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Zusammenfassung

Seitdem der neutrinolose doppelte Betazerfall 1937 als Möglichkeit vorgeschlagen wurde,
die Majorana-Natur des Neutrinos nachzuweisen [1], beschäftigt die Suche danach schon
mehrere Generationen an Experimentatoren. Auf der einen Seite würden sich mit einem
Nachweis dieses sehr selten, hypothetischen Zerfalls eine Reihe von bedeutenden Fragen der
Teilchenphysik beantworten lassen. Auf der anderen Seite jedoch ist das ganze Unterfangen
mit einer Vielzahl an Herausforderungen verbunden, die gemeistert werden müssen.

Die schwierigste Aufgabe besteht darin, das gesuchte Signal von möglichen Unter-
grundsignalen unterscheiden zu können, da die Wahrscheinlichkeit, dass der gesuchte
Zerfall stattfindet sehr, sehr klein ist. Um eine Unterscheidung zwischen verschiedenen
Zerfällen machen zu können, muss die Energie gemessen werden. Zusätzlich könnte das
Messen der Trajektorie der Zerfallsteilchen bedeutend dabei helfen, Signal und Untergrund
voneinander zu trennen.

Im Rahmen dieser Promotion wurden verschiedene Techniken entwickelt und erprobt,
um solche Trajektorien vermessen zu können und experimentell gezeigt, dass anhand
der Trajektorien eine Unterscheidung verschiedener Zerfallsarten tatsächlich möglich ist.
Mit dem Timepix, einem hybriden Halbleiterdetektor, der 1mm Cadmium-Tellurid als
Sensormaterial hatte, wurden zweidimensionale Spuren von comptongestreuten Elektronen
und Elektron-Positron Paaren gemessen. Mit Hilfe von künstlichen neuronalen Netzen
konnten beide Ereignistypen voneinander unterschieden werden. Anschließend wurde
zum ersten mal gezeigt, dass sich mit dem Timepix Detektor dreidimesionale Spuren von
hochenergetischen Elektronen im Halbleitersensor rekonstruieren lassen.

Weiterhin wurde ein neues Konzept erarbeitet, um dreidimesionale Teilchenspuren
anhand von Szintillationslicht rekonstrukieren zu können. Dieses konnte bei einem Erstver-
such erfolgreich angewendet werden, um dreidimensionale Spuren von hochenergetischen
Elekronen zu rekonstruieren. Dazu wurde ein neuer Detektor - der hybride Photonende-
tektor - verwendet, dessen absolute Quanteneffizienz im Vorfeld mit der Methode von
Klyschko vermessen wurde.
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Abstract

Since its prediction in 1937 [1], several generations of experimental physicists have tried
to confirm the neutrinoless double beta decay. An observation would have fundamental
consequences for the understanding of particle physics. However, the experimental
requirements are very demanding wherefore the race is still ongoing between many
collaborations.

The main challenge in this field is the reduction of background. Any decay in the
natural decay chain is orders of magnitude more likely than the neutrinoless double beta
decay. The half-life of this decay is known to be longer than 1025 years. Therefore, any
detector will see a vast majority of events which are not signal events. Such events have
to be identified and rejected. Primarily, this is done by measuring the kinetic energy of
the decay products but also the trajectory of the particles resulting from the decay can
be used for identification.

Within the scope of this thesis different techniques were developed and tested which
can be used to record such trajectories. It was shown that trajectories can be used
indeed to identify and distinguish different types of events. The hybrid semiconductor
detector named Timepix was used to record two-dimensional tracks of Compton-scattered
electrons and electron-positron pairs in a 1mm thick cadmium-telluride sensor layer.
Artificial neural networks could successfully be employed to distinguish both event types.
Furthermore, a “proof-of-principle” experiment was successfully performed where three
dimensional trajectories of high energetic electrons could be reconstructed from data
recorded with a similar Timepix detector.

Also, a new concept, where three dimensional trajectories of ionizing particles are
imaged by scintillation light, was developed and successfully tested. In a “proof-of-principle”
experiment three dimensional trajectories of high energetic electrons through a scintillator
were reconstructed from data taken with a novel single photon detector - the hybrid
photon detector. Beforehand the detector’s absolute quantum efficiency was determined
with the method of Klyshko.
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I Introduction

With the recent discovery of the Higgs-Boson the Standard Model of particle physics is
complete. Does this mean that physicist who work in the field of elementary particle
physics are going to be unemployed soon? The answer is definitively no. There is
overwhelming evidence for physics beyond the standard model, i.e. experimental data
which we are not able to understand within the framework of the standard model. Two
prominent examples are indirect observations of dark matter and the observation of
neutrino oscillations. Reasonable explanation for the observed phenomena can be given
by different extensions to the standard model. Further important predictions of these
theories can be tested in so called low-background experiments.

A specific example for such an experiment is the search for neutrinoless double beta
decay. The prediction is that particular nuclei can undergo a very rare decay where two
neutrons within the nucleus decay to two protons and two electrons; and no antineutrinos
are emitted. Hence, the name - neutrinoless double beta decay. As no antineutrinos are
emitted the electrons carry away the full Q-value of the decay as their sum kinetic energy.
So far, so good but what makes this prediction so exciting?

A couple of facts: First of all, the decay violates lepton number conservation. Secondly,
the decay can occur only if the neutrino is a Majorana particle and consequently its own
anti-particle - a total exception in the case of fermions. Both facts give direct evidence
to physics beyond the standard model and would make it unavoidable to extend the
standard model by the framework of Majorana particles. Until now, the observation of
neutrinoless double beta decay (or the neutrinoless double electron capture) is the only
way to definitely proof the Majorana character of neutrinos (and anti-neutrinos). At last,
from the half-life of neutrinoless double beta decay capable nuclei, one can calculate the
effective Majorana mass and draw conclusions about the neutrino mass hierarchy - an
unsolved problem of particle physics and cosmology.

Essentially, one can say, that the search for neutrinoless double beta decay bears an
enormous potential for new discoveries in particle physics. Of course, these discoveries
are not for free - the technical requirements for such experiments are at least as high as
the possible benefits for the physics community: A very large amount of nuclei under
investigation and therefore a large detector mass are necessary. At the same time, a good
energy resolution and as little background as possible are inevitable.

Talking about backgrounds - what is background in the case of a neutrinoless double
decay experiment? Background is any kind of ionizing radiation that will deposit as much
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6 I Introduction

energy as the Q-value of the particular neutrinoless double beta decay in the sensitive
detector volume. Since the decay under observation is very rare, any kind interaction of
the sensitive volume with an ionizing particle such as α-, β- or γ-particle that is released
from a decay in the natural decay chain or from cosmic radiation, is way more probable
that the actual decay. This will produce false positive events and eventually lead to wrong
conclusions.

The conventional way to deal with background is to reduce external background by
shielding and internal background by using radiopure materials for detector fabrication.
Yet, no matter how radiopure the detector components are and how thick the shielding is,
some background events might still occur in the detector and lead to false positive event.

A different way to deal with background is to use active background suppression
techniques (instead of only passive ones). One of these techniques is particle identification
by tracking: Since different types of particles will have different propagation trajectories
through the sensitive detector volume, a pixelated detector can be used to detect two
dimensional trajectories (of these particles) and distinguish them. However, three dimen-
sional trajectories provide way more information for particle identification and therefore
it is desirable to have a detector technology which makes it possible to acquire three
dimensional trajectories. The scope of this thesis was to investigate the feasibility for
the realization of a detector which can provide three dimensional trajectories of particles
propagating through its sensitive volume.

For this purpose two different detectors were used. Firstly, a Timepix-detector with a
cadmium-telluride sensor was used which makes it possible to measure two dimensional
tracks of ionizing radiation propagating through its sensor layer. Single electron tracks
from Compton-scattering and pair-production events, generated by 2.6MeV photons from
a 208Tl source, were measured and artificial neural networks were successfully applied
to distinguish between both types of events. The result demonstrated that the idea of
active background reduction by tracking works in general but as simulations show three
dimensional trajectories promise much better separation power.

This was the starting point to investigate how a detector could be constructed that can
fulfill this goal: A similar Timepix-detector was used for a “proof-of-principle” experiment
of three dimensional particle tracking in a semiconductor layer. Ahead of the experiment,
an algorithm was developed by my colleague, Thomas Gleixner, which is capable to
reconstruct three dimensional tracks from data which could be acquired with an optimized,
specific pixelated semiconductor detector. Although the Timepix does not have all the
functionality required for this method, we could successfully reconstruct electron tracks
from data that was taken at the DESY T-22 beam line with 4.4GeV electrons. Such
particles can be regarded as minimal ionizing and therefore produce straight tracks within
the sensor layer as well as deposit nearly the same energy in every pixel. This provides the
additional information that cannot be acquired with the Timepix detector but is needed
for the reconstruction algorithm.
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Although a Timepix detector with a thin sensor layer can provide valuable tracking
information, one can imagine that it is hard to built up a large mass experiment from
sensors which have a mass of only 1.2 g each. One could think about thicker sensors but
there is a physical limitation to the sensor thickness if tracking should be possible and
that limitation is set by diffusion. If charge carriers (like in a semiconductor detector)
are drifted vertically across the sensor volume they diffuse horizontally at the same time.
After some centimeters of drift, it is hardly possible to see a nice trajectory since the
trajectory information is smeared out by diffusion.

A possibility to overcome this problem is to use the scintillation signal (photon signal)
instead of the ionization signal for tracfking. This requires a detector which is able so detect
single photons and provide spatial and temporal information about them simultaneously.
Such a detector is the hybrid photon detector, a novel device based on a photocathode,
a stack of micro channel plates and four Timepix-ASICs. The third part of this thesis
is about the operation and calibration of this detector. Here, the goal was to determine
the absolute quantum efficiency for optical photon detection which was performed by
the method of Klyshko in collaboration with the Max-Planck Institute for the Physics of
Light.

In the forth part a “proof-of-principle” experiment for particle tracking by scintillation
light is presented. The idea of the experiment was to image multiple two dimensional
projections of electron tracks through a scintillator onto the HPD and reconstruct three
dimensional tracks from these projections. The optical setup consisted of a plastic
scintillator, two lenses, two mirrors and the HPD. Data was taken at the DESY T-24
beamline with electrons of 5GeV and their tracks through the scintillator could successfully
be reconstructed.

The manuscript is structured as follows: The second chapter gives an introduction
to the neutrinoless double beta decay, the common experimental techniques in the field
and recent experimental results. The third chapter presents the two publications about
tracking and three dimensional track reconstruction with cadmium-telluride Timepix
detectors. Chapter four presents both publications which involve the application of the
hybrid photon detector. In chapter five, the results are summarized and an outlook on
possible improvements is given.
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II.1 A Short Introduction to the Theory of Neutrinoless Double
Beta Decay

The double beta decay (2νββ) is a forth-order weak process where two neutrons in a
nucleus decay to two protons, two electrons and two antineutrinos:

2n → 2p+ 2e− + 2ν̄e (II.1)
136Xe → 136Ba + 2e− + 2ν̄e (example)

This process is possible if a nucleus is in an energy state as shown in Fig. II.1a: A
usual beta decay would be possible if the state Et was energetically favorable, i.e. Et < Ei
but this is not the case. Only the state Ef is energetically favorable (Ef < Ei) and
therefore such nuclei decay by a double beta decay. Under particular conditions, which
are described below, such a nucleus could also decay by the so-called neutrinoless double
beta decay (0νββ):

2n → 2p+ 2e− (II.2)
136Xe → 136Ba + 2e− (example)
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10 II The Neutrinoless Double Beta Decay

There are about 60 natural nuclides capable of this decay. The most fashionable ones
concerning experiments are listed with their most important properties in table II.1. The
Feynman diagram of this process is shown Fig. II.1b. As no antineutrinos are present in
the final state (i.e. are not emitted in the decay process), the lepton number conservation
is violated. Thus, 0νββ is a process which can only take place if physics beyond the
standard model exists. Two additional theoretical assumptions beyond the standard model
are necessary to describe this process:

First of all, in the standard model the neutrino and the antineutrino are regarded as
two different particles. In a beta decay, an antineutrino is emitted whereas in an inverse
beta decay, a neutrino is absorbed by the neutron and a proton and an electron are present
in the final state. The neutrinoless double beta decay can be regarded as a simultaneous
occurrence of both processes. However, since in the beta decay an antineutrino is involved
(i.e. going out from the vertex) and in the inverse beta decay a neutrino (i.e. going into
the vertex), one has to assume that a conversion mechanism exists or that the condition
ν̄e ≡ νe is fulfilled (i.e. the neutrino is its own anti-particle). In fact for the first time this
idea was proposed by Ettore Majorana in 1937 [2], wherefore neutrinos which fulfill this
property are referred to as Majorana neutrinos.

Besides the mechanism shown in Fig. II.1b, where the neutrino is assumed to be a
Majorana-particle, other mechanisms are theoretically possible which predict the existence
of 0νββ as well. Several mechanisms have been proposed and discussed in the past, like
the emission of a Majoron or the exchange of SUSY-particles between the vertices II and
III (see [6, 10]). However, in 1982 Schlechter and Valle could prove that, if the 0νββ truly
exists, the neutrino is a Majorana particle indeed - no matter what kind of mechanism is
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Figure II.1: a) Energy levels (schematic) of a nucleus capable of the double beta decay.
The transition to the state Et by a single beta decay is not possible. A second-order
transition can happen to the state Ef by a double beta decay. b) Feynmann diagram of
0νββ in the case of Majorana neutrino exchange.



II.1 A Short Introduction to the Theory of Neutrinoless Double Beta Decay 11

responsible for the decay to happen [4].

Secondly, in the standard model the neutrino is regarded as a massless particle.
However, due to evidence from neutrino oscillation experiments, neutrinos seem to have
a small but non-zero rest mass. This is also required in the case of 0νββ due to the
following reason: Neutrinos can couple to W−-bosons only if they are left-handed and
antineutrinos only if they are right-handed. Therefore between both vertices (II and III),
the neutrino/antineutrino has to flip helicity. The helicity H of particle can be written as

H = ~s · ~p
|~s| |~p|

, (II.3)

where ~s is the spin and ~p the momentum of the particle. Therefore, the helicity can flip if
the direction of the momentum changes, i.e. if such a reference frame can be found that ~p
changes its sign. This is only possible if the particle travels with a speed slower than the
speed of light and therefore must have a non-zero rest mass. Details about the theory of
0νββ can be found in [7, 8, 9, 10].

The idea to use the neutrinoless double beta decay in order to proof the Majorana
nature of neutrinos dates back to 1937 [1]. In order to examine how realistic this goal is,
the half-life T−1

0ν of nuclides which are capable of 0νββ had to be derived [3]. It is given
by the following formula [5]:

T−1
0ν = G0ν(Qββ,Z) |M0ν |2

|mββ|2

m2
e

(II.4)

The first expression on the right hand side G0ν(Qββ,Z) is the phase space volume of
the process which depends on the full Q-value (Qββ = Ei−Ef ) of the decay and the mass
number of the nucleus Z. The second factor M0ν is the transition matrix element which

Isotope Qββ [keV] Natural Abundance [%] Lower limit on 0νββ half-life [a]
76Ge 2039 7.44 2.2 · 1025

130Te 2528 33.799 1.8 · 1024

116Cd 2814 7.49 1.7 · 1023

136Xe 2458 8.9 3.4 · 1025

48Ca 4272 0.187 5.8 · 1022

100Mo 3034 9.63 1.1 · 1024

82Se 2995 8.73 3.6 · 1023

150Nd 3367 5.64 1.8 · 1022

Table II.1: A list of important isotopes capable of double beta decay with their Q-value,
natural abundance and measured limits on the half-life. Values were taken from [10, 21,
20, 24, 44].
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incorporates the dynamics of the transition, i.e. properties of the particular nuclei that are
involved in the transition. The last factor is the effective Majorana-mass |mββ|. Although
the formula for the half-life takes this simple form, the calculation of the individual parts
is complex.

The easiest part is the phase-space volume which is a known integral over the mo-
mentum space of all final states. Numerical values can be found in [8]. In contrast to
this calculating the transition matrix elements M0ν is a highly non-trivial task. Several
methods have been developed over the past 30 years to cope with this problem. Details
about these methods can be found in [16]. Among others the most common methods are
IBM-2 (Interacting Boson Model), QRPA (quasiparticle random phase approximation) and
LSSM (Large Scale Shell Model) which are compared in [17]. The results of the different
methods for several nuclides are shown in Fig. II.2. They have relatively high uncertainties
and the results may differ from each other for particular nuclides by almost a factor of 2.
The exact knowledge of the matrix elements is important for a precise determination of
the effective Majorana mass |mββ| by inverting formula II.4 after measuring T0ν .

In contrast no value or constraints can be derived solely from theory for the effective
Majorana mass |mββ| which is defined as

0.0
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EDF
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76Ge 82Se 96Zr 100Mo116Cd124Sn 130Te 136Xe48Ca 150Nd128Te

Figure II.2: Matrix elements for different 0νββ nuclei calculated with IBM-2, QRPA
and LSSM approaches. Taken from [8].
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|mββ| =
∣∣∣∣∣∑
i

Uei
2mi

∣∣∣∣∣ , (II.5)

where m1, m2 and m3 are the masses of the three neutrino mass eigenstates and Uei
are the elements of the PMNS-mixing matrix [20]. The PMNS-mixing matrix describes
the probability of a particular neutrino flavor eigenstate to be found in a particular mass
eigenstate. As the factors Uei are complex numbers, a problem for experiments arises.
It is illustrated in Fig. II.3a and II.3b: If one assumes an optimistic scenario, nature
has chosen the phases αi in such a way that |mββ| is large enough and the 0νββ can be
observed experimentally. On the other hand if a pessimistic scenario is assumed, the
phases cause a cancellation (|mββ| ≈ 0) or such a small effective Majorona mass that an
observation is practically impossible. The whole parameter space is shown Fig. II.5 where
the absolute value of the effective Majorana mass is plotted versus the lowest neutrino
mass mν,low. The outer right area is disfavored by results from cosmology; the outer top
area is excluded by results of past experiments. The NS area belongs to the normal mass
scenario (m1 < m2 < m3) and the IS area to the inverted scenario (m3 < m1 < m2) [8].

The neutrino mass hierarchy is another unsolved problem of neutrino physics: From
neutrino oscillation experiments only two neutrino mass differences (∆m12 and ∆m23)
could be determined so far. Hence, the arrangement of the neutrino masses allows for
three different scenarios which are shown in Fig. II.4; which one is chosen by nature is
unknown until now [11]. The knowledge about the three possible hierarchies puts strong
constraints on the effective Majorana mass as shown on the plot in Fig. II.5. On the
other hand, if a value for the effective Majorana mass can be determined experimentally,
it would nail down the neutrino mass hierarchy and solve another fundamental problem
of neutrino physics.
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∣Ue3∣
2
ei2α31m3

(b)

Figure II.3: Two random examples of possible scenarios for Majorana phases. In the
first case (a) the Majorana phases have such values that |mββ | ≈ 0.2 eV and an exper-
imental observation is possible. In the second case (b) the Majorana phases cause an
effective Majorana mass of |mββ | ≈ 0 which is impossible to observe experimentally.
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Figure II.4: Schematic visualization of the three possible scenarios for the neutrino
mass hierarchy: a) normal scenario; b) inverted scenario; c) quasi degenerate scenario.

At this point it is also interesting to broach the implications for 0νββ which emerge
if models with sterile neutrinos are considered [11]. Such models assume that there
are more than three neutrino flavors and those additional neutrinos cannot interact
electromagnetically, weekly or strongly (with other particles). Their existence can be
proven by neutrino oscillation: A SM neutrino (electron, muon or tau) could oscillate into
a sterile neutrino and thus disappear from our observations. If we know the total neutrino
flux, we will measure less neutrinos that we would expect. Currently, such models are
widely discussed in theory and several experiments are running to measure this kind
of neutrino disappearance [13]. For a scenario with one sterile neutrino the parameter
space for |mββ| and mν,low is shown in Fig. II.6a and II.6b, respectively. The plot on
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Figure II.5: The constraints on the effective neutrino Majorana mass |mββ | for the
different neutrino mass hierarchies. The two bands represent the inverted scenario (IS)
and the normal scenario (NS), respectively. Taken from [8].
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Figure II.6: The parameter space (pink) for |mββ | in the case of one sterile neutrino.
The left plot corresponds to the normal scenario and the right to the inverted scenario.
The blue area are the constraints for the neutrino mass |mββ | which can be determined in
tritium-decay experiments like KATRIN [12]. The plots are taken from [11].

the left corresponds to the normal hierarchy whereas the plot on the right refers to the
inverted hierarchy with one sterile neutrino. Here, the sterile neutrino is assumed to be the
heaviest in a 4-neutrino mass hierarchy. Apparently, in such a case neither the effective
Majorana mass |mββ| has practical constraints which are motivated by the neutrino mass
hierarchies1 nor a knowledge about |mββ| can be used to conclude which neutrino mass
hierarchy is chosen by nature.

II.2 Experimental Methods and Techniques

II.2.1 Detector Mass and Energy Resolution

The starting point for experimental considerations is the expected half-life for 0νββ decays:
T0ν > 3.4 ·1025 a (for 136Xe, [44]). It ultimately dictates the mass of the experimental setup
which is required to make an observation. This fact is easy to understand if one assumes
the (obviously) unrealistic scenario that there are no backgrounds for 0νββ. In this case,
after an observation time T (also often called exposure time), the number of observed
0νββ events (which is the number of decayed nuclei since there are no backgrounds) is
given by

1 All regions which would be excluded by the neutrino mass hierarchy argument are already excluded
by direct search for 0νββ.
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N(t) = N0 −N0 · exp
(
−T ln 2

T0ν

)
. (II.6)

N0 is the number of nuclei at the beginning of the experiment: N0 = m
mA
· NA · ε,

where m is the mass of the experiment in kg, mA the atomic mass of the isotope, NA the
Avogadro constant (NA = 6.0233 · 1023 1

mol
) and ε the degree of enrichment of the isotope

within the detector. On a practical time scale exposure times between 1 and 5 years are
considered to be reasonable and an enrichment grade of about 80 % is feasible. Therefore,
to be able to detect at least five 0νββ event on this time scale, the detector mass has to
be at least

M > 30 kg. (II.7)

This basically points out the first main challenge for experimentalists: Any detector
technology that is suitable to be used for 0νββ search must be scalable to large masses at
reasonable cost and reliably operate for a long time.

During its operation the detector must measure the sum energy of the two electrons
which are created during a 0νββ decay. As in the case of 0νββ the full decay energy is
shared only amongst the two electrons, one expects to measure a distinct peak at the
Q-value. However, every nucleus which can undergo 0νββ is also able to decay via 2νββ;
and this decay will happen with a much higher probability since 2νββ is not forbidden in
the standard model. In this case the energy is shared amongst four particles, namely two
electrons and two antineutrinos, wherefore a broad energy distribution is measured for
the energy sum of the two electrons. If an ideal detector, which means a detector with
perfect energy resolution, was used for the experiment, an energy spectrum as shown in
Fig. II.7 should be measured with a broad distribution for 2νββ (blue) and a prominent
peak (red) at the Q-value for 0νββ (assuming the decay exists and the experiment has
enough mass and exposure time).

E

2νββ

0νββ

Emax

Figure II.7: The expected schematic
spectrum of a 0νββ nuclide measured
with an ideal detector. The blue distri-
bution is produced by 2νββ whereas the
prompt peak (red) at the Q-value is due
to 0νββ. Taken from [14].
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Figure II.8: The 2νββ and 0νββ spectrum of 116Cd around the Q-value (2.814MeV) as
expected to be measured with a detector of 5.0% FWHM (left) and 2.0% FWHM (right)
energy resolution at the Q-value. The half-lifes are assumed to be T0ν = 2.9 · 1019 a (2νββ)
and T0ν = 1 · 1026 a (0νββ). Even if no other backgrounds existed, still a sufficient energy
resolution is required to distinguish between 2νββ and 0νββ events. Taken from [14].

Unfortunately, in reality detectors always have a finite resolution and therefore 2νββ
provides an unavoidable background to 0νββ. The energy resolution Res(E0) of a detector
is the ratio between the full width at the half maximum (FWHM) of a peak and the peak
average energy E0 if the peak is fitted with a Gaussian distribution:

Res(E0) = FHWMkeV (E0)
E0

= 2.355σkeV (E0)
E0

. (II.8)

In Fig. II.8 a zoom around the Q-value is shown. The plots show the theoretical
prediction for the double beta spectrum measured with a 116Cd detector system with an
energy resolution of 2.0% (FWHM) and 5.0% (FWHM), respectively [14]. The half-lifes
for 2νββ and 0νββ are assumed to be T2ν = 2.9 · 1019 a (2νββ) and T0ν = 1 · 1026 a
(0νββ). Thus, the 0νββ peak is really tiny compared to the 2νββ spectrum. At an energy
resolution of about 2.0% it is clearly separated whereas an energy resolution of 5.0% is
not sufficient any more. The larger the 0νββ half-life actually is, the better the detector
resolution has to be. This comparison is illustrated in Fig. II.9 (taken from [15]). If a
half-life of 6.7 · 1023 a is assumed, the peak can be resolved at an energy resolution of
4.0%; however, this is not the case if the half-life is larger than 1.6 · 1025 a .

In order to fulfill these two requirements - a large detector mass and a good energy
resolution - most experiments are designed in such a way that the decaying material is
used as the sensitive volume of the calorimeter. This has two advantages: The first one
is that the electrons go through the sensitive volume immediately after their decay and
hence no energy is lost during the propagation through non-sensitive volume. This reduces
the uncertainty in the energy measurement and increases the energy resolution. Secondly,
this allows to built detectors with a good volume-to-surface ratio which can be used to
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Figure II.9: The 2νββ and 0νββ spectrum of 116Cd around the Q-value (2.814MeV)
as expected to be measured with a detector of 4.0 % (FWHM) energy resoultion. De-
pending on the actual half-life of 0νββ the energy resolution might be not sufficient to
distinguish between 2νββ and 0νββ events. Taken from [15].

assign a so-called fiducial volume within the detector: If a position sensitive detector
is used, events on the detector surface are rejected and only events within an “inner
volume” - the fiducial volume - are taken into account as non-background events. Past
and currently running experiments have proven fiducializing to be a valuable technique to
reduce the background level for 0νββ by orders of magnitude because most background is
provided by contamination on detector surfaces or from surroundings in the underground
laboratories in which 0νββ experiments are normally located [23].

II.2.2 Backgrounds

In this subsection a detailed review on radioactive backgrounds for 0νββ will be given.
Backgrounds are events due to any kind of radiation but not 0νββ which occur in the
sensitive detector volume and deposit as much energy as the Q-value [28]. They can be
confused with the 0νββ if no further information about the event is provided and hence
give a false positive although no actual 0νββ event occurred. It turned out to be the most
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important task for 0νββ experiments to understand deeply which sort of background can
occur and how it can be avoided or rejected after data analysis. For any 0νββ experiment
it is also important to know the composition of its background since particular types of
backgrounds are very easy to deal with whereas some backgrounds are very hard to get
rid off. In principle, there are five main sources of background which are listed below:

α-particles from natural decay chains (mostly from 238U, 235U and 232Th decay chains).
Such events occur usually on the detector surface due to contamination within the detector
electronics. This type of background is the easiest to be rejected by fiducializing, pulse
shape discrimination and tracking. As the penetration depth of α-radiation is very small
(a few micrometers in solids and liquids), α-radiation from the outside of the detector can
be shielded easily.

Muons which are usually produced in cosmic ray showers. To avoid this background the
detector is placed into an underground facility. The rock above the detector is basically
used as shielding from the muons coming from the sky. This way the muon flux can be
reduced by more than 6 orders of magnitude [29] (Labr. Nat. del Gran Sasso). As muons
have a high mass and travel nearly at the speed of light, they behave like minimal ionizing
particles which penetrate the complete detector on a straight line. In order to reject muon
events from the data, one can take advantage of this fact and construct either a muon
veto, which is in principle a scintillation detector panel (above the actual detector) run in
coincidence, or use a tracking detector for identification of the straight muon lines within
the sensitive detector volume.

Electrons from β-decays can produce surface events if they are due to contamination in
the detector electronics but also provide background events within the sensitive volume.
Electrons from β-decays have a wide energy spectrum which can go up to above 10MeV for
a large variety of nuclides, and therefore can always make the detector click exactly at the
Q-value. What makes this kind of background especially challenging is that the β-decay
can be followed by internal conversion (IC) or Møller-scattering (Fig. II.10a). In
the first case the nucleus is in an excited state after the β-decay and instead of emitting a
photon the nucleus falls back to ground state by transferring its energy to an electron in
the shell which is emitted. In the case of Møller-scattering the electron from the β-decay
scatters-off an electron from a nearby atom. Both processes takes plac on a time scale of 10
to 100 ps wherefore they both have the same signature as a 0νββ event if the sum energy
of both electrons is at the Q-value. Most elements have β-decaying isotopes and there are
β-decaying isotopes in all natural decay chains. Thus, it is hardly possible to avoid this
background completely [28]. Although electrons from the outside can be shielded easily,
this is not possible for electron background from inner parts of the detector. Tracking
(e.g. with pixelated detectors) and can be applied to reduce single electron background.
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Figure II.10: Radioactive backgrounds that can be caused by β- (a) and γ-radiation (b).
Adopted from [28].

Photons with high energies can be emitted after any kind of radioactive decay and
penetrate the complete detector volume. Such photons can be shielded from outside
up to a particular level - but never completely, since this would require a very high
amount of shielding material around the detector which in turn contains radioactive
material. Within the detector photons can produce single electrons by photoabsorption or
Compton-scattering (Fig. II.10b). Additionally, two electrons can be produced either by
double Compton-scattering, Compton-scattering followed by photoabsorption or after a
single electron production process followed by Møller-scattering. Another possible process
is electron-positron production. Fortunately, all photons from natural decay chains do
not have enough energy to produce electron-positron pairs at the Q-value of most 0νββ
isotopes used for experiments. A discrimination of single-site versus multi-site events (two
events which happen at different parts of the sensitive volume simultaneously) can be used
to reduce Compton-scattering background (for instance by pulse shape discrimination or
tracking).

Neutrons with low kinetic energies can penetrate the complete detector and do not
produce background events by themselves since they are neutral. However, neutrons
can be captured by any nucleus. This leads to an excitation of the nucleus and during
relaxation primary photons but also electrons or α-particles can be emitted. Neutrons are
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usually created outside of the detector and can be shielded by hydrogen-rich materials
like water (moderation of fast neutrons), paraffin or boron (capture of slow neutrons).

II.2.3 Signal Readout Techniques

As next the focus should be switched to technical aspects, namely to the methods of
signal acquisition. If a 0νββ event occurs in a solid or liquid material1 the two electrons
from the 0νββ lose a significant fraction of their energy already on the first 100 µm of
their trajectory. If the sensor is placed outside of the decaying material the uncertainty in
the depth of the decay leads to a decrease in energy resolution. To avoid this problem,
most experiments use the decaying material as the detector’s sensor. When the electrons
(primary particles) propagate through the sensor, scattering processes inside of the sensor
lead mainly to the production of secondary particles: These are free electrons (plus holes
or ions), photons and phonons.

Every type of secondary particle can be used to determine the energy deposited
by the propagating electrons within the sensor volume since the amount of secondary
particles, that are created, is proportional to the energy deposited by the ionizing radiation:
Nsp ∝ Edep. This number can be calculated as Nsp = Edep

Weff

2, where Weff is the effective
ionization energy for the particular kind of secondary particle. The effective ionization
energy is the average energy which is required to create one secondary particle. It is
higher than the real excitation energy because it takes losses into account. Losses in this
case are the creation of secondary particles which do not contribute to the particular
signal. For instance, if a silicon semiconductor detector is considered, only the charge
signal (collection of electrons or holes) can be read out and the excitation of photons
and phonons is considered as losses. The excitation energy for an electron-hole pair in
silicon is about Eg = 1.1 eV (the band gap) but Weff = 3.61 eV. For the charge signal the
effective ionization energy can roughly be approximated as [31]

Weff = 2.2Eg + λi
λh
Er. (II.9)

In formula II.9 Eg denotes the energy gap between valence and conduction band, λi
and λh the mean free path of the ionizing particle between electron and phonon collisions,
respectively, and Er the highest energy of optical phonon modes.

1 At this point, only materials in their solid or liquid phase are considered since almost all materials
that have 0νββ capable nuclei are solid or liquid regarding their use as detector sensor.

2 As described below this number is not fixed but undergoes fluctuations that lead to a finite energy
resolution for any real detector.
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Free electrons are produced basically in an electron-electron scattering process. If the
material is in a gaseous or liquid phase, electron-ion pairs are produced; in a solid material
electron-hole pairs are created and the electrons in the conduction band are considered as
free. Free electrons can be drifted by an electric field and collected at an anode. In the
case of solid state detectors sometimes the holes are collected instead (at a cathode) if the
mobility (and drift velocity) of the holes is higher. This is often referred to as charge or
ionization signal.

The number of secondary electrons created at a fixed deposited energy is not constant
but undergoes fluctuations as cross-sections give only probabilities for a process to occur.
These fluctuations give the physical limit for the energy resolution which can be achieved
using a particular detector material. In 1947 Fano could derive the expression

σFano = σkeV (E0)
E0

=
√
F · Weff

ε · E0
(II.10)

for the smallest relative width which can be achieved with a detector if there are only
fluctuations in the number of free charge carriers created during the ionization process [33].
This relative width is often called the “Fano-limit” for the energy resolution of a detector
measuring the energy E0. The factor F in formula II.10 is called the Fano-factor. It is a
material-specific constant which is often determined experimentally. ε is the efficiency of
signal collection. If other effects of broadening like electronics-noise, DAC noise, thermal
noise, dark current noise etc. are taken into account they add up quadratically to the full
width:

σfull =
√
σ2
Fano + σ2

elect + σ2
DAC + σ2

thermal + .. (II.11)

Consequently, it is necessary to eliminate any source of noise to achieve the Fano-limit
with a detector. For different types of materials the Fano-limit varies drastically. In table
II.2 the Fano-factor F, the effective excitation energy Weff and the typical collection
efficiency are given for some materials widely used in detector applications.

Detectors based on the charge signal have big advantages if thin sensors (usually made
of semiconductors) or materials with a sufficient free electron life-time (e.g. highly purified
noble gases) are used. In fact, the working principle of such a detector is simple: Free
electrons (or holes, for example in case of silicon) are drifted towards the cathode (or
anode). They are either collected at the cathode (or anode) or induce mirror currents in
the cathode (or anode). This leads to a current pulse which is integrated. The integral
gives an information about the deposited energy.

The advantages of semiconductors like silicon are the relatively low Fano-factors and
low effective ionization energies Weff to produce one electron-hole pair. In the case
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Material Fano-Factor F Weff [eV]
LAr 0.11 23.6
LXe 0.06 15.6
GXe 0.15 21.9
HPGe 0.13 3.0
Si 0.12 3.6

CdTe 0.09 4.43

Table II.2: A list of typical materials used for detectors based on charge collection.
Values taken from [31, 35]. G = gaseous, L = liquid, HP = high-purity.

of highly purified germanium detectors (HPGe) an energy resolution of 0.2 % at 2MeV
can be achieved [23]. This value differs from the Fano-limit by less than a factor of 1.5.
Detectors based on cadmium-telluride (CdTe) have slightly worse energy resolution but the
advantage of a higher detection efficiency for high-energy photons and room-temperature
operation. The disadvantages of semiconductor detectors (for instance with a 116Cd(Zn)Te
sensor) for 0νββ applications are the high costs to manufacture and process high quality
semiconductor crystals and to make them radiopure. This limits the size of experiments
that can practically be built with this approach.

A part of the free electrons can recombine with ions (or holes) and release the excitation
energy as photons. Furthermore, in scintillating materials photons can be created due
to various other mechanism like the de-excitation of excitons, excited atomic levels or
exited dimer states [35, 36]. If a sensor material is used which the photons can escape
from, photomultiplier PMTs), avalanche photodiodes (APDs) or silicon photomultipliers
(SiPMs) can be placed outside of the sensor volume to detect the photons. This signal is
called the light or scintillation signal.

For scintillation detectors, the achievable energy resolution is usually determined by the
quantum efficiency of the PMT and the number of photons which are produced per 1MeV
of energy deposited by the ionizing radiation. Typical values for widely used scintillator
materials are given in table II.3. The energy resolution of scintillation detectors ranges
usually from about 3 % to 15 %. In Fig. II.11 the same spectrum is shown twice, once
measured with a NaI scintillation detector and a second time with a HPGe detector [32].
The enhancement in energy resolution with germanium is obvious.

There are several reasons for this: The effective excitation energy to produce a photon
is high (compared to around 3 eV for an electron-hole pair in a semiconductor) and can
go up to several 100 eV. Additionally, the Fano-factor is 1, which is about an order of
magnitude larger than for semiconductor detectors, and the detection efficiency1 of PMTs,
especially for photon energies higher then 7 eV (in this case often a wavelength-shifter has

1 The detection efficiency of a PMT is often called quantum efficiency.
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to be used) is low. Despite the moderate energy resolution (compared to other signals), the
scintillation signal has a number of advantages which makes it useful in many applications:

Firstly, for the detection of photons PMTs are used which is an old, cheap and widely
established technology. A scintillation detector is usually easy to realize: A scintillation
material is optically connected to a PMT or a module of PMTs. The scintillator and the
PMTs are shielded from background optical photons by metal and black paper to reduce
the noise in the PMT. Ionizing radiation leads to the excitation of states in the scintillator
and after deexcitation, the photons travel through the scintillator and are detected in the
PMTs.

Secondly, if a fast scintillator1 is used, the photons arrive at the PMTs within few
nanoseconds, even in a large detector. Also, modern PMTs can deliver their signal pulse
within some nanoseconds. Silicon photomultipliers can work even faster. This combination
makes the scintillation signal a good choice for trigger applications. At last, for really large
detector volumes the light signal has the advantage that it can travel through the sensor
material without being absorbed within the sensor itself (depending on the self-attenuation
of the material). For instance, free electrons have usually a limited life-time and therefore
large detectors are more difficult to realize because of signal loss during electron transport.
Also, photons do not diffuse like electrons (or holes) on their way through the sensor.

The third possibility is to exploit the phonon or heat signal. Phonons are quanta
of lattice vibrations and can be created either by direct scattering of ionizing radiation
with the lattice or by relaxation of electrons which were excited by the ionizing radiation
from the valence into the conduction band beforehand. Phonons cannot be detected
as individual particles but as a rise in the material’s temperature. For this purpose
usually transition edge sensor (TES) are used which are placed at the surface of the
sensor volume. Transition edge sensors are very precise bolometers constructed from
superconductors which are held at transition temperature from the superconducting to the
normal conducting state. At this temperature the gradient dR

dT is very high and therefore

Material Photons per MeV λ[nm] τ [ns]
CsI(Tl) 60000 540 800
NaI 76000 303 60

CdWO4 7000 530 15000
LAr 37000 130 7
LXe 47600 180 2

Table II.3: A list of typical scintillator materials used for detector applications. The
rows contain the values for the number of photons per MeV, the central emission wave-
length and the decay time. Taken from [34, 35].

1 Fast in this context means, that the deexcitation of populated states takes place within less than
nano- or hundreds of picoseconds.
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Figure II.11: Comparison between a spectrum from a 110Ag source measured with a
high purity germanium and a NaI scintillation detector. Taken from [32].
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by measuring the resistance of the superconductor one gets a very sensitive bolometric
device. As superconductors are involved and the change in temperature caused by the
primary particles has to be above the temperature fluctuations of the sensor material,
very low temperatures (< 100mK) are required to use this technique.

Phonon based detectors (or bolometers) come into play, if one desires to push the
energy resolution down as low as possible. The reason for this is that phonons have very
low excitation energies. Therefore, the resolution limit is several orders of magnitude
lower than for any kind of scintillation or charge based calorimetric detector. The absolute
resolution limit for a bolometric calorimeter can be calculated by

∆EFWHM [eV] = 2.355
√

4kBTcV V , (II.12)

where kB is the Boltzmann-constant, T the temperature of the detector system, V
the detector volume and cV the specific heat of the detector [37]. With typical values
(T0 = 0.1K, cV ≈ 1 J

m3K
) the energy resolution for a tiny detector V ≈ 100 µm3 can be as

good as ∆E = 10 eV. This is more one order of magnitude better than with any charge
or scintillation based detector and can be pushed even further by cooling down and using
materials with lower cV . However, the cryogenic efforts can easily rule out the gains in
energy resolution.

In the case of bolometers the sensor material is usually read out with a small TES
attached to the sensor material. As the TES is much smaller than the sensor, only a few
percent of the phonons are actually detected. But even with collection efficiencies of less
than 1% bolometric detectors still provide the best energy resolution for a calorimeter
that is possible up to now. The drawback of this technology are the low and stable
temperatures in the range of 10mK that are required for the detectors to run. This, of
course, is a cost issue and makes it very expensive to built large scale setups.

II.2.4 Detector Segmentation

All of the signals can be used to detect tracks of the propagating particles. This can be
done by a detector segmentation. Tracking can provide a powerful tool to perform active
background rejection during the data analysis. In the case of PMTs many individual
small size PMTs can be used and a center of gravity method applied to reconstruct tracks.
The position resolution which is usually achieved this way is 1mm to 2mm. Hence,
only sufficiently long tracks of several centimeters can be resolved [38]. Far better is the
position resolution with semiconductor detectors where either the cathode or anode is
pixelated. Modern CCDs are available with a pixel size of 2 µm which is good enough to
resolve tracks with a length of only 50µm. Hybrid active pixel detectors have a pixel size
of about 50µm to 100 µm and tracks with a length of about one millimeter can be well
resolved. Some examples are shown in Fig. II.12 which are tracks from different kind of
ionizing radiation detected with a 110µm pixel pitch Timepix detector [39]. Bolometric
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detectors can be segmented up to a pixel size of 75µm to 200 µm but only on a small area
(< 1 cm2) so far [40].

II.2.5 Experimental Sensitivity

Suppose now, one can build a bunch of different experiments combining various signals
and methods of passive or active background rejection. How to compare these? In the
end, what counts is the lowest effective Majorana-mass |mββ| that can be measured in the
experiment if the 0νββ exists. This quantity is called the sensitivity of a 0νββ experiment
and calculated as the upper limit that can be set on |mββ| if no 0νββ event is measured
in the experiment. First, the sensitivity for a background free experiment is given (Eq.
II.13):

|mββ| = K1

√
nσ
εMT

(II.13)

Here, M is the detector mass and T the exposure time. The product of both, MT (usually
given in kg · year), is called the exposure. ε is the detection efficiency and K1 a constant
only depending on the isotope of choice. nσ is the confidence level of the result in σ.
However, an ideal experiment can hardly be realized in reality; if finite energy resolution
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Figure II.12: Image of deposited energy in the pixels of a CdTe Timepix detector dur-
ing an exposure time of 5 s. The color denotes the energy deposition in keV. One can
deduce that two α-particles (A), a muon (B) and an electron (C) have interacted with the
sensor. Single red dots (and multiple only red dots next to each other) are noisy pixels.
Taken from [39].
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and non-neglectable background are taken into account the sensitivity can either be
calculated accurately by a numerical method described in [22] or in approximation it is
given by

|mββ| = K1
1√
ε

(
b∆E

MT

) 1
4

. (II.14)

In this formula, ∆E is the energy resolution (FWHM) of the detector in keV and b
the background level. The background level is the number of non 0νββ events per keV,
kg and year around the Q-value in the interval ∆E. The important message contained in
formula II.13 and II.14 is that sensitivity scales with the square root of exposure in an
ideal experiment but only as the forth root in the case of an experiment with background.
Both cases are shown in Fig. II.13a and II.13b, respectively. For the ideal case pure
expectations for different isotopes are shown whereas for the realistic scenario the values
from current and proposed experiments are used. As one can see, the impact is immense.
For example, in the case of 76Ge about one order of magnitude in sensitivity is lost for
large exposures at a background of 1 · 10−3 cts

keV · kg · a (which is already low and hard to
achieve).
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Figure II.13: Sensitivity in effective Majorana mass |mββ | plotted against exposure for
an ideal experiment (a) and for real proposed experiments (b). Taken from [22].
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II.2.6 Important Experiments and Results

The first important experimental result on the double beta decay was the observation of
the neutrino accompanied double beta decay (2νββ) by Inghram and Reynolds in 1950
[30]. They proved its existence for 130Te and measured a half-life of T2ν = 1.4 · 1021 a with
a geochemical technique. A claim that 0νββ has been observed for 76Ge was published in
2004 by H.V. Klapdor-Kleingrothaus et al. [19]. The claim (published by a part of the
Heidelberg-Moscow collaboration) is based on over 10 years of data taken with an array
of high purity germanium detectors with a total mass of 11 kg of enriched germanium.
The experiment was performed by the Heidelberg-Moscow collaboration in the Gran
Sasso Underground Laboratory [18]. According to Ref. [19] the 0νββ half-life of 76Ge
is supposed to be T0ν(76Ge) = 1.19 · 1025 a. The community responded critically to this
result [25] which was ruled out by the GERDA collaboration in 2013 [24].

The GERDA experiment [23] is the successor of Heidelberg-Moscow/IGEX (Interna-
tional Germanium Experiment). The GERDA collaboration made significant progress
in reducing the background level with HPGe detectors by radiopurity material studies,
pulse shape discrimination and other techniques. In the current Phase-I of the experiment
they ruled out the Klapdor-claim (Fig. II.14) and set a limit of T0ν > 3.0 · 1025 a for the
half-life of 76Ge [24] (in combination with the data from previous experiments). Their goal
is to achieve a background level of 10−3 cts

keV · kg · a and a sensitivity of 2 · 1026 a (90meV). A
similar goal in sensitivity (81meV) has the experiment CUORE which plans to use TeO2
crystals under cryogenic conditions as bolometers [41]. The isotope under investigation
is 130Te. The experiment should consist of 988 bolometers with a total isotope mass of
204kg.
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Figure II.14: The result of GERDA Phase-I. The plot shows the combined energy spec-
trum of all detectors around Qββ(76Ge) with (filled) and without (open) pulse shape
discrimination. The expectation from the claim in Ref. [18] is shown as red dashed and
the curve corresponds to the limit on T0ν(76Ge) according to the results from GERDA
Phase-I. Plot taken from [24].
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A different detector concept is realized within the scope of the Super-NEMO experiment
[28]: The Super-NEMO detector contains the isotope as a thin-foil within a magnetic field
surrounded by a tracker and calorimeter. By this approach many different isotopes can
be investigated and therefore the NEMO collaboration has set the 0νββ limits for a big
variety of double beta isotopes. Currently, the use of 150Nd (and 82Se) are considered as
they have a high Q-value and a preferable, large matrix element. The intended sensitivity
is about 2.6 · 1025 a (70meV).

The other major category of experiments are based on noble gas time projection
chambers (TPCs) filled with enriched 136Xe. The basic functionality of a time-projection
chamber is shown schematically in Fig. II.15: A noble gas is filled in a cylinder where
the top plane contains PMTs and the inner volume contains two meshes: One at the top
(cathode) and one at the bottom (ground). An electric field is applied over the inner
cylinder volume between the meshes. Ionizing radiation creates excited xenon atoms,
excited dimers, free electrons and ions. The excited states fall back to ground state and
a part of the free electrons recombines with the ions. This gives rise to the scintillation
signal which is detected with the PMTs. It is usually called S1 in the case of noble gas
TPCs. The other part of the free electrons drifts towards the mesh G. Here, two planes of
crossed wires (or pixelated detectors) are used to measure the charge signal (called S2).
By the time difference between S1 and S2, the drift speed vd and a 2D segmentation of
the wires (or the PMTs), the 3D position of an event within the sensitive volume (or even
the track topology) can be reconstructed.

The main modern neutrinoless double beta experiment using liquid xenon is EXO
which could observe the neutrino accompanied double beta decay (2νββ) for 136Xe for
the first time [42]. Currently, a TPC1 with 200 kg of enriched xenon is taking data. The

 

G C
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Figure II.15: Scheme of a time-projection chamber (TPC): During an event scintillation
light and free charge carriers are generated. The scintillation light is detected with the
PMTs (S1). The charge carriers drift in an electric field towards the ground mesh (G)
where they are measured by wires or a pixelated structure (S2).

1 The EXO TPC differs in many details from the simple schematic TPC shown in Fig. II.15.
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results on the first run were recently published and set a limit of T0ν > 1.9 · 1025 a for the
0νββ half-life of 136Xe. The energy resolution at the Q-value is about 4 % (FHWM) at a
background level of 1.5 · 10−3 cts

kg · year · keV [46]. For the next phase the background should
be reduced further by about two orders of magnitude and the isotope mass increased to
5 t (nEXO). EXO also plans to implement the concept of barium tagging for enhanced
background rejection. The idea of barium tagging is that after a double double beta
decay the xenon is transformed into barium which has to be extracted from the xenon
and detected in an ion trap. The demonstration of single barium ion detection in an ion
trap was successful but it has remained an unsolved problem to extract the barium out
of the liquid xenon. The overall goal is to reach a sensitivity of less then 25meV (with
barium tagging and 5 t of 136Xe).

A second notable neutrinoless double beta experiment with 136Xe is NEXT [38] which
employs xenon in the gaseous phase under high pressure (5 to 10 bar). The TPC used
for NEXT has an array of silicon photomultipliers installed at the bottom and also a
second mesh (A) below the mesh G. In the space between the meshes G and A such a high
electric field is applied that free electrons can excite but not ionize the gas multiple times
(≈ 10000 times per electron) on their way between the meshes. This way an amplification
of the charge signal (S2) is achieved which is detected by the PMTs (at the top plane)
and by the array of silicon photomultipliers (at the bottom plane) as a light signal. The
advantage is that a better energy resolution can be achieved due to the amplification and
a track topology can be measured for each event by the array of silicon photomultipliers
(at the bottom plane). This topology should be used for background rejection.

An important competitor of EXO is Kamland-Zen. In this experiment enriched 136Xe
is dissolved in a liquid scintillator which is filled into a spherical tank. The walls of
the tank are equipped with photomultipliers. Only the scintillation signal is measured.
For shielding, this spherical tank is placed into a second outer tank filled with a liquid
scintillator only (with out xenon dissolved in it). The main disadvantage of this concept is
the energy resolution of the detector. However, the concept has two advantages: On the
one hand its simplicity in signal read-out makes it possible to reach large exposure masses
easier. On the other hand the large volume of the detector is well suited for background
reduction by fiducializing. In Phase-I the mass of 136Xe in the detector was 179 kg. In
December it was increased to 383 kg and it is planned to increase the mass up to 600 kg
and then to 1 t in the next years. A combined analysis of the recent Kamland-Zen and
EXO-200 data gives a result of T0ν > 3.4 ·1025 a for the half-life of 136Xe which corresponds
to a limit on the effective Majorana mass of |mββ| < 120meV− 250meV [44]. This is the
best upper limit set for the effective Majorana mass so far.
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The Timepix detector is a pixelated semiconductor detector which was originally
developed for X-ray imaging applications by the Medipix collaboration together with
EUDET [45]. It is a hybrid active pixel detector, i.e. the sensor layer and the signal
read-out chip (ASIC) are two separate pieces which are connected to each other via
bump-bonds. This allows to combine the ASIC with different sensor materials. Besides
silicon, Timepix detectors with cadmium-telluride can be fabricated. Cadmium-telluride
offers high X-ray absorption efficiency, allows a good energy resolution for spectroscopic
applications and (in contrast to germanium) can be operated at room-temperature.

The Timepix is not only a photon-counting detector but has also a spectroscopic mode
(called “time-over-threshold”) which allows to measure the energy deposited in every pixel
by an ionizing particles in the sensor layer; and a temporal mode (called “time-of-arrival”)
which allows to measure when a particular pixel was triggered by an ionizing particle.
Therefore, if an ionizing particle (like an electron from a β-decay of 113Cd) is created
and stopped within the sensor layer completely, one can measure the particle’s initial
kinetic energy and also its two dimensional trajectory through the sensor layer due to
the pixelation. This feature makes the Timepix technology an interesting candidate for a
neutrinoless double beta decay experiment with active background rejection by tracking
since both cadmium and tellurium have isotopes capable of the neutrinoless double beta
decay.

The COBRA collaboration has the goal to observe the neutrinoless double beta decay
of 116Cd. 116Cd is the isotope of choice since its Q-value is 2.814MeV which is above the
energy of any γ-photon that can be emitted from a radioactive nucleus in the natural
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decay chains. Enriched cadmium should be used to grow cadmium-telluride (or cadmium-
zinc-telluride) crystals that should be employed into a large number of semiconductor
detectors. These detectors are supposed to run in an underground facility for several
years. Cadmium-zinc-telluride is usually used as a sensor material for coplanar-grid
detectors which are not pixelated and cadmium-telluride for pixelated detectors such
as the Timepix. Although coplanar-grid detectors cannot provide particle tracks, they
have a main advantage: It is easier to fabricate coplanar-grid detectors with good energy
resolution and larger sensors.

In order make a choice which kind of detector should rather be used for a large scale
experiment, one has to compare the gains in sensitivity by active background rejection to
the losses in sensitivity due to the reduced efficiency (and energy resolution) of pixelated
detectors (compared to coplanar-grid detectors). A detailed measurement of the energy
resolution for a Timepix detector after its calibration is presented in the first paper.
It also covers the separation between measured single electron and electron-positron
events by artificial neural networks as a demonstration of the active background rejection
capabilities.

Because two dimensional tracking did not provide results as satisfying as expected,
the possibility of three dimensional tracking was investigated. As a major result, it
was demonstrated experimentally that full three dimensional tracking is possible in a
cadmium-telluride sensor layer with particular modifications to the Timepix-ASIC. This is
presented in the second paper. In the last section of the chapter the results are compared
to other proposed and operating neutrinoless double beta experiment.

III.1 Publications

III.1.1 Publication: Characterization of the Energy Resolution and the
Tracking Capabilities of a Hybrid Pixel Detector with CdTe-Sensor
Layer for a Possible Use in a Neutrinoless Double Beta Decay
Experiment

The publication “Characterization of the Energy Resolution and the Tracking Capabilities
of a Hybrid Pixel Detector with CdTe-Sensor Layer for a Possible Use in a Neutrinoless
Double Beta Decay Experiment” (Eur. Phys. J. C 73 (2013), 2374) covers the following
issues:

• Pixel-by-pixel calibration of a CdTe-Timepix detector.

• Measurement of the energy resolution for a 1mm thick CdTe-Timepix detector
under different working parameters.
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• Simulations on the detection of neutrinoless double decay with CdTe-Timepix
detectors.

• Successful experimental demonstration of electron background identification by
artificial neural networks.

The author’s contributions to this paper were partly achieved within the scope of the
author’s master thesis. However, the publication was written and submitted during the
time of the PhD thesis. Since the results presented in this publication are important for
the rest of the thesis, they are included here.

My own contributions to the publication:

• Programming of an algorithm for automatic pixel-by-pixel calibration.

• Detector calibration.

• Optimization of the detector’s working parameters concerning the energy resolution.

• Contributions to simulations (detector response to X-ray fluorescence photons).

• Experimental design, preparation and data acquisition.

• Contributions to data analysis (evaluation of the energy resolution, clustering,
α-particle and muon recognition).

• Manuscript writing (corresponding author).

Contributions of the co-authors to the publication:

• Experimental idea.

• Contributions to simulations.

• Preparation and training of artificial neural networks for the data evaluation.

• Contributions to data analysis.

• Contributions to manuscript writing.
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Abstract Many different experiments are being developed

to explore the existence of the neutrinoless double beta de-

cay (0νββ) since it would imply fundamental consequences

for particle physics. In this work we present results on the

evaluation of Timepix detectors with cadmium-telluride sen-

sor material to search for 0νββ in 116Cd. This work was

carried out with the COBRA collaboration and the Medipix

collaboration. Due to the relatively small pixel dimension

of 110 × 110 × 1000 µm3 the energy deposited by parti-

cles typically extends over several detector pixels leading

to a track in the pixel matrix. We investigated the separa-

tion power regarding different event-types like α-particles,

atmospheric muons, single electrons and electron-positron

pairs produced at a single vertex. We achieved excellent

classification power for α-particles and muons. In addition,

we achieved good separation power between single electron

and electron-positron pair production events. These separa-

tion abilities indicate a very good background reduction for

the 0νββ search. Further, in order to distinguish between

2νββ and 0νββ, the energy resolution is of particular im-

portance. We carried out simulations which demonstrate that

an energy resolution of 0.43 % is achievable at the Q-value

for 0νββ of 116Cd at 2.814 MeV. We measured an energy

resolution of 1.6 % at a nominal energy of 1589 keV for

electron-positron tracks which is about two times worse that

predicted by our simulations. This deviation is probably due

to the problem of detector calibration at energies above 122

keV which is discussed in this paper as well.

a e-mail: mykhaylo.filipenko@physik.uni-erlangen.de
b e-mail: thomas.gleixner@physik.uni-erlangen.de

1 Introduction

1.1 Neutrinoless double beta decay

The neutrinoless double beta decay is a hypothetical weak
decay process in which two neutrons of a nucleus decay to
two protons and two electrons:

2n → 2p + 2e− (1)

This decay is forbidden in the standard model of parti-
cle physics since the lepton number is not conserved. Addi-
tionally, this process can occur only if neutrinos are massive
Majorana-particles and consequently, the neutrino has to be
its own antiparticle [1].

The half-life for nuclides which can undergo this process,
like 76Ge, 136Xe or 48Ca for example, can be calculated by
the formula [2]

T −1
0ν = G0ν(Qββ,Z)|M0ν |2〈mν〉2 (2)

where G0ν is the phase space volume, which depends on the
Q-value (Qββ ) of the decay and the charge number Z of
the nuclide. M0ν is the 0νββ transition matrix element and
〈mν〉 the effective Majorana-neutrino mass. If, according to
claims of a past experiment [3], an effective neutrino mass
of 〈mν〉 < 0.39 eV is assumed, half-lifes of Tν0 > 1025 a
are expected. Therefore, an experimental observation of this
process is highly challenging and could not be achieved until
now; but since an observation of 0νββ would provide insight
into new fundamental physics beyond the standard model
[1], many experiments are running or being developed to
achieve an experimental proof for 0νββ .

In an experiment the 0νββ is identified by measuring the
sum energy of the two electrons, which is equal to the full
Q-value of the decay [4]. The main goal is to construct a
detector with sufficient resolution and high mass. High mass
is indispensable to achieve a good sensitivity on the effective
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Fig. 1 The Timepix detector with a USB-Readout [9]

Fig. 2 Image of deposited energy in the pixels of the CdTe Timepix
detector during an exposure time of 5 s. The color denotes the energy
deposition in keV. One can deduce that two α-particles (A), a muon
(B) and an electron (C) have interacted with the sensor

neutrino mass which is the lowest effective neutrino mass
〈mν〉 that can be set as the limit with an experiment of mass
M at an exposure time T if no signal event was measured.
The sensitivity can be approximated by the formula [5]:

〈mν〉 = K

(
b�E

MT

) 1
4

(3)

An excellent energy resolution �E is not only required to
enhance the sensitivity but also to discriminate 0νββ against
the neutrino accompanied double beta decay [4]. In order to
avoid energy loss at insensitive detector boundaries, most
experiments use a detector which contains the considered
nuclide in the sensor material. K is an isotope depending
constant. As the mass M and the exposure time T are lim-
ited by practical or cost issues and the energy resolution by
the fano-limit, the only way to increase sensitivity further
is to reduce the background rate b as good as possible. The
background in the region of interest is mainly provided by
α-particles, muons and electrons.

In this paper we investigated the concept of active back-
ground reduction by the tracking capabilities of Timepix de-

tectors with CdTe sensors: The Timepix (Fig. 1) is a hy-
brid semiconductor pixelated imaging detector which is ex-
plained below. When a charged particle propagates through
the sensor layer it induces electron-hole pairs proportional to
the amount of energy which was deposited by the particle.
By applying a bias voltage over the sensor layer, the elec-
trons drift towards the electrodes where the induced charge
is collected. If a particle is stopped within the sensor layer
completely, its total kinetic energy is deposited. Therefore,
if 0νββ takes place within the sensor layer, the total energy
of the electrons can be measured. Indeed, there are several
possible isotopes for this purpose in CdTe [7] but as 116Cd
has the highest Q-value of 2.814 MeV [8], which is larger
than the highest γ -energy (2.614 MeV) from a natural de-
cay chain, enriched cadmium should be used as the decay-
ing isotope. The advantage of the pixelation (in contrast to
CdZnTe Coplanar Grid detector) is that a topological pat-
tern is produced for each event (Fig. 2). This information
might be used for event identification and active background
rejection. As preliminary measurements show, α-particles
produce a round shaped pattern (Fig. 2 A) and muons pro-
duce straight lines (Fig. 2 B). Hence, they are very unlikely
to be confused with the pattern of 0νββ , which we esti-
mated by simulations. A detailed discussion on the identi-
fication of this sort of background will be presented else-
where. The most severe problem, which we want to focus on
in this paper, is to distinguish between single electrons and
0νββ events (Fig. 3(a) and (b)). We used simulation data
to study the particular properties of both event types. Af-
terwards we trained artificial neural networks (ANNs) and
estimated their performance first on simulated and then on
experimental data.

1.2 The timepix detector

Our Timepix detector comprises a 1 mm thick CdTe sensor
with ohmic contacts bump-bonded to an ASIC of 65536 pix-
els. The Timepix ASIC has been developed by the Medipix
collaboration [6] in cooperation with the EUDET project in
IBM 0.25 µm CMOS technology. Each pixel has a size of
55 µm. The pixels are organized in a matrix of 256 rows and
256 columns thus giving an active area of 1.4 × 1.4 cm2.
In our detector only every second pixel is bump-bonded to
the sensor layer wherefore the effective pixel size is 110 µm.
The CdTe sensor is fully depleted with an electric potential
difference of 500 V between the common electrode (facing
the source) and the pixel electrodes. Electron-hole pairs are
produced by ionizing particles in the sensitive pixel volume
and drifted towards the pixel electrodes where they influ-
ence currents due to their drift motion. Each sensor pixel is
connected by an indium-tin bond to the input electrode of an
electronics cell in the ASIC. In each pixel cell the influenced
current signal is converted to a triangular shaped voltage
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Fig. 3 Examples for pattern of a simulated electron (a) and a simu-
lated 0νββ (b) event in 116Cd. The color denotes the energy deposition
in keV

pulse by a charge sensitive amplifier of Krummenacher type.
The shaping time is approximately 120 ns. The length of
the falling edge of the amplifier is in the order of microsec-
onds, depending on the energy deposited in the pixel. This
voltage pulse is compared to a globally adjustable thresh-
old in a leading-edge discriminator in each pixel. The min-
imum threshold that can be set with negligible amount of
noise-triggered pixels is approximately 5.5 keV. The gain of
the preamplifier, the falling edge of the preamplifier and the
threshold can be set externally by a DAC. The DAC-values
are referred as PreAmp, Ikrum and THL, respectively. Af-
ter the amplifier the processing is purely digital and depends
on the operation mode which is chosen. Each pixel can be
configured in one of three modes of digital operation. We
used only the spectroscopic mode which is called “time-
over-threshold” (TOT). It is described in the calibration sec-
tion.

2 Simulations

The simulations were performed with the in-house devel-
oped Monte-Carlo simulation ROSI, which is based on
EGS4 and has a low energy extension with the interaction
codes LSCAT [10]. Each event is simulated independently
by propagating the corresponding particles (photons, elec-
trons, holes) through the sensor and calculating the detector
response (i.e. the energy measured in each pixel). The initial
momentum of the particles is calculated with decay 0 [11].

We used the simulations to estimate the detector response
to 0νββ events. A typical pattern for such an event is shown
in Fig. 3(b). The two main aspects of the detector perfor-
mance concerning 0νββ experiments are the energy reso-
lution, which is required to distinguish between the regular
double beta decay (2νββ) and 0νββ , and the spatial resolu-
tion which determines the tracking quality. Both properties
depend on detector parameters like the pixel size, the thick-
ness of the sensor layer or the bias voltage. The energy reso-
lution can improve with increasing pixelsize and increasing

Fig. 4 Sensitivity versus background rate of a CdTe-Timepix detector
with a 3 mm thick CdTe sensor. The best sensitivity can be achieved
with a pixelsize of 165 µm

bias voltage since effects like charge sharing (leakage of the
charge to neighbor pixel by repulsion and diffusion) [12]
have smaller contribution. In contrast, a large pixel size pro-
vides less tracking information and therefore a compromise
is needed. In Fig. 4 the simulated sensitivity at given back-
ground rate for a 3 mm thick sensor is shown which suggests
that the best sensitivity can be achieve with pixels of either
165 µm or 220 µm size. However, a smaller pixel size is ap-
parently preferable for tracking. As this paper focuses on the
performance of the Timepix performance with experimental
data, the details of this evaluation will be discussed in a fu-
ture paper. Although it turned out that a reasonable tradeoff
between the two effects is achieved at a pixelsize of 165 µm,
we used a detector with 110 µm pixel size detector for the
experiments because only those were available to us.

A simulated sum energy spectrum—i.e. the energy de-
posited by the two electrons from the 116Cd decay—around
the Q-value is shown in Fig. 5 for a Timepix with 165 µm
pixelsize and a thickness of 3 mm. The simulation yields a
resulting energy resolution of 0.43 % ( σ

E
) at the Q-value of

2.814 MeV which allows a reasonable separation of 0νββ

events from the 2νββ spectrum. The 0νββ would be ob-
served at lower energies compared to the full Q-value due
to various mechanisms of charge loss within the detector.
For the simulations we assumed a half-life of 2.75 × 1025

years, a detector mass of 400 kg with 90 % enriched 116Cd
observed over 3 years and well-calibrated detectors. In fact,
the calibration of the Timepix is non-trivial and will be dis-
cussed in Sect. 3. Especially, a calibration up to energy de-
positions of several hundred keV per pixel is required since
such depositions often have non-negligible contributions to
the total energy of the event: In Fig. 6 the contribution of
the deposited energy per pixel P(Edep) to the total detected
event energy is plotted against the energy deposition per
pixel Edep . P(Edep) is defined as
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Fig. 5 The simulated spectrum of 2νββ (red) and 0νββ (blue) events
around the Q-value. The bin size is 1 keV. The assumptions of the
simulation are given in the text

P(Edep) = 1

Nevents

·
(

Edep

Q
· Npix(Edep)

)
, (4)

where Nevents is the number of simulated events and
Npix(Edep) is the number of pixels (summed over all
events) which had an energy deposition of Edep . The bin
size in the histogram is 4 keV. We see that even depositions
up to 600 keV are relevant.

As stated in the introduction single electrons produce
pattern which may be very similar to the pattern of 0νββ

and therefore a unique event identification can hardly be
performed. Nevertheless this problem can be addressed by
several pattern identification techniques. We used Artificial
Neural Networks (ANNs) which were implemented with the
open source library FANN [13]. The networks had a feed
forward structure with the following parameters:

– 10 input units
– 1 output unit
– 5 hidden layers
– between 20 and 200 neurons per layer
– tanh(0.3x) as activation function
– Resilient Propagation as learning algorithm.

We used the following properties of the track pattern as
features for the ANN input:

1. The number of pixel with E > Eth, where Eth is the
energy threshold for each pixel.

2. The distance between the energy weighted and the en-
ergy unweighted centroids of the coordinates of the trig-
gered pixels.

3. The energy of a two pixel structure that can mark the
begin of a single electron track.

4. The energy of a three pixel structure that can mark the
begin of a single electron track.

Fig. 6 The contribution of a particular energy deposition per pixel to
the full energy of an event. The error bars are Poissonian

5. The length of a structure that can mark the begin of a
single electron track.

6. The maximum distance of pixels above 250 keV.
7. The number of pixels with an energy sum below 185

keV with their neighbor pixels.
8. The number of straight lines above a certain length in a

track.
9. The number of pixels with only two triggered pixel

touching the pixel from the side, which form a straight
line together.

10. The number of pixels with only two triggered pixel
touching the pixel from the side, which form a triangle
together.

The networks are trained on the same number of sim-
ulated single electron and 0νββ events. Each event is as-
signed a ranking R between 0 and 100 (which is not a phys-
ical quantity) and a particular cut value c (c ∈ [0;100]) is
chosen. If the rating of an event R is smaller than the cut
parameter c, it is classified as a single electron event and
vice versa. The identification performance of the networks
on independent simulated data sets1 is shown on Fig. 7. On
the x-axis the value of the cut parameter is plotted and on
the y-axis the part of events which have a rating R < c. That
means, if we fix a particular value for c, for instance 70, we
can reject about 90 % of the single electron background but
will lose 40 % of the 0νββ events (because of classification
errors). In order to test the performance of this method on
real data, we carried out the experiment which is presented
in Sect. 4.

1Independent in this context means, that the data which was used for
the performance analysis was not used for the network training before-
hand.
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Fig. 7 Performance of artificial neural networks on simulated data
from single electron (red) and 0νββ (blue) events

3 Calibration and energy resolution

The Timepix detector enables the measurement of the en-
ergy deposited in each pixel by running in the so called
“time-over-threshold” (TOT) mode. Energy deposition in a
pixel leads to the generation of electron-hole pairs. An elec-
tric field, which is applied over the sensor layer, drifts these
charges towards the pixel electrodes. While the charges are
drifted, they induce a signal in the pixel electrodes that is in-
tegrated and converted to a voltage signal in the preamplifier.
A particular threshold level (THL) is chosen. When the sig-
nal rises above this threshold, the counting of clock pulses is
started and continued until the signal falls below the thresh-
old again. The number of counts—called time over threshold
(TOT)—depends non-linearly on the energy and an interde-
pendency between both has to be determined. To perform
this task we used the method described in [14]: The peaks
in the TOT spectra2 of known photon radiation sources are
fitted with Gaussian distributions and the mean of the dis-
tribution is taken for a TOT versus energy calibration. From
measurements with different X-ray sources the diagram in
Fig. 8 was obtained. The real energy depositions by the X-
ray photons have to be estimated by a simulation since they
are slightly shifted to lower energies (compared to the ener-
gies of the absorbed photons) due to trapping, charge sharing
and other effects of charge loss [12]. The TOT(E) interde-
pendency is approximated by [14]:

TOT(E) = a · E + b + c

E − t
(5)

The calibration can be performed with one parametriza-
tion for all pixels (global calibration) or for every pixel in-

2The spectra that we used were single clustering spectra. That means,
that only the data of pixels is used which had no triggered neighbor
pixels during the same frame.

Fig. 8 Interdependency between TOT and energy; data points are from
illumination with monoenergetic X-rays sources. The dotted curve is a
fit assuming TOT(E) = a · E + b + c

E−t
with parameters a, b, c and t

common for all pixels (global calibration)

dividually (pixel-by-pixel calibration). For the global cali-
bration we used all points as shown in Fig. 8; for the pixel-
by-pixel calibration we used the L- and K-line complexes3

of gadolinium (6.43 keV, 41.88 keV), the K-line complex
of molybdenum (17.03 keV), the 59.54 keV-line of 241Am
and the 122.06 keV-line of 57Co. We calibrated and used a
Timepix with a 1 mm thick CdTe sensor layer, ohmic con-
tacts and a pixel size of 110 µm (128×128 pixel) which was
delivered by X-ray Imaging Europe GmbH XIE4 [15]. The
bias voltage was 500 V, the clock frequency 80 MHz and
the most important DAC settings: Ikrum 10 (return to zero
time of the preamplifier), THL 190 (threshold level), which
corresponds to an energy threshold of about 5.4 keV, and
PreAmp 210 (preamplifier gain). For the data acquisition a
USB-Readout 2.0 [9] and the Pixelman software package
v2.0.3 were used [16].

After reconstructing the energy spectra (see Fig. 9 for ex-
ample) for single pixel hits5 we investigated the energy res-
olution ( σ

E
of the fitted Gaussians) of the detector for vari-

ous peaks. The results are shown in Fig. 10. The blue points
are the energy resolution if a global calibration is used for
energy reconstruction, the red points if a pixel-by-pixel cal-
ibration is used and the brown points are the results of sim-
ulations which take into account only the physics within the
sensor layer but no other effects of broadening in the read-
out electronics. Hence, the brown points correspond to the

3The L- and K-line complexes are an overlay of the α- and β-lines
since these cannot be resolved individually.
4www.xi-europe.de, Freiburger Materialforschungszentrum, Stefan-
Meier-Straße 21, D-79104 Freiburg i. Br.
5Single pixel hits means that the energy of the incident photon is de-
posited in one pixel in such a way that no neighboring pixel is trig-
gered.
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Fig. 9 The energy deposition spectrum of photons from a 57Co source,
reconstructed with a pixel-by-pixel calibration

Fig. 10 The energy resolution for K- and L-Shell X-rays and radioac-
tive γ -lines with a global calibration (blue); with a pixel-by-pixel cali-
bration (red) and for ROSI simulation data (brown) with IKrum 10 and
THL 190. For further explanations see text

physical possible limits set by the detection material which
theoretically could be achieved. We fitted a function of the
form

σ

E
(E) = α + β

E − γ
(6)

to the data in Fig. 10 to estimate the energy resolution for
single pixel hits at high energy depositions per pixel. The en-
ergy resolution limit α was determined to be α = 4.10 % for
the global calibration, α = 1.01 % for the pixel-by-pixel cal-
ibration and α = 0.54 % for the ideal detector. We compared
the performance of the detector to the simulations which in-
cluded the noise of readout electronics. The deviations be-

Fig. 11 Difference of measured relative energy resolution and simu-
lated relative energy resolution versus photon energy. Statistical errors
are small and not visible

tween simulation and theory are shown in Fig. 11.6 We ob-
tain a good agreement between experiment and simulation.

Since the shape of the voltage signal used in the integra-
tor to calculate the TOT depends on the working parameters
of the detector (Ikrum, THL and the bias voltage), we inves-
tigated the influence of different parameter sets for Ikrum
and THL on the energy resolution. We could achieve an
improvement in the energy resolution as presented in Ta-
ble 1 by going from the usual settings that we used (Ikrum
10, THL 190) to the lowest possible Ikrum (04) and a THL
of 210. The dependence on the bias voltage is presented in
Fig. 12. The blue points are the energy resolution for the
59.54 keV peak of 241Am and the red points for the 122.06
keV peak of 57Co. As expected, the energy resolution im-
proves with higher bias voltage because the effect of charge
sharing [12] is reduced with higher bias voltage. The high-
est voltage that we could use without exceeding a critical
value of the leakage current (40 µA) was about 800 V. Nev-
ertheless going up with the bias voltage leads to an addi-
tional negative effect: The number of useless pixels (pixels
which are permanently counting) increases rapidly (Fig. 13).
The dependence of the number of useless pixels on the bias
voltage can roughly be approximated by a power-law (red
curve). We didn’t investigate this problem in more detail but
a reasonable explanation could be the following: It is well-
known that the leakage current rises with the voltage. How-
ever, the leakage current in every pixel is slightly different
due to sensor and ASIC fabrication. Some pixels have al-
ways a higher leakage current because of inhomogeneities
in the CdTe-crystal and the leakage-current compensation.

6For this plot as for some other in this paper the error bars are small
and invisible because for every point the statistics is very high which is
the number of pixels on the matrix (16384).
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Fig. 12 Energy resolution versus bias voltage for 241Am (at 59.54
keV) (blue) and 57Co (at 122.06 keV) (red) with a pixel-by-pixel cal-
ibration for IKrum 04 and THL 210. Statistical errors are very small
and thus not visible

Table 1 The measured relative energy resolution for 241Am,133Ba and
57Co (122.06 keV) given in % for two different DAC settings; the bias
voltage was 500 V

DACs 241Am 133Ba 57Co

IKrum 10, THL 190 5.6 3.5 2.5

IKrum 04, THL 210 3.4 3.2 2.3

Fig. 13 Number of useless pixels on the detector matrix as function of
the bias voltage. A power law (red) of the form N(V ) = a ·(V −b)2 +c

and an exponential function (green) of the form N(V ) = a ·exp(−b ·V )

are shown as possible fit functions. The detector contains 16384 pixels
in total

Once, the noise produced by the leakage current rises above
the threshold level in these particular pixels, the pixels are
permanently counting.

The highest photon energy that could be used for a pixel-
by-pixel calibration on a practical timescale was 122.06 keV.

Fig. 14 The distribution of �S at the 241Am peak (59.54 keV) for all
pixels. It is (almost) a Gaussian distribution around −1.88 keV with a
width of σ = 0.43 keV

For higher energies the efficiency for single pixel hits is far
too small. This has two reasons: Firstly, the absorption effi-
ciency for a thick 1 mm CdTe sensor is smaller than 10 %.
Secondly, with higher photon energies the travel distance of
the photoelectron within the CdTe increases and is usually
larger than the pixelsize of 110 µm. This means, that single
pixel hits, which are needed for calibration, become more
and more unlikely with increasing energy. We measured one
week to achieve 300 counts over the whole matrix at the
356.02 keV peak of 133Ba. Assuming that we can take data
50 times faster with a new read-out and that at least 200–
400 counts are required in one pixel for a reliable calibra-
tion, a total measurement time of about 16384

50·52 ≈ 6.3 years is
needed. Therefore, a calibration cannot be done this way on
practical timescales.

However, as electrons can often deposit energies in the
MeV range in one pixel, it is important to estimate the qual-
ity of the calibration beyond the highest pixel-by-pixel cal-
ibration point. Beyond an energy of 122.06 keV we used
four peaks with energies at 136.47 keV (57Co), 184.35 keV
(137Cs Compton backscattering), 238.63 keV and 356.02
keV (133Ba). For this purpose we define the quantity �S(E)

which is the difference between the expected peak position
and the reconstructed peak position with a pixel-by-pixel
calibration at a peak energy E:

�S(E) = Expected peak position at energy E

− Reconstructed peak position at energy E (7)

The distribution of �S (59.54 keV) among all pixels of
the matrix is shown in Fig. 14. For other energies the distri-
bution has a similar shape. For an ideal calibration we would
expect a very sharp peak centered around 0 keV. The aver-
aged value of �S over all pixels for the energies given in the
previous paragraph is shown in Fig. 15. We can see that �S
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Fig. 15 Data points: averaged �S for peak energies above the pix-
el-by-pixel calibration range; the green line is a linear fit to the data.
Statistical errors are very small and thus not visible

increases with energy (Fig. 15). We performed an additional
calibration step to cope with this effect. It turned out that
using a linear fit (green line) for the given data points and
to subtract the value of the linear function from the regular
TOT calibration curve leads to a significant improvement at
energies beyond 120 keV. The positive effect on the peak
position and the energy resolution are discussed in the next
section.

4 Tracking of electrons

In order to investigate the performance of neural networks
on experimental data, we performed the following exper-
iment with a 232Th source: About 35 % of the photon
flux radiated by natural 232Th are 2.614 MeV photons
from 208Tl which is the last nuclide in the natural de-
cay chain of 232Th. In the CdTe sensor such photons can
be Compton-scattered, which produces single electrons, or
generate electron-positron pairs with a total kinetic energy
of 1.588 MeV. Apparently, electron-positron pairs starting
at one point produce a similar pattern to the two electrons
in 0νββ and hence electron-positron tracks can be used as
a substitute to verify experimentally the pattern recognition
power of the Timepix in a 0νββ experiment.

In the actual experimental setup (Fig. 16) we used a 232Th
source (1) with an activity of 14.8 MBq which was placed
40 cm away from the detector (2). The geometry was chosen
in such a way that the photon momentum is approximately
parallel to the sensor layer and every 0.3 s one or two pair
production events are expected to occur. The detector was
fixed onto a lead block and surrounded by a light shield box
(3) to shield the detector from optical photons and by lead
(4) for additional gamma shielding. We recorded and evalu-
ated 34.4 hours of data. This gives us 3646025 events com-

Fig. 16 A scheme of the experimental setup for the 232Th measure-
ment. (1) The 232Th source, (2) the sensor layer, (3) the cardboard and
(4) the lead wall. The distance between the source and the detector was
about 40 cm

prising 606813 electron events (both single and pair produc-
tion) after the rejection of α-particle and muon events.

Such events are clusters on the pixel matrix as shown in
Fig. 2 and Fig. 3. A cluster is a set of triggered pixels which
are direct neighbors with each other. The energy deposited
in a particular cluster is calculated as the sum over the en-
ergy depositions in all individual pixels belonging to the par-
ticular cluster. As electrons in the MeV energy range always
trigger more than one pixel, all energy spectra in this section
are spectra of such clusters, which means that every entry in
the spectrum is due to a cluster and not to the energy deposi-
tion in a single pixel. We divided the data into two packages.
We used the first to check our data analysis and the energy
resolution. On the second package we tested the artificial
neural networks.

4.1 Energy resolution of electron-positron pairs at 1.6 MeV

The energy spectrum of events in the region of interest
(Fig. 17) consists of Compton background and the pair pro-
duction peak at about 1.6 MeV. At this energy most of the
event clusters consist of about 14–17 pixels in average. The
energy resolution ( σ

E
) at the peak is 2.2 % (red) and the re-

constructed peak energy is 1614.1 MeV if the regular cal-
ibration curve is used (Eq. (5)). If we apply the additional
calibration step explained in the previous section, the recon-
structed peak position is 1589.1 MeV (blue) and the energy
resolution improves to 1.6 % which is twice the value that
we would expect from simulation.

We estimate that the reduced resolution is due to the
weak energy calibration at high energies. The calibration
data cover energies up to 130 keV with high statistics and
energies up to 350 keV with low statistics. From the results
presented in Fig. 15 we see that the extrapolation is not opti-
mal. On the other hand we know from simulation that elec-
tron tracks can lead to energy deposition in a pixel of about
400 keV. Hence, a new method is needed to calibrate the de-
tector up to these energies. One possibility to do so is to illu-
minate the detector with a tightly focused laser beam which
is triggered to shot pulses with a precisely known amount of
photons into one pixel during one frame. For this paper we
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Fig. 17 Measured energy spectrum of pair production and Compton
scattering events before (red) and after (blue) applying the additional
high energy calibration

take the energy resolution as it is since it is sufficient for the
track investigations which are the main issue in this paper.

4.2 Separation power of neural networks on
electron-positron pairs and single electrons

As next we applied artificial neural networks to the data. We
divided the region of interest from 1200 keV to 2000 keV
into eight equal intervals of 200 keV width. For every inter-
val an individual network i was trained and an optimal cut
parameter ci chosen. Every event of the spectrum was clas-
sified by the appropriate network i and assigned a rating R.
If the rating of an event R is smaller than the cut parameter
ci , it is classified as a single electron event and vice versa.

The rating R is not a real physical quantity and does not
describe some kind of probability. To perform the recon-
struction correctly, the network performance for the chosen
cut parameters ci has to be taken into account. In fact, if a
particular value ci is chosen, the network classifies a par-
ticular percentage of the single electron events (π1) and a
particular percentage of the two electron events (π2) cor-
rectly. These values are determined in the network training
process. If we call the true number of single electron events
in a particular energy bin η1 and the true number of two
electron events η2, then the number of events classified as
two electron events κ2 can be calculated as

κ2 = π2 · η2 + (1 − π1) · η1

= π2 · η2 + (1 − π1) · (N − η2) (8)

N is the total number of events in a particular energy bin
(η1 + η2 = N). Actually, κ2 is the quantity that we obtain
from the data by assigning a rating R to every event.7 Now

7As the ANNs are sensitive on statistical fluctuations, we used the av-
erage value of the 5 neighbor bins (to the left and right) to smooth the
spectrum for the ANNs.

Fig. 18 Reconstructed electron spectrum in the region of interest; all
events (blue), upper and lower limits (green/yellow) for events recon-
structed as single electrons

the real number of single and two electron events can be
calculated by inverting formula (9):

η2 = 1

π1 + π2 − 1

(
κ2 − (1 − π1) · N)

(9)

In the reconstructed spectrum (Fig. 18) the area below
the green/yellow lines belongs to the spectrum of Compton
scattered photons and the area above the green/yellow lines
(and below the blue line) to the pair-production events. The
remaining events in the pair production spectrum below the
peak energy are pair production events in which at least one
of the particles escaped the sensor layer and therefore not the
full energy was deposited in the sensor. The green line is the
upper limit for the uncertainties in the event classification
whereas the yellow line is the lower limit.

5 Conclusions

We investigated the applicability of the semiconductor pixel
detector Timepix with a CdTe sensor for future use in the
search for the 0νββ . A pixel-by-pixel energy calibration was
performed in the range between 5 keV and 120 keV with
high precision. For energies in the range 130 keV to 350 keV
the calibration was performed with lower precision but still
a resolution of 1.6 % could be achieved at the pair produc-
tion peak of 208Tl at 1588.8 MeV. Nonetheless the results
of the simulations indicate that the energy resolution can be
improved by a factor of two.

We investigated the tracking capabilities of the Timepix
detector in order to separate different types of events. The
separation of muons and α-particles from electrons is very
pure. Further, a good separation of single electron tracks
from electron-positron tracks could be reached by artifi-
cial neural networks. Thus, the tracking ability makes the
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Timepix detector an interesting candidate for future 0νββ

experiments.
One drawback may be the relatively large surface to vol-

ume ratio which almost forbids the choice of a fiducial vol-
ume with a certain distance from the surface. But it may turn
out that due to the track ability fiducializing is not necessary.
A second draw back is the enormous number of detectors
that would be needed to achieve a reasonable detector mass.
As long as other experimental approaches have not proven to
be able to detect unambiguously the 0νββ decay, the method
proposed in this work might be kept as a possible solution.
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46 III Tracking Capabilities of Timepix Detectors with a Cadmium-Telluride Sensor

III.1.2 Publication: 3D Particle Track Reconstruction in a Single Layer
Cadmium-Telluride Hybrid Active Pixel Detector

The publication “3D Particle Track Reconstruction in a Single Layer Cadmium-Telluride
Hybrid Active Pixel Detector” (Eur. Phys. J. C 74 (2014), 3013) covers the following
issues:

• Presentation of a new reconstruction algorithm for three dimensional trajectories of
ionizing particles with a pixelated semiconductor detector.

• Application of a modified algorithm to experimental data acquired with α-particles.

• Successful reconstruction of measured minimal ionizing electron tracks through the
cadmium-telluride sensor layer of a Timepix-detector.

My own contributions to the publication:

• Experimental idea.

• Preparatory measurements.

• Experiment preparation and data acquisition at the DESY testbeam.

• Contributions to data analysis together with the co-authors.

• Manuscript writing (corresponding author).

Contribution of the co-authors to the publication (in particular Thomas Gleixner):

• Development of the reconstruction algorithm.

• Simulations.

• Data analysis.

• Contributions to manuscript writing.
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Abstract In the past decades the search for neutrinoless
double beta decay has driven many developments in all
kind of detector technology. A new branch in this field
are highly-pixelated semiconductor detectors—such as the
CdTe-Timepix detectors. It comprises a cadmium-telluride
sensor of 14 mm × 14 mm × 1 mm size with an ASIC
which has 256 × 256 pixel of 55 µm pixel pitch and can
be used to obtain either spectroscopic or timing informa-
tion in every pixel. In regular operation it can provide a
two dimensional projection of particle trajectories; however,
three dimensional trajectories are desirable for neutrinoless
double beta decay search and other applications. In this paper
we present a method to obtain such trajectories. The method
was developed and tested with simulations that assume some
minor modifications to the Timepix ASIC. Also, we were
able to test the method experimentally and in the best case
achieved a position resolution of about 63 µm for electrons
with an energy of 4.4 GeV.

1 Introduction

The main motivation behind the methods and experiments
presented in this publication is to demonstrate the possibility
of three dimensional (3D) particle trajectory reconstruction
within the sensor of a hybrid active pixel detector for a neu-
trinoless double beta experiment. 3D tracking could help to
achieve high sensitivities due to background rejection by par-
ticle identification. The neutrinoless double beta decay is a
hypothetical, lepton-number violating decay where two neu-
trons in a nucleus are transformed into two protons and two
electrons without anti-neutrino emission, e.g.1

1 The decay of 116Cd could in principle be observed with a cadmium-
telluride semiconductor detectors, wherefore this particular isotope is
chosen as an example here.

a e-mail: mykhaylo.filipenko@physik.uni-erlangen.de
b e-mail: thomas.gleixner@physik.uni-erlangen.de

116Cd → 116Sn + 2e−. (1)

This lepton-number violating decay is forbidden in the
standard model of particle physics. Its observation would
prove that neutrinos are Majorana fermions via the Schechter–
Valle theorem [1]. This would require modifications in the
standard model. The standard model distinguishes between
neutrinos and anti-neutrinos and treats them as massless
particles. The observation of neutrino oscillations already
revealed that neutrinos have non-zero rest mass. If neutrinos
were Majorana fermions, the small but non-zero neutrino
mass (compared to the masses of the charged leptons) might
be explainable with the help of sea-saw mechanisms. There-
fore, besides the direct evidence for lepton-number violation,
the observation of neutrinoless double beta decay would have
an immense impact on our understanding of particle physics
[2].

Although the search for the neutrinoless double beta decay
is the main reason for our investigations, semiconductor
voxel detectors could have other interesting applications as
well. When using a thin sensor coupled to a pixelated ASIC,
the read-out volume of single pixel is a box with pixel area
as ground area and the sensor thickness as height, in our case
55 × 55 × 1000 µm3. In order to resolve 3D particle tracks
inside the sensor volume it is necessary to obtain position
resolution along the height of the sensor. We name a detector
that is able to perform this task a voxel detector.

As high resolution voxel detectors, semiconductor detec-
tors might be used for efficient high energy single photon
Compton-imaging. The direction of origin of an impinging
X-ray photo could be determined by reconstructing the track
of the Compton scattered electron. Further, it could allow the
usage for low activity tracers in SPECT imaging as the col-
limator, which absorbs most of the flux, could be avoided.
Additionally, Compton-imaging could be used for security
application; for instance, if a method for fast and precise
detection of nuclear contamination is needed [3,4].
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Fig. 1 A Timepix detector with a 1 mm thick cadmium-telluride sensor

3D imaging of particle tracks could also allow to perform
a variety of other important low-background experiments
like the observation of the double electron capture. Sum-
ming up, the development of voxel semiconductor detectors
would enhance the possibilities of detection in various fields.

In this publication we present a method for the reconstruc-
tion of such 3D trajectories through the sensor layer. It was
developed and optimized with simulations. Also, the method
could successfully be applied to experimental data obtained
with a Timepix detector [5] and used for the reconstruction
of electron tracks through the sensor layer.

The paper is structured as follows: In the second section
the Timepix detector is explained as our simulations and
experiments are based on this technology. In the third section
the reconstruction method is described and in the fourth sec-
tion the experimental results are presented. Section 5 gives
an outlook on the current detector development which could
lead to a fully operable voxel detector with about 50 µm voxel
size.

2 The Timepix detector

The Timepix detector (s. Fig. 1) is a pixelated hybrid semi-
conductor detector which was originally developed for X-
ray imaging applications [5]. Hybrid in this context means
that the sensitive sensor layer and the ASIC are fabricated
separately and afterwards connected together via bump-
bonds. This has the advantage that different semiconductor
materials can be used for the sensor layer. For X-ray imaging
it is desirable to have a sensor material with a high atomic
number in order to achieve high absorption efficiency. Hence,
besides silicon cadmium-telluride was established as a sensor
material for Timepix devices. Despite the difficulty of obtain-
ing large high quality cadmium-telluride crystals the advan-
tage of room-temperature operation and an atomic number
of 48 and 52, respectively, makes this material preferable (to
germanium) for X-ray imaging applications.

A scheme of the Timepix structure and functionality is
shown in Fig. 2. The Timepix used in this study consists

Fig. 2 Schematic cut through a Timepix-detector with a CdTe sensor
layer with and block diagram that illustrates the signal processing in the
A analogue and D digital parts of the ASIC. A high-voltage is applied
to the sensor volume. The common electrode is at negative HV, the
pixel electrodes at approximate ground potential. Electrons and holes
are generated by ionizing radiation and drifted by the electric field.
During the drift the charge carriers induce mirror charge currents at the
pixel electrodes which are integrated and converted to a voltage pulse
by the analog electronics in the ASIC

of a 1 mm thick cadmium-telluride sensor with metal elec-
trode pads (ohmic contacts) as pixel electrodes at the bottom
and a common electrode for the high-voltage connection at
the top. The sensitive sensor layer is connected pixel-by-
pixel to the input pixel electrodes of the ASIC by indium-tin
bump-bonds. The pitch of the input pixel electrodes is 55
µm. There are 256 × 256 pixels on the ASIC which cor-
responds to an active area of 1.4 × 1.4 cm2. In our detector
only every second pixel in each row and column is bump-
bonded wherefore the effective pixel size is 110 µm. This
has the advantage of better energy resolution at the cost of
position resolution. The ASIC is mounted on a printed cir-
cuit board and connected to the computer by a USB-FitPix
readout [6] for data transfer to the data acquisition computer
which can provide up to 60 frames per second. The output
data is provided in frames. Each frame is a 128 × 128 matrix
of values obtained for every pixel during the frame-time.
The frame-time can be preset manually to a fixed time or
the frame-start/frame-stop can be controlled externally by a
trigger.

The sensor layer can be biased with a voltage up to 800
V. Free electrons and holes produced by ionizing radiation
are separated and afterwards drifted by an electrical field in
opposite directions. While approaching the pixel electrode
the charge cloud induces mirror charges in the pixel elec-
trodes. In each pixel the induced charge is collected and con-
verted into a triangularly shaped pulse by a Krummernacher
type preamplifier with an approximate peaking time of about
100 ns. The length of the pulse is about several microseconds
which is mainly determined by the falling edge of the pulse.
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Fig. 3 Operation of the Timepix in the “time-over-threshold” (ToT)
mode. After the charge pulse is amplified and converted to a voltage
pulse, it is discriminated against a threshold level (THL). The time-
over-threshold is the number of clock counts in the time interval of the
pulse above the THL

The gain and the slope of the falling edge of the preamplifier
can be set externally by a digital-to-analog converter in the
matrix periphery. The pulse in each pixel is discriminated
against a global threshold.

The electric post-processing of the signal in every pixel is
digital and can be carried out in three different ways. We used
the detector only in two modes—the “time-over-threshold”
(ToT) mode and the “time-of-arrival” (ToA) mode. Both
modes are illustrated in Figs. 3 and 4, respectively.

In the ToT mode a digital register starts counting clock
cycles when the pulse rises over the threshold. The regis-
ter stops once the pulse falls below the threshold and the
number of counts in-between is the time-over-threshold. The
frequency of clock cycles can be chosen between 10 and 100
MHz. The time-over-threshold is related to the height of the
pulse which is a measure for the energy deposited in a pixel.
Thus, the time-over-threshold can provide calorimetric infor-
mation about a detected event. The deposited energy and the
ToT are related in a non-linear way. The energy resolution
achievable in this mode is 8.0 % (FWHM) at 59.56 keV and
5.4 % (FHWM) at 122.06 keV. Details on the calibration and
the energy resolution can be found in [7].

In the ToA mode the register starts counting on the rising
edge of the pulse and stops only at the end of the frame. As
every frame gets a global time stamp, the ToA provides a
timing information for every event. It can be as good as 10
ns for every pixel if a 100 MHz clock is used. The maximum
counter value is 11280 which corresponds to a frame-time of
112.8 µs at a 100 MHz clock frequency.

Fig. 4 Operation of the Timepix in the “time-of-arrival” (ToA) mode.
After the charge pulse is amplified and converted to a voltage pulse, it
is discriminated against a threshold level (THL). The time-of-arrival is
the number of clock counts between the first time the voltage pulse rises
above the THL and the end of the frame

3 Reconstruction method

In order to reconstruct the three-dimensional structure of par-
ticle trajectories through the sensor material, it is necessary
to determine the depth of interaction z0

n in the sensor for
every triggered pixel n (Fig. 5). Without loss of generality,
we assume that the sensor is pixelated in the xy-plane and
the depth of interaction is to be calculated along the z-axis.
The sensor anode is at z = 0 and the cathode is at z = d; d
being the sensor thickness.

3.1 Principle of reconstruction

The reconstruction is based on the charge carrier propagation
mechanism in the sensor layer. Charge carriers are drifted in
z-direction due to an electric field that can be approximated
in a CdTe sensor layer by

|Ez(z, U )| = U ( f2 + f1z + f3 exp(− f4U z)) (2)

which is an empirical fit to experimental data [8]. The
parameters f1 to f4 are f1 = (5.80 ± 0.09) · 105 m−2,
f2 = (228 ± 7.5) m−1, f3 = (540 ± 144) m−1 and
f4 = (479±216) (Vm)−1. U is the voltage difference applied
to the sensor volume. The drift velocity for electrons can be
calculated as vz(z) = μz E(z) where μz is the mobility of
electrons in the z-direction (μz ≈ 1100 cm2

Vs in CdTe). Fur-
ther, the motion of a charge carrier in the sensor is described
by the following equation:
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(a) t = t0

   

(b) t = tT HL
6

 

 

Fig. 5 A cut through a pixelated detector which illustrates the goal of
the reconstruction. The depth of interaction z0

n should be reconstructed
for every pixel. The triggered pixels are red. a The event happens at
t0; b a snapshot at t = t T H L

6 : All electron clouds were drifted towards
the pixel electrodes. In pixel 6 the electron cloud is close enough to
the electrode for the voltage pulse (U6) to exceed the threshold (THL).
At the same time the voltage pulse in pixel 0 (U0) has not reached the
threshold yet

z(t) = z0 +
∫ t

0
E(z(t ′))μzdt ′ = z0 + μzU

∫ t

0
f2

+ f1z(t ′) + f3 exp(− f4U z(t ′))dt ′. (3)

Since this integral equation has no closed analytical solu-
tion for z(t), we used a numerical method to solve for z(t).
We divided the total path between the anode and cathode into
20000 segments on which Eq. 2 can be approximated by a lin-
ear dependence on every segment i: |E(U, z)| = U (ai +bi ·z)
(for every segment i, the parameters ai and bi are calculated).
With this approximation Eq. 3 can be solved and we have a
sufficient solution for z(t) on every segment.

As stated in the previous section the signal that is actu-
ally measured is the amount of charge that is induced in the
pixel electrode by the charge cloud of secondary electrons
during their drift through the sensor. We consider only the
charge induced by the electrons and neglect the charge that is
induced by the holes. The mobility of holes is μh ≈ 100 cm2

Vs ,
hence more than 10 times lower than the mobility of the elec-
trons. Also the weighting potential at the cathode is less steep
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Fig. 6 The weighting potential in a 1 mm thick CdTe-sensor with 110
µm pixel size in z-direction calculated with the method of Castoldi et al.
[10]

than at the anode. Therefore, the main contribution of the
holes to the signal happens after the integration time of the
preamplifier and can be neglected.

Suppose the charge Qdep
n was released at the time t0 above

the pixel electrode n and is drifted from its initial position
z0

n over a time period td . After this time period, the amount
of charge that is induced in the pixel electrode Qind

n can be
calculated as [9]

Qind
n (td) =

[
Wpot (zn(td)) − Wpot (z

0
n)

]
Qdep

n . (4)

The function Wpot is called the weighting potential and
takes into account the geometric properties of the sensor
with its pixel electrodes. It can be determined by solving the
Laplace-equation for a given geometry [10]. For our geome-
try of electronic pads the weighting potential along the z-axis
is shown in Fig. 6. It was calculated with the method of Cas-
toldi et al. [10].

For every pixel the threshold equivalent charge (or energy)
is known after it has been determined in a calibration process.
We will call this quantity QT H L

n . Suppose this amount of
charge was induced in the pixel after the time t T H L

n , then
Eq. 4 yields

QT H L
n = Qind

n

(
t T H L
n

)

=
[
Wpot

(
z
(

t T H L
n

))
− Wpot

(
z0

n

)]
Qdep

n . (5)

If a detector could measure t T H L
n , the position zn

0 could
be determined by solving Eq. 5. Since zn(t) depends also
on z0

n (Eq. 3) in a non-trivial way, the equation cannot be
solved analytically. Instead it can be evaluated numerically
by iteration: We set zn

0 to d
2 in the first step ( j = 1) and for

every pixel we calculate the expression

�Qn

(
z0

n

)
= QT H L

n −
[
Wpot

(
zn

(
t T H L
n

))
− Wpot

(
z0

n

)]

×Qdep
n . (6)
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Fig. 7 An illustration of the points in time and time intervals occurring
during the drift process. The interaction of the ionizing particle with the
sensor happens at t0. At tT H L the charge pulse (in a particular pixel)
rises above the threshold. At ts the frame stops

In the case �Q > 0 we increase z0
n by �zshi f t = d

2 j

where j is the step number. In the opposite case (�Q < 0)
we decrease z0

n by �zshi f t . The deviation of the calculated
position from the actual position is smaller than d

2 j after the
j-th step. Therefore, we used 30 steps in our analysis which
produces a sufficient numerical accuracy for z0

n .
However, an absolute measurement of t T H L would require

to measure the time of interaction of the incident particle with
the sensor. With a semiconductor this is impossible since
the charge signal is always delayed by the time that it takes
to induce a signal at the pixel electrode; and this time - in
turn - depends on the depth of interaction.

What a detector can measure is a time-of-arrival for the
charge signal in every pixel in the track relative to a fixed
time-stamp set by the electronics ts . We will call this quantity
�t T oA

n ; the time between t0 and t T H L
n is called �t T H L

n ; the
time between t0 and ts is referred to as �ts . This is illustrated
in Fig. 7. According to Fig. 7 �t T H L

n can be calculated as

�t T H L
n = �ts − �t T oA

n . (7)

In the last formula �ts is unknown but this quantity is the
same for every pixel. By varying �ts the center of gravity
in z-direction (the z-value averaged over all pixels) is shifted
since the �t T oA values are fixed. It can be calculated as

〈z〉 = 1

Q

N∑
n=0

z0
n Qdep

n (8)

where Q = ∑N
n=0 Qdep

n is the total released charge in the
interaction. The ratio of the anode and cathode signal depends
on the average depth of interaction [11]. It can be determined
after measuring the total induced charge at the anode Qa

(Qc = Q) and at the cathode Qc and comparing the Qc/Qa

ratio to a simulation-generated lookup-table. We will call this
quantity 〈z〉meas .2

2 If both sides were pixelated, the weighting potential would be flat
within most of the sensor volume. Consequently Wpot,A, Wpot,C and

thus
Wpot,A
Wpot,C

would be almost constant within most of the sensor volume

and the determination of 〈z〉meas would not work properly. However,
since the cathode is not pixelated, its weighting potential is rather linear
like in a plate capacitor, which is quite different from the pixelated
anode. Therefore it allows to determine 〈z〉meas from the ratio of the
anode and cathode signals.

If �ts is assumed too high, then we get 〈z〉meas < 〈z〉
because we overestimated the drift distance. In the opposite
case we get 〈z〉meas > 〈z〉 because we underestimated the
drift distance. Therefore, �ts can be determined in the same
iterative procedure as z0

n under the condition

�z = 〈z〉meas − 〈z〉

= 〈z〉meas − 1

Q

N∑
0

zn(�ts)Qdep
n . (9)

3.2 Reconstruction procedure

Based on the physics and the method described in the pre-
vious subsection a detector has to be able to measure the
following quantities for a 3D track reconstruction:

– The total charge induced at the cathode Qc.
– The charge released over every pixel Qdep

n .
– The time-of-arrival of the charge signal in every pixel

�t T oA
n .

Based on this information, the calibration of the detector
(QT H L

n ) and the properties for the sensor layer (μ, Ez(U, z),
Wpot (z)) the reconstruction algorithm operates as follows:

1. Compute numerically z(t) for a given electric field con-
figuration E(U, z) in the sensor layer.

2. Determine the real average depth of interaction for the
track from the Qc/Qa ratio and the lookup-table.

3. Fix an arbitrary value for �ts and vary z0
n for every pixel

under the condition in Eq. 6. In practice it is reasonable
to choose a value between 0 and ts − tmax for �ts (for
instance ts−tmax

2 ), where tmax is the drift time from the
top of the sensor layer to the bottom.

4. Vary �ts under the condition given by Eq. 9 and repeat
the previous step to reconstruct the correct positions z0

n
for every pixel.

We tested our reconstruction method on data produced by
the in-house developed Monte-Carlo simulation named ROSI
[12,13]. It is based on EGS4 and has a low energy exten-
sion with the interaction code LSCAT. For each event the
simulation propagates the corresponding particle through the
sensor and calculates charge deposition in the sensor layer.
For a background electron of 2.8 MeV3 it produces about
5000–10000 interaction points along the track. Afterwards
the drift of the secondary electrons and the signal generation
in the pixel electrodes is simulated. The simulation takes into
account the diffusion and recombination properties of CdTe

3 2.8 MeV is the Q-value of the double beta decay for 116Cd. This
would be the isotope under investigation in a neutrinoless double beta
experiment with Timepix-based cadmium-telluride detectors.
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Fig. 8 Example of a simulated track (with all interaction points) and
the reconstruction of this track obtained from pseudo-measured data

as well as the repulsion of the charges under their electric
field.

In Fig. 8a the complete track (with all interaction points)
of a 2.8 MeV electron is shown and in Fig. 8b the recon-
structed track. The reconstruction uses the quantities that
would be obtained with a detector of 110 µm pixel size, a
1 mm thick sensor layer with 44.8 V applied bias voltage, an
energy threshold of 5 keV and a time resolution of 10 ns in
every pixel.

The position resolution in z-direction depends on the
charge resolution (which is equivalent to the energy reso-
lution) of the cathode and anode signals as well as on the
time resolution. Figure 9a shows the dependence of the z-
resolution FW H Mz on the time resolution if the energy res-
olution (σ(E)

E = 2 %) is fixed. Figure 9b illustrates how the
FW H Mz depends on the energy resolution under for a fixed
time resolution (10 ns).

4 Experimental results

For an experimental test of our method we performed two dif-
ferent experiments. For both experiments we used a Time-
pix detector with a 1mm thick cadmium-telluride sensor. The
detector was bump-bonded and assembled by X-ray Imaging
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Fig. 9 The interdependence between the z-position resolution
FW H Mz and the time resolution (a); and the energy resolution (b).
The error bars are the given by the standard deviation if the simulation
is repeated several times with the same configuration

Europe GmbH. The energy threshold of our particular detec-
tor was about 7 keV. We used the detector at a bias voltage
of 44.8 V. The reason for this is to increase the drift time
of the electrons to preferably high values. In contrast to the
usual application of imaging where the drift time should be
as low as possible for fast counting, we need it to be rather
long. The maximum clock frequency that could be used was
100 MHz which corresponds to pulses of 10 ns length. At the
usual voltage (500 V) the drift time is about 20 ns which is
faster than the peaking time after the preamplifier (about 100
ns). We need the electron drift time to be significantly larger
than that in order to measure drift time differences between
individual pixels. According to our simulation the drift time
at 44.8 V is about 200 ns. We chose a bias of about 45 V
but not lower since the charge collection efficiency saturates
at about 40–50 V. Hence, the chosen voltage is a reasonable
tradeoff between a sufficient charge collection efficiency for
a good signal in each pixel and a large drift time for a “time-
of-flight” position reconstruction.
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Fig. 10 A typical α-particle event measured in a ToT mode; b ToA
mode. Image c shows the event with energy reconstructed from ToA
data. The color denotes the ToT in clock cycles, the ToA in clock cycles
and reconstructed energy in keV, respectively

Before the measurements we performed a global ToT
calibration for the detector. The method of calibration is
described in [7]. We used two calibration energies: 59.56 keV
from 241Am and 80.99 keV from 133Ba.

4.1 Reconstruction of α-particle energy deposition
distributions

Originally, in our method the z-position (depth of interaction)
for every pixel triggered in an event is reconstructed from the
simultaneous measurement of the total deposited energy, the
energy deposited in every pixel and a timing information in
every pixel. However, according to Eq. 5 the method can also
be adapted to reconstruct the energy deposition in every pixel
from the timing information, the total deposited energy and
the knowledge of the z-positions. In this case the quantity
Qind

n (which is equivalent to the deposited energy) for every
pixel is calculated numerically in 30 iterations with Eq. 6.

With the Timepix it is impossible to obtain all of the three
quantities simultaneously. Nonetheless, in order to show the
functionality of the method, it was possible to overcome
this disadvantage in the following way: We placed a 241Am
source with an activity of about 310 kBq close to the sensor
surface. The source emits α-particles that deposit a particular
energy within the first 15 µm of the sensor layer. Therefore,
within good accuracy z0

n = 0 can be used for all pixels in the
reconstruction which removes one parameter.

First, we measured the energy deposition distribution per
pixel in the ToT mode. A typical event cluster in ToT mode is
shown in Fig. 10a. The colour denotes the deposited energy
in keV. A cluster is a set of pixels which are direct neighbours.
Usually, there are several such clusters in a single frame. An
algorithm recognizes the clusters and they are treated as indi-
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Fig. 11 The correlation between energy and cluster size from α-
particle events. The error bars show the RMS at each point

vidual events in the further analysis. By summing up all the
energy values in the cluster we obtained the total deposited
energy. The total deposited energy is linearly correlated with
the cluster size (the number of triggered pixel in an event) as
shown in Fig. 11. As the cluster size is not affected by the
mode of operation, we can use this correlation to determine
the total deposited energy for α-events measured in the ToA
mode.

As next, we recorded a similar number of events in the ToA
and the ToT mode. A typical event in ToT, ToA and energy
reconstructed from ToA are shown in Fig.10a–c, respectively.
Apparently, the dynamic range in the ToA data is lower since
the total drift-time across the sensor layer is 200 ns and the
clock that we used for this experiment was 48 MHz. There-
fore, the maximum number of time slices is limited to 5.

A comparison between the energy distribution obtained in
the ToT mode and reconstructed from the data in ToA mode is
shown in Fig. 12. The fraction of energy deposited in a pixel
is plotted versus the distance from the center of the event.
The discrepancy has multiple reasons: In the central region
of the cluster the amount of released charge is so high that
the induced charge goes over the threshold very quickly and
the drift time differences cannot be resolved with a resolution
of 21 ns. Additionally, the charge is distributed among the
pixels by charge sharing but we treat them as if the charge was
initially released in the pixels. The result of this experiment
suggests that the method has to be improved in the case of
charge sharing but also highlights that the method works in
principle.

4.2 Reconstruction of electron tracks

4.2.1 Experimental design

The second experiment was intended to demonstrate that 3D
tracks can be reconstructed. Again, as the Timepix in its cur-
rent version cannot measure all necessary quantities at the
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Fig. 12 The distribution of pixel energies of α-events obtained from
ToT data (red) and reconstructed from ToA data (green). The curves
were averaged over many events. The error bars were calculated as
the RMS divided by the square root of the number of triggered pixels
in a bin. Their size is governed for example by the underlying event
statistics, by the granularity of the pixel matrix and by the shape of the
clusters of pixels triggered by α-particles

same time, we designed our experiment in such a way that the
parameters that cannot be measured by the detector directly,
can be accessed and determined otherwise.

We used the Timepix in a so-called mixed matrix mode
and took advantage of the fact that minimal ionizing
particles deposit roughly the same energy in every pixel along
its track. The Timepix allows to assign every pixel individu-
ally a mode of operation either ToA or ToT. For our experi-
ment we chose the modes in a checkerboard arrangement—
every pixel has a diagonal neighbour that is in the same mode
and an off-diagonal neighbour that is in the different mode. It
is a reasonable approximation to assume that minimal ionz-
ing particles deposit nearly the same energy in every pixel.
Hence, one can determine the energy deposited in a pixel
that runs in the ToA mode by calculating the average value
of deposited energy in the surrounding triggered ToT pixels.
The second advantage of minimal ionizing particles is that
they propagate through the complete sensor on an almost
straight line. Thus, we know that the average z-position of
the track is 〈z〉meas = d

2 without measuring the total charge
at the common electrode.

Another way to determine the averaged deposited energy
in every pixel is to take data in ToT mode and afterwards
without changing the angle between the beam and the sensor
layer to take data in ToA mode. From the ToT measurement
we can determine the energy deposition in every pixel and
afterwards the ToA data can be used for z-position recon-
struction under the assumption that approximately the same
energy was deposited in every pixel for each measurement
in ToT and ToA mode under a fixed angle.

The data with minimal ionizing particles was acquired at
the DESY T21 testbeam. We used an electron beam at 4.4
GeV. The sensor layer was positioned under two different
angles to the beam direction. In one case the angle was about
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Fig. 13 Typical tracks for the evaluation of the z-resolution before (a,
c) and after (b, d) track selection in the mixed-mode (a, b) and in the
ToA mode (c, d). The colour bar denotes the measured ToA or ToT in
every pixel

42◦ and we obtained short tracks of 8–9 pixels on average
and in the other case (10°) the tracks were 55–56 pixels long
in average. The frame-time was 120 µs wherefore two tracks
never overlap on one frame. We took data in the mixed, the
ToT and the ToA mode.

4.2.2 Data analysis and results

For the evaluation of the resolution that we achieved in z-
direction we performed a selection of tracks and sorted out
tracks which are not meaningful due to the following crite-
ria: first, we rejected tracks where at least one pixel counted
a ToA value of at least 9465 which is the maximal ToA value
that can be expected with the used frame time and clock fre-
quency. With this cut, tracks were ignored which occurred
shortly before or right at the beginning of the frame. For
these tracks the exact moments of detection cannot be deter-
mined due to the ToA measurement principle of the Timepix.
Secondly, the electron beam was in x-direction while the
detector was placed in the yz-plane and then tilted along the
y-axis. Thus, as the tracks from minimal ionizing events are
straight lines, meaningful events should trigger pixels mostly
in one x-column. For events which do not produce straight
lines due to scattering in the sensor our reconstruction will
give false results since the assumption 〈z〉meas = d

2 is not
fulfilled. Hence, we used the following additional criterion
for event selection: Only tracks which had twice as much
triggered pixels in one x-column than in other columns com-
bined are taken into account. Since hardly any long tracks
fulfilled this criteria, we used only the short tracks for the
further analysis. At last, we used only tracks with at least 10
triggered pixels to avoid background from low energy events.
Figure 13a–d show a sample of tracks before and after event
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Fig. 14 A reconstructed track of a typical short and long track after
reconstruction in comparison to the real track. The tracks go parallel to
the x-axis wherefore the y-values are the same for all voxels

selection in the mixed-mode and in the ToA mode, respec-
tively.

The experiment with α-particles showed that our algo-
rithm can give unsatisfying results for charge sharing pixels.
Therefore, we removed pixels which are not in the main x-
column as these are probably due to charge sharing. Also,
we removed pixels with the highest y-coordinate values as
these are most probably due to charge sharing from the pixels
where the electron entered and left the sensor layer.

A typical track in comparison to the expected track for
each case (long and short) is shown in Fig. 14a, b, respec-
tively. At this point it is important to mention that the algo-
rithm is not biased in any way to reconstruct a straight line.
The fact that the result of reconstruction is a straight line
indeed is a strong indicator that our method works properly.
The reconstructed points are scattered close around the actual
particle trajectory which indicates a meaningful result.

We calculated the z-resolution as the root mean square
(RMS), where the reference z-value in every point was deter-
mined by a line fitted through the pixels with the highest and
the lowest y-values (green line in Fig. 14). This line is what
comes closest to the real particle trajectory. The results are
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Fig. 15 The deviations of the reconstructed z-position from the actual
track for events measured in mixed mode (a) and ToA mode (b)

Table 1 Results on the z-resolution obtained in different modes of
operation

Mixed mode (µm) ToA mode

Neighbours averaging 119 –

All pixel at 228 keV 91 66 µm

All pixel at 176 keV 89 63 µm

summarized in Table 1. Figure 15a, b shows the deviations
of the reconstructed z-position from the actual track.

In the mixed-mode we achieved a z-resolution of 119
µm. By using the data from ToA only and a fixed energy
of 228 keV we achieve a z-resolution of 66 µm. This value
for the average energy was determined from the ToT mea-
surement as the average deposited energy per pixel. However,
since this energy is a constant for all pixels in the reconstruc-
tion, it can also be set to a different fixed value. It turns out
that the best resolution of 63 µm could be achieved by using
the data from ToA mode and a fixed energy of 176 keV for
every pixel. For the mixed-mode we obtained a resolution of
91 µm with a fixed energy of 228 keV and 89 µm with a fixed
energy of 176 keV.
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The experiments were limited to straight tracks from min-
imal ionizing particles since the available detectors can-
not provide all the information required for reconstruc-
tion. Nonetheless the next generation of Timepix detectors
(Timepix3) [14] will provide a simultaneous read-out of tim-
ing and energy deposition information per pixel. Also the
readout of a backside signal could be included as for a
coplanar-grid-type of detector. With a proposed time reso-
lution of 1.6 ns, a voxel detector with about 50 µm voxel size
can be expected. A Timepix3 detector with a CdTe sensor
could therefore provide an interesting opportunity for new
imaging techniques with voxel detectors.

5 Conclusions and outlook

In this publication we presented and evaluated a method to
reconstruct 3D particle trajectories through a sensor layer of
a pixelated semiconductor detector. Our simulations suggests
that a z-resolution of about 40–50 µm can be achieved under
realistic detector performance assumptions.

As a major result, we successfully demonstrated that the
method works experimentally and a particle track can be
reconstructed from actual data. The achieved z-resolution
was 63 µm in the best case.
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III.2 Comparison of the results with other neutrinoless double beta
experiments

The energy resolution that we measured with a CdTe-Timepix detector at 1.588MeV (pair
production peak due to the 2.614MeV γ-line of 208Tl) is 3.8% (FWHM). Compared to the
two important xenon-based experiments (EXO and Kamland-Zen) the energy resolution
is better than in case of EXO (5.8% at 1.588MeV [46]) and significantly better than in
the case of Kamland-Zen (about 11.7% at 1.588MeV [47]). However, in the setup of
Kamland-Zen only the scintillation signal is used which usually provides a worse energy
resolution than ionization signal based detectors (compare sec. II.2.3). Nonetheless, these
two experiments have the big advantage that liquid xenon (EXO) or xenon dissolved in a
liquid scintillator (Kamland-Zen) is used, wherefore these technologies are easier to scale
up to higher mass and to fiducalize which helps to reduce the background level.

Compared to GERDA, which also uses semiconductor detectors, the energy resolution
is worse. The HPGe (high purity germanium) detectors employed in GERDA have an
energy resolution of 0.2% at 2.614MeV and 0.7% at 582 keV (thus, an energy resolution
better than about 0.5% at 1.588MeV) [23].

Since these detectors have no pixelation, active background rejection can be performed
mainly by pulse shape discrimination (so far). This technique is useful to reject α- and
β-background from the detector surfaces or multi-site events (two events which happen at
different parts of the sensitive volume simultaneously) [27] but not to distinguish between
single or two electron events in the sensor directly. α-particles as well as multi-site events
can be identified easily with the Timepix detector [48]. The advantage that the Timepix
would offer in its current form would be a full rejection of α-particle and muon background,
and a reduction of the electron background by about 75% whereas the signal is reduced
by 25% [49]. The correponding background reduction factor for single electron events is
2.21 and the increase in sensitivity is about 1.2.

With an energy resolution of 1.5% (according to simulations) at the Q-value and a
background of 1 ·10−3 cts

keV · kg · a (which is currently the goal for most upcoming experiments
[22]), a sensitivity of 51meV on the effective Majorana mass could be achieved at an
exposure of 2100 kg years = 420 kg · 5 year2. GERDA would achieve this sensitivity at an
exposure of about 1600 kg years. EXO (in its current form) would achieve this sensitivity
at an exposure of roughly 5000 kg year. In Phase-I GERDA achieved a background-level of
2.0 · 10−2 cts

keV · kg · a [26] and EXO200 achieved a background level of 1.5 · 10−3 cts
keV · kg · a [46].

Therefore, it seems possible to reach the desired background level of 1.0 · 10−3 cts
keV · kg · a .

However, the self-shielding effect of xenon and fiducializing contribute a lot to this low

1 The background reduction factor is defined as the ratio between the background level around Qββ
before and after electron background rejection by pattern recognition.

2 The Timepix detectors used for an experiment of this target mass are assumed to have a pixel pitch
of 165 µm, a sensor thickness of 3mm and be well-calibrated.
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background level. Thus, it is questionable if this background level can be achieved
with thin CdTe-sensors as well, especially since there is no data on the radiopurity of
CdTe-Timepix detectors available yet. In particular the composition of the background
is important since backgrounds like α-particles or double Compton events occuring in
different parts of the sensor can be identified and rejected very efficiently but events like a
β-decay followed by internal conversion (IC) have the same topology as 0νββ events (and
cannot be distinguished at all).

Although the achieved results may be only partially satisfying (in particular to justify
the scalability problems with thin CdTe sensor layers), further enhancement in sensitivity
could be achieved as a consequence of two things: On the one hand it can be expected
that a full voxel detector will be realized in future by a Timepix-3 detector with backside
read out and the reconstruction method that is presented here. Employing 3D tracking
with a voxel pitch of about 50µm for the rejection of single electrons would allow to
increase the electron reduction rate to about 6.6 [49]. Also, this would allow to fiducialize
the sensitive volume and thus background levels comparable to EXO might be feasible.
On the other hand, as shown by the HEXITEC group, pixelated CdTe detectors can
provide a very good energy resolution [50]. The HEXITEC has a pixel size of 250 µm and
an energy resolution of about 2% (FHWM) at 59.54 keV. This is about 3.8 times better
than the current resuls with the Timepix. According to our results, with this pixel size
artificial neural networks can still provide a proper background rejection of single electron
background. An evaluation on the achievable sensitivity with this detector is in progress
and will be published in the future.

At last, it might be important to state that the experiments which are closest to set
new limits and maybe see first real evidence for 0νββ are GERDA, KamLand-Zen or
EXO200. A 0νββ experiment based on the Timepix chip is not feasible in the near future.
If significant progress (for instance such as described above) will be made in the field of
pixelated CdTe-detectors, simulations indicate that a 0νββ experiment with pixelated
CdTe-detectors could be meaningful. Its advantage would to be to provide additional
confidence about the few events that one measures at Qββ. To put into simple terms: If
the track clearly looks like two electrons (as expected for a 0νββ decay) and not like a
muon or an α-particle, the result could be more convincing. Thus, if an observation of
0νββ will be made for 76Ge or 136Xe in the future, an experiment with pixelated detectors
might still be interesting to confirm the findings by an observation of 0νββ for 116Cd
in order to convince the particle physics community that 0νββ exists and neutrinos are
Majorana particles after all.
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The usual way to include tracking in a neutrinoless double beta experiment is to build
a time-projection chamber. The sensitive volume is often a liquid or gas (like in EXO
or NEXT), or one could have a solid state time-projection chamber like presented in the
previous section. Regardless of the sensor material, the functionality for tracking is based
on drifting secondary electrons (or holes) through the sensitive volume and detect them
by a segmented/pixelated read out at the bottom plane (see section II.2.3).

If materials with sufficient electron life-time are used for the sensor, it is possible to
built detectors of large volume by using this technique. Such materials are high quality
semiconductor crystals or highly purified noble gases. For instance, the drift distance
for electrons in highly purified liquid xenon can exceed one meter [53]. However, if the
electrons have to be drifted over such large distances, it is hardly possible to use the
detector as a tracking device any more.

The reason for this is the diffusion of charge carriers in the horizontal plane during
the drift of the charge carriers in vertical direction. Suppose a charge cloud starting at a
particular point in the sensor volume drifts over a distance d in vertical direction with
the drift velocity vz. The radius wherein 90% of the charge carriers will be randomly
distributed (diffusion radius) is given by

rD(d) = 4
√
D(T,Ez)t = 4

√
(D(T,Ez)

d

vz(Ez)
. (IV.1)
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Here vz(Ez) denotes the drift velocity in z-direction, which depends on the strength of
the electric field applied over the sensor volume in z-direction Ez. The diffusion constant
D depends on the temperature T of the material and the electric field Ez1 [51].

For common sensor materials like liquid xenon (that is considered to be realistically
scalable to large masses as one single detector) the track length for the two electrons
from a neutrinoless double beta decay is about 3mm. When the diffusion radius is not
substantially smaller than the track length, tracking is no longer possible since at the
bottom plane any track will have a round indistinguishable form. With formula IV.1 and
common values for T = 165K, D ≈ 120 cm2

s
, vz(Ez) ≈ 3 · 105 cm

s
and Ez ≈ 3700 V

cm
(values

taken from [54, 51] and [55]) in liquid xenon one can calculate the drift distance d after
which tracking will be no longer possible. It is roughly d ≈ 5 cm to 6 cm. This distance
is not sufficient for the height of a detector that would be favorable for a large scale
neutrinoless double beta experiment - at least several decimeters (if one single detector is
used).

A possible solution to this limitation would be to use the scintillation signal instead
of the ionization signal for tracking. Scintillation photons, just as secondary electrons,
are created along the trajectory of the primary ionizing particle. However, on their way
through the sensor material photons travel onto straight lines and do not diffuse. In
principle, this would allow to image tracks from a large depth in sensor volume (if a
scintillator with sufficiently low self-absorption is used). Within the scope of this thesis,
a “proof-of-principle” experiment for this technique was performed successfully and the
position resolution was examined. We estimated the resolution to be 170µm to 250µm for
tracks closely (about 0.25mm to 0.6mm) to the focal plane of the imaging optics. This is
presented in the second publication.

Although the technique works in principle, the result indicates that the main limitation
of the technique is connected to the depth of focus of the optics used for imaging. In order
to image sharply (for instance with an blurring circle of no bigger than 10 µm) a volume
of 30 cm (about 80 kg of liquid xenon) the distance of the optics to the scintillator has to
be large (1m) but also the focus of the lenses has to be small (15mm) and therefore the
lenses’ diameter. In contrast, this reduces drastically the light collection efficiency which
decreases the energy resolution or makes tracking impossible at all due to the low number
of collected photons. One idea how to deal with this problem is discussed in the outlook
section.

For this experiment a novel device, the hybrid photon detector, was used. In order
to test the device and ensure a stable operation, it was calibrated beforehand, i.e. its
absolute quantum efficiency was determined by the method of Klyshko [56]. The calibration
experiment and its results are presented in the first publication. In the last section the

1 The dependence of the diffusion constant D on the electric field Ez is strong in materials like liquid
and solid xenon where the mean free path of free electrons between collisions is long and therefore
their mean kinetic energy is high [52].
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HPD is compared to a similar device, the iCCD. Additionally, some other scintillation
light based tracking techniques are presented for comparison (regarding the applicability
for a neutrinoless double beta experiments).

IV.1 Publications

IV.1.1 Publication: Detection of non-classical space-time correlations with a
novel type of single-photon camera

The publication “Detection of non-classical space-time correlations with a novel type of
single-photon camera” (Opt. Expr. 22 (2014), 14) covers the following issues:

• Application of the novel camera (hybrid photon detector - HPD) for coincidence
and quantum correlation experiments.

• Determination of the absolute quantum efficiency of the hybrid photon detector
(HPD) for wavelengths from 535 nm to 570 nm.

• Determination of the absolute quantum efficiency of the hybrid photon detector
(HPD) at 536 nm as a function of the applied voltage.

My own contributions to the publication:

• Preparation of the novel camera (hybrid photon detector - HPD) with periphery for
the experiment.

• Design and implementation of the data acquisition system for coincidence measure-
ments.

• Data acquisition.

• Contributions to data analysis (determination of the coincidence spectrum and the
measurement time from the HPD raw data).

• Interpretation and evaluation of the results in discussion with the co-authors.

• Contributions to manuscript writing.

Contributions of the co-authors (in particular Felix Just and Andrea Cavanna) to the
publication:

• Design and implementation of the optical setup.

• Contributions to data acquisition and analysis.

• Interpretation and evaluation of the results in discussion with the co-authors.

• Manuscript writing (corresponding author: Felix Just).
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Abstract: During the last decades, multi-pixel detectors have been
developed capable of registering single photons. The newly developed
hybrid photon detector camera has a remarkable property that it has not
only spatial but also temporal resolution. In this work, we apply this device
to the detection of non-classical light from spontaneous parametric down-
conversion and use two-photon correlations for the absolute calibration of
its quantum efficiency.
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1. Introduction

During the last three decades, several types of multi-pixel detectors have been developed, ca-
pable of registering single photons. These include intensified CCD (ICCD) cameras relying
on amplification via micro channel plates, electron-multiplied CCD (EMCCD) cameras, and
simpler devices, called multi-pixel photon counters, or solid-state photomultipliers. In the lat-
ter, there is no possibility of addressing particular pixels as the signals from different pixels
are joined together at the output. As a result, due to the cross-talk between the pixels, false
multi-photon correlations arise [1], which complicate the extraction of useful information [2].
EMCCD and ICCD cameras are free from this drawback as they enable addressing particular
pixels and, although they also manifest cross-talk, one can eliminate its influence by combin-
ing pixels into ‘clusters’ or choosing well separated pixels. With such cameras, despite their
relatively low quantum efficiencies, photon counting is a standard technique [3] and ICCD and
EMCCD cameras are traditionally used for imaging single-photon emitters such as molecules
[4]. They are also applied to the measurement of intensity correlation functions for two-photon
light emitted via spontaneous parametric down-conversion (SPDC) [5] and ghost imaging based
on this effect [6]. Using SPDC radiation, the quantum efficiency of an ICCD camera was cal-
ibrated [7] by means of a fit to the measured correlation functions. Recently, an ICCD camera
was also used for spatially resolved characterization of single-photon emitters and their clusters
[8]. A huge disadvantage of ICCD cameras (and even more in the case of EMCCDs) for corre-
lation measurements and therefore coincident detection is the necessity for a long measurement
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(a)

(b)

(c)

Fig. 1. A photograph of the hybrid photon detector. (a) read-out electronics, (b) PCB board
with housing, (c) the tube.

time. Even though ICCD cameras can be gated within time windows as short as a few ns, usu-
ally a whole frame can reveal only a single coincidence event. Moreover, the readout times of
such devices are usually much longer than the gating which additionally slows down the data
acquisition significantly.

The new hybrid photon detector (HPD) can measure not only the position of an incident pho-
ton but also its time of arrival. Each individual pixel of the camera matrix is capable of tracking
the point in time at which it was triggered by a photon. Even though it can only do so once
per frame in the present configuration, many correlation measurement schemes including the
characterisation of single photon emitters [8], ghost imaging [9], and superresolution applica-
tions [10] might be significantly improved by using this device. In contrast to other detectors
of this kind, each pixel can measure events individually at the same time. Furthermore, one can
even go one step further and think of more sophisticated correlation measurement schemes in
the future, which might lift the once-per-frame constraint entirely. In this work we perform the
first coincidence measurements with such a detector. We apply this camera to the detection of
non-classical light from SPDC and use two-photon correlations for the absolute calibration of
its quantum efficiency.

2. The hybrid photon detector

The hybrid photon detector is a first-of-its-kind device which provides a high temporal and
spatial resolution for the detection of single photons in the optical range. The proof-of-principle
experiments were carried out by J. Vallerga et al. at the Space-Science-Laboratory in Berkeley
[11]. It was further developed by the Medipix collaboration and fabricated by Photonis Inc.
(Photonis USA Inc., 6170 Research Road, Suite 208, TX-75033 Frisco, USA). The detector
control and read-out (FitPix) was developed at the IAEP in Prague [12]. For the data acquisition
the Pixelman software [13] was conceived. Depending on the mode of operation the spatial
resolution can be as good as 6 µm; the timing resolution can be ≈ 10 ns for a single pixel.
The high spatial resolution can be achieved due to the ability of the Timepix to compute the
geometric centre of a charge cloud up to an accuracy that well exceeds the limits imposed by
the pixel size [14]. Since this method requires a different mode of operation of the Timepix, it
was not used for the experiments reported here. A photograph is shown in Fig. 1 and a more
detailed description of the HPD prototype we used in our experiment can be found in [14].

The HPD consists of the read-out electronics (a), a printed circuit board (PCB) with housing
(b) and the tube (c). The structure and functionality of the HPD tube is illustrated in Fig. 2.

At the top, there is an optically transparent window coated with a bi-alkali photocathode de-
posited in-house by Photonis USA on the input square window. The size of the cathode (53 mm
x 53 mm) is much larger than that of the chip so that the extent does not affect the performance
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Fig. 3. Quantum efficiency of the photo cathode (measured by Photonis Inc.).

of the HPD. Located 4 mm beneath the window are two microchannel-plates (MCPs) stacked
onto each other. Underneath the MCPs, four Timepix application specific circuits (ASICs) [15]
are located in a 2x2 layout. During regular operation the cathode is at nominal voltage of -2.4
kV. The top surface of the upper MCP is at -1.8 kV. Both MCPs have a voltage gradient of 600
V across them. Hence, the bottom surface of the lower MCP is at -600 V. The Timepix-ASIC
is grounded and the tube is at a vacuum pressure of about 10−10 mbar.

Initially Timepix detector – a hybrid active pixel detector – was developed for coloured X-
ray imaging. ‘Hybrid’ in this context means, that unlike in a CCD, the signal processing and
the sensitive volume of the detector are made from two different bulks of material. The ASIC,
which is responsible for the signal processing, and the sensor material are fabricated separately
and afterwards connected to each other by bump-bonds. This allows to use the same ASIC with
different sensor materials depending on the particular application. For X-ray imaging, a sensor
with high absorption efficiency is desirable and cadmium-telluride can be used. For neutron
imaging a silicon sensor with a Litium converter can be used. For the detection of optical
photons a thin photocathode has to be used and the photoelectron needs to be amplified in
order to produce a signal in the Timepix-ASIC. Since the photocathode and the Timepix-ASIC
are separated from each other like in a hybrid active pixel detector, the name ‘hybrid photon
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detector’ is used.
At the photocathode, an optical photon is absorbed and a photo-electron is emitted. A (non-

absolute) calibration curve of the photocathode can be found in Fig. 3. Due to the voltage
difference the photo-electron is pulled towards the MCP. The MCPs (also manufactured by
Photonis) are thin (1 mm) pieces of glass with co-aligned pores of 25 µm diameter and a pore
bias of 16 degrees. In the HPD, two MPCs are used in a ‘chevron’ configuration which is used
to avoid ion-feedback. A photo-electron entering the pore will produce multiple secondary
electrons due to its kinetic energy when it hits the wall of the pore. This process happens many
times within the pore which leads to electron multiplication. From one single photo-electron
about 106 electrons are produced in this process by the two consecutive MCPs. This avalanche
of secondary electrons is collected on the input electrodes of the pixels of the Timepix-ASIC.

An important factor affecting the performance of the device is the ratio between the area of
the holes and the non-sensitive parts of the MCP. If a photo-electron does not fall into an MCP
hole but onto the non-sensitive area, it is not detected. The geometry of the MCP is a hexogonal
lattice of 25 µm round pores with the pore centers separated by 32 µm. From this we obtain a
probability of 0.55 for an electron to hit a pore.

The Timepix-ASIC has 256 x 256 pixel with a pixel size of 55 µm. Every pixel contains
its own amplifier and logical unit which coverts the collected charge into a voltage pulse and
also includes a counter. The voltage pulse is discriminated against a global threshold in every
pixel. The threshold corresponds to about 1000 electrons. The Timepix can be operated in
three different modes. In the ‘time-over-threshold’ mode, the Timepix returns how much charge
was collected in every pixel by the number of digital clock pulses that are counted during
the time when the voltage pulse is over the threshold. The second way the camera can be
operated in is the counting mode in which each event above the detection threshold increases
the counter of a hit pixel. Finally, in the ‘time-of-arrival’ mode (ToA) the detector provides a
timing information for every pixel by the amount of digital clock pulses from the first time the
voltage pulse goes over the threshold until the frame ends (Fig. 4). Since we are interested in
correlation measurements the only mode of operation considered in this paper will be the ToA
mode.

3. Absolute calibration

In conventional calibration methods, the quantum efficiency of the detector under test (DUT) is
obtained via comparison with a reference detector. The non-classical state of light emitted by
SPDC [16] allows for a reference free, or absolute, method to calibrate the quantum efficiency
of a photon counting detector [17]. Such a scheme was proposed as a method for calibration
by Klyshko [18] (and hence is often referred to as the Klyshko method), and later implemented
in experiment [19, 20]. It should be noted, however, that the first measurement of quantum
efficiency using SPDC was performed by Burnham and Weinberg [21]. The idea is to utilise the
photon-number correlations in SPDC. The Hamiltonian of the process is Ĥ ∝

∫
dksdkiâ

†
ks

b̂†
ki
+

h.c., where â†
ks

and b̂†
ki

are the creation operators for photons with wavevectors ks,i in the signal
(s) and idler (i) modes respectively. The quantum state of the emitted photons is obtained by
applying the time evolution |ψ(t)〉= e−

ı
h̄ Ĥt |0〉 and expanding it to the first order only. In other

words, we consider the low-gain regime where photons are exclusively created in pairs, |ψ〉=
|0〉+ c|1〉ks |1〉ki , with |c| � 1. Therefore, from detecting the signal photon, one can infer with
absolute certainty that a corresponding photon has to be present in the idler arm.

Let us assume the DUT is exposed to the signal radiation while a second detector, from here
on referred to as trigger detector, is placed in the idler arm of an SPDC source. The numbers of
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Fig. 4. The operation of the Timepix in the ‘time-of-arrival’ (ToA) mode. After the charge
pulse is amplified and converted to a voltage pulse, it is discriminated against a threshold
level. The time-of-arrival is the number of clock counts between the first time the voltage
pulse rises over the threshold and the end of the frame and thus the number of clock counts
until the frame ends.

counts during a certain time interval are

NDUT = ηDUTN,

Ntrigger = ηtriggerN, (1)

where ηDUT and ηtrigger are the quantum efficiencies of the two detectors and N is the number
of photon pairs emitted by the source in the said time interval. Accordingly, the number of
coincidence events is

Ncoinc = ηDUTηtriggerN. (2)

For the quantum efficiency of the DUT it follows directly that

ηDUT =
Ncoinc

Ntrigger
. (3)

Using coincidence measurements, we are thus able to ascertain ηDUT independently of the
quantum efficiency of an imperfect trigger detector or any reference whatsoever.

One crucial remark to this method however is that Eq. (3) does not strictly describe the
quantum efficiency of the DUT alone, but rather the complete DUT-arm of the setup, i.e., the
whole channel starting from the crystal until the detection including any elements in between
which could cause losses of any kind [17]. In practice that means one should include the lowest
amount of optical elements in the DUT channel possible Any losses that are unavoidable should
be characterised thoroughly and taken into account. Fortunately, one of the advantages of the
scheme utilising an SPDC source is that the spectral selection can be performed in the trigger
channel and thus will not affect the measurement.
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Another issue arises from the fact that SPCD photons are emitted at a certain angular width.
The spread of the emission angle is due to the transverse wave vector components of the pump,
the width of the phasematching function (which is given by the length of the nonlinear crystal),
and the selected frequency bandwidth [17]. In order to avoid events in the trigger channel which
have no corresponding counterpart in the DUT and hence would lead to an artificial decrease
of ηDUT in Eq. (3), one has to make sure that the angular acceptance of the DUT is greater than
that of the trigger detector. Similar arguments, of course, hold for the spectral width.

Finally one also has to take into account that there are always some accidental coincidences,
which originate from the overlapping of photon pairs and have to be subtracted from the total
number of coincidence events. Those pairs can originate from stray light, overlapping of pairs
from the SPDC process or the dark noise of either device. Consequently we used a modified
Eq. (3) to obtain the actual quantum efficiency under laboratory conditions [23]:

ηDUT =
Ncoinc−Nacc

Ntrigger−Ndark
. (4)

Here Nacc denotes the number of accidental events and Ndark are the dark counts of the trigger
detector during the measurement time.

4. Setup

4.1. Optical setup

A sketch of the optical setup is given in Fig. 5. In order to create the photon pairs, a β -Barium
Borate (BBO) crystal of 5mm length was pumped by a cw diode laser operating at a wavelength
of 405nm. The crystal was anti-reflection coated for the signal wavelength. The pump power
was about 1.5mW and the beam was focused down to a waist of 100 µm to provide angular
and spectral widths for the SPDC process, suitable for our experimental conditions. At first, the
phasematching was chosen such that the photons in the camera channel were emitted at 560nm
and under an angle of 4◦, while the trigger photons were emitted at 10◦ with a wavelength
of 1463nm. To ensure detection of correlated photon pairs a bandpass filter of 12nm width
was placed in the trigger channel. The wavelengths could be tuned by replacing the filter and
adjusting the angle between the optic axis of the crystal and the pump beam accordingly to
preserve the alignment. As previously mentioned, it is necessary that the trigger detector is
exposed to either a more limited or to exactly the same angular spectrum corresponding to
the spectrum in the DUT channel. An iris placed in the far field ensures this condition to be
fulfilled. Due to the rather large sensitive area of the detector, we placed the HPD in a box to
shield it from ambient light. The trigger photons were then fibre coupled to a single mode fibre
and detected by a Scontel superconducting nano-wire detector.

In the last section we stated that for the calibration it is beneficial to do all filtering in the
trigger channel, since losses there will not affect the quantum efficiency of the DUT. Neverthe-
less a dichroic mirror (DM450) and a colour glass filter (CG495) had to be included in the DUT
arm. Even though the pump was spatially separated from the signal, fluorescence and scattered
light from the pump originating from the crystal could easily saturate the camera because their
spectrum almost coincided with the maximum sensitivity range of the HPD photocathode.

4.2. Electronics and data acquisition

To obtain the quantum efficiency from Eq. (3), the number of coincidences between the trigger
detector and the DUT has to be determined. To achieve this the following scheme was realized.

The HPD delivers the data not continuously but in frames. Therefore, we synchronized the
laser and the HPD data acquisition by a signal generator and a gate to reduce both the dark
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Fig. 5. Optical setup.

noise and the overall photon flux on the camera. A scheme of the electronics is shown in Fig.
6. The signal generator delivered the ‘start’ signal to the gate at a fixed rate. Its output signal
(TTL) was then split into the ‘start’ signal for the HPD and the ‘start’ signal for the laser. The
‘stop’ signal on the gate came from the trigger detector. We discriminated the output of the
trigger detector and then sent a TTL signal to the gate. This signal was delayed by 1.2 µs. Upon
the arrival of the ‘stop’ signal, both the frame and the laser were stopped. After that the data
was read out from the Timepix chips (≈ 200 ms). As in the ToA mode the time until the frame
end was obtained for each pixel individually, we saw coincident events between both detectors
at a particular ToA, corresponding to the delay between the trigger detector and the frame end
in the HPD. The circuit diagram and the logical scheme are depicted in Fig. 6.

5. Data analysis and results

5.1. Data analysis

Figure 7(a) shows the spatial distribution of detected photon events for one typical frame. Ev-
ery single photon event is detected as a cluster of multiple triggered pixels (≈ 5 on average)
on the matrix. This is caused by the electron multiplication due to electron emission from the
walls of the MCP pores. When the electrons are emitted from the wall they usually have some
transverse momentum. The number of electrons after amplification is large (106) compared to
the threshold of a pixel (103). Since a small fraction of the electrons is enough to trigger one
pixel and because of their transverse spread, several pixels can be excited by a single event. To
obtain the timing information for a cluster we averaged over the time-stamps (ToA) of its pix-
els. The number of coincidences between both detectors during a complete measurement cycle
was obtained by the integration over all frames. Accidental coincidence events manifest them-
selves as a background in the histogram. The time distribution of coincidence events (number
of clusters plotted versus ToA) for a single measurement is shown in Fig. 8(a). One can clearly
distinguish the peak of coincident events from the background of accidental coincidences. The
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Fig. 7. (a) Examples of a single frame, (b) the result of the integration over all frames for
one measurement cycle, and (c) the post-selected events corresponding to the coincidence
peak. The colour bar indicates the number of events.

level of accidental coincidences, given by the background of the coincidence distribution, was
determined by taking the average of the distribution, excluding its peak. The peak is centered
at about 1275 ns which corresponds to the delay that we introduced into the system. Please
note that the abscissae are in clock cycles of 21 ns each (corresponding to a ToA clock cycle
frequency of 48 MHz) until the end of the frame. Therefore, events with larger ToA values are
actually earlier than events close to the origin (the frame end).

An image of all events integrated over the complete measurement is given in Fig. 7(b). Here
we observe the whole SPDC spectrum (all possible phasematching processes). Its circular shape
is governed by the aperture of the box that was used to protect the HPD from ambient light.
Figure 7(c) shows only events coincident with the trigger. The line that is visible is actually part
of an arc of the SPDC radiation (usually emitted along a cone) corresponding to the wavelength
range selected by the filter in the trigger arm.

Since the trigger detector provides a rate in counts per second while from the coincidence
time distribution the number of counts is obtained, we had to read-out the total acquisition time
for the HPD. In Fig. 8(b) the distribution of frame-times for a complete run is shown. The
integral of this distribution was used as the total acquisition time. The dark noise of the trigger
detector was recorded during the time intervals when the laser was off.
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Fig. 8. (a) Example of an integrated ToA spectrum of one complete measurement cycle
for a single wavelength. The coincident peak appears at 20 clock cycles (=1275 ns). (b)
Example of a typical acquisition time histogram.
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Fig. 9. Quantum efficiency as a function of the wavelength at 2400 V MCP stack voltage.

5.2. Results

Figure 9 shows the quantum efficiency measured as a function of the wavelength. As expected
(see Fig. 3), the quantum efficiency increases towards shorter wavelengths. We found the error
bars by assuming a Poisson distribution for the count rates and performing the usual Gaussian
error propagation. The main contribution to the errors stems from the fluctuations in the dark
counts of the trigger detector. Those were assumed to be Poissonian distributed as well. How-
ever during some of the measurements we observed a minor systematic drift of the dark count
rate and hence the distribution might have non-random contributions which in turn could lead
to a slight underestimation of errors. Compared to the quantum efficiency of the photocathode,
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the absolute quantum efficiency of the HPD is about a factor of 2 lower. As explained in Sec.
2 the open area ratio of the MCPs is about 50%. This corresponds to the ratio between the re-
sults of the absolute calibration and the calibration of the photocathode only. Notwithstanding
this factor of 2, within the spectral range of our measurements, the quantum efficiency curve
follows quite nicely that of the specifications of the photocathode.

The background (stray light and dark counts) of the HPD was also characterised by per-
forming one measurement with a blocked pump laser. Over the whole chip we observed a
background of 165 Hz . Under our lab conditions (ambient light, trigger detector noise ect.)
this led to an accidental coincidence rate caused by the HPD dark rate of about 0.005 Hz. For
comparison, the trigger rates were typically around 20 Hz and the raw coincidence rates ranged
from 0.5 Hz and 1.5 Hz depending on wavelength and MCP voltage (see below).
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Fig. 10. Quantum efficiency as a function of the MCP stack voltage at 536 nm..

One parameter which directly affects the quantum efficiency of the HPD is the voltage ap-
plied to the tube, therefore we also measured ηDUT at a fixed wavelength of 536 nm as a func-
tion of the voltage. The amplification in the MCP depends directly on the kinetic energy of
the electrons involved. At higher voltages the electrons in the pores will experience a stronger
acceleration and thus create a bigger avalanche which in turn is more likely to be detected by
the Timepix chips. These considerations make it apparent that the MCP gain and thus the quan-
tum efficiency of the tube increases with the voltage. The dependence of η on the voltage is
illustrated in Fig. 10. We can see a saturation of the quantum efficiency at high voltages. The
reason behind this is that at sufficiently high voltages (and thus amplifications) every electron
emitted by the photocathode will result in at least one detection event. The results can be found
in agreement with the previous measurements [14]. In Table 1 the results for the calibration at
different wavelengths are summarised. Please note that these values are subject to losses due to
the absorption in the dichroic mirror and the colour glass (both ≈ 10%). Column three of Table
1 gives the quantum efficiency corrected for the filter transmissions.
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Table 1. Results of the absolute calibration measurements
wavelength [nm] ηDUT [%] ηcorrected

DUT [%] δηDUT [%]
536 2.64 3.19 0.04
542 2.13 2.59 0.06
548 1.50 2.05 0.04
555 1.27 1.68 0.05
562 1.11 1.36 0.04
570 0.38 0.48 0.03

6. Conclusion

We successfully implemented the first measurements on nonclassical light with the HPD op-
erating in the single-photon regime. An SPDC source has been used to perform the absolute
calibration measurement of the HPD from 535 nm to 570 nm. Furthermore we investigated the
effect of the voltage applied to the MCPs on the quantum efficiency. Those first measurements
demonstrate the HPD’s capability for coincidence acquisition. This opens the door for correla-
tion measurements in general and thus many of the standard applications in quantum optics. We
believe that in the future, the HPD’s unique capabilities namely the availability of both space
and time resolution have the potential to improve the existing experiments or even allow new
ones. The main drawback is the long readout time of the chip and the resulting low frame rate.
This however will be remedied with the next generation of the Timepix-ASIC [24] which will
provide not only higher temporal resolution but also continuous data output.
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74 IV A New Method for Particle Tracking by Scintillation Light

IV.1.2 Publication: Three dimensional photograph of electron tracks through
a plastic scintillator

The publication “Three dimensional photograph of electron tracks through a plastic
scintillator” (accepted for publication in Eur. Phys. J. C (2014)) covers the following
issues:

• Introduction to the idea of tracking by scintillation light.

• Design and implementation of an optical system for particle tracking by scintillation
light.

• Acquisition and analysis of data obtained with GeV electrons.

• Successful reconstruction of three dimensional trajectories from two dimensional
data.

• Examination of the achieved position resolution.

My own contributions to the publication:

• Idea for the technique and the experiment.

• Experimental design.

• Supervision of Patrick Hufschmidt for his bachelor thesis (preparation and adjustment
of the optical setup).

• Experiment preparation and data acquisition at the DESY beamline.

• Data analysis (Cleaning of raw data, frame analysis, track reconstruction, evaluation
of the position resolution, simulations).

• Manuscript writing (corresponding author).

Contributions of the co-authors to the publication (in particular Patrick Hufschmidt
and Timur Iskhakov):

• Preparation and adjustment of the optical setup.

• Contributions to data analysis in discussions.

• Contributions to manuscript writing.
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Abstract The reconstruction of particle trajectories makes
it possible to distinguish between different types of charged
particles. In high-energy physics, where trajectories are rather
long (several meters), large size trackers must be used to
achieve sufficient position resolution. However, in low-back-
ground experiments like the search for neutrinoless double
beta decay tracks are rather short (some mm to several cm,
depending on the detector in use) and three dimensional tra-
jectories could only be resolved in gaseous time-projection
chambers so far. For detectors of large volume of around
one cubic meter (large in the scope of neutrinoless dou-
ble beta search) and therefore large drift distances (several
decimeters to one meter), this technique is limited by diffu-
sion and repulsion of charge carriers. In this work we present
a "proof-of-principle" experiment for a method of three di-
mensional tracking of charged particles by scintillation light:
We used a setup consisting of a scintillator, mirrors, lenses
and a novel imaging device (the hybrid photon detector) in
order to image two projections of electron tracks through
the scintillator. We took data at the T-24 beamline at DESY
with relativistic electrons with a kinetic energy of 5 GeV and
from this data successfully reconstructed their three dimen-
sional propagation path in the scintillator. With our setup
we achieved a position resolution in the range of 170 µm to
248 µm.

1 Introduction

Since the beginning of the 20th century tracking detectors
have played an outstanding role for discoveries in exper-
imental particle and nuclear physics. After the first cloud
chamber was built by Charles Wilson in 1911, it was possi-
ble to observe tracks of charged particles [1]. By applying

ae-mail: mykhaylo.filipenko@physik.uni-erlangen.de

a magnetic field and analyzing the trajectories one was able
to distinguish between electrons and positrons which was
discovered by a cloud chamber in 1932 [2]. With technolog-
ical progress ongoing the cloud chamber was replaced with
the bubble chamber [1] and the spark or wire chamber [3]
which allowed higher event rates, better position resolution
and an automated electrical data read-out. This technology
was developed further to the gas-filled multi-wire propor-
tional chamber [3] and the gas-filled time-projection cham-
ber [4] which made it possible to reconstruct trajectories in
three dimensions.

After the advancement in semiconductor technology sil-
icon strip detectors [5, 6] were developed and used for track-
ing applications. During the past ten years hybrid active pix-
elated semiconductor detectors are on the rise and expected
to achieve a position resolution down to several µm for ver-
tex tracking applications [7, 8]. Besides these technologies,
nuclear emulsions play an important role as a tracking de-
tector in OPERA [9] and scintillating fiber trackers are dis-
cussed as a replacement for the downstream tracker in the
LHCb upgrade [10].

Although with modern tracking detectors, a very good
position resolution (down to several micrometers) can be
achieved for the detection of high energetic particles (Ekin >
1 GeV), in the case low-background experiments like the di-
rect detection of dark matter or the neutrinoless double beta
decay the same technologies cannot be used in the usual
manner due to the specific requirements of these experi-
ments. Since the main motivation behind this work is the
search for neutrinoless double beta decay [11], the require-
ments for this specific research goal are discussed below:

In this hypothetical decay two electrons are supposed to
be emitted from a nucleus with a sum kinetic energy rang-
ing from about 0.9 MeV to about 4.8 MeV, depending on the
nuclide of choice. In a neuntrinoless double beta decay the
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Fig. 1: Example of a simulated single electron (a) and neutri-
noless double beta decay event (b) with 2.8 MeV kinetic en-
ergy propagating through a cadmium-telluride sensor as de-
tected with a Timepix-ASIC. The size of a pixel is 110 µm.
The length of a track is ≈ 1.5 mm. The color denotes the
energy deposition per pixel in keV.

energy of both electrons has to be measured precisely to dis-
tinguish it from the neutrino-accompanied double beta de-
cay1. Usually in such experiments the decaying material is
the sensitive detector volume at the same time because of
two reasons: a) The expected event rate is very low (smaller
than 1 event per 100 kg of enriched material per year [12])
and therefore a large mass is required (with thin foils it is
hard to achieve a high mass). b) Electrons with energies on
the MeV scale are easily scattered and therefore lose a sig-
nificant part of their energy already on very small distances.
Therefore, it is convenient to detect the electrons at their
point of emission to avoid these losses.

In neutrinoless double beta decay experiments the main
problem is the reduction of background (like beta decay events,
Compton electrons, photoelectrons, α-particles) which can
produce false positive events. Tracking might be a valuable
tool to identify such events and sort them out since the topo-
logical structure of the trajectory of the two decay electrons
(for a neutrinoless double beta decay) is different from other
ionizing radiation. On Fig. 1 a simulated electron with a
kinetic energy of 2.8 MeV (Q-value of 116Cd, a neutrino-
less double beta nuclide) and a simulated neutrinoless dou-
ble beta event as could be measured in a cadmium-telluride
Timepix detector are shown: In this case these two event
types can be distinguished by eye but also in more sophis-
ticated cases methods like artificial neural networks can be
used to identify different type of ionizing radiation [14–16].

The CSDA range (average track length) of electrons with
a low kinetic energy (0.9 MeV to 4.8 MeV) in solid or liq-
uid materials that could be used for a neutrinoless double
beta experiment ranges from several millimeters to some
centimeters. As a consequence, they are usually completely
stopped within one detector segment, such as one pixelated

1During a neutrino-accompanied double beta decay, the Q-value is dis-
tributed between two electrons and two anti-neutrinos, wherefore the
sum energy of the two electrons is a broad distribution from zero to the
Q-value of the decay.

semiconductor sensor layer or one scintillator block and there-
fore a track reconstruction in the manner of vertex tracking
(where the position information from several tracking planes
is combined) is not possible.

Nonetheless in future, tracking in neutrinoless double
beta experiments could be performed by a pixelated read-out
of the ionization signal with high granularity. It means that
secondary electrons which were released in a gas or semi-
conductor material by the primary particle are drifted in an
electric field to the collecting electrodes. Conductive wires
(in TPCs) or active pixel detectors (like the Timepix) collect
the released electrons and generate a signal by charge col-
lection or the induction of currents. In micro pattern gaseous
detectors, the electrons are drifted towards micromegas struc-
tures or GEM-foils. The transversal coordinates perpendic-
ular to the drift direction can be measured by using at least
two read-out planes (wire planes in TPCs) or segmentation
of the collecting structure in pixels. In gaseous detectors, the
drift time of the electrons is measured to reconstruct the drift
distance (z-coordinate) [16].

This method has the disadvantage that the position reso-
lution is limited by the diffusion2 of charge carriers on their
way through the sensor material (gas, semiconductor). This
limitation makes it difficult to obtain a sufficient position
resolution in a detector with large drift distance. For com-
mon materials like liquid xenon in use for neutrinoless dou-
ble beta experiments the diffusion radius (the spread of the
charge cloud in the plane perpendicular to the drift direction,
when it arrives in the read-out plane) is larger then the pri-
mary particle’s track length after the drift through the sen-
sitive full volume (if the drift distance exceed several cm)
which makes it impossible to resolve tracks in a large sensi-
tive volume.3

This work presents a different approach for the measure-
ment of three-dimensional trajectories of charged particles.
The goal is to overcome the diffusion limitation. One possi-
ble way to do so is to use the scintillation signal instead of
the ionization signal. Scintillation photons are created along
the track and do not diffuse on their way through the sensor
from the point of origin to the plane where they are detected.
One can take advantage of this fact and reconstruct the parti-
cle’s 3D trajectory from multiple 2D projections of the track
imaged with a pixelated single photon detector. This publi-
cation presents a "proof-of-principle" demonstration of this
method. We used a plastic scintillator, basic optical compo-
nents (mirrors and lenses) and the hybrid photon detector
which is explained in the next subsection.

2Besides diffusion, also the repulsion of charge carriers contributes to
the spread of the charge cloud on its way through the sensor. Here, we
use the term diffusion as a roundup for diffusion, repulsion and other
possible effects that contribute to the spread of the charge cloud on its
way through the sensor to the read-out structure.
3Tracks from some bottom part (close enough to the read-out plane)
could be resolved but not from the full volume which is the goal.
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Fig. 2: A photograph of the hybrid photon detector (HPD)
connected to a FitPix read-out [19].

1.1 The Hybrid Photon Detector

The hybrid photon detector (HPD) is a first-of-its-kind de-
tector that combines high spatial and temporal resolution
for the detection of single optical photons [18]. The detec-
tor’s image vacuum tube consists of a bi-alkali photocath-
ode which has its highest quantum efficiency of about 20 %
in the blue/violet spectral range (390 nm). Underneath the
photo-cathode there are two microchannel plates (MCPs) in
a chevron configuration. Beneath those are four Timepix-
ASIC [21] arranged in a 2×2 layout (512×512 pixels). The
tube is sealed under a vacuum pressure of 10−10 mbar. Pho-
toelectrons which are released from the photo-cathode by
optical photons are multiplied in an avalanche-cascade pro-
cess in the MCPs. The MCP acts as multi-channel photo-
multiplier. Therefore, one incident photon on the cathode
results in an avalanche of about 105 to 106 electrons on the
Timepix-ASIC electrodes with the MCPs retaining the in-
formation of the input location in the charge cloud centroid.
The overall voltage difference between the photo-cathode
and the Timepix is 2.4 kV. The Timepix-ASIC is at ground
potential whereas the photo-cathode is at -2.4 kV. Because
the anode is pixelated, many photons can be detected con-
currently. Depending on the mode of operation the timing
resolution can be as good as 10 ns and the position resolu-
tion as good as 6 µm. The sensitive area is 2.8 cm× 2.8 cm.
A photograph of the detector is shown in Fig. 2. Details on
the HPD can be found in [18].

One Timepix-ASIC has 256×256 pixels with a pixel
pitch of 55 µm. Each pixel has its own input electrode, con-
nected to an analog circuitry with pre-amplifier and discrim-
inator, and a digital electronics circuitry. In each pixel the
charge is collected and converted into a voltage pulse. This
is done by a Krummernacher type pre-amplifier. The voltage
pulse in each pixel is discriminated against a global thresh-
old which is equivalent to approximately 1000 e−. From this

frame start frame stop

DAQ

Charge
Pulse

Output
Preamp

Discrimi-
nator

THL

Counter

ToA

Fig. 3: The operation of the Timepix in the "time-of-arrival"’
(ToA) mode. After the charge pulse is amplified and con-
verted to a voltage pulse, it is discriminated against a thresh-
old level (THL). The time-of-arrival is the number of clock
counts between the first time the voltage pulse rises over the
THL and the end of the frame.

point on, the processing in each pixel is digital. It operates
in three different ways but in this work only the so-called
"‘time-of-arrival"’ (ToA) mode was employed.

The ToA mode is illustrated in Fig. 3. When the volt-
age pulse rises above the threshold a digital register starts
counting clock cycles until the end of the frame. The num-
ber of counted cycles is called "‘time-of-arrival"’ or ToA.
This way, each triggered pixel gets a time-stamp wherefore
the ToA provides an absolute timing information for every
pixel. A frame can have a fixed frame-time or be opened
and closed by an external trigger (timing gate). The fastest
possible clock frequency is about 100 MHz wherefore ev-
ery counted clock cycle corresponds to about 10 ns. Details
about the Timepix-ASIC can be found in [21].

2 Experimental Setup

The main idea of the experiment was to reconstruct a three-
dimensional particle trajectory from multiple two-dimensional
projections. When a charged particle propagates through a
scintillator, scintillation photons are emitted isotropically along
the track after relaxation of excited states. An optical sys-
tem can be used to collect the isotropically emitted light for
imaging. In the easiest possible scenario just one single lens
and one detector can be used to create a two-dimensional
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HPD Sensitive Area
(2.8 cm x 2.8 cm)

Scintillator (BC-408)
(4 mm x 4 mm x 4 mm)
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Beam 
Direction

L1 L2
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DProjection 1 Projection 2
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Fig. 4: Schematic view of the setup used for the measure-
ments. It consists of a plastic scintillator, two lenses (L1,
L2) and two mirrors (M1, M2) and the HPD. One projection
of the electron track in the scintillator is imaged on the top
half of the HPD and the other on the bottom half.

image. If the same scintillator is imaged from multiple per-
spectives the information can be used to reconstruct a three-
dimensional trajectory.

For a proof-of-principle demonstration of this method
we used a setup as illustrated on Fig. 4. A cubic plastic scin-
tillator (Bicron BC-408) with dimensions of 4 mm× 4 mm
× 4 mm was imaged from two orthogonal directions. The
scintillation photons have a wavelength of about 425 nm. We
used two similar Thorlabs LB1761-A bi-convex lenses made
of N-BK7 with a focal length of f = 25.4 mm and a diame-
ter of d = 25.4 mm. Two mirrors (Thorlabs BB1-E01) with
a diameter of 25.4 mm were employed to adjust the optical
path. One side of the scintillator was imaged on the top half
of the HPD and one side on the bottom half. We adjusted the
optical setup with a laser by imaging two sides of the scin-
tillator on a paper screen held in front of the photocathode.
We did not take an actual image with the camera to prevent
the camera from taking any damage due to over illumination
with the laser.

The distances between the optical elements were Ds =
34 mm, Dm = 25 mm and Dh = 77 mm. With this geometry
we calculated a magnification of 3.3 and a light detection
efficiency of about 1.5 % per view (perspective) per image,
taking into account the geometrical acceptance, the losses
in the optical elements and the absolute quantum efficiency
of the HPD. Although the scheme suggests, that the angles
were 45°, in the real setup the angles were about 4° off. With
our geometry, the focal point spread function (or blur circle)

HPD

Scintillator

M2M1 L1L2

Electron
Beam
Direction

Fig. 5: A photograph of the setup used for the measure-
ments. The detector and the optics were shielded by two
layers (black plastic, dark paper board) from external optical
photons. The beam direction is shown in the photograph.

Electron
Beam 
Direction

Scintillator

(a)

Electron
Beam 
Direction

Scintillator

20°

(b)

Fig. 6: The direction of the electron beam through the scin-
tillator.

σ f at a distance d f from the focal plane can be estimated as
σ f ≈ d f . It was calculated as described in [22]. Therefore,
we expect to see sharp tracks only from an inner part of the
scintillator around the focal plane (about 500 µm to each side
of the focal plane).

We used two layers to shield the setup from external op-
tical photons: The inner layer is a dark paper board from
Thorlabs; the outer layer are walls made of 5 mm thick black
plastic. A photograph of the setup is shown in Fig. 5. The
dark rate of the HPD was 2000 counts per second, which
corresponds to the intrinsic dark rate of the detector.
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Fig. 7: Example of two typical frames: One with a track (a)
and one with noise only (b). The color bar indicates the time-
of-arrival measured in each triggered pixel.

We used the setup at the DESY testbeam T-24 where the
scintillator was traversed by electrons with a kinetic energy
of 5 GeV. Electrons of this energy can be regarded as mini-
mal ionizing. Most of the time their trajectories through the
scintillator are straight lines. Concerning the stopping power
of the plastic scintillator at this energy (about 2.45 MeV

cm2g ), we
expect about 130 detected photons per view (projection) per
image. The flux density of electrons was about 1000 e−

s·cm2 .
The maximum digital counter value in the Timepix ToA

mode is 11810 and as we used a clock of 10 MHz (100 ns
per clock cycle) where the maximum frame integration time
that could be used to avoid events with a maximum ToA
value of 11810 (and therefore no useful timing information)
was 1 ms4. Since the read-out speed of the data acquisition
system is limited, we could only start a frame every 0.1 s. To
avoid dead-time in between and increase statistics (the num-
ber of measured events), we used the trigger signal from the
beam monitor (two crossed scintillator panels with a PMT
attached) for the frame-stop signal in order to have a higher
probability to see one electron during one frame. However,

4If the ToA in the triggered pixels of an event is 11810, the pixel could
have been triggered at any time between 11810 · 100 ns (≈ 1 ms) and
the end of the frame.

as turned out later during the data analysis, our trigger sys-
tem had a malfunction during the experiment and a large
part of the data has to be rejected since the ToA value of the
triggered pixels was 11810. Therefore, the actual frame-time
fluctuated a lot.

We took data at two different orientations between the
scintillator and the beam. In first case the beam transversed
the scintillator from one edge of the scintillator to the other
as shown in Fig. 4 and Fig. 6a. In the second case the setup
was titled by 20° with respect to the beam axis (Fig. 6b).

3 Data Analysis

A typical frame contains either a track (as in Fig. 7a) as
expected or some (randomly seeming) hits (Fig. 7b). Such
frames happen if the electrons path through the scintilla-
tor was out of the optical focus, or possibly the trigger gate
closed without any electron passing through the scintillator.
This was possible since the sensitive area of the beam mon-
itor was larger than the cross section area of the scintillator
in the setup.

Consequently, the first step was a frame selection due
to the following criteria: First, we removed frames where
less than 400 pixels were triggered. About 130 photons were
expected per view (projection) per image and due to the
electron avalanche of MCP amplification impinging on the
Timepix ASIC, one photon usually triggers 3 to 5 pixels (re-
sulting in about 780 to 1300 triggered pixels for a proper
event).

Secondly, for each frame all coincident hits registered
with ToA values between 1 and the maximum counter value
of 11810 clock ticks were extracted. The condition for coin-
cidence was that their ToA values differ by less than 3 clock
ticks, corresponding to the time resolution of the system.
These coincident hits were regarded to stem most probably
from the same electron passage. Fig. 8 shows an exemplary
part of ToA spectrum integrated over 44564 frames. For ex-
ample, all hits at 1930 clock cycles most probably stem from
one electron trajectory.

During this evaluation it turned out, that the time stamp
of most events was 11810 clock counts instead of 3 clock
counts as expected with the delay to the trigger. Therefore,
we have to conclude an unexpected misbehavior occurred
in the trigger system and the events between 1 clock cycle
and 11810 clock cycles accidentally appeared at a particular
time in the frame. Nevertheless, since the triggered pixels
appeared in the same frame and have common ToA values,
it is very likely that they belong to the same event.

As next we performed a reduced Hough-transform [23]
of the frame for each projection, i.e. we calculated the angle
between the x-axis and the connecting line of any two trig-
gered pixels in each frame and sorted the angles into a his-
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Fig. 8: Examplary part of the ToA spectrum. Each peak be-
longs to the coincident detection of several photons; thus, to
one electron track.

togram. A typical reduced Hough-transformed for one per-
spective of a frame containing a track (Fig. 10a) is shown
in Fig. 10b with the corresponding frame; a "bad frame" is
shown in Fig. 10c with the corresponding reduced Hough-
transform (Fig. 10d). If a straight line appears in the pro-
jection, a clear peak can be seen in the reduced Hough-
transform. We integrated in an interval of [-15 °; +15 °] around
the bin with the highest bin count and divided this integral
by the integral of the remaining histogram. If the ratio was
larger than 1 for both projections, the event was regarded in
the further analysis, otherwise it was rejected. After these
three frame selection steps the resulting number of trajecto-
ries was 26 starting from a total of 611 events with meaning-
ful ToA value (< 11810 clock cycles) and a total of 44564
frames. As discussed later, the frame selection probably lead
to a selection of tracks in an interval of ≈0.25 mm to ≈
0.6 mm around the focal plane.

For the three dimensional trajectory reconstruction we
"sliced" the two dimensional images along the y-axis, par-
allel to the x-/z-axis as shown in Fig. 9a. We obtain 512
y-slices in total; 256 y-slices for the xy-plane and 256 slices
for the xz-plane. The histograms of two single slices are
shown in Fig 9b. The average x-/z- position in every slice
is determined by the mean value of a Gaussian fitted to each
histogram. The fit is performed with the maximum likeli-
hood method as the number of hits per slice is very low. If
the number of hits in the slice is zero, the slice is ignored. If
the number of hits in the slice is smaller than 4, the average
x-position is used instead of the fit since in these cases the
fit frequently failed.

The result of this procedure is shown in Fig. 11b. In this
plot, the calculated x-value (on the y-axis) is plotted for ev-
ery y-slice (on the x-axis). One can see a clear trend belong-
ing to the actual track which is in between deviations due to
additional hits on the matrix. Since such hits have the same
ToA-value as the actual track, they are most likely reflected
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Fig. 9: An illustration of the slicing procedure. Each frame
is divided into slices parallel to the x-/z-axis (a). In each
slice the mean x-/z-position is determined by a fit with a
Gaussian. For each slice we obtain a histogram as in (b). The
histograms shown here are summed over several consecutive
slices for better statistics.

and scattered photons from the inside and the outside of the
scintillator. They do not belong to the track but affect the re-
construction. Therefore, it was necessary to "clean up" the
frame before reconstruction.

For this purpose, we calculated the center position for
each cluster of adjacent triggered pixels (one photon detec-
tion event) and determined the number of neighbouring pho-
ton detection events within a chosen radius. After choosing
a particular radius, clusters are removed from the frame if
the number of neighbours within that radius was below a
chosen threshold value. A choice of 30 pixels for the radius
and of 8 neighbours for the threshold value produced rea-
sonable and reliable results. One exemplary frame is shown
before and after cleanup in Fig. 11a, 11c with the y-slices
(Fig. 11b, 11d), respectively. One can see that by this pro-
cedure the large deviations from the main line are strongly
reduced.
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Fig. 10: Examples of images ((a) and (c)) and their reduced
Hough-transforms ((b) and (d)) in the xy-plane. If a track is
in the plane, peaks which belong to the direction of the track
and a clear plateau appear in the transform. In the opposite
case the distribution is flat. The color bar indicates the time-
of-arrival measured in each triggered pixel.
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Fig. 11: Examples of images ((a) and (c)) and the fitted x-
/z- position for every y-slice before (b) and after (d) frame
cleanup. The color bar indicates the time-of-arrival mea-
sured in each triggered pixel.



8

The reconstruction of the three dimensional trajectories
was performed by correlating the y-slices according to their
y-value. Every point in the trajectory is referred to as the
number of the y-slice, the calculated x-position in that slice
in the xy-plane and the calculated z-position in that slice
in the zy-plane. As stated above, we did not take an image
of the two projections illuminated with a laser that could
provide us a precise relation between the xy- and zy-planes.
However, in our case of straight tracks a mismatch of the y-
coordinate in the xy- and zy-planes causes only a linear shift
of the complete track in space and therefore does not affect
our resolution results.

4 Results

Two typical reconstructed tracks are shown in Fig 12. As
expected one can see straight lines as trajectories. The main
reason for the deviations from the straight line or "broaden-
ing" is due to the fact that electrons not always propagate
through the focal plane of the imaging system and therefore
the trajectory is blurred. Depending on the distance from the
focal plane, the blurring affects the achievable position reso-
lution. The second limitation to the position resolution is the
resolution of the HPD which is governed by the pixel pitch
of the ASIC and the distance between the photocathode and
the MCP. The intrinsic position resolution of the HPD in the
ToA mode is about 160 µm, but the width of the blurring
circle can range from zero to several mm depending on the
distance from the focal plane.

Before assessing the position resolution, we evaluated
the Gaussian width obtained from the Gaussian fits to the
slices. This is an estimate for how close two tracks can be
next to each other to be distinguishable. This is an important
feature since our final goal is to measure curly tracks of low
energetic electrons where different parts of the track can be
close to each other. The distribution of the Gaussian widths
for our selected data (26 events) is shown in Fig. 14.5

In order to determine the position resolution, we fitted a
straight line to our reconstructed trajectories and considered
the distribution of residuals (deviations of the data from the
fitted line) in each point in x-direction and z-direction. As
the fitted line has very little fit uncertainties due to the large
number of points in the track, it can be regarded as the ac-
tual track. Hence, the deviations give us an estimate for how
close to the actual track a reconstructed point is and how
much the positions of the detected photons scatter around
the actual track. In Fig 13 the distribution of residuals in x-
direction and z-direction is shown.

5The histogram contains only 8.6 % of the slices because slices that
had less then 4 entries are not included in the histogram. Such slices
contain usual only one photon cluster (3 pixels in a row) or a part of it
(1 pixel) and therefore no meaningful fit could be performed.
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Fig. 12: Two examples of reconstructed three dimensional
electron trajectories. The red crosses are the reconstructed
photon positions of the track. The gray crosses represent the
projection of the track on the bottom plane for better visibil-
ity. The red crosses on the xy-plane are xy-slices that had no
matching zy-slices.

The histogram has a similar shape for both directions.
For z-direction the width of the distribution seems to be
slightly smaller. The fitted distribution function as shown in
the plots is a function of the following form:

f (x) = a · exp
(
−
(x

c

)b
)

(1)

We obtained this function from a toy Monte-Carlo simula-
tion where the blurring effects of the optical setup are taken
into account in the following manner: First, we randomly
chose a start position for a photon within an interval of ∆d
around the focal plane according to a uniform distribution.
A uniform distribution is chosen since the electron flux can
be regarded as homogeneous over the area of the scintilla-
tor. Depending on the distance from the focal plane, photons
from one point will not end up in one point on the screen but
in a blur circle whose diameter can be calculated as
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Fig. 13: Distribution of the deviations in x- and z-directions.
The fit function is given in the text. The resulting fit values
are a = 71.8± 4.7, b = 0.98± 0.11, c = (179.5± 16.8) µm
(x-direction); a = 87.1± 3.8, b = 0.98± 0.07, c = (131.1±
8.5) µm (z-direction).

σb = fL ·dL ·
1

( fL−g)·g(
1+

√
1+
(

∆d
g

)2
)
·∆d

+ fL
. (2)

Here fL denotes the focal distance of the lens and dL
its diameter. g is the object distance, i.e. the distance of the
focal plane to the lens and ∆d is the approximate distance
of the photon from the focal plane. The formula can be de-
rived from considerations of geometrical optics as can be
found in [22], often used in photography. Then, we calcu-
lated the diameter of the blur circle σb according to formula
2 depending on the distance ∆d from the focal plane. In the
final step, the position of the photon on the screen is chosen
randomly according to Gaussian distribution with σb as its
width. We simulated 105 events which gives a distribution
as shown in Fig. 15. The function which is described by Eq.
1 was obtained as an empirical fit to this distribution.

Although the correspondence of this distribution (Fig.
15) and the result of the experiment is not perfect, the simu-
lation shows that the shape of the distribution is not a Gaus-
sian but can be described by a distribution as given by Eq.
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Fig. 14: Distribution of the Gaussian width for the slices of
the selected 26 events. The distribution contains only slices
which had more than 4 entries (8.6 % of all slices).
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Fig. 15: The distribution obtained from the Monte-Carlo
simulation for ∆d = 0.4 mm in same range as the experi-
mental data. The data is scaled to the experimental data by
the peak height. The fit function is given in the text. The
resulting fit values are a = 86.5± 3.2, b = 0.55± 0.04, c =
(246.3±19) µm

1. We think, that this discrepancy is a result of the frame
selection and cleaning where tracks which are too blurred
are rejected due to the Hough-transform and photons are re-
moved which are too much off the tracks. This leads to lower
tails in the distributions from experimental data.

The FWHM of the fitted distribution function was in
good agreement for simulation and experiment, when we
chose ∆d from 0.25 mm to 0.6 mm as the interval around
the focal plane in the simulation. Hence, we might conclude
that our frame selection lead to a selection of tracks within
this interval around the optical plane. The FHWM of the
distribution function (Eq. 1) fitted to the experimental data
was 248 µm for the x-direction and 170 µm for z-direction.
This value can be understood as the position resolution that
we obtained with our setup for tracks in a region of roughly
0.25 mm to 0.6 mm around the focal plane.
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5 Conclusions and Outlook

We have demonstrated that it is possible to reconstruct three
dimensional trajectories of particle propagation through a
scintillator by imaging two projections of the track on a pix-
elated single photon detector (the HPD). With our simple
optical setup, which consisted of two mirrors, two lenses
and had an optical magnification of 3.3, we could achieve a
resolution of 248 µm and 170 µm in x- and z-direction, re-
spectively.

The resolution of the method presented here is mainly
limited by the optics used for collecting the scintillation light.
However, the main focus was a first "proof-of-principle" de-
monstration and therefore we concentrated on the easiest
possible setup which allowed sufficient light collection ef-
ficiency for track imaging, i.e. placing the lens as close to
the scintillator as possible. For practical experiments where
larger volumes should be imaged a higher depth of focus
could be realized with larger lenses and longer image dis-
tance between scintillator and lens at the cost of light col-
lection efficiency. If a high light collection efficiency is re-
quired for a good energy resolution, photomultipliers can be
placed at the other sides of the scintillator for this purpose.

The possible future application could be the search for
neutrinoless double beta decay. In this case high resolution
particle tracking is a valuable tool to identify background
events and enhance the significance of the observation. An-
other possible application could be high energy single pho-
ton Compton imaging where particle tracking could be used
to determine the momentum direction of the Compton scat-
tered electron.

An additional application could be beam profile moni-
toring at particle accelerators: High energetic particles ex-
cite the rest gas in the beam pipes which scintillates. An
imaging of this beam profile from multiple directions could
be useful for beam tuning.
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IV.2 Comparison of the HPD and the new imaging technique with
similar methods

The experience and results obtained in the operation of the HPD can be compared to
similar devices, namely the intensified CCD (iCCD), which is presented below. Also, the
new imaging technique has similarities with other methods. These are presented in the
second subsection.

IV.2.1 Comparison between the HPD and the iCCD

A device which is similar to the hybrid photon detector (HPD) is the so-called iCCD. The
structure and functionality of the iCCD is very similar to the HPD: At the top of the
device a very thin photocathode is used to covert photons of visible light to photoelectrons.
Next, the photoelectrons are accelerated towards a stack of two micro-channel plates
(MCPs) where the photoelectrons are amplified. The electron gain is usually between 105

and 106. The avalanche exiting the stack of MCPs excites an optical phosphor whose light
is detected either with a CCD (in the case of the iCCD) or the electrons are detected
directly by a 2×2 array of Timepix-ASICs (HPD).

iCCDs are commercially available devices and many different models exist. Here,
the comparison is made with reference to the iCCDs fabricated by Andor (Modell iStar
312 [57]) which are typical iCCD devices, widely used for quantum optics experiments.
Important characteristics are the quantum efficiency of the photocathode, the timing
resolution for coincidence measurements, the spatial resolution and the read-out speed (or
rate capability) of the device.

Quantum Efficiency According to the data sheet of the iCCD the quantum efficiency
of its photocathode is better for the whole spectral range. No data is provided on the
absolute quantum efficiency of the total device (including the MCPs), therefore a direct
comparison to our results is not possible. Nonetheless, since the structure of the iCCD
is similar to the structure of the HPD, it can be concluded that the absolute quantum
efficiency is probably also a factor of about 2 lower than the quantum efficiency of the
photocathode only (as in the case of the HPD). Since the photocathode is not specific for
the functionality of the particular device (HPD or iCCD), for the next model of the HPD
a similar photocathode could be used as for an iCCD to achieve comparable quantum
efficiencies.

Position resolution Concerning the position resolution, the Timepix-ASIC has a pixel size
of 55µm whereas the iCCD has a pixel size of 24 µm. CCDs with an even smaller pixel
size are commercially available (down to about 2µm) but the position resolution is not
determined by the pixel size only. A centroid method for determining the center of the



86 IV A New Method for Particle Tracking by Scintillation Light

electron avalanche after the MCP can substantially improve the spatial resolution. In the
case of the HPD it is about 6µm [59] (compared to pixel size of 55µm). With the first
available HPD (the HPD that we used) the resolution was limited mainly by the distance
between the photocathode and the first MCP.

Since the photoelectron has not only a vertical component (perpendicular to the
MCP/photocathode) but also a horizontal component (parallel to the MCP/photocathode),
its position on the MCP can differ from the position of the incident photon on the
photocathode. For the HPD that we used the distance that the photon can travel
horizontally was at most about 80µm, i.e. the position resolution of the HPD was about
160µm [59]. However, a new HPD was recently fabricated with a so-called “face down
window”, where the distance between the photocathode and the MCP is reduced to 0.5mm
and therefore a position resolution of 30 µm could be achieved.

The resolution that is achievable with the iCCD is stated to be around 25µm to
50µm. The first value is the position resolution that is achievable by the image intensifier
(photocathode and MCP) and the second value is provided by the manufacturer as an
upper limit for position resolution of the overall device which is calculated roughly as
twice the pixel size.

Timing resolution and Read-out speed The frame rate for the HPD that we could use was
4Hz in the best case (for coincident operation with the APD). Compared to the frame
rate possible with the iCCD, 16Hz (if only a part of the CCDs is read out the frame
rate can go even up to 500Hz [58]), this is rather slow. However, this disadvantage is
attributed mainly to the read-out that is connected externally to the HPD. Other read-out
techniques exists that allow a frame rate of up to 1.4 kHz [60] for the read-out of a 2×2
Timepix-ASIC but were not employed for the read-out of the HPD yet.

The Timepix clock can be run up to 100MHz, which allows in principle a time
resolution of up to 10 ns per pixel. At a clock of 48MHz we achieved a jitter of 21 ns
(FHWM) in the time coincidence peak which confirms that the achievable timing resolution
can be expected to be approximately the inverted clock frequency. The iCCD can be
gated with a time resolution of 2 ns. The big difference is, that the iCCD has the same
time stamp for every pixel, whereas the HPD provides a timing information for every
pixel individually. Thus, within a time window of 11810 · 10 ns ≈ 120 µs1 the timing
information of individual pixels can be recorded and evaluated. For this reason, the HPD
does not necessary need an additional trigger (or gate) for coincidence measurements but
coincidences can be measured on the whole field of view with a spatial resolution of about
100 µm and a timing resolution up to 10 ns.

A new model of the HPD could employ the successor of the Timepix-ASIC, the so-
called Timepix-3 [61]. It has a timing resolution of about 1.6 ns. Furthermore, its read-out

1 11810 is the maximum digital value that a pixel can count for the timing information in one frame.
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is not in frames but triggered pixels are read out continuously. Thus, one can imagine
a device with a rate capability of up to 8MHz, a position resolution of 30µm, a timing
resolution of 2 ns in every pixel and very low dead-time for coincidence measurements.

IV.2.2 Other tracking techniques based on light imaging

Of course, besides the new imaging technique which is presented in this work, other
scintillation light based techniques exist for tracking of charged particles. Amongst others,
these are scintillation fibers [62], the so-called optical time-projection-chamber [64] and
“electroluminescence amplified imaging” [68]. These three techniques were chosen here
since they are also used to measure three dimensional particle tracks and have in common
with the technique developed in this work that scintillation light is used for the trajectory
imaging.

Scintillating fiber trackers Scintillating fibers are long light guides that can scintillate and
guide their scintillation light on the inside to the end of the fiber. The end of the fiber
is optically coupled to a single photon detector such as a photomultiplier or avalanche
photodiode (also iCCDs or SiPMs are used in some experiments). If a fiber is penetrated
by ionizing radiation the scintillation light generated at the point of interaction is guided
through the fiber and measured by the detector at the end of the fiber.

Usually a bunch of such fibers, next to each other, is placed into the pathway of high
energetic particles (on the GeV scale), so that multiple scintillating fibers are triggered
simultaneously and the data from multiple fibers is combined to reconstruct the particle’s
trajectory. If half of the fibers are rotated by 90°, 3D trajectories can be reconstructed.
Such a detector principle is common for baseline neutrino experiments like NOvA [62].

The diameter of the fibers can range from several centimeters (like in NOvA)1 to
250µm [63]. This would allow a voxel size of about 500 µm. However, with this pixel size
single electron tracks and two electron track cannot be distinguished any more for the
typical track length of MeV electrons in solids [49]. Secondly, the non-sensitive coating of
the fibers is about 15µm thick. In this part of the fiber, a part of the particle’s energy is
deposited but not measured. This leads to a reduced energy resolution.

At last, for a large volume experiment, many fibers must be used. But since every
fiber is a separate piece of material, the surface-to-volume ratio is very high. A low
surface-to-volume ratio is crucial for low-background experiments since it is impossible to
get rid of contamination on surfaces completely. This is probably the strongest argument
against the usage of scintillating fiber trackers for neutrinoless double beta experiments
[63].

1 In this case, the core is filled with a liquid scintillator and the light is guided by a wavelength shifting
fiber.
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Optical time projection chamber The optical time projection chamber is similar to a
usual time projection chamber as discussed previously in section II.2.6. The difference
between a conventional and an optical time projection chamber is that at the bottom, the
charge signal is read out not a by a set of PMTs or meshes but the charge distribution is
converted to an optical signal and imaged with an iCCD. The charge signal is converted
to a light signal by means of electroluminescent amplification. Usually, an objective is
used to enlarge the image of the charge distribution which allows to achieve higher spatial
resolution [64].

This kind of device is usually used with a gaseous sensitive medium. Mainly, it was
used for detailed studies of dose deposition by ionizing particles. In 2007, it was used
to measure the angle correlations in the two proton decay of 45Fe [65]. The position
resolution of this device is reported to be around 100nm. This result was achieved with a
TEA (triethylamine) gas at low pressure (10mbar) and a drift distance of 5 cm. As in the
case of the regular TPC, the sensitive volume in height vs. position resolution is limited
by diffusion. Therefore, although a really good position resolution can be achieved in
low pressure gas (the tracks are rather long) and moderate drift distances, this technique
runs into the same problems as a regular TPC concerning the requirements of a 0νββ
experiment (with tracking).

Track imaging with secondary electrons in a RF-modulated electric field The last technique
is maybe the one that reminds most of the method that was investigated in this work. The
main idea dates back to 1957 [66]: The sensitive detector volume is filled with a thin gas
and observed optically. When an ionizing particle interacts with the gas, the scintillation
light is used to switch on an alternating electric field. The field peak strength (about
10 kV/cm) and the frequency (about 20MHz) are chosen in such a way, that the secondary
electrons along the particle’s path excite the atoms which emit scintillation light during
relaxation. This way from every electron about 104 to 105 photons are emitted and this
amplification is sufficient enough so that tracks can be seen with the naked eye (in a dark
room).

In the 80s/90s this concept was discussed again, employing two CCDs which take
images of the track from two perspectives, in order to reconstruct a 3D trajectory later
[67, 68]. With a gas at low pressure this technique allows a resolution down to 0.6µm.

The obvious advantage of this technique to the technique presented in this paper is
that due to the amplification, the amount of photons is much larger and the collection
efficiency is not a highly limiting factor any more. In principle, the distance between the
optics and the volume under observation can be increased and one could think about
imaging a larger volume (about 30 cm) with sufficient position resolution (about 15µm)1.
A disadvantage of this technique might be that the secondary electrons still diffuse (also

1 The calculation is based on Eq. 2 from the publication in sec. IV.1.2 for the width of the blurring
circle σb and the assumption that from every secondary electron at least one photon is detected.
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without any electrical field applied) and if the track is short and the scintillator not fast
enough (to trigger the RF-field), the position information is smeared out before the track
can be imaged.

Since larger masses are required for 0νββ, a thin gas is not useful as a target material.
The main reason why a thin gas is required for this technique, is the long mean free path
of secondary electrons in a thin gas. A long mean free path is necessary for the electrons
to acquire sufficient kinetic energy to excite the surrounding atoms by elastic scattering.
However, it has been demonstrated that electroluminescent amplification is possible in
solid xenon [69]. Also, solid xenon has a fast scintillation component (4 ns) which is faster
than the diffusion time of the electron after which the position information is smeared
out over a distance larger than 15 µm. Therefore, one could think of demonstrating the
functionality of this technique in solid xenon for a later application in a neutrinoless
double beta experiment with 136Xe.

At last, it is interesting to state that if the HPD was used as the imaging device with
this technique, its time resolution could probably allow to observe the diffusion spread of
the charge cloud in real time or even the diffusion of single electrons.





V Summary and Outlook

Within the scope of this thesis several goals were achieved in the field of detector de-
velopment for neutrinoless double beta experiments. The starting point of the thesis
was the successful demonstration of particle identification and background rejection by
two-dimensional tracking. The experiments were carried out with a cadmium-telluride
Timepix detector. It was demonstrated that α-particles and muons can easily be distin-
guished from two-electron events since their trajectories are very different. Also, single
electrons which are much harder to separate from two-electron events can be identified by
neural artificial networks and rejected with an efficiency of about 75%.

According to simulations, three dimensional tracking yields a much higher separation
power between single electron and two-electron events. Thus, new techniques were
investigated which would allow for three dimensional tracking in neutrinoless double beta
search experiment. It was demonstrated that a hybrid active pixel detector such as the
Timepix could be used as a voxel detector if particular, realistic features are added to
the functionality. A voxel detector would be able to reconstruct full three dimensional
trajectories of particles which propagate through the sensor layer. In a “proof-of-principle”
experiment, the current Timepix detector was used to reconstruct three dimensional
trajectories of 4.4GeV electrons with a z-position resolution of 63µm in the best case.

At the time when this thesis was written, the first Timepix-3 devices were tested
with a silicon sensor. The Timepix-3 is the next generation of Timepix detectors. It has
the ability to deliver time-over-threshold (deposited energy) and time-of-arrival (time
information) data simultaneously for every pixel. Together with a backside read-out, this
detector would fulfill all requirements for a voxel detector as proposed in this work. Such
a device could also be used for high-energy Compton-imaging where the direction of an
incident γ-photon can be determined if its energy is known.

Furthermore, the HEXITEC group has shown that thicker cadmium-telluride sensors
(at least 3mm) can be bump-bonded. With thicker sensors, a medium scale (several tens
of kg) neutrinoless double beta experiment with pixelated cadmium-telluride detectors
might be realistic in the future. Nonetheless, beforehand an experiment with a 208Tl
source as presented here, should be repeated with a voxel detector to determine how
good single electron background can be identified by three dimensional tracking. Also,
other important quantities like the background level and the composition of background
have to be determined. Overall one can state that with currently available pixelated
cadmium-telluride detectors a competitive neutrinoless double beta experiment could not
be realized.
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Since the thickness of the sensor layer (and therefore the scalability of the Timepix
technology for low-background experiments) is currently limited by bump-bonding, a new
technique for tracking based on the scintillation signal was proposed and investigated.
For this purpose a novel device, the hybrid photon detector, was employed. Before the
actual tracking experiment the detectors’s absolute quantum efficiency was determined.
In the range between 535 nm and 570 nm the quantum efficiency drops gradually from
about 2.2% to 0.4%. In correspondence to the intrinsic geomentry of the detector, the
absolute quantum efficiency was 2.2 times lower than the quantum efficiency measured
only for the photocathode.

With this device two projections of electron tracks through a plastic scintillator
were imaged simultaneously. The electrons had an energy of 5GeV wherefore their
tracks through the scintillator were straight lines. Hence, two projections allowed the
reconstruction of full three dimensional tracks with a position resolution ranging from
170µm to 248µm. This was a successful “proof-of-principle” demonstration for tracking
of charged particles by the scintillation signal in a single layer detector.

Photons travel on straight lines through the scintillator and do not diffuse. In principle
this could allow to image particle tracks from a large sensitive volume without diffusion
limitations (like in liquid xenon). However, this requires to have a very narrow depth
of focus within a large volume. In order realize this, the lenses could be put further
away from the sensitive volume which decreases the light collection efficiency. A trade-off
between imaging resolution and light collection efficiency is unavoidable.

Maybe, in the case of low event rates (< 0.5 kHz) this problem could be fixed by
adaptive optical systems with a real-time variable focus. It could consist of microlenses
(devices whose depth of focus can be controlled electrically within few milliseconds) and a
two-component scintillator. Such scintillators have a fast decaying component (in the range
of nanoseconds) and slow decaying component (in the range of micro- to milliseconds).
One optical system would image the track by the fast component with an accuracy of
some millimeters and adjust the focal plane of a second optical system with a narrow
depth of focus but high imaging resolution. A “proof-of-principle” demonstration for this
technique could be the next step towards a scintillation light tracking device based on the
technique presented here.
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