mixture, described in section 3.3.

3.1. GridPix based on a Timepix chip

The readout chip used in the GridPix detector is the Timepix chip [62] devel-
oped by CERN’s Medipix collaboration. It has 256 × 256 pixels on an active
area of 14 mm × 14 mm and has a pixel pitch of 55 µm. Every single pixel
incorporates an analogue and a digital section. On the analogue part (see fig-
ure 3.1), the pixel input records a signal that passes through a preamplifier to
a discriminator where the signal is compared with a user-defined threshold.
For calibration purposes, one can inject test pulses into the circuitry by setting
the pixel’s test bit.

The Timepix chip is active during the so-called shutter time. During this
time, a signal from the preamplifier crossing the threshold results in a hit and
the 14-bit shift register of this pixel starts counting. Depending on the chip’s
operation mode it can count charge, time or hits:

Time over Threshold (ToT) mode The number of counts corresponds to the
number of clock cycles that the signal stays above threshold. This time
and hence the number of counts is increasing with input charge.
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Test input
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Ctest
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(THL)
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Figure 3.1.: Diagram of the analogue part of a Timepix pixel cell containing the pixel
input pad, the charge sensitive amplifier (CSA) and the discriminator (Disc).
Schematic simplified from [62].

Time of Arrival (ToA) mode The counter measures the time between the mo-
ment the signal crosses the threshold and the end of the shutter time.
Late signals have a smaller count than hits occurring earlier.

Counting mode In this mode the counter counts each time the threshold is
crossed until the end of the shutter time.

There are two effects that can limit the precision of the Timepix chip:

Time-walk Signals from the preamplifier have a constant rise time. However,
the time for the signal to cross a given threshold depends on the signal
height. In consequence, it takes less (more) time for a large (small) signal
to cross the threshold than average signals. This effect is called time-
walk and has to be taken into account for precise time measurements.

Cross talk The effect that a signal in one pixel induces a signal of opposite
charge on a neighbouring pixel (if the capacitance between the pixels is
large enough) is called cross talk. A similar effect, called charge-sharing,
takes place when a single avalanche leads to a hit in multiple neighbour-
ing pixels at sufficient gain.

3.1.1. Integration of a Micromegas grid by
wafer-postprocessing

The noise floor of the Timepix pixels is at 105 e− [62], but for noise-free op-
eration the threshold should be 700 e− or higher. The charge amplification is
achieved by a Micro-mesh gaseous structure, or Micromegas [63], a conductive
mesh close to a readout anode.

The electron-ion pairs created by ionization in the drift region above the
mesh are separated by a drift field of a few hundreds of V/cm, see figure 3.2a.
The electrons can enter the high field region of the amplification gap with typ-
ically 40 kV/cm to 80 kV/cm through the holes of the mesh where the field
gradient provides a good transmission. In the amplification gap the electrons
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(a) Working principle. (b) SEM picture.

Figure 3.2.: The GridPix detector. (a) When ionizing radiation penetrates the gas vol-
ume it creates electron-ion pairs. Due to an electric field between cathode and
grid the electrons drift towards the grid and through its holes. There, an amplifi-
cation field leads to the formation of an electron avalanche. The movement of the
charges induces a signal in the pixel pads. (b) The SEM image of the cross-section
of a GridPix shows the resistive layer protecting the pixel layer against discharges.
Pillars support the grid at a height of 50 µm. The grid holes are aligned with the
pixels.

get accelerated and the increased energy leads to further ionization of the gas
atoms resulting in an electron avalanche. The moving charge cloud induces
signal on the readout pad. Depending on the gas mixture, a gain maximum
is expected at amplification gap sizes from 10 µm to 100 µm. Due to the small
size of the amplification gap the electrons and ions are collected in 1 ns and
30 ns to 100 ns, respectively.

Standard Micromegas meshes are suspended above a readout plane, sup-
ported by insulating pillars. The alignment of the mesh becomes crucial when
the pitch of the readout pads is of the same order as the pitch of the mesh. A
slight misalignment can lead to the so-called Moiré-effect, a periodic pattern
of integrated charge that is due to systematic charge sharing between neigh-
bouring readout pads. As a solution to the misalignment, one can construct a
Micromegas-like mesh, or grid, by means of photolithography directly on top
of the pixel chip. This forms an integrated grid, or InGrid, whose holes are by
construction aligned with the chip’s pixels. The insulating support pillars are
positioned between the pixels, thus avoiding dead areas. Figure 3.2b shows a
scanning electron microscope (SEM) picture of the GridPix structure.1

In our test, the Timepix matrix defines the lateral dimensions of the grid:
the pitch of grid holes matches the 55 µm pixel pitch; the total pixel area of
14 mm × 14 mm is covered by the grid. To provide sufficient rigidity to the
InGrid, the perimeter of the grid is supported by ridges instead of pillars.
These support ridges, or dykes, cover up to seven pixel columns and rows on

1Note the difference between InGrid and GridPix: InGrid denotes the amplification structure
alone, GridPix is the combination of an InGrid on a pixel readout chip.
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(a) cleaning; probing; initial inspection

(b) deposition of the protection layer

(c) spin-coating of SU-8

(d) exposure to UV; cross-linking of SU-8 (h) development of SU-8; final inspection

(g) development of photoresist; wafer dicing

(f) deposition of photoresist; exposure to UV;

    patterning of the grid holes

(e) deposition of the grid layer

Figure 3.3.: Production steps for an InGrid by wafer post-processing. The steps are
explained in the text.

three of the four sides of the chip. This obstruction reduces the sensitive area
from 65 536 pixels to 60 742 pixels. The grid hole diameter varies from 35 µm to
40 µm and the height of the amplification gap is chosen to be 50 µm thick [64].
The dykes and the pillars are formed by SU-8, a negative photoresist.

Before the production of the grid, a spark protection layer of high-ohmic
material (silicon-rich silicon nitride, SiRN) is grown on the chip surface to
prevent damage to the readout electronics by discharges in the amplification
region during operation: during a discharge it charges up, quenches the spark
and spreads it over several pixels. The thickness is 8 µm, but studies showed
that thinner layers are sufficiently spark-proof [65].

The processing steps for the production of InGrids, sketched in figure 3.3,
are given below:

(a) A 200 mm Timepix wafer contains 107 chip cells. Before processing, the
wafer is probed to identify chips without electronic failures. Its surface
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is cleaned for optimal adhesion of the layers. The wafer then is visually
inspected for residual dust or defects.

(b) Deposition of a SiRN protection layer by plasma-enhanced chemical va-
pour deposition (thickness of 8 µm). The wire bond pads are not covered
by the protection layer thanks to a lift-off technique: prior to SiRN depo-
sition they are covered by polyimide that is later dissolved, removing the
SiRN in that area.

(c) A layer of about 50 µm to 70 µm of SU-8 photoresist is deposited by spin-
coating. Soft-baking the SU-8 increases the viscosity of the layer for the
subsequent steps.

(d) To form the pillars an additional photoresist is deposited with a thickness
of 1 µm. The two layers are exposed to UV light with a mask for the pillar
structure. The UV dose leads to cross-linking within the SU-8 polymer.
The additional photoresist is developed (removed) and the partly cross-
linked SU-8 undergoes a post-exposure baking to reduce mechanical stress
in the layer.

(e) A thin aluminium layer (thickness about 1 µm) is sputtered by vacuum
deposition on top of the SU-8.

(f) Again, a 1 µm thick layer of positive photoresist is deposited on the wafer.
It is exposed to UV light, using a mask for the grid hole patterning. The
exposed photoresist is dissolved (developed) and holes are formed in the
aluminium layer by wet chemical etching.

(g) After the development of the photoresist the wafer is diced into individ-
ual chips. The structure is stable enough for this step thanks to the solid
(though only partly cross-linked) SU-8 layer.

(h) In the final step the (unexposed) SU-8 is developed through the grid holes.
The chips are inspected under a microscope before the final cleaning.

The processing steps were established on a 3×3 array basis at MESA+ [64].2

During the last years the process has been transferred to 200 mm wafer scale
production at IZM [66, 67].3

3.2. GridPix performance as a tracker of 150 GeV

muons

In August 2010, GridPix detectors were studied at CERN’s Super Proton Syn-
chrotron (SPS) during a beam test with 150 GeV muons. Apart from character-

2MESA+ Institute for Nanotechnology, University of Twente, Enschede.
3Fraunhofer Institute for Reliability and Microintegration IZM, Berlin.
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ising the detector itself (the topic of reference [67]), the properties of the used
CO2/DME4 50/50 gas mixture were investigated.

CO2/DME can be described as a cool gas in which electrons have low energy
even at high fields. This class of gases is characterised by many vibrational ex-
citation modes. The energy required to excite a gas molecule is lower than the
energy required to overcome the ionization potential. The gas thus easily ab-
sorbs the kinetic energy of drifting electrons between ionizations. An example
of a hot gas is argon. In a hot gas the electrons acquire on average more energy,
sometimes sufficient to initiate a new ionization. Low-energy electrons in cool
gases have a short mean free path, i.e. they scatter more often than in hot
gases. With an applied drift field, cold gases offer a low diffusion, promising
an efficient three-dimensional reconstruction of particle tracks to determine
their incident angle with drift gaps as thin as 1 mm.

We use the time resolution of Timepix and the fine position resolution of
GridPix to measure the drift velocity vd and the transverse diffusion σT of the
electrons in the drift gap filled with CO2/DME 50/50:

vd =
hd

td
, (3.1)

σ2
T =
σ2
y

hd
, (3.2)

where td is the drift time that electrons take to cross the drift height hd, and σy

is the pixel resolution of the hit, corresponding to the transverse spread of the
electrons at the grid surface.

3.2.1. Measurement of drift velocity and transverse diffusion
in CO2/DME 50/50

Three detectors with a 1 mm drift gap (numbered GridPix1 to GridPix3 in the
direction of the beam) and one with a drift gap of 19.3 mm (GridPix4) are
mounted on an optical rail. Two scintillators are mounted in front of and
behind the detectors; a coincidence provides the trigger for the shutter of the
Timepix chip. All detectors can be rotated individually to change the incident
angle θ of the beam.

To determine the drift velocity vd we have to measure the drift height hd and
the drift time td of ionization electrons. For this purpose, detectors 1 to 3 are
rotated perpendicular to the beam while the chip plane of GridPix4 is parallel
to the beam, see figure 3.4. To measure the drift height hd of the beam particles
with respect to GridPix4, GridPix3 provides the most accurate measurement
of this position hd = x3, assuming a negligible angular beam spread. The
Timepix chips are operated in Time of Arrival mode, such that the drift time
td = t4 is measured by GridPix4. We also measure the pixel resolution σy = σ4

in the direction perpendicular to the beam with GridPix4.

4DME stands for dimethyl ether with the formula CH3OCH3.
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GridPix1 GridPix2 GridPix3 GridPix4

beam

θ4=0°
θ1-3=90°

x3
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t4

Figure 3.4.: Setup of the GridPix telescope for the measurement of drift velocity and
transverse diffusion. Three GridPix detectors are perpendicular, GridPix4 is ro-
tated parallel to the beam direction. Red lines indicate muon tracks in the drift
gap. In this way GridPix4 measures the drift time t4 of the electrons produced
in the track whose hit position x3 is determined by GridPix3, therefore providing
the drift length. We use GridPix4 to measure the spread σ4 of the drift electrons
as well.
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Figure 3.5.: Sample event measured in GridPix4. (a) shows the hit pattern of a muon
track in the xy plane of the Timepix chip. (b) shows the corresponding Time of
Arrival distribution of this event.

The grid voltage in all detectors was adjusted to a value where the average
number of hit pixels per track reached a plateau. The drift field was set to
2 kV/cm. In typical events, GridPix3 records hits from beam particles in very
few pixels and GridPix4 measures elongated tracks parallel to the x4 direction.
Figure 3.5 shows the hit pattern and the corresponding ToA distribution in
GridPix4 for one sample event. Background events include multiple tracks or
showers resulting from scattering in upstream components. To avoid ambigu-
ity in the hit patterns we only accept single cluster hits in GridPix3. Moreover
we only accept single, horizontal tracks in GridPix4.

According to (3.1) the fit of a linear function to hd(td) returns vd as its slope,
see figure 3.6:

vd = (10.88 ± 0.03) µm/ns (3.3)

which is in good agreement with the prediction vd,sim = (10.0 ± 1.0) µm/ns for
a drift field of (2.0 ± 0.1) kV/cm using Magboltz [68, 69].5

5The uncertainty on the simulation is due to the uncertainty on the drift height, and it includes
a 5 % variation of the gas mixing ratio [67].
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Figure 3.6.: The drift height hd as a function of the drift time td in CO2/DME 50/50.
The drift velocity is the slope of a linear fit to the data points. hd is measured by
GridPix3 and td by GridPix4.

To calculate the transverse diffusion we obtain the resolution of the hits in
the GridPix4 chip plane perpendicular to the beam direction σy . According to
(3.2) we plot σ2

y over hd to deduce the transverse diffusion σT for a drift field
of (2.0 ± 0.1) kV/cm from the slope of a linear fit, see figure 3.7:

σT =

√

σ2
y

hd
= (20.2 ± 1.9) µm/

√
mm. (3.4)

Using GridPix detectors in a beam of 150 GeV muons we were able to mea-
sure important properties of a gas mixture. The CO2/DME 50/50 mixture has
a low drift velocity vd = 10.9 µm/ns, which in combination with a small drift
gap of 1 mm allows for a sufficiently fast signal collection. Especially the low
transverse diffusion σT = 20 µm/

√
mm offers an accurate reconstruction for

particle tracking purposes [67].

3.3. Benchmark gain measurements in a standard

gas mixture

Prior to operating GridPix in a dual-phase noble gas environment, we first
need to take measurements in a standard gas mixture, namely argon with the
quench gas isobutane in a ratio of Ar/iC4H10 90/10. This mixture is com-
monly used for calibration and characterisation purposes and its properties
are well-understood. This allows us to verify that GridPix can detect small
amounts of charge which will be crucial for a successful operation in pure
noble gas.

The absorption of a 5.9 keV photon from an 55Fe source most likely frees
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Figure 3.7.: Plotting the squared resolution σ2
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an electron of the K shell of an argon atom. Since its binding energy is about
3.2 keV it has 2.7 keV left to ionize. This vacancy is filled either via Auger
transitions or via fluorescence. With a probability of 86.5 % a cascade of Auger
electrons will deposit an energy of 3.06 keV by ionizations. In the remaining
13.5 % of the cases the inner vacancy is filled by an outer shell electron un-
der emission of a fluorescence photon of 2.95 keV and an Auger electron of
0.2 keV. The photon can escape the detector volume preventing the detec-
tion of its energy. This leads to two peaks in the energy spectrum: a photo-
peak at the full deposited energy6 of 5.76 keV, and a so-called escape peak at
2.9 keV. In Ar/iC4H10 90/10 the average energy to create an electron-ion pair
is W = 26.02 eV [64]. So the full deposition energy of 5.76 keV frees on average
221 electrons. The electrons in such a spherical ionization cluster drift along
the electric field lines. Diffusion increases the distance between the ionization
electrons, but a circular shape (as a projection on the anode plane) remains.

3.3.1. A GridPix TPC inside a pressurised vessel to mimic low
temperatures

The test vessel for the gain measurements is a gas-tight stainless steel cylinder
with ports for gas in- and outlet and feedthroughs for electrical signals. The
test vessel can be filled with gas pressures >1 bar. Operating at higher pres-
sure offers the same density as cold gas at standard pressure. To study the
influence of the altered mean free path for ionization and hence the avalanche
process we will measure the gas gain at at room temperature and pressures
from 1.0 bar to 2.0 bar. This mimics gas densities similar to temperatures as
low as −136 ◦C at atmospheric pressure.

A TPC equipped with a single GridPix detector is suspended from the top

6An 55Fe γ does not deposit its full energy of 5.9 keV in argon.
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(a) Inside of the vessel. (b) Perspective of the source.

Figure 3.8.: The inside of the pressurised vessel. (a) The TPC, suspended from the
top flange, consists of the GridPix detector at the top, surrounded by a guard
electrode (copper foil), and the cathode (copper mesh) at the bottom. The guard
electrode provides a homogeneous drift field below the GridPix’s surface. Spacers
between the support plates of the guard and the cathode define a drift length of
6 cm. (b) Perspective of the 55Fe source irradiating the central part of the drift gap.

flange. As shown by figure 3.8, the TPC is defined by a copper mesh below
a copper foil with an opening that matches the dimensions of a GridPix. The
mesh forms the cathode and the foil the guard electrode to define a homoge-
neous drift field in the active volume of the GridPix. Insulating spacers made
of PEEK (polyether ether ketone) keep the electrodes at a distance of 6 cm. We
apply a drift field of 300 V/cm across the drift gap, taking into account the gap
between guard electrode and grid of 1 mm.

The GridPix is mounted on a support board, see figure 3.9. A flat cable on its
back reads out the chip data and transmits it to a Relaxd interface board [70]
on the outside of the test vessel. A preamplifier is connected to the grid (de-
coupled by a 47 pF capacitor on the HV pin), reading the (positive) charge
that is induced by avalanches moving from the grid to the pixel plane. The
preamplifier has two outputs: the fast signal provides a trigger to the data ac-
quisition, and a slow signal whose integral is proportional to the total charge
of the event.

Figure 3.10 illustrates the whole readout chain. We measure the hit pattern
of the Timepix chip with the Relaxd board where the number of hit clusters
corresponds to the number of avalanches. An oscilloscope records the wave-
forms of the fast and the slow preamplifier output, from which we extract the
total charge over the whole chip area. Combining this information we calcu-
late the gas gain at a given gas pressure. For a correct correlation of events
from the Relaxd board and the oscilloscope a trigger system guarantees the
synchronisation of the two signals. See appendix A for the trigger system
diagram and the logical signal chart. The trigger system defines a constant
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Figure 3.9.: Picture of the preamplifier connected to the GridPix board. The input of
the preamplifier is connected to the HV pin of the PCB, decoupled by a capacitor.
It measures the integral signal induced on the grid by the moving avalanche. At
the back of the PCB a flat cable connects the chip with the Relaxd board outside
of the vessel.

acquisition time of 100 µs to fully collect a signal. The Relaxd board runs at
a clock frequency of 40 MHz such that the acquisition window is about 4000
clock cycles long.7 Recording the pixel hits in Time of Arrival mode thus pro-
vides a helpful tool to cut background events, selecting on the ToA value of
the hits.

The charge induced on the grid in terms of number of electrons ne can
be calculated using the integrated oscilloscope signal (divided by the input
impedance R) by

ne =
1

qe

[
(−1.23 ± 1.0) × 105

+ (3.696 ± 0.057) × 1013 1

R

∫

Voscdt

]
, (3.5)

where qe is the elementary charge. The constants in (3.5) are the result of a cal-
ibration of the preamplifier output [71]. The following results were obtained
during measurements described in more detail in [72].

3.3.2. Gas gain in Ar/iC4H10 90/10

We collect a maximum of 10 000 events per grid voltage setting, starting at a
grid voltage where the gain is high enough for the fast preamplifier output
to cross the noise threshold of 11 mV of the oscilloscope. We subsequently

7The maximum available shutter time, limited to 11810 counts of the shift register, is 295.25 µs
long.
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Figure 3.10.: Schematic of the readout chain of the gain setup.

increase the grid voltage in steps of 10 V or 20 V until discharges in the ampli-
fication gap inhibit the data taking by resulting in a reset of the Relaxd data
acquisition software. This cycle is repeated for various gas pressures ranging
from 1.0 bar to 2.0 bar.

We select events whose Time of Arrival is within 5σ around the peak of the
ToA distribution that corresponds to the expected 4000 clock cycles, matching
the 100 µs acquisition time defined by the trigger setup.

The effective area can be deferred from a hit map of the chip: the guard
electrode shadows part of the pixel area along the chip edges. Figure 3.11
shows an event together with the acceptance area of the chip. We identify
incomplete events in which the electron cloud is partly collected on the guard
electrode and the hit pattern shows the shape of an incomplete circle. We
define a circularity parameter c ≡ ∆x

∆y
for the hit pattern, where ∆x and ∆y are

the dimensions in terms of pixel columns and pixel rows, respectively. The
requirement of 2

3 < c < 3
2 discards partly collected events while taking into

account fluctuations due to the statistical nature of the diffusion process.
Due to transverse diffusion the initial ionization cloud spreads when drift-

ing towards the grid, such that each primary ionization electron passes a
different grid hole. That is why the number of hit pixels is a good estima-
tor for the single electron detection efficiency. Figure 3.12 shows a sample
distribution of the number of hit pixels, where the first and second peak of
the spectrum correspond to the escape peak and to the photopeak, respec-
tively. The photopeak position in this example is below the predicted value
of Np = 221 electrons (see p. 36), pointing to an imperfect collection efficiency.
With an additional selection (a minimum of 5 and a maximum of 350 hit pix-
els) the electron detection efficiency as a function of applied grid voltage for
the various gas pressures is studied. As can be seen in plots in figure 3.13
the detection efficiency decreases with increased gas pressure for a given grid
voltage. This effect can be explained by:

• a smaller size of the initial ionization cloud due to the higher density of
the gas;
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Figure 3.11.: A photon event with circular shape at p = 1.4 bar and Vgrid = 410 V. The
lines show the edge of the chip where the guard electrode shadows the effective
pixel area.

• a reduced mean free path of the electrons, reducing the transverse diffu-
sion. This leads to the collection of primary ionization electrons by the
same pixel, reducing the single electron detection efficiency.

The efficiencies measured at p = 1.4 bar are inconsistent with the other pres-
sures, although consistent within this set of measurements. A pixel thresh-
old setting lower than during the measurements at other pressures, possibly
caused by a reset of the readout software, lead to an increased number of pix-
els hit.8 Despite the efficiency shift for the measurements at 1.4 bar, the data
show that to reach a certain efficiency, a higher gas pressure requires a higher
grid voltage (figure 3.13a), i.e. a higher amplification field. Alternatively, at a
given grid voltage the efficiency decreases with increasing gas pressure (fig-
ure 3.13b).

The distribution of the integrated grid signal shows the 55Fe spectrum, see
figure 3.14, where the first and second peak correspond to the escape peak and
to the full absorption of the 5.9 keV photon, respectively. Note that this signal
is read from the slow preamplifier output and is thus independent from pixel
settings. According to (3.5) we calculate the average number of electrons and
divide it by the predicted number Np = 221 (see p. 36). Figure 3.15 shows the
resulting average gas gain as a function of Vgrid for the pressure range from
1.0 bar to 2.0 bar in Ar/iC4H10 90/10. The gain curve at 1 bar is similar to ear-
lier studies at ambient pressure [71], but the slope is lower than obtained with
a Micromegas over a one-pad anode readout [73]. We achieved the highest
gain of 1.4 × 104 at 1.2 bar and Vgrid = 420 V. At higher pressures we could op-
erate the GridPix at higher grid voltage, which was also necessary to achieve

8We identified this inconsistency only after finishing the measurement series. Due to a chip
failure it was not possible anymore to repeat the measurements at the respective threshold
setting. However, the gain is measured independently of the pixel settings.
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Figure 3.12.: The number of hit pixels at p = 1.4 bar and Vgrid = 410 V with the pho-

topeak and the escape peak of an 55Fe spectrum. The single electron detection
efficiency is calculated by dividing the photopeak position by the expected num-
ber of 221 electrons, indicated by the dashed line. An incomplete efficiency may
be due to limited diffusion of the ionization cloud across the grid holes. The solid
lines show the minimum and maximum number of hit pixels for the event selec-
tion.

the same gas gain as reached at lower pressures. In turn, a higher grid voltage
also increases the energy stored in the grid that is available for a discharge,
thus increasing the spark risk limiting stable operation. As a general conclu-
sion, the gain decreases for higher pressures at the same applied grid voltage.

We measured the gas gain with a GridPix detector in a TPC filled with
Ar/iC4H10 90/10. This gas mixture is a standard gas for characterisation mea-
surements of gaseous detectors. Especially the known number of primary ion-
izations by the absorption of 5.9 keV photons from an 55Fe source enables us
to measure the single electron detection efficiency at different grid voltages.
Comparing the pixel hits of the Timepix chip as well as the integral charge
signal induced on the grid allowed us to calculate the average gas gain. By
varying the pressure from 1.0 bar to 2.0 bar at room temperature, we created
gas densities comparable to temperatures as low as −136 ◦C at atmospheric
pressure. We successfully validated a readout chain for later use to investi-
gate if we can achieve a measurable gas gain in pure noble gas, i.e. without an
admixture of a quench gas.
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Figure 3.13.: The single electron detection efficiency is the number of hit pixels divided
by the number of primary ionization electrons Np expected for Ar/iC

4
H

10
90/10.

The grid voltage was increased until sparks became too prominent. (a) shows the
efficiency as a function of grid voltage for pressures from 1.0 bar to 2.0 bar. For
≥1.8 bar the maximum reached efficiency is below 0.1. The grid voltage required
to reach a certain detection efficiency > 0.2 increases with pressure (b). However,
although showing a similar trend in terms of grid voltage, the measurements at
1.4 bar represent an exception to the pressure dependency of the efficiency. This
discrepancy is also visible in (b) that compares the efficiency as a function of pres-
sure for the grid voltages marked by the dashed boxes in (a). This is caused by
lower pixel threshold during the measurements at 1.4 bar due to a reset of the
readout software, causing a higher count of pixels hit.
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Figure 3.14.: The integrated voltage signal recorded by the oscilloscope corresponds
to the charge collected on the grid at p = 1.4 bar and Vgrid = 410 V. The charge
spectrum shows the photopeak and the escape peak of the energy spectrum for
55Fe. Dividing the charge of the photopeak by the number of expected primary
electrons yields the average gas gain, compare (3.5).
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Figure 3.15.: Average gas gain as a function of grid voltage measured in Ar/iC
4
H

10

90/10 at pressures from 1.0 bar to 2.0 bar. The highest gain of 1.4 × 104 was
achieved at p = 1.2 bar and Vgrid = 420 V. Except for the two highest pressures the
gain curves show an exponential behaviour.



CHAPTER 4

GridPix – performance of the detector and of the

Timepix readout chip

GridPix may be a good candidate for a direct charge readout in a dual-phase
noble gas TPC. The ability of this novel technology to detect single electrons
with an efficiency close to unity should still be improved in the future. How-
ever, it consists in its bulk of silicon and the grid is made of aluminium, two
materials that can easily be produced radiopure to reduce the intrinsic back-
ground of a TPC. So far, GridPix has been operated at room temperature and
it has to prove itself at temperatures as low as the boiling points of xenon,
TℓXe = −110 ◦C, or argon, TℓAr = −186 ◦C, respectively. This chapter describes
the studies of the performance of both GridPix as a whole as well as of the
Timepix chip in conditions beyond the original specifications. Section 4.1
presents the first operation of GridPix in a dual-phase argon TPC, where the
mechanical structure of the GridPix has to withstand the low temperature and
the strain of shrinking materials. A method developed for a reliable cool-
down of GridPix to temperatures as low as −130 ◦C is described in section 4.2.
Most gaseous detectors use a mixture of gases with small fractions of organic
gases to quench UV photons created in the avalanche process. It is known
that the maximum achievable gas gain decreases with increasing purity of the
noble gas. On the other hand, also the electrical properties of the Timepix are
subject to change with decreasing temperature. The chip’s electronic noise is
studied in section 4.3 to verify if it drops enough to allow for a detection of
signals at low gas gain. In section 4.4 we investigate if a pure noble gas envi-
ronment without the quenching admixture inhibits a successful operation.
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4.1. Operating GridPix in a dual-phase argon time

projection chamber

We investigate the direct charge readout potential of the GridPix detector
within the framework of the DARWIN R&D efforts (see chapter 2). In collab-
oration with the ArDM [74] group of ETH Zürich, we had the opportunity to
study the performance of GridPix in their prototype cryostat, equipped with
a fully functional dual-phase argon TPC, at CERN. Due to the boiling temper-
ature of TℓAr = −186 ◦C the operation is more demanding in terms of thermal
stress in the detector than the operation in xenon. On the other hand, the gain
in argon is expected to be higher than in xenon which may offer higher signals.

In this section we describe the preparations required to operate a GridPix
detector for the first time inside a dual-phase noble gas TPC. In particular, we
present the different stages of operating at different conditions: from room
temperature via cold gas to a dual-phase environment.

4.1.1. The ArDM prototype cryostat

The ArDM prototype cryostat is cooled by liquid argon in an outer vessel
while the TPC is housed inside a separate inner vessel. To fit our chip support
into the existing setup we produced a dedicated set of carrier boards and a
data cable with a vacuum feedthrough. By having these parts produced by
the CERN workshop the out-gassing constraints of the cryostat operation have
been met.

A large support PCB (PCB-B) carries a smaller PCB (PCB-A) with space for
four chips in a quad-formation on which we mount one GridPix. PCB-B is
covered with a copper-cladded Kapton foil, leaving a rectangular opening
the size of the pixel area. It serves as a guard electrode around the GridPix
to provide a homogeneous electric field. Figure 4.1a shows a picture of the
assembled stack. A flat 1 m long 100 leads cable connects the PCB-A to the
Relaxd readout board on the outside of the cryostat. This data cable is fed
through sparked slit in a CF35 flange. The slit is 500 µm wide and sealed by
vacuum-proof epoxy glue after positioning the cable to the correct length, see
figure 4.1b for a picture of the assembled feedthrough.

We performed preparatory studies at Nikhef of the out-gassing properties
and the thermal robustness of the used materials, see table 4.1 for a sum-
mary. In a heated vacuum chamber the measured out-gassing rates of the
used materials were close to the sensitivity limit of the residual gas analyser.
We verified the adhesion of the chip to the printed circuit board as well as
the vacuum epoxy in liquid nitrogen. The readout of a bare Timepix chip
(without an InGrid on top) was successfully tested down to −196 ◦C inside a
vessel that was cooled with liquid nitrogen and flushed with dry nitrogen gas.
We also cooled down (electrically broken) GridPix chips in this environment.
We found that we can prevent the rupture of the aluminium grid by the ap-
plication of UV-cured globtop epoxy along the grid edges for reinforcement.
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(a) Stack of chip support PCBs. (b) The data cable feedthrough.

Figure 4.1.: Pictures of parts that were especially produced for the GridPix operation
inside the ArDM test cryostat. (a) shows the stack of PCBs to mount the GridPix
chip at the top of the TPC. The copper forms the guard electrode for field homo-
geneity. (b) The 1 m long flat data cable is fed through a flange with a sparked slit
of 500 µm and is sealed with vacuum-proof epoxy.

References [71, 75] give more details on these studies.
Figure 4.2 shows a picture of the inside of the cryostat. The TPC consists

of a 21 cm long drift region with field shaping electrodes provide a homoge-
neous drift field of 300 V/cm. A PMT at the bottom of the TPC detects the
scintillation light. An 55Fe source emitting 5.9 keV photons is placed on the
cathode plane at the bottom. The GridPix detector is held by PCB-B at the top
of the TPC above the extraction grids. The chip is connected with a flat 1 m
long 100 leads cable with a special vacuum-proof feedthrough to the readout
device outside the cryostat. The PMT is used to trigger the acquisition of the
GridPix detector.

4.1.2. Operation in quencher-free argon

Without the use of a quencher gas the maximum achievable gain is lower than
in dedicated gas mixtures. If UV photons are no longer absorbed, they can
lead to uncontrolled avalanche development that results in discharges. To
avoid these discharges we apply a reduced voltage to the grid than when us-
ing a quenching gas.

At an amplification field of about 68 kV/cm, we recorded events induced by
the photons of the 55Fe source in argon with a 1 ppm impurity level. Figure 4.3
shows an example event of a small cluster of hit pixels on the chip’s pixel
matrix. As expected, the gas gain is lower than when using a mixture of noble
gas with quencher.

For the measurements at low temperatures the 55Fe source is replaced by a
cryogenic 241Am source emitting 5.5 MeV α particles. The cryostat is cooled
by an external bath of liquid argon. It is important to note that the system
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Table 4.1.: Preparatory studies of GridPix and its periphery performed at Nikhef for
operation in dual-phase argon at CERN.

Study Environment Result

Outgassing Outgassing chamber rates at sensitivity limit

Thermal robustness

ℓN2

silver glue holds a chip
lead-free solder holds
connectors
wire-bond connections
hold

dry N2 at −196 ◦C
readout of bare Timepix
chip works
glued grid holds

Figure 4.2.: The TPC inside the ArDM test cryostat. The field shaping electrodes sur-
round the drift volume, a PMT at the bottom of the TPC detects scintillation light.
The GridPix detector on PCB-A is suspended above the extraction grids and acts
as anode of the TPC. The flat data cable transfers the data to the Relaxd readout
board outside the cryostat. Schematic adapted from [74].
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Figure 4.3.: An event of an 55Fe-induced interaction in 1 ppm impurity level gaseous
argon at room temperature. The acquisition is triggered by the PMT. The plot area
represents the pixel matrix, the colour scale indicates the arrival time.

does not allow for the tuning of the gas pressure. This means that the entering
argon gas, close to TℓAr, is at atmospheric pressure. The result is a gas density
that is about three times as high as at room temperature, decreasing the gas
gain by the same factor. This leads to signals that are below the pixel thresh-
old. Increasing the grid voltage and thus the amplification field to compensate
this effect would also increase the energy stored on the grid, available for a re-
lease in a discharge. To avoid this risk for the detector we first want to confirm
the working of the amplification stage of the GridPix detector.

Figure 4.4 shows the time spectra of the PMT (averaged over many wave-
forms) for four different grid voltages. The interaction of α quanta in argon
produces a prompt signal (S1) that is followed by a smaller signal from the
proportional scintillation at the extraction from the liquid-to-gas interface (S2).
The signals can be distinguished by their recorded drift time. Increasing the
grid voltage of the GridPix leads to a third scintillation signal, gradually be-
coming more prominent as a tail of the S2 peak in the spectra. This is due to
scintillation between the grid and the chip, as the time difference is consistent
with the drift time from the extraction region to the GridPix.

Only after verifying the gas amplification we raise the grid voltage contin-
uously in order to detect signals on the pixels. This led to the occurrence of a
violent discharge at a grid voltage of −615 V that damaged the Timepix’s cir-
cuitry partly: the readout software could not control the chip’s DAC register
values anymore to adjust thresholds.

We subsequently filled the detector volume with liquid argon, but we ob-
served only discharges during the operation in dual-phase argon.

After warming up and reopening the vessel the grid showed several cracks,
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Figure 4.4.: PMT spectra in gaseous argon at −188 ◦C for different voltages applied
to the GridPix grid. The events are induced by α particles of 59.5 keV from an
241Am source. The tail of the second peak of the regular S2 signal reveals an
additional scintillation. This feature is enhanced by increasing the voltage applied
to the grid. This indicates that the additional scintillation happens in the GridPix
amplification region. Plots taken from [71].
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Figure 4.5.: Picture of the damaged grid taken after warming up the system and open-
ing the ArDM test cryostat at CERN. Ruptures of the grid layer reveal an excessive
thermal stress in the structure.

as shown in figure 4.5. The dykes along the chip edges delaminated and tore
the grid apart at the locations of the gaps between the dyke segments.

We showed that operation of a GridPix detector in pure argon (impurity
level about 1 ppm) is possible at room temperature. At low temperature the
Timepix chip is still functioning as is the integrated gas amplification stage of
the GridPix.

This preliminary test helped us to identify the weak points of the GridPix
technology. The tested structure is not robust enough to withstand the ther-
mal stress in cryogenic environment, due to different coefficients of thermal
expansion of the layer materials. We need to repeat the cool-down of the de-
tector in a controlled way to prevent sudden temperature shocks. When filling
the cryostat with liquid argon, droplets could have hit the grid which would
lead to immense local thermal stress. On the other hand we want to know if
the GridPix structure, suffering damage at TℓAr, withstands the more moder-
ate TℓXe. From the electronic point of view, we need to determine the Timepix
chip’s noise level and its minimal detectable charge at low temperatures.

4.2. Design and test of modified InGrid structures

for liquid xenon temperatures

One important lesson from the experiment in the ArDM cryostat was to have
a better control on the cooling cycle of GridPix detectors. The grid of the Grid-
Pix may survive a thermal cycle if only the temperature changed gradually
enough. This section describes the experiments to reliably cool down Grid-
Pix detectors to liquid xenon temperatures. The dedicated setup was built at
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Nikhef. For the same purpose we investigate how a modified design of the
SU-8 support structure can enhance the thermal robustness of the InGrid. Fi-
nally, we study the influence of these changed SU-8 structures on the energy
resolution of a GridPix detector.

A large part of this section was published as an article called “Reliable cool-
down of GridPix detectors for cryogenic applications” in Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, De-
tectors and Associated Equipment [76].

4.2.1. Cryogenic test setup and thermal cycle procedure

For the thermal cycles in this section we adjust the test vessel such that it can
be lowered into a liquid nitrogen dewar. Three rods, suspended from the ves-
sel’s flange, carry a platform for the devices under test and, underneath this
stage, a 40 W heating element. Figure 4.6 shows a schematic of the whole setup
as well as a picture of the inside of the vessel. There are two Pt100 temperature
sensors to monitor the temperature on the test platform, Ttop, and at the bot-
tom of the vessel, Tbottom, respectively. The sensor on the test platform is used
for regulating the power going to the heating element. A gas tube supplies a
flow of dry nitrogen gas to the bottom of the test vessel to purge humidity that
may otherwise damage the chips by condensation and freezing. A dewpoint
meter monitors the relative humidity of the gas at the outlet.

The procedure for the controlled thermal cycle follows a number of steps:

1. Flush with dry nitrogen with a flow of 1.7 ln/min.1 This flow is kept
constant throughout the whole thermal cycle.

2. Heat the inside of the vessel and “bake” at Ttop = 95 ◦C for 30 minutes.

3. Let the vessel cool down to room temperature.

4. Insert the vessel into the dewar, suspending it above the liquid nitrogen
surface.

5. Cool down with a rate of about 1 K/min (controlled by the heating ele-
ment) until Ttop reaches −130 ◦C.

6. Keep Ttop = −130 ◦C constant for 30 minutes.

7. Heat the vessel gradually to Ttop = −20 ◦C.

8. Take the vessel out of the dewar and let it reach room temperature. Be-
fore re-opening the vessel it is necessary to let the samples reach room
temperature to avoid condensation when they get in contact with ambi-
ent air again.

We use the same procedure for all successive cycles. To illustrate the proce-
dure figure 4.7 shows the temperature evolution measured with Pt100 sensors
one near to the samples and one at the vessel bottom, respectively.

1ln/min: litre per minute at normal conditions, see appendix C.
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(a) Schematic of the cryogenic setup. (b) Inside of the test vessel.

Figure 4.6.: The setup for the controlled thermal cycling of GridPix chips. (a) Schematic
of the liquid nitrogen dewar housing the test vessel. (b) Picture of the inside of
the test vessel. The chip carrier rests on a support plate. Underneath, a heating
element supplies heat to counteract the cooling power by the liquid nitrogen on
the outside of the vessel. A gas tube provides dry nitrogen to the bottom of the
vessel. A dewpoint meter monitors the humidity of the exhaust gas. Two Pt100
sensors measure the temperature near the samples and at the vessel bottom. A
software records images of the samples with a CCD sensor.

Figure 4.7.: The temperatures Ttop and Tbottom as a function of time during the thermal
cycle. The curve shows the baking, the cool-down to −130 ◦C and the warming
up of the devices.
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(a) Chip 1. (b) Chip 2.

(c) Chip 3. (d) Chip 4.

Figure 4.8.: Pictures of four standard GridPix chips after a controlled thermal cycle.
The grids were not reinforced with glue. Two of the four InGrids under test (a, c)
show delaminated dyke segments that damaged the grid. The two others (b, d)
withstood the mechanical stress during the thermal cycle.

4.2.2. Controlled thermal cycle of 4 standard GridPix chips

Figure 4.8 compares the initial state of the InGrids with the result after the
cryogenic test. The grids of two out of four devices survived the thermal cy-
cle. The two other grids show a similar damage: two adjacent dyke segments
lifted off the protection layer. This is the result of the stress culminating at the
borders as mentioned above. It points to an increased stress between the SU-8
and the SiRN layer in regions where the SU-8 structure is large. On the other
hand, the two surviving samples indicate that a GridPix application in this
cold environment is technically within reach.

4.2.3. SU-8 pattern modifications

Finite-element simulations2 were conducted to investigate and visualize the
effects of temperature cycling on the GridPix configuration. The thermal and
mechanical properties of all employed materials as well as the thickness of the
layers are listed in table 4.2. We can assume that the silicon substrate imposes
its lateral dimensions on the whole configuration thanks to its superior thick-
ness. As clear from the table, the thermal expansion mismatch is highest at the
SiRN–SU-8 interface, so this is a likely plane for delamination. A typical sim-

2Simulations were performed with the Abaqus finite element analysis software [77].
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Table 4.2.: Thermal and mechanical properties of all employed materials used in the
FEM simulations.

Property Si SiRN SU-8 Al

Layer thickness (µm) 700 2 to 8 50 1

Therm. conductivity (W/(m K)) 105 35 0.2 210
Density (g/cm3) 2.33 3.2 1.19 2.7
Young’s modulus (109 N/m2) 112 300 4.02 68
Poisson’s ratio 0.28 0.26 0.22 0.36
CTE (10−6 /K) 2.49 3.2 30 24
Specific heat (J/(kg K)) 750 170 1200 900

ulation result is shown in figure 4.9a. The thermal expansion mismatch tends
to culminate at the edges, leading to a tendency of the aluminium to rupture
starting from the edges, as observed in the aforementioned tests. Moreover,
the peak stress values in the material stack shift from the grid to the substrate,
see figure 4.9b, beneath the added support structures.

Based on the simulation results, several new designs were made with dif-
ferent SU-8 support features at the edge and in the pixel matrix area of the
GridPix chip. The alternative edge designs and the reference are shown in fig-
ure 4.10. Further, bar structures were designed into the central region, aiming
to form a more rigid construction which could lead to less aluminium excur-
sion at the edges, see figure 4.11.

Table 4.3 summarises the different configurations that are combined to make
11 different layouts (numbered ’a’ to ’k’). One design (’k’) has an increased ac-
tive pixel area with the SU-8 dykes shifted towards the dicing lanes of the chip
(see figure 4.12b).

One Timepix wafer with a diameter of 8” (200 mm) usually contains 107 dies
of 1.6 cm by 1.4 cm. We employ the same dimensions for the dummy devices
not only to obtain representative results for the final goal, but also to facilitate
an easy transfer of the mask to a real Timepix wafer once the best design is
identified. The new GridPix design contains 8 reference designs, identical to
the layout of earlier GridPix detectors [78]. The remaining 99 fields on the
wafer are occupied by alternative designs, combining the new edge designs
(compare figure 4.10) with new active area designs (compare figure 4.11). Nine
instances of 11 modified designs are scattered across the wafer (see table 4.4
and figure 4.13), facilitating systematic studies.

Two dummy wafers with these modified designs were fabricated at Fraun-
hofer IZM to evaluate the differences between these patterns in terms of me-
chanical strength, thermal cycling robustness, and detector performance. The
wafers have in common the silicon substrate, the SiRN protection layer of
2 µm thickness, the SU-8 structures and the aluminium grid, i.e. the integrated
grid (InGrid) structure. One wafer, however, has an additional gold layer be-
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Mises stress (N/m²)

(a) Stress on ridges.

Mises stress (N/m²)

(b) Stress on grid reduced by cross support.

Figure 4.9.: FEM simulation results showing the van Mises stress as a result of temper-
ature decrease. The stress of shrinking aluminium grid culminates on the edges,
particularly at the strain relief gaps of the SU-8 ridges (a). Introducing cross struc-
tures (see figure 4.11b) locally reduces the stress exerted by the grid and shifts the
stress peaks into the silicon substrate (b). Hindering a translation of the grid re-
duces the stress on the grid edges. Note the different colour scale.
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(a) Reference layout: seg-
ments of 4.65 mm ×
450 µm.

(b) Short segments of
1380 µm × 450 µm.

(c) Shorter and thinner
segments (660 µm ×
275 µm).

(d) Square segments of
320 µm × 320 µm.

(e) Radial segments
with about
150 µm × 450 µm.

(f) Finer radial segments:
90 µm × 300 µm.

Figure 4.10.: Simplified sketches of SU-8 dyke structures as in the current design (a)
and to reduce the lateral stress along the chip’s edges (b–f).

Table 4.3.: Overview of the SU-8 configurations divided by substructure.

Substructure ID Description Sketch

dyke

1 rectangular dyke segments Fig. 4.10b
2 shorter rectangular segments Fig. 4.10c
3 square segments Fig. 4.10d
4 radial segments Fig. 4.10e
5 thinner radial segments Fig. 4.10f

inner support

A pillars alone
B large crosses Fig. 4.11b
C small crosses Fig. 4.11c
D long lines Fig. 4.11d
E short lines Fig. 4.11e

chip area coverage
I standard GridPix Fig. 4.12a
II larger active pixel area Fig. 4.12b
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(a) Reference layout. (b) Large crosses. (c) Small crosses.

(d) Long lines. (e) Short lines.

Figure 4.11.: Details of SU-8 structures in the chip’s inner region reducing the radial
stress in the Al layer. The open circles represent grid holes (55 µm pitch), the
closed circles SU-8 pillars like in the current design. The crosses and lines in (a)
and (c) have a length of 440 µm, the crosses and lines in (b) and (d) are 330 µm
long. The width for all cross and line structures is 17 µm.

Table 4.4.: The 11 combinations of substructures following the naming convention of
table 4.3. They will be distributed over the dummy wafer yielding 9 devices per
structure per wafer. Each wafer will also have 8 reference cells with the current
InGrid design.

(a) 1-B-I (e) 3-B-I (i) 5-B-I
(b) 1-D-I (f) 3-E-I (j) 5-E-I
(c) 2-C-I (g) 4-C-I (k) 1-B-II
(d) 2-E-I (h) 4-D-I (R) reference
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(a) Original layout. (b) Dykes shifted closer
towards the dicing
lanes.

Figure 4.12.: Comparison between the current chip coverage and a proposed increase
of the chip’s sensitive pixel area. The drawings show, not to scale though, the chip
with the square pixel area, the dyke structures (solid grey), and the dicing lanes
(dashed). Compared to the current layout (a), the alternative (b) would offer a
larger number of active pixels, uncovered by the SU-8 dykes of various shapes.
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Figure 4.13.: Layout for the wafer including 8 reference cells (R) and 11 new SU-8 con-
figurations (a–k) as listed in table 4.4. The cells of the various designs are spread
over the wafer to avoid any effect of local inhomogeneities on a certain configu-
ration.
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Figure 4.14.: Illustration of globtop reinforcement of the SU-8 ridges along the grid
perimeter.

tween the silicon substrate and the SiRN layer. This gold layer serves as anode
to read out electrical signals in a setup discussed in section 4.2.5.

4.2.4. Thermal cycling experiments of modified SU-8 patterns

The multiple samples allowed for a systematic study of the decisive factors
influencing grid stability during thermal cycling. The following experimental
conditions were varied:

• the SU-8 ridge structure (compare figure 4.10);

• the SU-8 active area structure (compare figure 4.11);

• samples with gold electrode and without;

• chips positioned on a metal block with cooling fins using heat-conduct-
ive paste, or loosely placed on thermally insulating plastic;

• globtop-coated grid edges (see figure 4.14) or uncoated edges.

The thermal cycle was always from room temperature to −130 ◦C and back,
with ramp rates less than one degree per minute.

We found that the SU-8 designs and the presence of gold under the SiRN
layer had no significant effect on the grid stability under thermal cycling. The
devices in the first two batches all show similar damage: parts of the ridges
came off and/or the grid is wrinkled, see figure 4.15.

However, mounting the chips to the cooling block using heat-conductive
paste, as well as the administration of globtop, proved crucial. The results
of two critical experiments are presented in figures 4.16 and 4.17. The first
shows 20 samples after thermal cycling, five of which are unharmed. These
five are exactly those with globtop edge reinforcement. Figure 4.17 shows an
experiment where all chips are globtop-reinforced and attached to the heat
sink. All chips have remained intact.

We explain these results as follows. When the InGrid structure is confronted
with a cold surroundings, the grid can cool quicker than the silicon wafer,
because the latter is much thicker and has lower thermal conductivity. A large
temperature difference can then build up between grid and chip, amplifying
any thermal expansion problems. Therefore a controlled cool-down requires
the connection of the silicon chip to a kind of heat sink, besides a low-enough
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(a) First batch of 20 samples.

28 mm

(b) Second batch of 8 samples.

Figure 4.15.: Pictures of the first two batches of modified InGrids after thermal cycles.
(a) shows the devices of the first batch after opening the vessel, (b) is a picture
taken by the CCD camera of the second batch at the end of the cycle. Note that
none of the actual grid layers is broken. In fact, the damage of the samples is the
release of the SU-8 from the protection layer.

Figure 4.16.: Picture of modified InGrids after the third thermal cycle. Although the
grids as a layer are intact, the underlying SU-8 structures, namely the dykes, have
delaminated. Only the devices with reinforced grid edges are undamaged.

Figure 4.17.: Picture of the fourth batch of modified InGrids after the thermal cycle.
The fixation of the dyke with the help of glue as well as the improved thermal
contact resulted in undamaged grids after this thermal cycle.
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Figure 4.18.: Microscope image of the SU-8 structures used for the shear test. These
structures serve as alignment markers during the wafer post-processing. Note
the SiRN layer (red) extending under the markers on the left chip. The adhesion
there is a lot stronger than on the gold layer. Also visible are the different dyke
layouts.

cool-down rate, to ensure that the silicon remains in thermal equilibrium with
its surroundings.

A first, important conclusion is that the GridPix detector can sustain the
whole thermal cycle. The heat-conductive paste improved the thermal condi-
tions, i.e. reduced any thermal gradient. Nevertheless, the SU-8 dykes need
to be fixed onto the chip edges by a thin film of globtop adhesive. None of
the grid edge support arrangements displayed in figure 4.10 proved strong
enough to keep the grid in place during these thermal cycles.

Adhesion strength

With a shear test tool (Dage ShearTool 4000) it was investigated whether the
thermal cycle leads to deterioration of the adhesion of SU-8 to the underlying
SiRN layer. The samples of the fourth batch were subjected to a shear test
before and after the thermal cycling.

For this test we use two groups of alignment markers on the “bond pad”
area of the InGrid chips, each group consisting of 4 of these markers. Fig-
ure 4.18 shows an example of two chip corners with the alignment markers.
For the adhesion test we use the 3 equal ones of each group. We measure
the force required to delaminate the SU-8 markers from the underlying sub-
strate. On most of the chips the markers rest on the gold anode layer. On
three devices the SiRN layer extends further on the “bond pad” area, see also
Fig. 4.18. To exclude the possible influence of local variations across the wafer
we perform the shear test on every chip.

We obtain results of shear force measurements before and after the thermal
cycle for 15 samples.3 The shear force required for delamination on gold, as
measured on 12 samples, amounts to (4.02 ± 1.17) g before, and (2.69 ± 0.86) g

3Note that we exclude the 5 chips with globtop around the grid edges. The low viscosity glue
flowed around the SU-8 markers before curing with UV light, artificially increasing the re-
quired shear force.
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Fe-55

5.9 keV

InGrid

preamp amplifier MCA

Cr foil

Figure 4.19.: Schematic of the readout chain for the gaseous detector made from modi-
fied grid structures. A chromium foil largely absorbs the Kβ line of 55Fe at 6.5 keV.
The positive signal induced on the grid is shaped by the preamplifier and ampli-
fied by an Ortec 572 amplifier. An Amptek Pocket MCA8000A multi-channel
analyser records the pulse height spectrum of the signals.

after the thermal cycle. For SU-8 structures on SiRN, the required shear force is
(15.45 ± 3.47) g and (7.95 ± 4.81) g, respectively. We find that thermal cycling
significantly reduces the adhesion of SU-8 on its substrate. In accordance with
earlier studies [78], the results show a stronger adhesion between SU-8 and
SiRN than between SU-8 and gold.

4.2.5. Functional test of prototypes

Although we use dummy chips rather than real pixel readout chips, the metal
layer on the dummy substrate allows high voltage biasing of the structure to
enforce gas gain. This allows the recording of signals by ionizing radiation in
a suitable gas, be it without position information. The pulse height spectrum
of monochromatic X-rays from an 55Fe source was recorded in this manner,
using the setup shown in figure 4.19.

To this purpose the chips of three distinct layouts are glued on a PCB with
contact lines and connection pins to connect the anode, the grid and the cath-
ode to a power supply and the readout, respectively. The drift chamber con-
sists of a thin glass-epoxy frame of 5 mm height, with gas tubes glued into one
of its walls (see figure 4.20). Copper-cladded Kapton foil forms the cathode.
A chromium foil between drift chamber and the source absorbs the Kβ line of
55Fe at 6.5 keV. The gas tubes are connected to a flow controller supplying the
Ar/iC4H10 90/10 mixture.

The high voltage supplied to the grid is Vgrid = 370 V, and the drift field
between grid and cathode is kept constant at Edrift = 300 V/cm. The anode is
connected to ground potential. The signal is read out via grid high voltage
pin, decoupled from the HV supply by a 100 nF capacitor, and shaped by a
preamplifier (similar to the setup described in section 3.3). A closed metal box
and ferrite rings around the signal cables minimise the pick-up noise. The
gain of the amplifier is adjusted to use the full range of the ADC to record the
pulse height spectrum of the signals.

The obtained spectra clearly show the photo- and the escape peak, see fig-
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(a) PCB and frame for the drift chamber. (b) Assembled detectors.

Figure 4.20.: Pictures of the gaseous detectors built with modified grids.
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Figure 4.21.: Pulse height spectrum of an 55Fe source recorded with a prototype de-
tector in Ar/iC
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90/10. Note that the ADC threshold is chosen higher than

the baseline. Moreover, the DC level of the amplifier’s output is slightly negative.
This is compensated by using the known relative distance between the photo- and
the escape peak.
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Table 4.5.: Energy resolution at the photopeak of 55Fe (5.9 keV) and the measured grid
height difference ∆h of the tested modified InGrid designs.

Sample SU-8 layout ∆E/E (%) ∆h (µm)

1 reference (figure 4.11a) 14.5 1.0
2 crosses (figure 4.11b) 15.9 2.6
3 lines (figure 4.11d) 15.4 1.6

ure 4.21 for a sample spectrum. To determine the energy resolution we fit a
function that is the sum of three Gaussians and a linear function

f (x) = A exp

(

− (x − µesc)2

2σ2
esc

)

︸                       ︷︷                       ︸
escape peak

+ B exp

(

− (x − µα )2

2σ2
α

)

︸                     ︷︷                     ︸
photopeak,Kα

+ C exp *,−
(x − µβ )2

2σ2
β

+-
︸                     ︷︷                     ︸

photopeak,Kβ

+D + Ex. (4.1)

The third Gaussian is for taking into account the suppressed (but remaining)
Kβ line of 55Fe at 6.5 keV. The peak position µβ and the standard deviation
σβ of the third Gaussian are not free parameters, but fixed with respect to
µα − µesc and σα , respectively.4 From the obtained Kα standard deviation σα
we determine the FWHM energy resolution ∆E = 2.35σα .

Table 4.5 compares the energy resolution of the spectra of the different sam-
ples. The SU-8 design giving the best energy resolution is the reference layout,
followed by the design with lines and the one that has crosses next to the pil-
lars. We can conclude that additional SU-8 structures influence the detector’s
energy resolution where cross structures disturb the avalanches more than
lines.

To determine the reason for the loss in energy resolution we record a multi-
tude of pulse height spectra in short consecution. For this purpose we use the
detector with sample 2 where we found the worst energy resolution since any
effect will be most visible with that detector. This measurement is divided into
three time series. The second series was taken after leaving the high voltage
off for about 5 hours. The third series started on the following day.

We find that the energy resolution is not time-dependent: apart from a small
decrease during the first five minutes it does not show a significant trend. We
do observe, however, that the position of the photopeak moves to lower values
in terms of ADC channels, see figure 4.22. The pulse height hence decreases
over time, meaning that less charge is moving within the amplification region

4The DC offset of the used ADC is not fixed to zero. That is why we use µesc as an absolute fit
parameter and we neglect the Kβ contribution to µesc. Overestimating µesc in this way leads
to an energy resolution that is systematically overestimated by <0.25 %.
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(in form of an avalanche). The subsequent series show a similar behaviour
for the initial period when the SU-8 of the detector is not yet charged up.
This indicates that the SU-8 is indeed charging up over time and the less SU-8
material is in the amplification gap, the more stable the gas gain is. Another
effect that is also stronger with more SU-8 structures the grid height profile,
see figure 4.23, measured with a white light interferometer.5 The added SU-
8 structures lift the grid about up to 2.6 µm, see the last column of table 4.5.
This means that not all grid holes are at the same height above the chip. The
resulting gas gain fluctuations lead to a reduced energy resolution.

4.2.6. Conclusions of the grid modification studies

We successfully cooled down GridPix emulating test samples to a temperature
of −130 ◦C. A low cool-down rate and thermal contact with the environment
were shown to be of critical importance. Only globtop-reinforced grids pro-
vide the desired stability of the GridPix structure. This cannot be achieved
through a dedicated SU-8 pattern alone.

Instead, the special reinforcing SU-8 structures tested in this work have a
negative influence on the energy resolution of the GridPix detector. Since they
have no decisive effect on the mechanical stability, they are better avoided.

Moreover, increasing the active pixel area is not hindered by stability con-
siderations. It is possible to have 300 µm thin dykes that are shifted closer to
the dicing lanes of the chip. This allows us to decrease the number of obscured
pixels by more than 55 %.

5The surface is measured with a Bruker Contour GT-I at the MESA+ Nanolab, University of
Twente. The analyser uses vertical scanning interferometry and pixel intensity measurement
to determine relative heights.
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Figure 4.22.: Time dependence of the energy resolution and peak position. While the
energy resolution does not decrease notably, the position of the photopeak (in
ADC channels) shift towards lower values, so less charge is being collected. This
indicates that parts of the avalanche being quenched by charged-up SU-8 struc-
tures. The second and third time series were taken after breaks of 5 and 17 hours,
respectively. They show the same initial behaviour of a yet uncharged detector.
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Figure 4.23.: Detailed view of the measured grid height profile with added SU-8
crosses. The height of the grid holes around this structure is increased by about
2 µm, reducing the amplification field underneath.
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4.3. Determine the detection limit of the Timepix

readout chip at liquid xenon temperature

Not only the properties of the detector material and the detection medium
change at different temperatures. Also the electronic properties of the Timepix
readout chip are subject to change, namely its sensitivity for small signals.
This is particularly important since the gas gain reduces with increasing pres-
sure leading to smaller signals that have to be detected. The thermally induced
electronic noise of the chip’s charge sensitive amplifier (CSA) reduces with
temperature, promising a better detection sensitivity than at ambient temper-
ature.

The measurement of these small energy deposits requires to study the min-
imum charge detectable with a Timepix at low temperatures. Previous stud-
ies investigated the temperature dependence of the Timepix chip’s calibra-
tion [79]. However, their explored range only extends down to a temperature
of −40 ◦C. The results of the first measurements with the Timepix chip at tem-
peratures as low as −125 ◦C were published in Nuclear Instruments and Meth-
ods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment. This publication [80] is reprinted in this chapter with
permission of Elsevier Publishers.
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1. Introduction

Pixelated detectors are crucial for an excellent position resolu-

tion for particle physics experiments. To read out the charge signal

of the sensors the readout electronics has to be pixelated as well.

The Timepix chip [1] provides 65 k pixels on a sensitive area of

14 mm�14 mm. It can form hybrid pixel detectors with semicon-

ducting sensors bump-bonded to the chip. Another possibility is to

use it in a gaseous environment and to couple it with micro-

pattern electron amplification structures like Micromegas or GEM

that allows detection of individual primary electrons [2].

Applications of this kind of detectors include medical imaging [3]

and (high energy) particle tracking [4,5], and generally take place at

room temperature. It is interesting to explore the operation of Timepix

in dual-phase xenon detectors. Experiments in these environments

need to detect small energy deposits. One of the R&D efforts of the

DARWIN consortium [6] was the investigation of alternative charge

readout methods for dark matter detectors using dual-phase noble gas

time projection chambers. Within this framework we studied the

GridPix detector [7,8], which is a Timepix chip with an integrated

Micromegas grid as gas amplification stage. The measurement of these

small energy deposits requires to study the minimum charge detect-

able with a Timepix at low temperatures. Previous studies investigated

the temperature dependence of the Timepix chip's calibration [9].

However, their explored range only extends down to a temperature

of �40 1C. In this work, we report on results of the first measurements

with the Timepix chip at temperatures as low as �125 1C.

We measured the electronic pixel noise of 24 pixels distributed

over three bare Timepix chips operated inside a test vessel. This

measurement is performed by scanning the pixel threshold (THL

DAC) while providing a well-defined charge to the pixel's input

pad through test pulses of various amplitudes.

2. Setup

2.1. Experimental setup

The setup (see Fig. 1) consists of a dewar containing liquid

nitrogen, an aluminium vessel of 4.8 l, and peripheral equipment.

The vessel is closed by a flange and can be lowered into the dewar.

The vessel flange carries a support board holding the printed

circuit board (PCB) with three bare Timepix chips and, at the

bottom of the vessel, a heating element. We feed an external test

pulse1 to the chips, enabling the test bit in only 24 pixels,

distributed over the three chips, and masking the rest of the pixel

matrix. We do not perform a dedicated pixel threshold equalisa-

tion prior to the measurements.2 A 1 m long data cable connects

the chips to a PC via a Relaxd readout board [10].
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journal homepage: www.elsevier.com/locate/nima
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1 We use a Digital Delay/Pulse Generator from Stanford Research Systems,

model DG535.
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Two Pt100 temperature sensors monitor the temperature Tchip

on the back plane of the PCB. Another sensor at the bottom of the

vessel measures the temperature of the cold nitrogen gas in the

dewar. We control Tchip via a 40 W heating element.

To purge humid air from the test vessel dry nitrogen gas flows

at a rate of 1.7 ln/min. At the gas outlet of the vessel we use a dew

point meter to monitor the relative humidity. Measurements only

start after extensive flushing of the vessel such that the dew point

is below �30 1C. This avoids condensation and freezing of water

that could harm the components inside the vessel.

2.2. Data acquisition

The measurement is performed by varying the threshold DAC

while injecting well-defined test pulses into the pixels. An external

pulse generator supplies the test pulses of 25 mV, 50 mV, 100 mV,

150 mV and 200 mV. With a test input capacitance of 7.5 fF [1] the

equivalent charge applied to each pixel is in the range of 1170 e�

9360 e� . The pulse generator is set to a frequency of 10 kHz and

the shutter time of the chip to 100 ms. This results in 1000 pulses

per threshold setting. The chips operate in counting mode, so the

pixels count between 0 and 1000 hits per acquisition, depending

on the pixels’ threshold. To obtain the most accurate results we

vary the threshold by one DAC step at a time, corresponding to a

step size of about 30 e� .

The heater keeps the chips' temperature constant during a

measurement. Then we cool the chips to the next temperature and

we repeat the measurement, eventually down to �125 1C. Cooling

beyond the boiling point of xenon (�108 1C at standard pressure)

allows us to make a valid statement on the potential operation in

dual-phase xenon environment. After the measurement at �1251C

we increase the heating power to warm up the vessel. The heating

process is paused at several temperatures to collect more data.

This yields measurements at 20 different temperatures.

In spite of the temperature control by the heating element inside

the test vessel, the temperature keeps drifting by a few Kelvin in

certain conditions. Especially when the test vessel is inserted into the

dewar, the temperature drops faster than 1 K/min. The same applies

whenwe retrieve the vessel from the dewar at the final heating step.

We take threshold scans for five different testpulse amplitudes; each

scan takes about 7 min. These temperature uncertainties during the

acquisition period will result in larger error bars on the temperature

measurements in the range of �30 1C to 30 1C.

3. Analysis of the threshold scans

A scan of the THL DAC from high to low threshold is given in Fig. 2.

We can identify five different regions. In region 1 the signal is below

threshold and no hits are recorded. In the transition region 2 the

number of counts increases because the noise contributes to cross the

threshold. In region 3 the pulse is always above threshold and the

pixel records the nominal 1000 counts. At even lower threshold the

scan reaches the pedestal, region 4. Region 5 shows the mirrored

behaviour because the test pulse is a bipolar signal.

An s-curve

f ðxÞ ¼ a � erf x�x
ffiffiffi

2
p

σ

� �

þb; ð1Þ

is fitted to region 2.3 The error function erf is the cumulative

distribution of a Gaussian distribution. The fit parameters x and σ

are the mean and the standard deviation, respectively, of this

underlying Gaussian distribution. The scaling factor a and the

offset b are fixed to the values a¼�500 and b¼500, respectively,

which correspond to an s-curve having its minimum at 0 and its

maximum at 1000 counts. Fig. 3 shows an example of the fit for

one measurement. We also account for the limited (integer)

resolution in the THL values: σ2 ¼ σ2
meas�σ2

dig, where σmeas is the

measured value of the noise and σdig ¼ 0:5 the error due to

digitisation. A Gaussian curve is fitted to the pedestal, region 4,

to determine its centre xp and its standard deviation σp, the latter

equally corrected for the digitisation error. We find, however, that

the pedestal gets wider with increasing input charge due to the

test pulse amplitude influencing the baseline width. (This man-

ifests itself in a splitted pedestal at input charges greater than

30,000 e� .) Therefore, note that we do not use the pedestal's σp
because it does not seem to be a reliable quantity to make

statements on the pixel noise.

The conversion from DAC steps to input charge is expressed

with the conversion gain G of the chip,

G¼ x�xp
Q

¼ x�xp
CtestV

; ð2Þ

where V is the test pulse and Ctest the input capacitance of the

pixel. We assume Ctest to be temperature independent4 while the
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gas flow control

humidity meter
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Timepix chips

Fig. 1. A dewar with liquid nitrogen houses the test vessel with the Timepix chips

and the heating element. The vessel is flushed with dry nitrogen and a pulse

generator provides the test pulses to the chips. A temperature sensor controls the

heating element. A PC records the data transmitted by the Relaxd board. The chip

PCB is suspended from the top flange. At the bottom, a heating element rests on its

support plate.
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Fig. 2. Example of a THL DAC scan showing the regions where the test pulse

amplitude is below threshold (1) and in transition (2). When the pulse is above

threshold the scan reaches the nominal number of counts (3) before arriving at the

noise pedestal xp (4). At lower thresholds the same features are mirrored (5).

3 Data points are weighted with binomial errors.
4 The geometrical changes of the capacitor due to thermal expansion (8.1 ppm/K

for SiO2; 23.1 ppm/K for Al) can be neglected.
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test pulse has an accuracy of 3% of the pulse amplitude. Plotting

the difference between the threshold x and the pedestal xp versus

the input charge (see Fig. 4) the conversion gain is derived as the

slope of the linear regression fit. The equivalent noise charge (ENC)

is given by the quotient of the noise (obtained from Eq. (1)) and

the pixel's conversion gain5:

ENC¼ σ

G
ð3Þ

The minimum detectable charge Qmin is defined as

Qmin ¼ 6� ENC ð4Þ

4. Results

4.1. Temperature dependence of the pixel noise

An example of the results for a single pixel is shown in Fig. 5. The

noise σ reduces by about 30% in the temperature range between

55 1C and �125 1C (see Fig. 5(a)). At the same time the conver-

sion gain G reduces with decreasing temperature (see Fig. 5(b)).

This means that more charge is needed to shift one DAC step. This

behaviour points to a temperature dependence in the pixel

frontend. It is possibly caused by the pixel's settings, not by the

input capacitance.4 The changing value for the conversion gain

prevents the ENC to show a square root dependence on tempera-

ture as expected from [11]:

ENC2 ¼ γkTðCdþCiþCf Þ
Cf

CL
; ð5Þ
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Fig. 3. Detailed view of the s-curve fitted to the transition region of a

threshold scan.
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5 Since we use bare chips the term depending on the sensor capacitance can be

neglected.
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where γ is the noise factor of the charge-sensitive amplifier and

typically lies between 0.5 and 1, Cd is the detector capacitance, Ci

the equivalent capacitance of the amplifier's input, Cf the feedback

capacitance, and CL the total load capacitance.

Still, the ENC exhibits a decrease from 129 e� to 95 e� . This leads

to a reduction of 26% at �125 1C compared to room temperature

(see Fig. 5(c)). According to Eq. (5) we would expect a reduction of

the ENC to 87 e� .

Our measured value for the electronic noise, 125 e� at 20 1C,

deviates from the value reported in [1], 105 e� .

4.2. Pixel-to-pixel variations

Both the noise as well as the conversion gain vary among the 24

pixels under test. Fig. 6 shows the temperature dependence of all

the pixels, averaged over each chip. The error bands give the rms

variation among the pixels. It is notable that the variations increase at

lower temperatures. The pixels of chip 3 display an almost constant

conversion gain over the whole temperature range while the conver-

sion gain of the two others decreases (see Fig. 6(b)). In contrast, due to

a smaller decrease in noise in this chip (see Fig. 6(a)) the resulting

ENC behaves similarly for the pixels of all chips (see Fig. 6(c)).

5. Conclusion

We operated three bare Timepix chips in counting mode and

measured their electronic noise at low temperatures. This was done

by analysing the transition region of the count distribution that

resulted from varying the pixel threshold at given test pulse ampli-

tudes. The results show that the ENC of the chip's pixels decreases on

average from 129 e� at 55 1C to 99 e�at �125 1C, an improvement

of 23%.

Comparing multiple pixels of different Timepix chips, we find

that their equivalent noise charge shows a similar temperature

dependence.
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4.4. Operation in pure argon and xenon at room

temperature

We performed studies of the mechanical robustness of the GridPix detector
and the electronic properties of the Timepix readout chip. The remaining
proof for an application of GridPix in dual-phase noble gas atmosphere is
the successful operation in argon and xenon gas without photon-quenching
admixtures.

For our studies we use argon of two different purity levels and purified
xenon:

• Ar 4.7: 99.997 % purity

• Ar 6.0: 99.999 90 % purity

• Xe 5.0: 99.9990 % purity

4.4.1. Argon without quench gas at different purity levels

Argon 4.7

We used the GridPix-based TPC inside the pressurised vessel that we pre-
sented in section 3.3, together with the data acquisition system. In contrast to
the measurements in Ar/iC4H10 90/10 however, we were not able to trigger
the data acquisition with the signal induced on the grid by the avalanche in
the amplification region. This is because the average gas gain barely reaches
values at which the signal crosses the 10 mV threshold of the baseline on
the Honeycomb preamplifier [81] output. Increasing the grid voltage above
Vgrid = 340 V to achieve a higher gain often resulted in discharges that reset
the chip’s pixel thresholds, inhibiting a continuous data acquisition. (Com-
pare this to the voltage range in Ar/iC4H10 90/10 of up to 410 V as shown in
section 3.3.)

From single acquisitions we could, however, determine an electron detec-
tion efficiency by comparing the number of hit pixels with the expected num-
ber of 218 electrons created by the absorption of an 55Fe 5.9 keV γ.6 As re-
ported in [71] in more detail, we can compare this measured electron detection
efficiency ε = 5 % with the ones measured in Ar/iC4H10. The average gain G

is then derived according to
G = eα+βε , (4.2)

where α and β are fit parameters from the measurement in Ar/iC4H10. We
can thus infer an average gain of the GridPix detector operated in Ar 4.7 at
Vgrid = 340 V of G ≈ 650.

This gain is likely overestimated because of out-gassing impurities adding
to the residual impurity level of the gas of 3 × 10−5. These impurities act as
quencher, thus artificially increasing the maximum achievable gain [82].

6Pure argon has a higher W value of 26.4 eV compared to 26.02 eV of Ar/iC
4
H

10
90/10.
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Argon 6.0

The pure noble gas environment requires additional attention for the cleanli-
ness of the system to keep impurities to a minimum. With the help of heating
bands wrapped around the vessel and the gas pipes we bake out the stainless
steel walls while a turbo-molecular pump removes the released gases. After
closing the connection to the pump the vessel is flushed with Ar 4.7 and the
baking is repeated. The gas molecules help to remove remaining impurities
from the vessel walls by collision. After a day also this gas is removed by the
pump and the vessel is refilled with clean gas.

For the measurements with the high purity argon we evacuate the vessel
and fill it with Ar 6.0 to a pressure of 1.2 bar.

During the increase of the grid voltage (the drift field is fixed at 300 V/cm by
simultaneous increase of the cathode voltage) the complete lack of impurities
inside the detector volume is notable: while there is no signal at all on the
pixels at a grid voltage of Vgrid = 295 V, we record sparks of 400 nA to 800 nA
at Vgrid = 300 V already.

Without the quench gas the detector enters the Geiger mode more quickly
with increasing grid voltage. In fact, there is no stable proportional mode in
terms of operating voltage.

4.4.2. Xenon without quench gas

After the replacement of the argon in the chamber with xenon of high pu-
rity we observe a similar situation: the grid voltage regime where no signal
is visible on the pixels overlaps with the onset of the Geiger mode. Despite
the ionization potential in argon being higher than in xenon the breakdown
voltage at which the first sparks occurred was a lot higher in Xe 5.0 than in
Ar 6.0.

Consequently, the higher discharge energy stored between grid and anode
resulted in violent discharges of 14 µA and 12 µA at Vgrid = 420 V and 450 V,
respectively. These sparks destroyed part of the chip frontend similar to our
experience reported in section 4.1.

4.4.3. Conclusion of the operation in quencher-free noble
gases

The operation of the GridPix detector in a pure noble gas environment pres-
ents itself as the most demanding challenge to solve for an application of Grid-
Pix in dual-phase noble gas TPCs.

We have solved the robustness of the InGrid and studied the electronics
noise of the Timepix chip at liquid xenon temperature. It is known that the
maximum achievable gain is lower in pure noble gas than with a quench gas,
but a sufficiently low electronics noise could have allowed the pixels to detect
such a small signal nonetheless. But we find that without any quench gas, we
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cannot guarantee a stable operation in xenon. The same holds for pure argon
while the cryogenic environment of ℓAr is even harsher than in ℓXe.

We have to conclude that at this point GridPix cannot be used to improve
the measurement of the ionization charge over the existing method of S2 gen-
eration via the proportional scintillation and its detection with PMTs. For this
reason the design of a dual-phase xenon TPC at Nikhef relies on a PMT read-
out at the top and bottom of an active xenon volume. The construction and
the calibration of this TPC is the topic of the following chapter.



CHAPTER 5

XAMS – construction and commissioning of a

dual-phase xenon time projection chamber for

detailed xenon studies

Large-scale low-background experiments using dual-phase xenon as detec-
tion medium are operational at underground laboratories in different parts of
the world. Those experiments rely on insights obtained with small-scale de-
tectors that allow experimentalists to optimise the operation of different detec-
tor technologies and to learn about the detection properties of xenon. This is
the reason why we built XAMS—a Xenon facility in Amsterdam. With an active
detector mass of about 450 g we will have the possibility to study alternatives
for the currently employed PMTs and how to use the light pulse shapes to dis-
criminate against background events. The aim is to improve the dark matter
detection sensitivity of large-scale experiments.

This chapter describes the XAMS cryostat (section 5.1) and the design con-
siderations and construction of the actual time projection chamber (TPC), the
core of XAMS (section 5.2). Section 5.3 presents measurements of gamma ray
interactions inside the active liquid xenon volume of the TPC. We will follow
the steps from acquiring the raw PMT waveforms to the analysis of the S1 and
S2 signals. From the analysis of these first data we can extract the S1 light
yield of the detector as well as the electron lifetime, a measure for the xenon
purity inside the detector. This confirms that the XAMS TPC is a working
xenon facility for detailed studies of xenon detection properties.

5.1. The XAMS facility

The XAMS facility consists of a cryogenic system for xenon liquefaction and
of a gaseous recirculation system for xenon purification. The TPC is housed
inside the vessel at the bottom of the cryogenic system. Figure 5.1 shows an
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Figure 5.1.: Picture of the XAMS facility. The main part is the detector vessel in the
centre. The cooling tower above it liquefies the xenon. A heat exchanger is placed
between the cryogenic system and the warm gas recirculation system. The re-
circulation system contains the recirculation pump and a hot getter to purify the
xenon. A rack on the right houses the control and data acquisition equipment,
and a PC running the slow control software.

overview. The following sections describe the individual sections in more de-
tail.

5.1.1. Closed circulation of purified xenon

We need very pure xenon. Electronegative impurities like oxygen can inhibit
the free drift of electrons in liquid xenon. Hence, to avoid contamination as
well as loss of xenon it is contained in a closed cycle.

Figure 5.2 shows a piping and instrumentation diagram (P&ID) of the xenon
gas system that is divided into two pressure regions. The high pressure sec-
tion (thin lines) around the storage cylinders is rated for a pressure of 60 bar
necessary for the xenon storage. The low pressure section (thick lines) is con-
nected to the detector volume that is limited to 3.7 bar by a burst disc.1

During operation a double-membrane pump2 extracts liquid xenon from
the detector volume through a heat exchanger where the cold xenon reaches
ambient temperature. A needle valve controls steplessly the flow through a

1This safety measure is mandatory for closed systems containing liquids to avoid high pressure
building up by evaporation of the fluid.

2EMP MX-808ST-S.
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Figure 5.2.: Schematic of the xenon purification circuit. The high pressure section (thin
lines) contains the xenon gas storage. The low pressure section (thick lines) is con-
nected to the detector (not in this diagram). A double-membrane pump (PM101)
circulates the gas through a hot getter (GT101) and via valve V9 into the cryogenic
detector part. A needle valve (V7) regulates the gas flow that is measured by a
flow meter (FT101).



80 5. XAMS – a dual-phase xenon TPC for detailed xenon studies

hot getter.3 The getter is filled with a powder of an alloy of zirconium, vana-
dium and iron. The electronegative contaminants in the xenon are trapped
in this porous material. The gas delivered at the getter output has, according
to the getter specifications, an impurity level of less than 1 ppb. The contam-
inants diluted in the xenon are thus gradually removed. As a consequence,
the circulating gas helps removing outgassing contaminants from the detector
volume. The maximum flow allowed by the getter of 5 ls/min4 translates to
a maximum of 41.5 kg per day. In normal operation, however, the flow does
not exceed 2 ls/min, resulting in 16.6 kg of filtered xenon per day. That is three
times the total amount of xenon inside the cryostat.

The xenon can be recuperated from the detector into storage cylinders by
“cryogenic pumping”. To do so, dewars filled with liquid nitrogen are lifted
to surround the storage cylinders (compare figure 5.1). This freezes the xenon
in the cylinder, reducing the pressure locally to a few mbar. When the cylinder
valve is opened, the xenon from the detector system flows into the cylinder
due to the pressure gradient and freezes there. At the end of the recuperation,
the residual pressure in the detector system is typically about 30 mbar which
corresponds to less than 20 mg of xenon. This small fraction will be lost if the
inner volume is opened, e.g. for maintenance.

5.1.2. Xenon liquefaction in the cooling tower

The purpose of the cryogenic system, and especially the cooling tower, is to
provide a stable level of liquid xenon in the TPC for dual-phase operation. We
need to control the temperature and pressure inside the detector precisely.

The cryostat has double walls of stainless steel and the volume in-between
is kept at a high vacuum of 3 × 10−7 mbar by a turbo-molecular pump to limit
the heat transfer to the inner volumes: the heat exchanger, the cooling tower,
the detector vessel as well as the connecting pipes.

In the heat exchanger the in-flowing warm gas from the recirculation system
evaporates the liquid xenon from the detector vessel and warms it up on its
way to the recirculation section. At the same time, the in-flowing gas is cooled
down to the boiling point and liquefied. When it enters the cooling tower it
condenses on the cold-finger, see figure 5.3 for a cross-sectional drawing.

The cold finger is cooled by a pulse tube refrigerator (PTR). High pres-
sure helium is compressed and expanded to cool the PTR’s cold head inside
the insulation volume. It is in thermal contact with a coupling copper block
(mounted directly onto the cold finger) that transmits the cooling power to
the inner volume. Two Pt100 temperature sensors in the coupling block mea-
sure the temperature of the cold finger. A heating element between the PTR
cold head and the coupling block controls the cooling power of the PTR via a
proportional-integrate-derivative controller (PID controller5), providing an accu-

3SAES MonoTorr PS3-MT3-R-1 for purification of noble gases.
4ls/min: litre per minute at standard conditions, see appendix C.
5Lakeshore 335 temperature controller.
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PTR

cold head

coupling block

cold finger
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Figure 5.3.: Drawing of the XAMS cooling tower for xenon liquefaction. A pulse tube
refrigerator (PTR; top) provides the cooling power to a copper block that trans-
mits heat from the cold finger inside the detector volume. The cold xenon gas ar-
riving from the heat exchanger condenses on the cold finger and a funnel collects
the forming droplets and leads them to the detector vessel below. A heating ele-
ment on a small copper cap between the PTR cold head and the coupling copper
block balances the cooling power. Two Pt100 sensors measure the temperature of
the coupling block, thus the PTR cold head. They provide the measured value for
a PID control unit powering the heating element. In case of a PTR failure, a safety
valve lets liquid nitrogen flow through a coil to continue cooling the xenon in the
detector system.
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rate temperature within 0.1 K [83].
An emergency system is foreseen for any failure of the PTR. In such a case

a solenoid valve opens and liquid nitrogen flows through a coil inside the
cooling tower to maintain cooling of the xenon, keeping the pressure of the
inner volume below the safety limit of 3.7 bar.

The detector vessel houses the XAMS TPC, described in detail in section 5.2.

5.1.3. Detector control

A slow control system with a Labview6 interface reads and logs the status and
measurement values of all devices involved. It offers an overview of the most
important operational parameters during liquefaction, changes in flow, and
the recuperation procedure. A picture of the interface is shown by figure B.1
in the appendix.

The equipment to control the detector operation also includes high voltage
supplies for the field meshes and the PMTs, and the PID control for the heating
element. Next to the control appliances, there is an oscilloscope to record the
waveforms of the PMT signals.

5.2. The XAMS time projection chamber

The TPC is the core part of the XAMS setup. The design was derived from
the design by the Münster group [84]. A cylindrical chamber of PTFE discs
and rings defines the active detector volume of liquid xenon, see figure 5.4
for a cross-sectional drawing of the detector vessel. The stack of circular seg-
ments supports the two PMTs at either end of the active volume (region 3) as
well as steel meshes defining the electric field: a drift field to move ioniza-
tion electrons towards the liquid-gas interface and an extraction field around
this interface. Copper rings are spaced equidistantly over the drift volume
and form a field cage to shape a homogeneous drift field. Figure 5.5 gives an
overview of the field configuration inside the TPC. PTFE has a dielectric con-
stant of 2.1 [85], similar to that of liquid xenon of 1.96 [86], to avoiding a large
distortion effect on the field lines. Simulations confirming the homogeneity of
the electric field can be found in reference [87]. Moreover, PTFE offers a high
reflectivity of 92 % for light in the vacuum ultra-violet range [88]. For optimal
light reflection in the active volume a hollow PTFE cylinder is inserted into
the ring stack.

Table 5.1 summarises the xenon content of the different regions inside the
detector vessel: while the active volume is only 191 cm3 we need to fill the
whole system with 1144 cm3 of xenon. For an operation temperature of −90 ◦C,
this corresponds to 539 g of active detector mass.

The PTFE slices and the inner reflection cylinder were turned and milled
to their designed shape, especially taking into account the thermal expansion

6National Instruments, LabVIEW system design software.
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Figure 5.4.: Cross-sectional drawing of the detector volume housing the TPC (dimen-
sions in mm). The active volume (region 3) is enclosed by the PTFE support rings
that support the PMTs, the meshes defining the electric potential and the field
shaping rings. Region 1 below the bottom PMT and region 2 around the PTFE
structure form an insensitive xenon volume.

Table 5.1.: Volume and mass content of different regions inside the detector volume,
compare figure 5.4.

Region 1 2 3 total

Volume (cm3) 775.7 176.8 191.2 1143.7
Mass† (kg) 2.185 0.498 0.539 3.222

† ρ = 2.818 g/cm3 at −90 ◦C [89].
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Figure 5.5.: Schematic of the XAMS TPC with electrodes defining and shaping the elec-
tric field inside the active volume. The cathode at the bottom and the gate mesh
beneath the liquid surface define the drift field of 0.6 kV/cm. Between the gate
mesh and the anode above the liquid surface a field of about 4 kV/cm to 6 kV/cm
extracts the electrons into the gas phase. Two screening meshes reduce the elec-
tric field in the vicinity of the PMT photocathodes which are kept at −800 V. The
top screening mesh and the gate mesh are at ground potential while the bottom
screening mesh is at the same potential as the bottom PMT’s photocathode. A
radioactive source on the outside of the cryostat wall, centred with respect to the
drift region, irradiates the liquid xenon.
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Figure 5.6.: Picture of the Hamamatsu 6041-406 PMT.

Table 5.2.: Specifications of the PMT used for the XAMS TPC, Hamamatsu 6041-406
SEL. “SEL” indicates that they have been selected for high quantum efficiency at
the wavelength of the xenon scintillation light λ = 178 nm. The PMTs are operated
with negative high voltage at the photocathode and 0 V at the anode.

Photocathode diameter 50 mm
Effective diameter ≥ 45 mm

Suggested operating voltage 800 V
Number of dynodes 12
Typical gain (at 800 V) 106

Quantum efficiency 30 % at 178 nm
Rise time 2.3 ns
Transit time 16 ns

of PTFE around the PMTs. All the parts for the TPC (excluding the PMTs)
were thoroughly cleaned in ultra-sonic baths and sealed in aluminium foil.
The assembly of the PTFE stack took place in a cleanroom environment to
minimise the contamination with dust.

One design feature of the stack structure is that it allows a modular change
of the drift length depending on the applications. The stack is suspended by
three rods from the top flange of the XAMS inner cryostat vessel such that
the TPC is aligned by the external cryostat structure. The cryostat has a tilt of
less than 0.02 mrad resulting in a negligible height difference of the liquid-gas
interface of about 1 µm along the active volume’s diameter of 45 mm.

We mount two Hamamatsu R6041-406 PMTs, see figure 5.6. The most im-
portant specifications are summarised in table 5.2. See appendix B.2 for the
PMT characterisation. We have measured a gain of 4 × 106 at the operation
voltage of −800 V.
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Figure 5.7.: Picture of the XAMS level meter. The capacitance between a tube and a rod
in its centre depends on the height of liquid xenon inside due to the difference in
dielectric constant of the two phases.

5.2.1. Level measurement of liquid xenon in the TPC

A capacitive level meter measures the level of liquid xenon inside the detector
volume. It consists of a stainless steel tube in which PTFE spacers hold a
concentric stainless steel rod, see figure 5.7. The outer tube and inner rod form
a cylindrical capacitor that is part of an RC circuit controlled by an Arduino
board on the outside.7 The Arduino charges and discharges the RC circuit,
measuring its characteristic time constant. With a known resistance we can
thus determine the capacitance of the level meter [90]:

C =
2πε0

ln(Rt/Rr )

(

εg l + (εl − εg )h
)

, (5.1)

where Rt = 4 mm is the inner diameter of the tube, Rr = 3 mm the outer
diameter of the rod, l is the length of the level meter and h is the liquid level.
The difference of the dielectric constants of liquid xenon compared to xenon
gas is significant: εl − εg = 0.96.8

The Pt100 sensors are self-heated due to the small sensing current. Sur-
rounded by thermally insulating gas the sensors measure a temperature that
is slightly higher than their environment. As soon as the level of liquid xenon
rises to a Pt100 we can detect a sudden drop of the measured temperature.
The fixed position can be used to calibrate the capacitive level sensor with an
expected accuracy of 1 mm, i.e. the size of a Pt100 sensor.

7The Arduino Uno board carries a programmable microcontroller chip that can perform simple
measurement and control tasks.

8In nitrogen, which we used for a test calibration outside of the XAMS setup, this difference is
only around 0.4.
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5.2.2. Commissioning of the cryogenic system

To gain experience in the operation of the cryostat we test all the necessary
procedures without a TPC inside the detector vessel. The operational pro-
cedures include the filling with xenon gas, xenon liquefaction, recirculation
through the getter, and finally the recuperation of the xenon into the storage
cylinders.

The temperature evolution is continuously monitored by four Pt100 sensors
at 0.5 cm, 1.0 cm, 2.0 cm and 4.0 cm above the vessel bottom in its centre. Two
additional sensors measure the temperature on the vessel walls at different
heights. In addition, a CCD camera is used to interpret the temperature and
pressure readings. Especially the recorded observations of the phase transi-
tions from gas to liquid to solid and back, published as a time-lapse movie on
the internet [91], help to understand the cryostat operation.9

Subsequently, the TPC could be mounted into the cryostat; figure 5.8 shows
a picture of the suspended TPC.

5.2.3. First signals in gaseous xenon

The walls of the detector volume have to be baked out to remove adsorbed
contaminants: while a turbopump (Pfeiffer HiPace 80) evacuates the inner
volume the outer walls of the cryostat are heated. To protect the multi-layer
insulation (interchanging layers of perforated Mylar foil and gauze) covering
the inner vessels of the cryostat the temperature is limited to 65 ◦C. During
this process the volume between the cryostat walls is filled with nitrogen gas
to conduct heat also to the inner walls.

During nine days of baking out the pressure inside the detector volume
decreases from 3.4 × 10−6 mbar to 1.6 × 10−6 mbar (at 50 ◦C). To improve the
cleaning process the detector is filled with gaseous xenon at a pressure of
1.4 bar, reaching the same temperature of 50 ◦C. The gas circulated through
the getter for another eight days to remove remaining impurities on the sur-
faces more efficiently than with pumping.

During this cleaning procedure we can already operate the TPC: we apply
high voltage to the meshes and the PMTs and record the signals induced by
cosmic rays. Figure 5.9 shows the waveforms of both PMTs for an event where
a cosmic particle ionized the gas over almost the full length of the active vol-
ume. For a pressure p = 1.4 bar and a drift field E = 100 V/cm the electron
drift velocity in gaseous xenon is about 1 × 105 cm/s, compare figure 2.5.10

This leads to a maximum drift time of about 100 µs for a full-length drift in the
TPC.

9Since the PCB as well as the cable do not comply with the purity constraints for the operation
with the TPC, the camera could only be used during this first commissioning phase.

10The reduced electric field, expressed in the units of figure 2.5, is 0.095 V/(Torr cm).
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Figure 5.8.: Picture showing the XAMS TPC installed in the cryostat. The entire stack
of PTFE slices housing the TPC is suspended from the top of the inner vessel.
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Figure 5.9.: Waveform with S1 and S2 signals in the gas-filled TPC. The prompt S1 is a
short signal in both PMTs (at 20 µs) directly followed by the S2 signal. The cosmic
particle that triggered this event left a long trail of ionization inside the active
volume. As a result the S2 is very broad (about 110 µs): at the applied drift field
of 100 V/cm and a pressure of 1.4 bar this corresponds to a track length of almost
the full drift length.

5.2.4. First signals in dual-phase xenon

To cool down the gaseous xenon we start the PTR. The turbo-molecular pump
establishes the insulation vacuum in the double wall. At first, the cool-down
of the inner vessel is achieved only by convection of the cooled xenon gas.
Running the recirculation pump accelerates the heat transport from the TPC
material to the PTR. When the cold finger temperature reaches around −95 ◦C
the xenon condenses on the cold finger, forming droplets that reach the TPC
parts and cooling them by evaporation.

Malfunction of the capacitive level meter

During the filling we measure a short circuit of the level meter.11 Yet, we
try to use the Pt100 sensors to obtain the liquid level. The inaccuracy of this
value is about (5.0 ± 1.5) mm, see figure 5.10 for a diagram of the top section
of the TPC. Consequently, the liquid level and hence the S2 gain (depending to
the electric field above the liquid) cannot be controlled in a reproducible way.
However, we can expect the liquid level to be constant during single measure-
ments of many hours thanks to the good temperature and pressure stability
in the detector. One can also compare the S2 gain of different measurements a
posteriori.

11When warming up the TPC to room temperature later, the Arduino circuit measures a non-zero
capacitance of the level meter, confirming a temperature effect. Subsequent studies point to
mechanical constraints of the TPC holding structure such that the tube and the rod of the level
meter bend in a way that they touch at low temperature.
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Figure 5.10.: Diagram of the cross section of top of the TPC stack. It shows the positions
of the temperature sensors that help to determine the liquid level between the gate
and the anode mesh (distances in mm). We know if the level rises above Pt100
sensors by monitoring their temperature. Thus, without a capacitive reading,
the accuracy to control the level of liquid xenon is limited by the distance of the
sensors to about (5.0 ± 1.5) mm.

Signals in dual-phase xenon

The maximum anode voltage is limited to around 3.5 kV by trips of the power
supply at higher voltages. These are due to discharges between anode and the
neighbouring meshes (gate mesh beneath in the liquid and/or top screening
mesh above in the gas) that are on ground potential.

Figure 5.11 shows the waveforms of an event in dual-phase operation at a
drift field of 0.4 kV/cm and an extraction field of 6.0 kV/cm. A short S1 peak is
followed by a broader S2 peak. The electron drift time in the shown example
is 43 µs, lower than the maximum expected value of about 70 µs. We can thus
confirm a successful operation in dual-phase xenon.

5.3. First calibration measurements with γ sources

Radioactive sources, placed just outside the outer wall of the cryostat, irradi-
ate our detector volume. For the calibration of the XAMS detector we used
three different gamma sources: 22Na with the electron-positron annihilation
line at 511 keV, 137Cs with an energy of 662 keV, and 60Co with its two lines at
1.17 MeV and 1.33 MeV.

5.3.1. Data acquisition

An oscilloscope12 records the waveforms of the analogue signals from PMTt

(top) and PMTb (bottom). The time bin interval can be varied and was set to
2.0 ns for these measurements.

The oscilloscope has a built-in trigger logic. It can trigger either on coin-
cident PMT signals or on the width of one of the PMT signals at a defined

12LeCroy Waverunner 6030, 4 channels, 2.5 Gigasamples per second.
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Figure 5.11.: Waveform with S1 and S2 signals in dual-phase operation. The expected
maximum drift time for the applied drift field of 0.4 kV/cm is about 70 µs. Thus,
the shown background radiation event with a drift time of 43 µs was created in
the lower half of the TPC.

threshold. In the former case the trigger is appropriate for S1 signals. This is
because S1 signals are detected as many photons effectively simultaneously by
both PMTs. The latter case is appropriate for S2 triggering. This is because S2
signals have much greater widths than S1 signals. During the measurements
with 22Na the oscilloscope triggered on a coincidence of the two XAMS PMTs,
together with an external PMT next to the source to detect the second photon
from the annihilation emitted back-to-back. For the measurements with 137Cs
and 60Co on the other hand, a trigger required a minimal width of 500 ns at a
height of 50 mV of the signal from PMTt, i.e. an S2 candidate. Thus, measure-
ments with 22Na are S1-triggered, and measurements with the other sources
are S2-triggered. Table B.2 in appendix B.3 summarises the detailed settings
for the three measurements.

5.3.2. Peak finding algorithm

The data processing as well as the analysis (see next section) is performed us-
ing the ROOT framework13. At the first stage, a function corrects the baseline
of the individual raw waveforms on a per-event basis by calculating the aver-
age of the first 4 µs of each waveform (i.e. before the trigger position). As the
next step, a “peak finder” function scans the waveforms to find peaks with an
amplitude greater than 10 times the standard deviation of the found baseline,
see figure 5.12a. The function returns the number of peaks per event, their
timing and shape properties like position, rise and fall time14, full width at
half maximum (FWHM) and integral.

13ROOT for data analysis, simulations and data acquisition, https://root.cern.ch/.
14The rise time is defined as the time between 10 % and 90 % of the full signal height on the rising

edge; the fall time is measured between 90 % and 10 % on the falling edge.

https://root.cern.ch/
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Table 5.3.: Number of events accepted by the peak finding algorithm for the three cal-
ibration sources. The acceptance is lower for measurements with the 22Na source
where the trigger required a coincidence from the PMTs, most probably an S1 sig-
nal. For the other two sources the trigger required a broad signal in the top PMT,
compatible with an S2 signal.

22Na 137Cs 60Co
Photon energy (keV) 511 662 1170, 1330

Recorded events 100 000 90 602 69 369
Accepted events 376 14 339 14 252

5.3.3. Drift time spectrum

Event selection

The peak information helps us to classify the peaks: peaks are tagged as S1
candidates if 10 ns < FWHM < 100 ns, or as S2 candidates if 1 µs < FWHM <
10 µs. For the data analysis we only select those events that fulfil each of the
following conditions:

• a single S1 candidate seen by each PMT, coinciding within 100 ns;

• a single S2 candidate seen by each PMT, coinciding within 5 µs;

• the (combined) S1 peak occurs before the (combined) S2 peak.

This selection is done in the interest for simplicity. However, these cuts will
introduce an acceptance loss for real particle events. An implicit assumption
in the following work is that this acceptance is flat in both S1 and S2 over the
range of interest. This assumption is later seen to be incorrect for the 137Cs and
60Co data, see section 5.3.4 (p. 100). Future analyses will need to incorporate
these acceptance losses.

Figure 5.12 shows an example of an accepted event together with informa-
tion output from the peak finding algorithm.

The difference between the three sources in event acceptance, shown in ta-
ble 5.3, is due to different oscilloscope trigger settings. The low acceptance
of events from the 22Na measurement was explained by waveform examina-
tion. This examination revealed a large fraction of S1-only events. So initially
we focus on the 60Co data where the peak finding algorithm accepted 14252
events out of 69 369 recorded ones.

Drift time features

Figure 5.13 shows the drift time spectrum of all accepted events. We observe
the following features:

1. The distribution has its on-set at about 2 µs.
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Figure 5.12.: Output to check the peak finding algorithm. (a) shows the waveforms of
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from the peak finder function. The drift time of this event is td = 30.1 µs.
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Figure 5.13.: Drift time spectrum from the 60Co measurement. The maximum drift
time is about 62 µs for 10 cm drift length. There is a large contribution below the
drop at 9 µs attributed to events in the gas due to a liquid level below the gate
mesh (see text). The dashed red lines indicate the selection for particle events in
the liquid. A truncated Gaussian distribution is fitted to the drop-off to determine
its position.
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Figure 5.14.: The top-bottom asymmetry of the S1 signal as a function of the drift time
from the 60Co measurement. The S1 asymmetry converges to −1 for large drift
times, indicating that the interaction is close to the bottom PMT. However, the S1
asymmetry indicates that events at drift times below 12 µs occur above the liquid
surface.

2. There is a first drop at 9 µs to 12 µs.

3. The distribution drops off at about 62 µs, with only few events with
longer drift times.

To identify the spectrum features we first look at the top-bottom asymmetry
A of the S1. This parameter is a measure of the relative light collection per
PMT of any given event and is defined as

A = nt − nb

nt + nb
, (5.2)

where nb and nt are the number of photoelectrons detected by PMTb and by
PMTt, respectively. The top-bottom asymmetry ranges from −1 to 1, where
a negative value indicates that more light is collected by PMTb; a positive
asymmetry means that PMTt detects more light. For interactions in the liquid,
one expects negative AS1 due to nearly total internal reflection at the liquid
surface. In figure 5.14 we see that the asymmetry value approaches −1 for
long drift times, i.e. when the energy deposition occurs at the bottom of the
active volume close to PMTb. However, at drift times below the first drop-off,
AS1 > −0.5 confirms that events occur above the liquid. Thus, the drop at
td = 9 µs is an indicator of the liquid-to-gas interface. A fit with a truncated
Gaussian distribution yields (9.04 ± 1.26) µs for the position in the spectrum.

We also examine the S2 FWHM spectrum in figure 5.15. This figure shows
that S2 signals have a width of ≈ 2 µs. This width helps to explain the on-
set seen in the drift time spectrum. This on-set is due to the finite width of
S2 signals such that S2 and S1 signals cannot be separated at very small drift
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Figure 5.15.: The FWHM of the S2 signal as a function of the drift time from the 60Co
measurement. For large drift times, the S2 FWHM shows a narrow band, con-
sistent with limited diffusion in liquid xenon. At short drift times, the S2 signals
from interactions in the gas are much broader due to an increased diffusion.

time. While at td > 12 µs the S2 width is a narrow band compatible with
electron drift in liquid, the width distribution is much broader for gas events
at short drift times. This is possibly due to multiple scatters in the gas that
cannot be time-resolved.

The cut-off at 62 µs indicates the maximum drift time for the full drift length
of 10 cm. If the liquid level was approximated to be at the gate mesh, this
would yield an electron drift velocity of vd = 1.6 mm/µs for a drift field of
0.6 kV/cm. However, this approximation is shown to be in error below. Lastly,
we note that at drift times of >62 µs, there are a few events in the unphysical
drift region, appearing to be below the cathode. These events can be explained
by random coincidence. This is where the S1 and S2 from unrelated interac-
tions pair randomly.

Calculation of the liquid level

The liquid level is crucial for the correct functioning of a dual-phase TPC.
The liquid surface must be in a region with a high extraction field. A field
of >8.5 kV/cm is necessary to achieve an extraction efficiency ǫext of 100 %, at
4 kV/cm ǫext drops to 15 % (lowest measured point in [92]). Only if the field at
the liquid-to-gas interface is large can electrons be extracted into the gas phase
and produce the S2 signal.

We can use the first drop in the drift time spectrum to calculate the liq-
uid level. To estimate if the liquid level is above or below the gate mesh, we
calculate the drift distance d from the cathode to the liquid-to-gas-interface
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according to:

d = ∆td × vliq,

=

(

(62.0 ± 1.0) µs − (9.04 ± 1.26) µs
) × (1.73 ± 0.37) mm/µs

= (91.7 ± 19.8) mm, (5.3)

where ∆td is the drift time difference between the two drops in figure 5.13. We
use an independently measured drift velocity of vliq = (1.73 ± 0.37) mm/µs.15

This gives us a liquid level of h = 100 mm − 91.7 mm = 8.3 mm below the gate
mesh. Yet, other literature values for the drift velocity exist. Using 1.9 mm/µs
at 600 V/cm from [42] or 2.1 mm/µs at 600 V/cm from [93] would give liquid
levels of −0.7 mm or −11.3 mm, respectively, both above the gate.

Another estimation can be made considering the gas region to calculate the
drift length of electrons from the liquid-to-gas interface to the anode. This gas
gap can be divided into a region between gate mesh and anode with a high
field Eamp = 2.5 kV/5.1 mm = 4.9 kV/cm, and a low-field region of Eg(h) < Eh

between liquid-to-gas interface and gate mesh, as illustrated by figure 5.16a.
Figure 5.16b shows Eg as a function of the liquid level:

Eg(h) =
εl

h(1 − εl ) + dtot
∆V, (5.4)

where εl = 1.95 is the dielectric constant of liquid xenon. ∆V = 6.0 kV is
the voltage applied over dtot = 10 cm, the distance between cathode and gate
mesh.

Knowing the fields in the two gas regions one can extract the respective
drift velocities in gaseous xenon from figure 5.17, computed by Magboltz [69]
for the conditions of this measurement. In the region of interest (0.98 kV/cm
to 1.2 kV/cm within up to 2 cm below the grid) the drift velocity is vlow =

1.48 mm/µs. For the high-field region, the drift velocity is vhigh = 2.9 mm/µs.

Hence, the total time ∆t required for the drift is16

∆t =
damp

vamp
+

h

vlow
, (5.5)

where damp is the distance between gate mesh and anode. The drift length in
the gas layer between liquid-to-gas interface and gate mesh then becomes:

h = vlow

(

td −
damp

vamp

)

= (10.8 ± 1.9) mm. (5.6)

This second estimate confirms that during these calibration measurements,

15This value was obtained at 0.53 kV/cm [36]. However, the variation of drift velocity in this
voltage range is small (compare figure 2.5). The value is quoted without error, so we assume
a systematic error from the variation between the cited vliq values.

16A small systematic error of this estimation lies in neglecting the field transition at the gate mesh.
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Figure 5.16.: Electric fields in the gas region between the liquid level and anode. (a)
This region is divided in a high-field region above the gate mesh (Eamp), and a
low-field region below (Eg). (b) Depending on the level h, expressed as distance
below the gate mesh, Eg varies from 0.98 kV/cm to 1.17 kV/cm within the region
2 cm below the gate mesh.
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Figure 5.17.: Drift velocity as a function of applied electric field in gaseous xenon at
conditions during these measurements (as given in appendix B.3), obtained with
Magboltz [69]. The red lines indicate the low-field region between 0 cm and 2 cm
below the gate, compare figure 5.16b. The blue line indicates the high field be-
tween gate and anode.
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the liquid level was about 1 cm below the gate mesh.

A question then arises: why is the liquid level so low? In this run, the liquid
level was controlled with the Pt100 sensors. However, as later measurements
with a functioning level meter (see section 5.4) have shown, the Pt100 sensors
have an uncertainty of about 5 mm and possible capillary effects within their
cavities add to this uncertainty. Calculating the filled xenon mass using the
integrated flow is also difficult. Fast fluctuations in the flow reading lead to a
systematic error in the calculation of the integrated flow. After filling XAMS
for these measurements, the integrated flow was calculated to be 1022 ls17 cor-
responding to 5.89 kg of xenon. After recuperation, the integrated flow of the
same amount of xenon was 964 ls or 5.54 kg. The difference between those two
readings corresponds to a xenon mass of 350 g. Yet, the bottle weights indi-
cated that no xenon was lost. Further, even with accurate mass readings it is
difficult to assess the quantities of xenon in the respective parts of the circula-
tion system. To achieve reproducibility in the future, this measurement needs
to be improved.

As a consequence, the low liquid level leads to an extraction field of only
(1.06 ± 0.02) kV/cm. This results in an extraction yield ǫext ≪ 15 % instead
of ǫext ≈ 50 % at 6.48 kV/cm [92] in case of a liquid level centred between gate
mesh and anode. This reduces, or even eliminates, the S2 signal. This explains
the effects observed in the calibration data: the large fraction of S1-only events
when triggering on coincidence in the 22Na data are due to eliminated S2 sig-
nals from poor extraction efficiency. This also explains the excess of gas events
at td < 12 µs in the whole calibration data set, as gas events are not affected by
a low extraction field.

But still, an understanding of the drift time spectrum means that we can
fiducialize to select only those events in the liquid. This selection is made
with a cut on drift time of 12 µs < td < 62 µs.

5.3.4. S1 response and S1 light yield

Further event selection

The peak finding algorithm requires a maximum FWHM of an S1 candidate
to be 100 ns. The width distribution of S1 (figure 5.18a) shows that the average
is well below this. A cut on S1 FWHM <40 ns is introduced to try to remove
S1 signals that could have been skewed significantly by noise.

Unlike the S1, the width of S2 signals depends on the interaction depth in
the TPC. As shown in figure 5.18b the S2 FWHM increases slightly for larger
drift times. This effect is due to the longitudinal diffusion of the electrons
before being extracted into the gas phase. However, it is a small effect for the
short drift length of XAMS. We set limits to select events only within this band
from 1.6 µs to 2.7 µs.

17ls: litre at standard conditions, see appendix C.
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Figure 5.18.: The FWHM of the S1 (a) and the of S2 signal as a function of the drift
time (b) within the fiducial volume from the 60Co measurement. The width of the
S2 signal gets broader for events of high drift time. This is due to longitudinal
diffusion during the drift of the electrons. We select events with an S1 width
<40 ns and an S2 width from 1.6 µs to 2.7 µs, the red dashed lines indicate these
limits.
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Table 5.4.: Comparison of the data sample size after applying quality cuts on the data
for the three calibration sources. The respective cut acceptances are given in
parentheses.

Applied cut Range 22Na 137Cs 60Co

Recorded events 100 000 90 602 69 369
Accepted events 376 14 339 14 252

Drift time 12 µs to 62 µs 209 2276 4308

S1 FWHM <40 ns
208 2093 4252

(100 %) (92.6 %) (99.2 %)

S2 FWHM 1.6 µs to 2.7 µs
203 1535 4003

(91.1 %) (73.9 %) (94.4 %)

S2 asymmetry <0.4
187 1034 3926

(98.9 %) (67.3 %) (98.0 %)

S2 (PMTt) <18 000 p.e.
185 1032 3756

(89.9 %) (99.8 %) (95.7 %)

Since the S2 signal is produced only in the gas between the liquid surface
and the anode, the S2 asymmetry is expected to be independent of the in-
teraction position within the liquid. Figure 5.19a shows a scatter plot in the
asymmetry plane for S1 and S2. There are three populations in this plot: a
band around AS2 = 0.55, a second one around AS2 = 0.3, and a third group at
AS2 < 0.2.

To identify those regions in the asymmetry plane, we compare the individ-
ual S2 signals of each PMT. Figure 5.19b shows that PMTb saturates at a high
light input S2 > 18 000 p.e. compared to PMTt.

18 Events in this area corre-
spond to the band below AS2 = 0.2 (red dots in figure 5.19). The band above
AS2 = 0.4 consists of events showing a different proportionality of S2 signals
per PMT (blue dots in figure 5.19). These events are identified as gas events
resulting from ionizations in the gas region above the anode.

Acceptance for each cut is calculated considering the number of events re-
moved by that cut alone, as in XENON100 [54]. See table 5.4 for a summary
of the event selection.

S2 trigger threshold effects

Figure 5.20 shows the S1 spectra of the selected events of three calibration
sources. The spectra for 137Cs and 60Co both show a contribution at low S1
(≈ 200 p.e.), in contrast to the 22Na spectrum. As mentioned in section 5.3.1, a
major difference between the respective data sets is the trigger setup. The 22Na
measurement triggered on S1 whereas those with 137Cs and 60Co triggered

18Since the PMT gain and the readout circuit are the same for both PMTs, we explain this discrep-
ancy by a manufacturing difference.
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Figure 5.19.: Correlation of different regions in the parameter spaces of top-bottom
asymmetry of S1 and S2 signals (a) and S2 signal detected by each PMT (b) from
the 60Co measurement. The comparison identifies saturated events and those that
likely happen in the gas layer between the anode and PMTt.
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(b) 662 keV of 137Cs.
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(c) 1.17 MeV and 1.33 MeV of 60Co.

Figure 5.20.: S1 spectra from the calibration sources. In the spectra of 137Cs and 60Co
the expected photopeak (indicated by the dashed lines, deduced from the later fit
to the 22Na spectrum) is partly covered by a distribution at low S1.
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Figure 5.21.: Diagram of an S2 peak that fulfils the requirements of an S2 trigger: the
signal of PMTt has a minimum width of 500 ns at a signal height of 50 mV. The
effective threshold for the peak amplitude lies at about 70 mV (see figure 5.22a).

on S2, requiring a minimal width of 500 ns at a signal height of 50 mV. This
requirement is illustrated by the diagram in figure 5.21.

Figure 5.22 shows how the different trigger setups affect the S2 threshold.
The S2 trigger requirement leads to an effective threshold of about 5000 p.e. for
S2 signals in the 137Cs and 60Co data sets. At correct liquid level, the extraction
yield would have been large enough to produce sufficiently high signals (peak
heights of >20 000 p.e. for 511 keV [94]) that could cross this threshold (see
discussion in 5.3.5 and figures in 5.4). But at the current conditions the S2
signals of the 137Cs and 60Co sources are below or on threshold. This biases
events in the S2-triggered data sets towards high S2 signals.

S1 light yield of the XAMS TPC

S1 and S2 are known to be anti-correlated in liquid xenon TPCs, see sec-
tion 2.1.1. Thus, in order to avoid a signal bias in S1, we must focus on the
data from 22Na in spite of the limited statistics. Figure 5.23 shows the S1 spec-
trum of events surviving cuts. From a fit of an Gaussian distribution we obtain
the position of the photopeak at (332.9 ± 93.6) p.e., equivalent to a light yield
of (0.65 ± 0.18) p.e./keV at 511 keV and 600 V/cm. Using NEST [48] one can
calculate a corresponding S1 light yield of (1.45 ± 0.41) p.e./keV for 122 keV at
zero field.

The light yield calculated for the reference conditions can be readily com-
pared to other experiments at 122 keV and zero field. The XAMS value is
lower than those measured by XENON10 (5.9 p.e./keV19) [95], by XENON100
(4.3 p.e./keV) [36], and by LUX (8.8 p.e./keV) [41]. A comparison to the num-
ber of photons initially produced in liquid xenon by a 122 keV photon (63 pho-
tons/keV [48]), we derive a light detection efficiency of 2.3 % for XAMS. This
combines the QE of the PMTs (about 30 %) with the light collection efficiency
of the TPC which depends mainly on the geometry. A large length-to-diam-
eter ratio leads to a lower light yield [35]; this ratio is much higher for XAMS

193.1 p.e. at 730 V/cm, converted to zero field using NEST.
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Figure 5.22.: Spectrum of S2 as a function of S2 peak height of PMTt. (a) The require-
ment of a signal width >500 ns at a height of 50 mV leads to an effective threshold
for peak height of 70 mV (compare figure 5.21) as well as an effective S2 threshold
of about 5000 p.e.. (b) This threshold is not present when triggering on S1 as in
the 22Na measurements.
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Figure 5.23.: S1 spectrum of 22Na. A Gaussian fit to the photopeak returns a S1 light
yield of (0.65 ± 0.18) p.e./keV at 511 keV and 600 V/cm. This value translates to
(1.45 ± 0.41) p.e./keV at 122 keV at zero field.

(10/4.5) than for XENON10 (15/20 [95]), XENON100 (30/30 [36]) and LUX
(48/47 [41]).

The relatively large energy resolution of 28.1 % (1σ) is due to performing
the calculation over the whole drift length. Limited statistics do not allow
selection of small drift time elements which would give a more accurate im-
pression of detector performance.

5.3.5. S2 response and electron lifetime

According to (2.6) we expect an exponential dependence of S2 from the drift
time td (compare section 2.2):

S2(td ,Edep) = S2(0,Edep)e−td/τe , (2.6)

where Edep is the deposited energy and τe the electron lifetime. More precisely,
the detected S2 also depends on the gain GS2 and the extraction yield ǫext, both
a function of the extraction field in the gas layer Eg:

S2(td ,Edep,Eg) = GS2 × ǫext × N0
e e−td/τe , (5.7)

For a deposition of 511 keV at a drift field of 600 V/cm, NEST gives a num-
ber of initially produced electrons N0

e = 22 885. With a liquid level centred
between gate mesh and anode, the extraction yield would be 50 %. To make
a first estimate of S2 size, the value GS2 = 17 is taken from XENON100 [92].
It should be noted that the gain is highly dependent on geometry and field
and a more accurate estimate would need to rely on a Monte Carlo study of
S2 light production.

These approximations lead to an expected S2 size of ≈ 2 × 105 p.e. for events
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Figure 5.24.: S2 spectrum for 22Na. Gaussian distributions are fitted to drift time slices
of 10 µs width. The statistics in the bottom slice were too low to obtain a good fit.

just below the liquid-to-gas interface. Yet, we can improve this estimate noting
the low extraction field of Eg = 1.1 kV/cm, giving an upper limit of ǫext <

15 % [92] and S2 size <6 × 104 p.e..
In order to measure the electron lifetime inside the XAMS TPC we inspect

the S2 signal. Selecting the events in the S1 photopeak (within one standard
deviation) ensures deposit of the full photon energy in the TPC. However, this
step further reduces the data sample. Figure 5.24 shows the S2 spectrum for
22Na. This data set offers the lowest statistics, but is the only one without
the S2 trigger bias. The S2 peak, reduced by the low extraction due to a low
liquid level, lies at around 2500 p.e., indeed well below our first estimate of
6 × 104 p.e., likely mostly due to the low extraction efficiency. Thus, the 137Cs
peak would be at ≈ 3200 p.e., 60Co roughly at ≈ 6600 p.e., so below and ap-
proximately at the S2 trigger threshold, respectively (values calculated with
NEST).

In addition to the total S2 spectrum the S2 distributions for three different
drift regions are plotted. As expected, the peak position of these three subsets
shifts slightly to lower S2 values for increasing drift time. This is slightly better
visible from their respective Gaussian fit curves.

Figure 5.25 shows the peak positions of the individual S2 spectra as a func-
tion of drift time. The horizontal errors indicate the drift time bin width. The
vertical errors are the standard deviation of the Gaussian fit in figure 5.24. The
electron lifetime τe is the reciprocal slope of an exponential fit to these points.

We obtain a crude result of τe = (81 ± 195) µs for the XAMS TPC. In prin-
ciple, one could expect a larger value of the electron lifetime (of the order of
a few hundred µs) because the total amount of xenon was purified about two
to three times per day—for a period of two months.20 The lack of statistics

20The flow was varied from 1 ls/min to 2 ls/min which leads to a mass of 8.3 kg to 16.6 kg passing
through the getter every day. The whole volume (detector and recirculation system) was filled
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Figure 5.25.: Peak positions of S2 spectra for three drift time slices as a function of
drift time from the 22Na data. S2 errors are the standard deviation obtained from
the fit of the drift time slices (figure 5.24). We can extract the electron lifetime of
τe = (81 ± 195) µs from an exponential fit to the data.

dominates the uncertainty on this measurement. In addition, this result is in-
fluenced by the liquid level conditions. The measured S2 signals are reduced
due the low extraction yield of the drift field below the gate mesh. Hence, the
obtained electron lifetime has to be verified with a correct liquid level between
the gate mesh and the anode.

An electron lifetime of 2.2 ms was reached by the XENON10 collaboration
after ten months of operation. This value translates to an impurity level of
≪1 ppb (parts per billion) O2 equivalent [95].21 As an example for a larger
TPC, the LUX collaboration reports a mean electron lifetime of 204 µs for their
surface run, corresponding to 0.7 ppb O2 equivalent [57].

5.4. Conclusions, recommendations and the future

of XAMS

We have designed and constructed a small-scale dual-phase xenon TPC at
Nikhef. It has an active volume of 160 ml, corresponding to 450 g of liquid
xenon that is circulated in a closed purification cycle.

Two PMTs around the active xenon volume recorded S1 and S2 signals cre-
ated by γ sources of energies between 511 keV and 1.33 MeV. The data show
that the TPC is functioning: the interaction depth in the TPC is affecting the
top-bottom asymmetry of S1 signals, and weakly the width of S2 signals.

with 5.89 kg of xenon.
21Here a comparison with other R&D-scale dual-phase xenon TPCs: the ZEPLIN-II experi-

ment, with a drift length of 14 cm, measured τe = 112 µs [96]. In the successor experiment,
ZEPLIN-III (drift length of 3.6 cm), the xenon was not purified and a lifetime of only 45 µs was
achieved [97].
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However, there are two effects that limited the data quality. The capacitive
level meter was not functioning and hence it was practically impossible to con-
trol the liquid level in a precise way. With a liquid level below the gate mesh
the low extraction field led to a significantly reduced S2 size in all data sets.
Moreover, the trigger setup for the measurements with the 137Cs and 60Co
sources resulted in an effective S2 threshold too high to accept the majority of
the events with (reduced) S2 size. Thanks to a different trigger requirement,
the data collected with the 22Na source did not suffer from this threshold ef-
fect. On the other hand, it offered limited statistics for the analysis. This was
mainly due to the oscilloscope-based data acquisition that limited the event
recording to a maximum of 1 × 105 per measurement.

From the first calibration measurements with the XAMS TPC we can give
recommendations on how to improve the setup. This includes foremost a new
level meter as a precise monitor of the liquid level, which influences the elec-
tron extraction and the S2 gain. A diving bell around the top part of the TPC
(like in XENON100 [36]) could even provide a very accurate control of the
liquid level by construction, and would improve the reproducibility of mea-
surements.

An improved data acquisition system should not restrict the number of
recorded waveforms. It also needs to have a better trigger logic that is more
careful in the selection of S1 and S2 signals. It should provide a port for test
pulse introduction to study thresholds and cuts, as well as the possibility of
self-triggering for noise studies. Another desirable feature is a (nearly) live
trigger optimisation. This capability could be further enhanced by automated
scripts performing standard analyses for calibration sources, i.e. the calcula-
tion of the S2 light yield, facilitating operation when changing settings of the
TPC. A more advanced data acquisition system should also provide a time
resolution of 1 ns or better to perform advanced signal processing like pulse
shape discrimination.

Alongside the acquisition of data, one should also improve the generation of
events. A calibration source with higher activity of >500 kBq would increase
the statistics of the recorded data. A high activity is necessary for the use of
a collimator, placed between source and cryostat wall. The collimator would
provide a focus for calibration beams selectively irradiating small regions of
the active volume. This would aid studies of position-dependent effects such
as measuring the electron lifetime or the light collection efficiency. Moreover,
one could calibrate the detector with nuclear recoils from a neutron source.

At the time of writing the XAMS TPC as well as peripheral parts have been
upgraded following some of the above recommendations. A new level meter
(shorter, so less susceptible for deformation) provides a reading of the liquid
level with a precision of <0.2 mm, facilitating the fine-tuning of the liquid level
for optimal extraction efficiency. The oscilloscope has been exchanged by a
fast digitizer22 with a time resolution of 2 ns and a resolution of 122 µV. More-
over, the data acquisition chain PAX [98], under development for XENON1T,

22CAEN model V1730D, 14 bit, 5 MS/s.
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performs the waveform processing.
A new 22Na source with a lead collimation selectively irradiates thin slices

of the liquid volume. This improves the measurement of the electron life-
time significantly, see figure 5.26 for a comparison of these recent measure-
ments with the calibration data of this thesis. The obtained value in this
work of (81 ± 195) µs is smaller than expected from the intensive purifica-
tion during the calibration run. However, a conclusive statement based on
high statistics is now possible. The electron lifetime has been measured to be
(542.4 ± 25.1) µs [94]. The no longer reduced extraction efficiency leads to an
S2 peak position around 25 000 p.e., about a factor 10 higher than seen in this
work.

The S1 light yield of XAMS measured in this work is (1.45 ± 0.41) p.e./keV
at 122 keV and zero field with a statistically limited energy resolution of 28 %.
The S1 light yield is lower than the light yield from other dual-phase xenon
TPCs, but in very good agreement with (1.51 ± 0.18) p.e. measured recently
with an improved energy resolution of 13.2 % [94].

Figure 5.27 compares the combined energy spectra of S2 and S1 of the earlier
22Na calibration data set with the new data which shows the anti-correlation
of S1 and S2 signals.

The results obtained in this chapter can be used to fine-tune parameters of
future Monte Carlo simulations that describe the detector-specific efficiencies
for the various energy conversions along the signal chain in XAMS—from en-
ergy deposition via the light and charge generation to the detection in the
PMTs. For example, a simulation of the light collection efficiency can improve
the understanding of the light detection of the TPC. It could also be used to in-
vestigate optical properties like reflectivity of alternative TPC materials (other
than PTFE and stainless steel). One could also operate the TPC in single-phase
mode (liquid) to study the S1 signal with both PMTs. Finally, future applica-
tions also include the development of novel light and charge sensors.

As an outcome of the work presented in this chapter, the first Dutch dual-
phase xenon TPC has been built, commissioned and calibrated. These mea-
surements have highlighted possibilities to improve the detector. Now, the
XAMS facility contains a fully functional TPC, ready to be used in research
and development for dark matter search experiments.
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(a) Electron lifetime τe = (81 ± 195) µs measured in this chapter.
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Figure 5.26.: Electron lifetime from the drift time dependence of the S2 signal from
measurements with a 22Na source in this work (a) and in [94] (b). The effect of the
collimated source used for (b) is remarkable and results in a low fit error.
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Figure 5.27.: Combined energy spectrum obtained from measurements with a 22Na
source in this work (a) and in [94] (b). A reduced S2 size (note the scale) and
limited statistics in the earlier data set are apparent. The recent results clearly
show the ellipse characteristic for the anti-correlation of S1 and S2 signals.





CHAPTER 6

Summary

This thesis answers the question whether gaseous detectors like GridPix could
provide an alternative direct charge readout in dual-phase noble gas TPCs. We
investigated the thermal robustness of GridPix and found a reliable way to
avoid damage during the cool-down. The study of the electronic noise prop-
erties of the Timepix chip showed a decrease of the equivalent noise charge at
low temperatures. However, the operation of GridPix in pure noble gas (both
argon and xenon) is inhibited by discharges in the amplification gap. We can
conclude that GridPix cannot replace PMTs in the readout of the S2 signal.

The construction of XAMS resulted in an excellent tool to study properties
of liquid xenon. For example, the measurement of the shape of the light pulses
could be used for background discrimination, provided a time resolution of
1 ns or better. This local xenon facility makes it also possible to test and train
novel data acquisition chains with real data. Thanks to the modular design of
the TPC, it is easy to replace the PMTs with e.g. silicon photomultipliers. This
makes the XAMS TPC an ideal testing ground for new detector technology
that can improve experiments searching for dark matter.





APPENDIX A

Trigger logic of GridPix gain measurement

The figures below show the trigger logic (figure A.1) to synchronize the data
taking via the Relaxd board and the oscilloscope. It uses timing modules that
veto a new acquisition when one of the two devices is still busy with process-
ing the previous event, see figure A.2.
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Figure A.1.: Block diagram of the trigger logic [72].



116 A. Trigger logic of GridPix gain measurement

Timer 1

Relaxd

Oscilloscope

Timer 2

Timer 3

Timer 4

Timer 5

Timer 6

Trigger signal from Grid

Comparator (Output ECL)

NIM Signals

100 us

1 us

Shutter open

Veto OFF

Read-Out
Busy

Veto

Busy

Veto ON

Wait till the noise
of the shutter is
gone

Shutter close
started from
trigger

Shutter

True

False

True

False

True

False

True

False

True

False

True

False

Accepting Triggers RestartDAQ Read-Out Time

0 V

-0.8 V

NIKHEF Amsterdam: Gijs Hemink & Matteo Alfonsi 25 February 2011

Trigger Setup using Relaxd Readout for Gain Measurements

Logical signal chart of timers

Figure A.2.: Logical signal chart of the trigger system [71].



APPENDIX B

XAMS slow control and PMT characterisation

B.1. XAMS slow control

Figure B.1 shows the overview tab of the slow control software written with
Labview.

B.2. PMT characterisation for the XAMS TPC

The most important specifications for the Hamamatsu R6041-406 SEL PMTs
are summarised in table B.1. Out of three available PMTs (referred to as PMT1,
PMT2 and PMT3) we need to select the two best performing ones for the op-
eration in the XAMS TPC by measuring their gain as well as the ability to
separate low light signals from noise.

The gain of a PMT is defined as the number of electrons collected at the
PMT anode nout divided by the number of initial photoelectrons npe , i.e. elec-
trons emitted from the photocathode via the photoelectric effect as a result of
incident photons:

G =
nout

npe

=

Q

e · npe

=

∫

I (t)dt

e · npe

=

∫

V (t)dt

Rie · npe

, (B.1)

where Q is the total charge, e the elementary charge, I (t) the current, and Ri is
the input resistance of a measuring device, e.g. an oscilloscope or an analogue-
to-digital converter (ADC), reading the voltage signal V (t).

Measurements are performed inside a dark box with an optical fibre con-
nected to an external LED. A pulse generator and an optical attenuator allow
us to control the frequency and intensity of light pulses. This makes it possi-
ble to generate single photon pulses impinging onto the photocathode of the
PMT. See figure B.2 for a picture of the inside of the dark box.
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Table B.1.: Specifications of the PMT used for the XAMS TPC, Hamamatsu 6041-406
SEL. “SEL” indicates that they have been selected for high quantum efficiency at
the wavelength of the xenon scintillation light λ = 178 nm.

Photocathode diameter 50 mm
Effective diameter ≥ 45 mm

Suggested operating voltage 800 V
Maximum operating voltage 1000 V
Number of dynodes 12
Typical gain (at 800 V) 106

Minimum operating temperature −110 ◦C

Spectral response range 160 nm to 650 nm
Quantum efficiency 30 % at 178 nm
Rise time 2.3 ns
Transit time 16 ns
Transit time spread 0.75 ns

Figure B.2.: Picture of the Hamamatsu 6041-406 PMT inside the dark box used for the
characterisation measurements. The lid of the dark box provides feedthroughs
for the high voltage and the signal. From the right wall, an optical fibre shines
onto the PMT photocathode.
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Figure B.3.: Schematic (a) and picture (b) of the PMT base plate with the voltage divider
circuit (c). Surface-mounted devices (SMD) match the space constraints as well as
the requirements for low outgassing. The dashed regions in (c) are the circuit
parts that were improved to eliminate the ringing from the PMT signal.

During initial measurements we noticed an oscillation on the discharge
edge of our PMT signal, an effect known as ringing. Adding decoupling re-
sistors on the last two dynodes in the divider circuit on the PMT base plate
eliminated ringing. See figure B.3 for the optimised divider circuit, and refer-
ence [87] for a detailed description.

Dark counts were not studied systematically, but measurements with PMT1
represent a control sample. At room temperature, we measured dark count
rates of up to 4 kHz at 800 V to 900 V. This rate translates to negligible 0.8
counts within the period of a waveform of 200 µs. Note that the dark count
rate will be lower at liquid xenon temperature.

To record spectra of single photoelectrons (s.p.e.) we tune the intensity of
the LED light source such that only 5 % of the acquisitions, triggered by the
LED pulse generator, contain a PMT signal. Following Poisson statistics, the
probability of recording events containing two photoelectrons is only 0.12 %,
a factor 40 lower than measuring a single photoelectron.

For each of the three PMTs we record 100 000 events for 6 different voltages
in the range from 750 V to 1000 V. We calculate the area of each waveform
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Figure B.4.: Single photoelectron spectrum of PMT1 at a cathode voltage of 900 V. The
PMT gain is the peak position of the spectrum.

and make a spectrum of this integrated signal. See figure B.4 for an example
of a single photoelectron spectrum. Figure B.5 shows a comparison of the
gain, calculated according to (B.1), of the three PMTs as a function of cathode
voltage. As expected the gain increases with cathode voltage, but differences
between the three PMTs become apparent for voltages ≥ 850 V. For PMT3, it
is even not possible to distinguish a peak from the noise in the s.p.e. spectrum
for V < 850 V. Without any noticeable gain at low voltages, this PMT does not
meet the supplier’s specifications (compare table B.1).

We will thus use PMT1 and PMT2 inside the XAMS TPC. We expect that
most of the S1 signal will be detected by the bottom PMT.1 Since PMT1 shows
a higher gain at V ≥ 850 V, it will be the one in the liquid and PMT2 will be at
the top of the TPC.

As a result of the initial PMT characterisation we can fix another operation
parameter: the photocathode voltage. We will operate the PMTs at 800 V be-
cause a gain of 4 × 106 is sufficient for our purposes.

B.3. Operational parameters of XAMS

measurement runs

The settings for the XAMS measurements during run 3 are given in table B.2.

1As discussed in section 2.2, this is because of a close-to-total reflection at the liquid-gas interface
due to the difference in refraction indices of liquid and gas.
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Figure B.5.: Gain of three Hamamatsu 6041-406 PMTs as a function of cathode voltage.
Error bars are smaller than the markers.





APPENDIX C

List of used abbreviations and acronyms

CMOS complementary metal oxide silicon

DARWIN
Dark Matter WIMP search with noble liquids, design pro-
posal for a multi-tonne multi-target experiment

FWHM full width at half-maximum

GridPix
Micro-pattern gaseous detector made of a Micromegas-
like grid on top of a pixelated readout chip (Timepix)

InGrid integrated grid
LCE light collection efficiency
l (n) litre at normal conditions (0 ◦C, 1013 mbar)
ls litre at standard conditions (20 ◦C, 1013 mbar)

NEST
noble element simulation technique, semi-empiric com-
puter model to correctly calculate the charge and light pro-
duction in liquid and gaseous based on world data

OFHC copper oxygen-free high thermal conductivity copper
PCB printed circuit board
p.e. photoelectron
PECVD plasma-enhanced chemical vapour deposition
PID (controller) proportional-integral-derivative (controller)
PMT photomultiplier tube
PTFE polytetrafluoroethylene
PTR pulse tube refrigerator

Pt100
temperature sensor made of platinum with a resistance of
100Ω at standard temperature

SEM scanning electron microscope
SiRN silicon-rich silicon nitride
TPC time projection chamber
WIMP weakly interacting massive particle
XAMS Nikhef’s xenon facility in Amsterdam
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Summary

About 80 years ago, astronomers first observed that spiral galaxies such as the
Milky Way are rotating faster than expected: when they summed up the mass
of stars, interstellar dust and gas, the result provided too little gravitational
attraction to explain that the stars rotating around the galactic centre did not
disperse into space. So they postulated an invisible form of matter, dark mat-
ter, that provides the necessary gravitation. Since that time, the search for
dark matter connects three disciplines of modern physics: astronomy deal-
ing with celestial objects and their motion, cosmology that tries to understand
and explain the history and the development of our Universe, and finally par-
ticle physics dealing with subatomic constituents of matter. Astronomers and
cosmologists made more observations that are consistent with a theory that
predicts a substantial amount of dark matter in the Universe: according to
the latest measurements dark matter would make up about 27 % of the mass
of the Universe whereas the visible, “ordinary” matter amounts up to about
5 %. The remaining 68 % are attributed to a rather mysterious dark energy
responsible for the expansion of the Universe.

Particle physics made advances in building ever more sensitive detectors to
catch a signal from an interaction of possible dark matter particles. Despite
the numerous hints that suggest its existence, only direct detection of dark
matter can provide evidence beyond doubt—a result yet to be found. Among
several candidate particles for dark matter is the weakly interacting massive par-
ticle, or WIMP. The theoretically predicted properties would allow WIMPs to
collide with atoms of a target material. The energy transferred in this collision
process is released as scintillation light, as ionization charge, or as heat. Several
experiments specialise in the detection of one or two of these phenomena. For
example, in a time projection chamber (TPC) filled with liquid and gaseous
argon or xenon (dual-phase noble gas TPC) the recoil energy from a supposed
WIMP scattering would lead to a prompt scintillation light signal (S1) and a
delayed signal (S2) from the ionization charge. In practice, S2 is detected in
the form of light as well, produced by the ionization electrons that are accel-
erated in the gas layer above the liquid. Experiments with dual-phase xenon
TPCs are currently the most sensitive to WIMP scattering, but so far no ob-
servations have been reported. WIMP interactions are expected to happen
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only once per year, per kilogramme of detector material. To eventually detect
them, one has to increase the target mass, decrease the energy threshold, and
improve the background suppression of new or upgraded dark matter search
experiments.

Plans exist for next-to-next generation experiments. One of them, based on
dual-phase noble gas TPC technology, is being planned by the consortium for
Dark Matter WIMP Search With Noble Liquids (DARWIN). It proposes a mul-
ti-tonne target and a multi-target approach, taking advantage of the comple-
mentary detection properties of argon and xenon. Within the R&D framework
of DARWIN, there are projects dedicated to alternative methods to detect the
recoil energy. The photomultiplier tubes (PMTs) that are used as photosensors
contain a number of radioactive impurities. A reduction of the background in-
side the TPC could be achieved by using detectors that can be produced more
easily from radiopure materials. One of the DARWIN research projects for
direct measurement of the ionization charge signal explored GridPix: a micro-
pattern gaseous detector made of an aluminium amplification grid on top of
a pixelated readout chip called Timepix, mainly consisting of pure silicon.

GridPix offers a high single electron detection efficiency and a typical mul-
tiplication factor (gain) of about 104. It is typically operated at room tem-
perature and in a gas mixture of a noble gas and a quench gas that avoids
discharges during the electron multiplication process. Thanks to the small
pitch of 55 µm of the grid holes aligned with the readout pixels, one hit pixel
corresponds to a single ionization electron from the drift region—provided a
sufficient transverse diffusion separating the ionization electrons in the drift
region. These characteristics, together with the time measurement capabilities
of the Timepix chip, allowed us to determine properties of CO2/DME 50/50, a
gas mixture studied for the use in tracking detectors. While the obtained drift
velocity is relatively “slow”, the measured low transverse diffusion provides
well-defined particle tracks for reconstruction.

To investigate whether GridPix is suitable for the application in dual-phase
noble gas TPCs we operated it inside a dual-phase argon TPC at −186 ◦C. The
results underlined the following challenges of the technology. Compared to
the operation in gas mixtures, the gain in the pure gas decreases and became
too small to detect signals with the Timepix chip. Moreover, the low temper-
ature together with mismatching thermal expansion coefficients lead to the
rupture of the amplification grid. As a consequence of this study, we per-
formed systematic studies of several technology aspects, focusing on xenon
whose boiling point (−106 ◦C) offers less constraining thermal conditions.

First, thermal cycling of grid structures on a silicon substrate showed that a
gradual cool-down with a good heat sink is crucial to maintain the grids un-
harmed in combination with a thin layer of epoxy reinforcing the grid edges,
see figure D.1. Second, we measured the electronic noise of bare Timepix chips
during thermal cycling. As shown in figure D.2, the equivalent noise charge
reduces from 129 e− at room temperature to 99 e− at −125 ◦C, below liquid
xenon temperature. For noise-free operation at this temperature the threshold



Summary 139

Figure D.1.: Picture of modified GridPix structures on a dummy silicon substrate af-
ter thermal cycling down to −130 ◦C. The devices rest on a cooling block with
thermally conductive paste and glue is applied around the perimeter of the grid.
These measures resulted in undamaged grids.
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Figure D.2.: The equivalent noise charge (ENC) of Timepix reduces with decreasing
temperature.

would be around 600 e−, hence requiring a gas gain of at least 600 to detect sin-
gle ionization electrons. The final challenge is to achieve a sufficient gas gain
in pure noble gas without a quench gas. After benchmark measurements of
the gas gain in argon/isobutane 90/10 we operated GridPix in pure argon (of
different purities) and in pure xenon. In argon at an impurity level of 30 parts
per million (ppm) we measured a gain of 650; at 1 ppm we could not achieve a
stable operation due to discharges even at moderate amplification fields. Op-
eration in pure xenon equally results in discharges without stable avalanches.
We conclude from these studies that GridPix is not a suitable technology for
direct charge readout of dual-phase noble gas TPCs.

To improve future large-scale dark matter search experiments and to test
calibration and detection principles, we built a small-scale xenon facility at
Nikhef: XAMS. It contains a dual-phase xenon TPC with an active xenon
mass of 450 g. Figure D.3 shows the assembled XAMS TPC before closing the
cryostat. A cryogenic system with a closed xenon purification cycle supplies
liquid xenon. Two PMTs at the top and bottom of the TPC detect the scintil-
lation light produced by the irradiation of the active volume with radioactive
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Figure D.3.: Picture showing the XAMS TPC installed in the cryostat. A stack of slices
made of polytetrafluoroethylene (PTFE) houses the TPC. The bottom PMT with
its base plate is visible at the bottom, embedded in the lower PTFE slices.

sources: 22Na, 137Cs and 60Co with γ energies from 511 keV to 1330 keV.
The measurements proved the functioning of the TPC. We determined an S1

light yield of 1.45 photoelectrons/keV at 122 keV at zero field. The measured
an electron lifetime of 80 µs is lower than expected from the xenon purification
efforts. However, the malfunction of the level meter resulted in a wrong liquid
level during the calibration measurements. This led to a reduced S2 signal and
to limited statistics in the acquired data.

At the time of writing, XAMS is being upgraded based on results from the
calibration measurements. An improved data acquisition system collects a
larger number of events and a stronger calibration source provides an in-
creased event rate to improve the statistics. A new level meter facilitates a pre-
cise monitoring of the liquid level, leading to a better control over the propor-
tional scintillation process for the S2 signal. A suggested diving bell around
the top of the TPC could even create a stable liquid level by construction. The
performed measurements yield valuable input for Monte Carlo simulations
of the detector. The XAMS TPC is an excellent tool to study properties of liq-
uid xenon as well as alternative detector technologies with the potential to
improve dark matter search experiments.



Populaire samenvatting

Zo’n 80 jaar geleden namen sterrenkundigen voor het eerst waar dat spi-
raalvormige sterrenstelsels zoals onze Melkweg sneller ronddraaien dan ver-
wacht: de totale som van de massa van alle sterren leverde te weinig aantrek-
kende zwaartekracht op om de observatie te verklaren dat de sterren ondanks
hun draaibeweging niet uit hun sterrenstelsel verdwenen. De sterrenkundi-
gen stelden dus dat er een onzichtbaar soort materie, ookwel donkere materie,
moest bestaan die met haar massa de ontbrekende bijdrage aan de zwarte-
kracht levert. De zoektocht naar donkere materie verbindt sindsdien drie dis-
ciplines van de moderne natuurkunde: ten eerste de sterrenkunde, die hemel-
lichamen en hun bewegingen bestudeert; ten tweede de kosmologie, die de
vraag naar de oorsprong en de ontwikkeling van ons heelal wil beantwoor-
den; en ten derde de deeltjesfysica, die de kleinste bouwsteentjes van de ma-
terie in kaart brengt. Sterrenkundigen en kosmologen hebben steeds meer
verschijnselen waargenomen die aanleiding geven tot de veronderstelling dat
donkere materie van een aanzienlijke hoeveelheid bestaat in het heelal. Vol-
gens recente metingen is maar liefst 27 % van de massa van het heelal donkere
materie. De “gewone”, zichtbare materie draagt slechts 5 % bij. De resterende
68 % wordt aan de nogal mysterieuze donkere energie toegeschreven die voor
het uitzetten van het heelal verantwoordelijk is.

Deeltjesfysici hebben belangrijke vooruitgang geboekt bij de ontwikkeling
van steeds gevoeligere meetapparatuur om een signaal van een voorspeld
donkere materiedeeltje te detecteren. Ondanks talrijke indirecte verschijnse-
len die met het bestaan van donkere materie verklaarbaar zijn, zal toch al-
leen een directe waarneming van donkere materie de twijfels wegnemen. Een
van de voorgestelde kandidaten voor een donkere materiedeeltje is het zo-
genoemde WIMP-deeltje (eng. zwak reagerend massief deeltje). Volgens de
theorie zou een WIMP met atomen van detectormateriaal kunnen botsen. De
daarbij overgedragen botsingsenergie kan als licht, als elektrische lading of als
warmte worden gemeten. Een aantal experimenten heeft zich op de waarne-
ming van één of twee van deze verschijnselen gespecialiseerd. Een voorbeeld
hiervan is een vat, TPC (eng. tijdprojectiekamer of sporenkamer) genoemd,
gevuld met gasvormig en vloeibaar (2-fase) argon of xenon. Met zo’n 2-fase
edelgas TPC kan de overgedragen botsingsenergie gemeten worden als recht-
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streeks lichtsignaal (S1) en als vertraagd signaal (S2). De S2 wordt veroorzaakt
door de vrijgemaakte elektronen. In de praktijk wordt S2 ook in de vorm
van licht gedetecteerd, dat door de versnelling van de vrije elektronen in de
gaslaag boven de vloeistof opgewekt wordt. Op dit moment zijn experimen-
ten die 2-fase xenon gebruiken de meest gevoelige voor een WIMP-botsing,
maar tot nu toe zonder ontdekking. Zo’n WIMP-reactie wordt zeer zelden ver-
wacht, minder dan een keer per jaar per kilogram detectormateriaal. Voor een
uiteindelijke detectie van donkere materie moet men dus bij een toekomstig of
verbeterd experiment de detectormassa verhogen, de gevoeligheid verbeteren
en de achtergrond reduceren.

Een van de plannen voor experimenten van een volgende generatie is een
voorstel door het DARWIN-consortium (eng. zoektocht naar WIMP donkere
materie met vloeibare edelgassen). Het voorstel is gebaseerd op TPC’s die elk
met een aantal ton 2-fase argon of xenon gevuld zijn om de complementaire
eigenschappen van deze twee materialen te benutten. In het kader van DAR-
WIN zijn er onderzoeksprojecten die alternatieve methoden voor de detectie
van de botsingsenergie bestuderen. De fotobuizen die tot nu voor de licht-
meting gebruikt worden bevatten namelijk relatief veel radioactieve elemen-
ten. Dit maakt van deze heel gevoelige detectoren bronnen van achtergrond
binnen de TPC. Een verbetering zouden alternatieve detectoren kunnen bie-
den die makkelijker van pure materialen gemaakt kunnen worden (zonder
radioactieve onzuiverheden). De focus van een van de DARWIN onderzoeks-
projecten voor een directe meting van het ladingssignaal was GridPix: een
gasgevulde microstructuurdetector opgebouwd uit een versterkingsgrid ge-
maakt van aluminium boven een uitlees-chip, Timepix genoemd, die groten-
deels puur silicium bevat.

GridPix biedt een hoge efficiëntie om enkele elektronen waar te kunnen ne-
men bij een typische versterkingsfactor van rond de 10 000. Normaliter wordt
GridPix bij kamertemperatuur gebruikt en is het gevuld met een gasmengsel
van een edelgas en een organisch gas om ontladingen (vonken) gedurende
het versterkingsproces te voorkomen. Dankzij zijn microstructuur (met een
afstand van 55 µm tussen de pixels) komt een geraakte pixel met een enkele in
het gas vrijgemaakte elektron overeen, mits er voldoende diffusie in het gas
is die de elektronen tijdens hun drift ver genoeg van elkaar spreidt. Deze ei-
genschappen, samen met de preciese tijdmeting van de Timepix chip, stelden
ons in staat om een bepaald gasmengsel, CO2/DME 50/50, te karakteriseren.
Onze metingen hebben bevestigd dat, ondanks een relatief trage elektrond-
riftsnelheid, de gemeten kleine transversale diffusie dit gasmengsel geschikt
maakt voor een nauwkeurige reconstructie van deeltjessporen.

Om te verifiëren of GridPix toegepast zou kunnen worden in een donkere
materie-experiment testten we hem in een 2-fase argon TPC bij −186 ◦C, het
kookpunt van argon. De uitkomsten benadrukten de volgende uitdagingen
voor de GridPix technologie. Vergeleken met het gebruik in gasmengsels daalt
de versterking in pure edelgassen en werd deze te klein om signalen met de
Timepix-chip op te pikken. Bovendien leidde de lage temperatuur, verbonden
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Figuur E.1.: Foto van gemodificeerde gridstructuren op een siliciumsubstraat na een
temperatuurcyclus tot −130 ◦C. Het thermisch contact tussen de structuren en de
omgeving is geoptimaliseerd door koelpasta op een metaalblok met koelvinnen.
Bovendien werd de temperatuur heel langzaam verandert. Deze maatregelen,
samen met een laag epoxylijm langs de gridranden, voorkwamen schade aan de
grids.

met ongeschikte thermische uitzettingscoëfficiënten, tot het scheuren van het
versterkingsgrid. Als gevolg van deze proef gingen we de verschillende tech-
nologische aspecten op een systematische manier onderzoeken. Hierbij lag de
focus op een toepassing in 2-fase xenon waarvan het kookpunt met −106 ◦C
minder veeleisend is dan het kookpunt van argon.

Ten eerste voerden we temperatuurcyclus-experimenten met gemodificeer-
de gridstructuren op een siliciumsubstraat (dus niet op Timepix-chips) door.
We konden aantonen dat drie maatregelen even belangrijk voor onbescha-
digde grids zijn (zie figuur E.1): een geleidelijk afkoelen, een goed thermisch
contact tussen de het substraat en de omgeving en een dun laagje epoxylijm
langs de randen van de grids. Ten tweede hebben we de elektronische ruis
van “blote” Timepix-chips (zonder versterkingsgrid) gemeten. Zoals te zien
in figuur E.2 neemt de ruis van 129 elektronen bij kamertemperatuur af tot
99 elektronen bij −125 ◦C. Voor een ruisvrije werking bij deze lage tempe-
ratuur zou de drempel rond de 600 elektronen liggen, hetgeen een verster-
kingsfactor van tenminste 600 vereist om enkele elektronen te kunnen detec-
teren. De grote uitdaging was daarom een voldoende elektronversterking in
puur edelgas (zonder bijmenging van een organisch gas) te bereiken. Na ver-
gelijkende metingen van de versterkingsfactor in een standaard gasmengsel
(argon/isobutaan 90/10) gebruikten we GridPix in puur argon (van twee ver-
schillende zuiverheden) en in puur xenon. In argon met een resterende on-
zuiverheidconcentratie van 30 delen per miljoen konden we een versterkings-
factor van 650 bepalen; bij een concentratie van maar 1 deel per miljoen was
het door ontladingen onmogelijk GridPix op een stabiele manier te gebruiken.
Ook in puur xenon deden zich ontladingen voor zonder stabiele elektronver-
sterking. Ten gevolge van deze resultaten concluderen we dat GridPix niet
geschikt is voor een directe ladingsmeting in 2-fase edelgas TPC’s.

Met als doel de verbetering van toekomstige donkere materie-experimenten
en het bestuderen van calibratie- en detectieprincipes hebben we op Nikhef
een kleinschalige xenonfaciliteit gebouwd: XAMS (xenonfaciliteit in Amster-



144 Samenvatting

C)°temperature (
-120 -100 -80 -60 -40 -20 0 20 40 60

)-
E

N
C

 (
e

80

90

100

110

120

130

140

chip1 (18 pixels)

chip2 (3 pixels)

chip3 (3 pixels)

Figuur E.2.: De elektronische ruis (ENC) van Timepix gaat met afnemende tempera-
tuur omlaag.

dam). Deze bevat een 2-fase xenon TPC met een actieve xenonmassa van
450 g. Figuur E.3 laat de gemonteerde XAMS TPC zien voor het sluiten van
het vat eromheen. Een koelinstallatie met een gesloten zuiveringscyclus levert
vloeibaar xenon naar de TPC. Daarin zitten twee lichtgevoelige fotobuizen
aan de uiteinden, boven en beneden. Ze meten het licht dat door de gam-
mastraling uit de volgende radioactieve bronnen in het vloeistof opgewekt
wordt: 22Na, 137Cs en 60Co met energieën van 511 keV tot 1330 keV.

Deze metingen hebben de werking van de TPC bevestigd. We hebben een
lichtopbrengst van 1,45 foto-elektronen/keV bij een energie van 122 keV zon-
der elektrisch veld bepaald. Voor de levensduur van elektronen die door de
vloeistof bewegen hebben we een waarde van 80 µs bepaald. Deze waarde is
vermoedelijk groter aangezien het xenon voor lange tijd door de zuiverings-
cyclus kon stromen. De functiestoring van de vloeistofmeter leidde echter tot
een verkeerd peil van het vloeibaar xenon met als gevolg een verlaagd S2-
signaal en beperkte statistiek van de verzamelde data.

Op het moment van schrijven wordt de XAMS-opstelling naar aanleiding
van de uitgevoerde metingen verbeterd. Een sterker systeem voor de data-
verzameling kan een groter aantal gebeurtenissen opslaan en een sterkere ra-
dioactieve bron zorgd voor hogere statistiek. Een nieuwe vloeistofmeter ver-
gemakkelijkt een nauwkeurige meting van het xenonpeil, wat tot een betere
controle van de S2 productie leidt. Met een voorgestelde duikersklok rond
het bovengedeelte van de TPC zou het xenonpeil zelfs per constructie stabiel
gehouden kunnen worden. Bovendien betekenen de meetresultaten waarde-
volle input voor simulaties van de detector. XAMS is dus een uitstekende
faciliteit om zowel de detectoreigenschappen van vloeibaar xenon als alterna-
tieve detectieprincipes te bestuderen om toekomstige experimenten op zoek
naar donkere materie te verbeteren.
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Figuur E.3.: Foto van de gemonteerde XAMS TPC. Een stapel van schijven van Teflon
omhult het actief volume van de TPC. Aan de onderkant is een van de fotobuizen
met zijn printplaat zichtbaar.





Zusammenfassung

Vor etwa 80 Jahren haben Astronomen das erste Mal beobachtet, dass sich
Spiralgalaxien (wie z.B. die Milchstraße) schneller drehen als erwartet: Die
errechnete Gesamtmasse von Sternen, Gas und Staub war zu klein, um für ge-
nug (anziehende) Schwerkraft zwischen den Sternen zu sorgen, um zu erklä-
ren, dass die Sterne sich trotz der Drehbewegung um das galaktische Zentrum
nicht voneinander entfernten. Das hätte schon viel früher zu einem Ausein-
anderdriften der Galaxie fühen müssen. Daraus schlossen die Wissenschaft-
ler, dass eine unsichtbare, oder dunkle Materie für die zusätzliche Schwerkraft
verantwortlich sein müsse. Seitdem verbindet die Suche nach dunkler Mate-
rie drei Disziplinen der modernen Physik: erstens die Astronomie, die Him-
melsobjekte und deren Bewegung untersucht; zweitens die Kosmologie, die
die Geschichte und Entwicklung unseres Universums verstehen und erklären
möchte; und drittens die Teilchenphysik, die sich mit den kleinsten Baustei-
nen der Materie beschäftigt. Astronomen und Kosmologen beobachteten noch
viel mehr Phänomene, die die Existenz von dunkler Materie nahelegen. Die
neuesten Messungen sagen sogar vorher, dass die dunkle Materie viel mehr
zur Masse (bzw. der Energiedichte) des Universums beiträgt als die „normale
Materie“ um uns herum: Demnach macht dunkle Materie etwa 27 % der Mas-
se aus, wohingegen sichtbare Materie gerade einmal 5 % beiträgt. Die übrigen
68 % werden einer rätselhaften „dunklen Energie“ zugeschrieben, von der wir
lediglich wissen, dass sie für die Expansion des Universums verantwortlich
ist.

Die Teilchenphysik hat Fortschritte bei sehr empfindlichen Detektoren ge-
macht, um ein Signal einer Wechselwirkung von möglichen Dunkle-Materie-
Teilchen nachzuweisen. Trotz vieler Hinweise auf ihre Existenz kann dunk-
le Materie nur durch eine direkte Messung zweifelsfrei bestätigt werden —
ein Ergebnis, worauf Forscher noch warten. Unter diversen Kandidaten für
ein Dunkle-Materie-Teilchen ist das sogenannte schwach wechselwirkende,
massereiche Teilchen mit der englischen Abkürzung WIMP. Theorien sagen
vorher, dass WIMPs mit Atomen eines Detektormaterials zusammenstoßen
können. Die dabei übertragene Rückstoßenergie wird dann in Form von Licht
durch Szintillation, elektrische Ladung durch Ionisation und Wärme freigesetzt.
Verschiedene Experimente haben sich auf den Nachweis von einem oder zwei
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dieser Phänomene spezialisiert. In einer Zweiphasenspurkammer zum Bei-
spiel, die mit flüssigem und gasförmigem Argon oder Xenon gefüllt ist, würde
die Rückstoßenergie einer hypothetischen WIMP-Kollision zu einem soforti-
gen Lichtsignal (S1) durch die Szintillation und einem verzögerten Signal (S2)
durch die Ionisation führen. In der Praxis wird S2 ebenfalls als Licht wahrge-
nommen, hervorgerufen durch die Ionisationselektronen, die in der dünnen
Gasschicht über der Flüssigkeit stark beschleunigt werden. Zur Zeit sind Ex-
perimente mit xenongefüllten Zweiphasenspurkammern am empfindlichsten
für den Nachweis von WIMPs, bisher jedoch ohne einwandfreie Entdeckung.
Eine WIMP-Wechselwirkung wird lediglich einmal pro Jahr pro Kilogramm
Detektormasse erwartet. Um solch ein seltenes Ereignis endlich nachweisen
zu können, müssen für künftige oder aufgerüstete Experimente zur Suche
nach dunkler Materie die Detektormasse erhöht, die Detektionsschwelle ver-
ringert sowie Untergrundsignale besser unterdrückt werden.

Eines der zukünftigen Experimente wird vom DARWIN-Konsortium (engl.
Suche nach dunkler Materie/WIMPs mit flüssigen Edelgasen) geplant. Der
Vorschlag umfasst den Einsatz von mehreren Tonnen flüssigem Argon und
flüssigem Xenon, um die sich ergänzenden Detektoreigenschaften der beiden
Materialien auszunutzen. Im Rahmen der Forschung und Entwicklung für
DARWIN gibt es Projekte, die sich alternativen Ansätzen für die Messung der
Rückstoßenergie widmen. Die bisher für die Lichtmessung eingesetzten Pho-
tomultiplier enthalten nämlich relativ hohe Anteile von radioaktiven Elemen-
ten, was diese sehr empfindlichen Detektoren zu einer Störquelle im Innern
der Spurkammer macht. Eine Verbesserung dieses Untergrundes könnten De-
tektoren bieten, die sich einfacher aus reinen Materialien herstellen lassen (oh-
ne radioaktive Verunreinigungen). Eines der DARWIN-Forschungsprojekte
untersucht daher die direkte Messung des Ladungssignals mit Hilfe von Grid-
Pix: einem mikrostrukturierten, gasgefüllten Detektor, bestehend aus einem
Verstärkungsgitter aus Aluminium, das über einem „Timepix“ genannten Pi-
xelchip angebracht ist, der größtenteils reines Silizium enthält.

GridPix bietet eine hohe Nachweiseffizienz von einzelnen Elektronen und
einen typischen Verstärkungsfaktor von etwa 10 000. Normalerweise wird er
bei Raumtemperatur eingesetzt, gefüllt mit einem Gemisch aus einem Edel-
gas und einem sogenannten Löschgas, das die Entstehung von Entladungen
während des Verstärkungsprozesses verhindert. Dank der Mikrostruktur der
Gitterlöcher, die mit einem Abstand von 55 µm über den Pixeln ausgerich-
tet sind, entspricht ein angeregter Pixel einem einzelnen Ionisationselektron
im Gasvolumen; vorausgesetzt, dass die driftenden Elektronen ausreichend
auseinander diffundieren. Mit diesen Eigenschaften, zusammen mit der Zeit-
auflösung des Timepix-Chips, konnten wir die Driftgeschwindigkeit und die
transversale Diffusion von Elektronen in CO2/DME 50/50 bestimmen. Dieses
Gasgemisch erfüllt Anforderungen an die Messung von Teilchenspuren, da es
zwar eine niedrige Driftgeschwindigkeit bietet, aber die geringe transversale
Diffusion eine präzise Rekonstruktion der Spuren ermöglicht.

Um zu überprüfen, ob GridPix für den Einsatz in zweiphasigem Edelgas ge-
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eignet ist, betrieben wir ihn in einer argongefüllten Spurkammer bei −186 ◦C.
Die Ergebnisse verdeutlichten die folgenden Herausforderungen dieser Tech-
nologie. Im Vergleich zu Gasgemischen ist der Verstärkungsfaktor in reinen
Edelgasen niedriger und war daher zu klein, um Signale mit dem Timepix-
Chip zu messen. Zudem führte die niedrige Temperatur, zusammen mit un-
terschiedlichen thermischen Ausdehnungskoeffizienten, zu einem Reißen des
Verstärkungsgitters. Als Konsequenz dieser Studie haben wir die diversen
technologischen Aspekte systematisch untersucht, und uns dabei auf Xenon
konzentriert, dessen höherer Siedepunkt von −106 ◦C entspanntere Bedingun-
gen verspricht.

Erstens führten wir Temperaturwechselexperimente mit modifizierten Git-
terstrukturen auf Siliziumsubstraten (nicht auf Timepix-Chips) durch. Diese
zeigten, dass ein allmähliches Abkühlen mit guter thermischer Kopplung und
eine Epoxidverstärkung der Gitterränder unabdingbar dafür sind, dass die
Gitter nicht durch die thermischen Spannungen reißen, siehe Abbildung F.1.
Zweitens untersuchten wir das elektronische Rauschen von Timepix-Chips,
ebenfalls während Temperaturwechselexperimenten. Abbildung F.2 zeigt, wie
die äquivalente Rauschladung von 129 Elektronen bei Raumtemperatur auf
99 Elektronen bei −125 ◦C abnimmt. Für einen rauschfreien Einsatz bei dieser
Temperatur läge die Schwelle bei etwa 600 Elektronen. Der Nachweis von ein-
zelnen Ionisationselektronen würde also einen Verstärkungsfaktor von min-
destens 600 voraussetzen. Als endgültige Herausforderung galt eine hinrei-
chende Elektronverstärkung in reinem Edelgas (ohne Beimengung von Lösch-
gas). Nach Vergleichsmessungen der Verstärkung im Gemisch Argon/Isobu-
tan 90/10, betrieben wir GridPix in ungemischtem Argon (von unterschied-
lichen Reinheitsgraden) und in reinem Xenon. In Argon mit einer Restverun-
reinigung von 30 Teilen pro Million (ppm) konnten wir einen Verstärkungs-
faktor von 650 bestimmen; bei 1 ppm war jedoch kein stabiler Betrieb mehr
möglich, da Entladungen selbst bei mittleren Feldstärken auftraten. In reinem
Xenon verhinderten Entladungen ebenfalls eine stabile Elektronverstärkung.
Daraus folgern wir, dass GridPix nicht die Anforderungen an eine alternative
Ladungsauslese für Zweiphasenspurkammern erfüllt.

Mit dem Ziel, zukünftige Experimente zur Suche nach dunkler Materie zu
verbessern sowie Kalibrier- und Nachweismethoden zu untersuchen, haben
wir eine kleine Xenonanlage am Nikhef aufgebaut und in Betrieb genommen:
XAMS (Xenonanlage in Amsterdam). Sie enthält eine Zweiphasenspurkam-
mer mit einer aktiven Xenonmasse von 450 g. Abbildung F.3 zeigt die zusam-
mengesetzte Spurkammer vor dem Schließen des Kryostaten. Ein Kühlsystem
mit einem geschlossenen Reinigungskreislauf versorgt die Spurkammer mit
flüssigem Xenon. Zwei lichtempfindliche Photomultiplier am oberen und un-
teren Ende der Spurkammer registrieren das Szintillationslicht, das durch die
Bestrahlung des aktiven Volumens mit den folgenden radioaktiven Kalibrier-
quellen hervorgerufen wird: 22Na, 137Cs und 60Co mit den jeweiligen Energien
von 511 keV bis 1330 keV.

Die Messungen bestätigen die Funktion der Spurkammer. Wir konnten eine
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Abbildung F.1.: Foto der modifizierten GridPix-Gitterstrukturen (mit einem Silizium-
substrat) nach einem Temperaturzyklus bis −130 ◦C. Die Strukturen überstanden
die niedrige Temperatur dank der guten thermischen Kopplung (Wärmeleitpaste
auf einem Element mit Kühlrippen) und einer dünnen Epoxidschicht entlang des
Randes des Verstärkungsgitters.
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Abbildung F.2.: Die äquivalente Rauschladung (engl. ENC) des Timepix-Chips wird
mit abnehmender Temperatur kleiner.
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Abbildung F.3.: Foto der installierten XAMS-Spurkammer im offenen Kryostaten. Ein
Stapel aus Scheiben aus PTFE (Teflon) umschließt das aktive Volumen der Spur-
kammer. An der Unterseite, eingebettet in die unterste PTFE-Scheibe, ist der un-
tere Photomultiplier mit seiner Platine zu sehen.

S1-Lichtausbeute von 1,45 Photoelektronen/keV für eine Energie von 122 keV
(ohne Driftfeld) bestimmen. Die gemessene Lebensdauer driftender Elektro-
nen von 80 µs ist geringer als erwartet, basierend auf der langen Zeit, in der
das Xenon durch den Reinigungskreislauf strömte. Allerdings führte die Fehl-
funktion des Füllstandsmessers zu einem fehlerhaften Pegel des flüssigen Xe-
nons, was ein reduziertes S2-Signal und demnach eine begrenzte Statistik der
gesammelten Daten zur Folge hatte.

Zum Zeitpunkt der Erstellung der Arbeit wird XAMS basierend auf den Er-
gebnissen der Inbetriebnahme aufgerüstet. Ein verbessertes Datennahmesys-
tem kann mehr Ereignisse speichern und eine stärkere Kalibrierquelle sorgt
nun für eine höhere Datenrate, um die Statistik der Messungen zu verbes-
sern. Ein neuer Füllstandsmesser ermöglicht eine genaue Messung des Flüs-
sigkeitspegels, was zu einer besseren Kontrolle des Prozesses zur Erzeugung
des S2-Signals führt. Eine Tauchglocke um das obere Ende der Spurkammer
könnte sogar einen stabilen Flüssigkeitspegel garantieren. Die Erkenntnisse
der durchgeführten Messungen bedeuten einen wertvollen Ausgangspunkt
für Monte-Carlo-Simulationen des Detektors. Die XAMS-Spurkammer ist ein
ausgezeichnetes Werkzeug für die Untersuchung der Eigenschaften von flüs-
sigem Xenon sowie von alternativen Detektortechnologien mit dem Potenzial,
die Suche nach dunkler Materie zu verbessern.
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