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Abstract

Sterile neutrinos are a minimal extension of the Standard Model of Particle Physics,

which could provide answers to a multitude of open questions in neutrino physics

and cosmology. Sterile neutrinos with a mass in the keV range are possible Dark
Matter candidates. Due to their right-handed nature, they would interact only via

a small mixing to active neutrinos. Nevertheless, due to their additional heavy mass

eigenstate, they would leave a kink-like imprint in the beta-decay spectra of isotopes
like tritium.

The KATRIN experiment uses a strong and stable tritium source to investigate
the e ective electron antineutrino mass. After the neutrino mass measurement
campaigns, the KATRIN experiment aims to search for keV-scale sterile neutrinos.
In contrast to the neutrino mass, which manifests itself in the endpoint region of
the tritium spectrum, the kink-like signature of a sterile neutrino can be anywhere
in the tritium spectrum. Therefore, the search for sterile neutrinos with KATRIN
requires a new detector and readout system, which are capable of handling high
count rates while providing an excellent energy resolution of less than 300eV at
electron energies of 20keV. Additionally, a precise calibration and modeling of the
detector response is crucial. For this task, the TRISTAN detector and readout
system is currently under development. The segmented detector system will consist
of nine and 21 166-pixel silicon drift detector modules for phase 1 and a possible
phase 2, respectively.

In this thesis, one of the rst 166-pixel TRISTAN detector modules was character-
ised for the rst time in a KATRIN-like MAC-E lter environment at the KATRIN
Monitor Spectrometer. In a rst step, an optimisation of all relevant detector
voltages was performed at a dedicated laboratory test stand at the Max-Planck-
Institute for Physics in Munich. A working point was found, for which the energy
resolution was improved by 9.3% for 5.9keV photons compared to measurements
with non-optimised voltages.

In the next step, the 166-pixel TRISTAN detector module was successfully in-
stalled in the KATRIN Monitor Spectrometer along with a calibration tool and a
specially designed calibration source holder. For the rst commissioning, an°Fe
source was used and a median energy resolution ofEpwum = 151 eV for 5.9 keV

Xiii



Abstract

photons was achieved.

After this initial test, the 166-pixel TRISTAN detector module was for the rst
time exposed to electrons in a realistic MAC-E Iter environment. A median energy
resolution of Erwnw = 285keV was achieved for 20 keV electrons, that originate
from the walls of the spectrometer. This result is in agreement with the expectation
and meets the design goal of the TRISTAN detector.

Finally, the noise performance of the 166-pixel TRISTAN detector module was
investigated. In the KATRIN Monitor Spectrometer, it was comparable to the one
in a dedicated laboratory test stand at the MPP. It was shown that the 166-pixel
detector module can be operated in a new, realistic environment, e.g. with a 1 m long
cable between the pre-ampli er and the DAQ, with almost no performance loss for
peaking times oftpeax  1us. Furthermore, the behaviour of the energy resolution
for photons can be well explained by electronic noise and the Fano statistics. In
contrast, in the case of electrons the energy resolution is limited by the entrance
window thickness.

However, the measurements with electrons performed in the scope of this thesis
also revealed an unexpected inhomogeneity of the pixel performances, i.e. one region
of the detector showed a degraded energy resolution for electrons. The di erence
in energy resolution of the two regions can not be explained by additional noise
components for the di erent regions. With the help of detailed tests and analyses
it was demonstrated that the poor performance can be best explained by an addi-
tional nm-scale layer on the surface of the detector. This feature is currently under
investigation.
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Chapter 1
Introduction to Neutrino Physics

Since the postulation of the neutrino by Wolfgang Pauli in 1930 [1], this patrticle
gives rise to numerous questions concerning its nature and properties. In the Stand-
ard Model of Particle Physics (SM), neutrinos take an unique role. Since they do
not carry any charge at all, they only interact via the weak interaction, making
them hard to detect. Additionally, they only come left-handed, setting them apart
from their lepton counterparts that come both as right- and left-handed particles.
Moreover, neutrinos are assumed to be massless in the SM. However, neutrino oscil-
lations con rmed that neutrinos have a mass, albeit small. Their absolute mass as
well as whether they are Dirac or Majorana patrticles, i.e. their own antiparticles, is
still unknown and under investigation in a wide variety of experiments [2].

To understand the current scienti c knowledge of these particles, a brief introduc-
tion in neutrino physics is given in this chapter. First, in section 1.1, the SM neutrino
is explained, before giving an example of physics beyond the SM. In section 1.2, a
brief introduction to a hypothetical non-SM particle, the sterile neutrino, is given.
While these particles are in principle not limited to a certain mass range, keV-scale
sterile neutrinos are especially interesting in the scope of this thesis, as they are
suitable Dark Matter candidates.

1.1 Active Neutrino Physics

1.1.1 A Brief History of Active Neutrinos

Single beta-decay is one of the most fundamental processes in which neutrinos are
produced:
AX1 S 4Y+e + o (1.1)

Here, a mother nucleus?X with mass number A and proton number Z decays into
the daughter nucleus,,7Y, an electrone and an electron antineutrino . Before
the postulation of the neutrino, however, this reaction was only described by

X1 X% e; (1.2)
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as the atomic model only consisted of electrons bound by the electromagnetic force
to a nucleus consisting of protons. According to this simple two-body decay model,
a monoenergetic spectrum was expected for the beta-decay electrons [2]. However,
this model failed to explain the observed continuous electron energy spectrum.

Another challenge was the "false” statistics of the 4N nucleus. Consisting of
7 protons and 7 electrons, nitrogen should have a spin of -1/2 but was proven to
have integer spin by scattering experiments [2]. These challenges inspired Wolfgang
Pauli in 1930 to propose a new patrticle, the "neutron”, with spin-1/2 and a mass
around the mass of the electron [1]. After the discovery of the neutron, Enrico Fermi
proposed the name "neutrino” for Paulis new particle [2].

Despite the early postulation of the neutrino, it was discovered only 23 years later
in 1956 by C. L. Cowan and F. Reines via the inverse beta-decay

et p! e +n (1.3)

In the experiment at the Savannah River Plant, reactor antineutrinos hit a hydro-
genous liquid scintillator, producing a positron €” and a neutron n. The reaction
products were detected using a delayed coincidence signal. The rst photon is emit-
ted when the positron annihilates with another electron, while the neutron is mod-
erated and captured in cadmium, which is dissolved in the scintillator. After the
neutron capture, cadmium is in an excited state and emits a second photon when it
deexcites [3].

A couple of years later, the discovery of the muon neutrino in the Brookhaven
Alternating Gradient Synchrotron (AGS) [4] and the tau neutrino in the Direct Ob-
servation of Nu Tau (DONUT) experiment [5] revealed that there are three neutrino
avours corresponding to the lepton avours e, and . In addition, it was shown in
the Goldhaber experiment that neutrinos come only with left-handed helicity while
antineutrinos are always right-handed [6]. This completed the lepton part of the SM,
seen in gure 1.1.
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Figure 1.1: Standard Model of Particles. In the SM, neutrinos are assumed to be
massless and purely left-handed. Figure taken from [7].

1.1.2 Neutrino Oscillations

In 1960, neutrinos were posing yet again a new challenge to the understanding of
physics: Several experiments, the rst being the Homestake experiment, detected
a decit in the measured neutrinos from the Sun compared to expectations from
theory, known as the solar neutrino problem [8]. This was solved by the introduction
of neutrino oscillations, which were independently measured in the Super-Kamioka-
Neutrino Detection Experiment (Super-Kamiokande) [9], and by the Sudbury Neut-
rino Observatory (SNO) [10] in 1998.

The three avour eigenstatesj ¢, j i andj i are a superposition of the three
mass eigenstate$ i, j 2i andj si. Due to the mixing of avour and mass eigen-
states, which is described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

0 1 0 1 0 1
e Uel Ue2 Ue3 1
@A =@; U, UA @), (1.4)
Ui Uz Ugs 3
| {z-} | {Z——} [z}
avour eigenstate PMNS matrix mass eigenstate
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neutrinos can change their avour during propagation [11]. The PMNS matrix con-
tains three mixing angles 1, 2 and 3, which describe the mixing amplitudes, as well
as the CP-violating phase cp. If the neutrino is a Majorana particle, two additional
Majorana phases are introduced in the PMNS matrix.

In the simplied case of only two avours and , the probability to nd a
neutrino of initial avour and energyE in avour after travelling the distance

L is given by
2

m .
=L (1.5)

P, =sin?(@) sin?

Because of the dependence ofm?, neutrino oscillations are only possible for at least
two massive neutrinos. This is a clear evidence for physics beyond the SM [11].

Neutrino oscillation experiments are sensitive to the mixing angles; as well as to
the mass squared di erence of the mass eigenstatesm? = m? m?,i;j 2 [1;2;3]
However, they are not sensitive to the absolute mass of neutrinos, which is still under
investigation and will be discussed in more detail in section 1.1.3.

1.1.3 Neutrino Mass

There are di erent approaches to investigate the absolute mass scale of neutrinos,
ranging from cosmological observations, neutrinoless double beta-decay to direct
neutrino mass measurements. However, those are sensitive to di erent neutrino
mass observables. The three methods will be explained brie y in the following.

Cosmology
Although only weakly interacting and nearly massless, neutrinos play an important
role in the evolution of the universe, e.g. the formation of small and large scale
structures [12]. Based on cosmological models, limits on the sum of the three neutrino
masses X
m = m; (1.6)

|
can be derived. Depending on the cosmological model, di erent results are obtained.
A conservative 95% C.L. upper limit of m < 0:26eV is derived using data from
large scale structures of galaxies, cosmic microwave background, type la supernovae,
and big bang nucleosynthesis. For this, physically motivated neutrino mass models
are used, where for example oscillation experiments are also considered [13].

Search for neutrinoless double beta-decay
Another method to obtain information about the neutrino mass is the search for
neutrinoless double beta ¢ ) decay. In the SM-allowed two-neutrino double
beta (2 ) decay, two neutrons in an atom decay to two protons, two electrons
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and two electron antineutrinos. However, if the neutrino is a Majorana particle,
meaning that it is its own antiparticle, a neutrinoless double beta-decay is possible.
In this decay, two neutrons are converted into two protons and two electrons are
emitted.

IN0  experiments, the half-lifeT ., of the decay is measured. From the half-life,
the e ective Majorana mass

X
jm j= mUg (1.7)
|
can be calculated, which depends on the mixing parameters of the electron avour
in the PMNS matrix Uej. Additionally, the nuclear matrix element is needed for
the calculation of the e ective Majorana mass from the half-life of the0O decay.
However, this is model-dependent and therefore introduces uncertainties.

While 2 decay conserves lepton number, ir® decay the lepton number
conservation is violated by two units. Therefore, besides gaining information about
the neutrino mass scale, a detection of neutrinoless double beta-decay would prove
the Majorana nature of the neutrino and could shed light on the matter-antimatter-
asymmetry [14].

One experiment searching for this kind of decay was the GERmanium detector Ar-
ray (GERDA) experiment located at the Laboratori Nazinali del Gran Sasso (LNGS)
in Italy. It consisted of high-purity germanium detectors using the isotope "®Ge. Li-
quid argon around the detectors provided shielding and cooling. GERDA obtained
an upper limit on the e ective Majorana neutrino mass ofm < 79 180meV at
90%C.L. The range is due to the uncertainty of the nuclear matrix element which is
needed to calculate the e ective Majorana neutrino mass from the measurement [15].
This work is now continued by the Large Enriched Germanium Experiment for Neut-
rinoless0 Decay (LEGEND) [16].

Other experiments searching for0 decay are for example the Enriched Xenon
Observatory (EXO), which uses the isotopel*®Xe [17] and the Cryogenic Under-
ground Laboratory for Rare Events (CUORE), which uses bolometers containing
the isotope **°Te [18].

Beta-decay
The most model-independent way to probe the neutrino mass is the investigation of
the decay kinematics of single beta-decay or electron capture. In the single beta-
decay, see equation (1.1), an electron antineutrino and an electron are emitted. The
decay energyQy: is split into the recoil energy E e 0f the nucleus and the endpoint
energy Eg. Both particles carry part of the endpoint energy Ep, which can be
calculated from theory. In the SM, where the neutrino is massless, the endpoint of
the electron spectrum would therefore correspond to the entire available endpoint
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energy Eg, as the neutrino would not carry away any energy. However, it is known
that the neutrino is a massive particle, therefore this is not the case in reality. Instead,
even for the most energetic electrons emitted from the decay, they can only carry
Eo m since the massive neutrino has to be produced. This alters the shape of the
endpoint of the beta spectrum as well as the measured endpoint energy. From this,
the e ective electron antineutrino mass

X
m? = mUgj? (1.8)
can be measured.

The most sensitive experiment today is the KArlsruhe TRItium Neutrino (KAT-
RIN) experiment, which will be explained in more detail in section 2.1. It uses the
beta-decay of tritium and obtained a current upper limit of m < 0:8eV at 90%
C.L. [19]. The nal sensitivity of the KATRIN experiment is expected to be on the
order of 200 meV [20].

Other experiments aiming to determine the neutrino mass via the kinematics of
radioactive decays are for example HOLMES and ECHo, which both use the electron
capture on Ho'®® [12], and Project 8, which uses Cyclotron Radiation Emission
Spectroscopy [21].

1.2 Sterile Neutrino Physics

There are still many open questions in the eld of neutrino physics. As only left-
handed particles with a very small mass neutrinos are di erent compared to the
other patrticles in the SM. Neutrino oscillations have proven the existence of physics
beyond the SM and that neutrinos are massive. Since the Yukawa coupling to the
Higgs eld, which gives other particles in the SM their mass, requires a right-handed
counterpart for the concerning particle, it is a natural, small addition to the SM to
include right-handed neutrinos.

As neutrinos only interact weakly, right-handed neutrinos would not interact at
all, they would be "sterile". This introduces a sterile avour eigenstate j i, the
so called sterile neutrino, and a corresponding mass eigenstatesi. Theoretically,
many such sterile eigenstates with di erent masses can exist. In the case of only one
sterile eigenstate, the PMNS matrix would be extended to a 4x4 matrix

0 1 0 10 1
e Uel Ue2 Ue3 Ue4 1
§ U, U Uz U 4§ % 2§ )
= : 1.9
% Ui U, Uz Uy 3 ( )
S Usl Usz Us3 Us4 4

Because of the mixing of the mass eigenstatg 4i with the active eigenstatesj i,
i 2 [1;2; 3], the sterile neutrino would contain a small active component. This mixing
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is depending on the matrix elementsUg;, i 2 [1;2;3] and is in general very small.
Nevertheless, this makes the search for sterile neutrinos possible.

A sterile neutrino mass eigenstate can in principle have an arbitrary mass. There
are di erent motivations for di erent mass scales, which will be discussed briey in
the following.

Sterile neutrino in the GeV mass scale: Neutrino mass
All particles in the SM, except the neutrino, obtain their mass through Yukawa
coupling to the Higgs eld. To this end, a right-handed counterpart of the particle
is needed, which is why this is impossible for neutrinos in the SM. With the intro-
duction of the right-handed, sterile neutrinos, this would become possible. However,
this would result in an unnaturally small coupling constant in order to explain the
lightness of active neutrinos [12]. This is a strong argument against a SM origin of
the neutrino mass.

Another possibility for massive neutrinos is the See-Saw mechanism. Then, from
the new Lagrangian and mass matrix, two mass eigenstates can be derived:

2
mp
m{= — 1.10
1= (1.10)
and
m2 Mg, (1.12)

with mp denoting the Dirac Mass andmg being the Majorana mass of the sterile
neutrino. A heavy sterile neutrino with a Majorana mass ofO(TeV) would therefore
automatically lead to a small active neutrino massm; [12, 22].

Sterile neutrino in the keV mass scale: Dark Matter

Sterile neutrinos in a mass range o®(keV) are especially interesting as they serve as
potential Dark Matter (DM) candidates. Depending on their production mechanism
they can act as Warm Dark Matter (WDM) or Cold Dark Matter (CDM). WDM
would mitigate tensions regarding small scale structures in the universe, e.g. the
missing satellite problem and the cusp-core problem [12, 22]. One experiment which
will search for sterile neutrinos in the keV mass range is the KATRIN experiment
with the novel TRISTAN detector. The principle of the sterile neutrino search as
well as the experimental setup will be explained in more detail in sections 2.1 and 2.2.

Sterile neutrino in the eV mass scale: Gallium anomaly
Sterile neutrinos with a mass ofO(eV) are proposed to solve several anomalies,
for example possible ¢ disappearance in Gallium experiments such as SAGE and
GALLEX. The de cit could be explained by an oscillation of the active electron
neutrino into an eV-scale sterile neutrino. Recently, the Baksan Experiment on
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Sterile Transitions (BEST) experiment conrmed the results of SAGE [23] and
GALLEX [24] with higher signi cance. The best t of the data is consistent with

a m? = 3:3"7; eV? sterile neutrino [25]. The excess of ¢, that was found by
the short baseline experiments LSND and MiniBooNE could also be explained by
an active to sterile neutrino oscillation. However, there is a tension with other
disappearance or appearance results [12, 26, 27].
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The KATRIN Experiment

The neutrino mass can be probed by direct measurements of the kinematics of single
beta-decays due to the alteration of the endpoint of the electron energy spectrum.
One experiment investigating the e ective electron antineutrino mass is the KArls-
ruhe TRItium Neutrino (KATRIN) experiment, which uses tritium as a decaying
isotope and is explained in detail in section 2.1. In addition to measuring the e ect-
ive electron antineutrino mass, the KATRIN experiment can also be used to search
for sterile neutrinos if their mass is smaller than the endpoint energy of tritium. How-
ever, the detector has to be upgraded for this task. For this, the novel TRISTAN
detector is currently being developed. The signal of a sterile neutrino in the beta-
decay spectrum as well as the requirements for the new detector are described in
section 2.2.

2.1 Current KATRIN Experimental Setup

The KATRIN experiment is the successor of the Mainz and Troitsk experiments.
Both experiments investigated the e ective electron antineutrino mass and set an
upper limit of m 2:3eV [28] andm < 2:12eV [29] (95% C.L.), respectively.
The KATRIN experiment aims for a nal sensitivity of about 0.2eV (90% C.L.) [20]
and obtained a current upper limit of m < 0:8eV at 90% C.L. [19]. If not stated
otherwise, the general reference for the following sections is the KATRIN design
report [20].

2.1.1 Neutrino Mass Measurement

The KATRIN experiment uses the isotope tritium for the investigation of the e ect-

ive electron antineutrino mass via the kinematics of single beta-decay. Tritium is
advantageous because of several properties. Its comparably low endpoint energy of
Eo = 18:6 keV and short half-life of T;-, = 12:3 a ensure reasonable statistics in the
endpoint region. Moreover, tritium beta-decay is super-allowed, leading to a pure
phase space spectrum.
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Figure 2.1: Tritium beta-decay spectrum (left) with zoom on the endpoint region
(right). The blue curve corresponds to the spectrum if the neutrino was massless.
The orange dashed line assumes an e ective electron antineutrino mass of 1eV. In
the case with the massive neutrino, the shape of the spectrum in the endpoint region
is altered and the spectrum ends below the calculated endpoint energ§y. Note
that only a fraction of 2 10 13 electrons falls into the shaded area. Figure taken
from [30].

Furthermore, tritium has well-understood nal states, due to being the isotope with
the lowest atomic numberZ. This facilitates understanding and modelling the tri-
tium beta-decay spectrum.

As explained in section 1.1.3, the e ective electron antineutrino mass can be ex-
tracted from the investigation of the endpoint region of the beta-decay spectrum.
The presence of a massive neutrino with an e ective mass  will shift the observed
endpoint energy toEg m  with respect to the calculated endpoint energyEg. In ad-
dition, it alters the shape of the spectrum in the endpoint region. This is illustrated
in gure 2.1. In principle, every mass eigenstate leads to such a shift and spectral
distortion. However, due to the tiny mass di erences, the individual e ects of the
mass eigenstates cannot be distinguished. Therefore, only the shift and distortion of
the e ective electron antineutrino mass can be measured.

2.1.2 Experimental Setup

For the neutrino mass measurement, a complex experimental setup is needed, which
is shown in gure 2.2. The 70m-long beamline consists of the rear section, the
tritium source, the transport section, the spectrometers as well as the detector,

which will be described in more detail in the following paragraphs.
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Figure 2.2: A technical drawing showing the beamline of the KATRIN experiment.
Calibration and monitoring devices are installed in the rear section at the left hand
side. The Windowless Gaseous Tritium Source provides the electrons. There, tritium
is injected in the middle of a tube and di uses to both ends while decaying. Because
the tritium is not con ned by barriers, the electrons su er no energy loss. In the
transport section, electrons are guided by a magnetic eld towards the spectrometer,
while tritium is pumped out to prevent contamination and background in the spec-
trometer. The two spectrometers with MAC-E lters Iter electrons with su cient
energies which can then reach the focal plane detector at the right hand side of the
beamline. Courtesy of the KATRIN collaboration.

Rear section
In the rear section, various calibration and monitoring devices are installed. Among
these is a multi-purpose electron gun which measures the KATRIN response function
and investigates systematic e ects, as well as a rear detector which monitors the
source activity. In addition, a gold-plated rear wall is installed to measure the
plasma potential of the WGTS as well as reduce backscattering for the backre ected
electrons. This also reduces systematic uncertainties.

Windowless Gaseous Tritium Source
The Windowless Gaseous Tritium Source (WGTS) is the -electron source of KAT-
RIN, which provides a high and stable decay rate (18" Bq with a stability of ~ 0:1 %)
while introducing only small systematic uncertainties. To avoid energy losses at any
kind of barrier between the source and detector, the WGTS solely consists of the
open WGTS tube. In the middle of this tube ultra-cold molecular tritium gas is
injected and di uses to both ends of the tube.

11
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Transport and Pumping Section
Tritium is not allowed to reach the spectrometer and detector section, as this would
cause additional background. For this reason, the tritium ow is reduced by 14 or-
ders of magnitude in the pumping section. In the di erential pumping section, Turbo
Molecular Pumps (TMPs) are used to reduce the tritum ow. In the cryogenic
pumping section a 3K argon frost layer on the walls is used to trap the remaining
tritium molecules. In addition, the transport section is arranged in chicanes. While
the electrons follow the magnetic eld lines through the transport section, the
tritium molecules are una ected by the magnetic eld and will therefore bump into
the walls, increasing the e ciency of trapping them in the cryogenic pumping section.

Spectrometers
To look for the shift of the measured endpoint energy and the spectral distortion
caused by the e ective electron antineutrino mass, an excellent energy resolution
is needed, which cannot be reached using conventional semiconductor detectors.
Therefore, KATRIN deploys a main spectrometer using a Magnetic Adiabatic Col-
limation combined with an Electrostatic (MAC-E) Iter, which was rst proposed
by P. Kruit [31]. A retarding electric potential U is applied to the spectrometer.
Electrons with su cient kinetic energy Ewin = Ex + E» to overcome this potential
can reach the detector. By setting the electric potential to di erent values and count-
ing the electrons that reach the detector, an integral measurement of the beta-decay
spectrum is performed. Therefore, the energy resolution is driven by the spectro-
meter and not by the detector itself.

As the electric potential is applied in longitudinal direction, it is only sensitive to
the longitudinal component of the electron energyE,. The transversal component
of the energyE- is not a ected. To ensure that all electrons with a total kinetic
energy higher thanqU; are able to reach the detector, the transversal component
has to be converted into the longitudinal component. This is achieved by a magnetic
eld gradient. The magnetic eld Bs is strong at the source and decreases along
the spectrometer until is reaches the minimum strengthB i, at the position where
the electric potential Up is maximal. This position is called the analysis plane. At
the detector region, the magnetic eld Bhax is maximal. The electrons are moving
adiabatically through the spectrometer and their orbital magnetic moment

E-
—— = const: 2.1
5 (2.1)

is conserved. Therefore, the transversal momentum of the electron is converted
into the longitudinal momentum. As a result the electric potential is sensitive to
the total kinetic energy. The working principle of the MAC-E lter is illustrated in
gure 2.3.
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Figure 2.3: Working principle of a MAC-E Iter. A magnetic eld gradient is pro-
duced by superconducting magnets (green). The magnetic eld transforms the trans-
versal momentum of the electrons into longitudinal momentum (electron path: red,
momentum transformation: lower part). The longitudinal electric eld (blue) lIters
out electrons with su cient longitudinal energy E, < jqlyj: Figure taken from [32].

The e ciency of the transformation of transversal into longitudinal momentum
de nes the energy resolution E:

(2.2)

With the MAC-E Iter, KATRIN reaches an energy resolution of E =0:93eV at
the endpoint of the tritium beta-decay spectrum with Eg = 18:6 keV [32], if operated
With Bmin =3 10 *T andBpax =6T.

There are two MAC-E-type spectrometers in the KATRIN beamline, the pre- and
the main spectrometer. The pre-spectrometer was originally designed and used to
reduce the amount of electrons reaching the main spectrometer, therefore reducing
the background. From the beginning of the fth measurement phase however, the
pre-spectrometer will be switched o, as the interplay between pre- and main spec-
trometer creates a Penning trap between them. The main spectrometer is su cient
for KATRIN measurements and Iters out all electrons with energies below the
retarding potential. With the main spectrometer, an integral measurement can be
performed.
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Figure 2.4: Pixel layout of the focal plane detector, with 148 pixels arranged in a
ring-wise structure. All pixels have the same area. Figure taken from [34].

Focal Plane Detector
The KATRIN detector consists of a 148-pixel positive intrinsic negative (PIN) diode
made out of silicon. The pixels are arranged ring-wise and have an equal area in
order to distribute the count rate evenly. The detector has an energy resolution of

Erwnm = 1:52keV at 18:6keV and is able to handle a maximal count rate up to
tens of kcps [33]. As the energy resolution is determined by the MAC-E lter and
the detector is only used for counting the electrons in the endpoint region of the
spectrum, this is su cient for the neutrino mass measurement. The pixel layout of
the Focal Plane Detector can be seen in gure 2.4.

2.2 The TRISTAN Detector System

As discussed in chapter 1, the mixing between active and sterile neutrinos makes it
possible to search for sterile neutrinos in the beta-decay spectrum with a mass up to
the endpoint energy of tritium. The presence of a sterile neutrino would impact the

beta-decay spectrum in a similar way as the active neutrino. However, the current
KATRIN detector is designed to handle only low count rates and does not have
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su cient energy resolution. Therefore, the KATRIN detector has to be upgraded for
the search for keV-scale sterile neutrino. To this end, a novel TRISTAN detector is
currently being developed, which will be integrated into the KATRIN beamline.

2.2.1 Imprint of the Sterile Neutrino in Single Beta-Decay

The active neutrino mass eigenstates alter the shape of the beta-decay spectrum
close to the endpoint and shift the observed endpoint energy. However, the mass
di erences are too small to be distinguished, leading to only one observable: the ef-
fective electron antineutrino mass. If the sterile neutrino exists, a fourth sterile mass
eigenstatemy4 would need to be introduced. Due to the mixing of active and sterile
neutrinos, which can be characterised by the mixing angles, the beta spectrum
would be a superposition of the decay rate% of the active states with the sterile
state [12]:

d(m) . d( my)
—— =cos?( s) +sin?( s) : (2.3)
) ey

Figure 2.5: Imprint of a sterile neutrino on the tritium beta-decay spectrum. The
blue dashed line illustrates the beta spectrum in the case that no sterile neutrino
exists in the mass range of the tritium beta-decay. The solid orange line depicts
the spectrum with a sterile neutrino with mass m4, which is then a superposition
of the active neutrino branch (dashed-dotted blue) and the sterile neutrino branch
(dashed-dotted orange). AtE = Eg mg, there is a kink-like distortion in the
spectrum. The height of this kink depends on the mixing amplitudesin? ( ). Figure
taken from [30].
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The sterile mass eigenstate would therefore lead to another spectral distortion in the
beta spectrum.

The location of the kink-like signature depends onm,, while the signal strength
depends on the mixing amplitudesin®( s) [12]. Because the mass of the sterile mass
eigenstate is unknown and could in principle take any value, the sterile neutrino does
not necessarily a ect the endpoint region of the beta spectrum. A keV-scale sterile
neutrino for example, which is a suitable DM candidate, would rather result in a kink
somewhere in the middle of the spectrum. The e ect of a keV-scale sterile neutrino
on the beta spectrum of tritium is illustrated in gure 2.5.

Together with a novel TRISTAN detector and readout system, the design goal of
the KATRIN experiment is to search for sterile neutrinos with masses up to 18.6 eV
and a mixing angle ofsin?( s) < 10 ©.

2.2.2 Requirements for the TRISTAN Detector System

For the currently ongoing neutrino mass measurements, the focal plane detector is
used. For these measurements only the endpoint region of the beta spectrum is of in-
terest. Therefore, only a small amount of electrons reach the detector. Furthermore,
the energy resolution of the detector is irrelevant, since the integral measurement
technique relies solely on the energy resolution of the MAC-E Iter. The charac-
teristic signature of a sterile neutrino, however, could be located anywhere in the
spectrum. Therefore, the whole spectrum has to be measured and analysed. This
can be done either in the integral mode, in which the retarding potential is varied
and the detector counts the incoming electrons for each setting, or in the di erential
mode, in which the retarding potential is set to a low value to let electrons over
a broad energy range reach the detector. In both cases, as the retarding potential
is lowered and more electrons reach the detector, it has to be able to handle high
total count rates up to 10%cps for a three year data-taking period. To reduce the
pile-up probability, a minimum of 1000 pixels is required. For the di erential mode,
an excellent energy resolution of about Epwum 300eV at 20keV is crucial to
be able to resolve a kink-like structure in the spectrum. Consequently, the current
KATRIN detector is not suited for a keV-scale sterile neutrino search and a novel
detector and readout system is needed [35].

The novel detector system is currently under development and includes the
TRISTAN detector [36, 37]. It is a multipixel Silicon Drift Detector (SDD) array,
which will be read out by a highly customised Data Acquisition System (DAQ). The
SDD technology is described in chapter 3, while the detector module is introduced
in chapter 4.
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2.2.3 Staged Approach

The development of the TRISTAN detector is carried out in multiple stages with

di erent detector sizes (number of pixels). In a rst proof of concept, 7-pixel
devices with and without integrated JFETs were produced and tested in order to
verify the suitability of using the SDD technology for electron spectroscopy [36].
Subsequently, larger devices, 47-pixel and 166-pixel detectors, were produced in
di erent con gurations to test and characterise the detector in a realistic MAC-E
Iter environment. For the operation of 166-pixel detectors, three phases are foreseen.

Phase 0
In phase 0, one 166-pixel detector module will be tested in the KATRIN Monitor
Spectrometer. This environment closely resembles the conditions in the KATRIN
beamline. This thesis will focus on this milestone.

Phase 1
In phase 1, nine 166-pixel detector modules will be operated together in a rst sterile
neutrino search in the KATRIN beamline. This detector con guration will have
about 1500 pixels and is shown in gure 2.6a.

Phase 2
A possible second stage will consist of 21 detector modules with a total of 3486
pixels. A technical drawing of the second stage detector is shown in gure 2.6b.

The statistical sensitivity (95% C.L.) for the KATRIN experiment with the
TRISTAN detector is shown in gure 2.7. The KATRIN experiment with the novel
TRISTAN detector will improve the current laboratory limits for the mixing angle ¢
by 3 orders of magnitudes for masses up to 18.6 keV.
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(a) Phase 1: Nine modules. (b) Phase 2: 21 modules.

Figure 2.6: (a) Technical drawing of the arrangement of nine TRISTAN detector
modules with a total of 1494 pixels (Phase 1). This detector will replace the current
KATRIN focal plane detector and will be used for the search for keV-scale sterile
neutrinos. (b) Technical drawing of the arrangement of 21 TRISTAN detector mod-
ules with a total of 3486 pixels (Phase 2). In a possible phase 2, this detector could
replace the phase 1 TRISTAN detector.

Figure 2.7: Statistical sensitivity for the KATRIN experiment with the TRISTAN
detector integrated into the KATRIN beamline. Current laboratory limits are visu-
alised with the solid black line. The solid red line represents the sensitivity of the
KATRIN rst and second campaign. The dashed red line represents the sensitivity
of the KATRIN experiment with the TRISTAN detector after 1y of data taking.
X-ray limits are represented by the green area, the experiments BeEST (blue) and
BEST (orange) are also depicted. Courtesy of the KATRIN collaboration.
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Chapter 3
Silicon Drift Detector Technology

The nal TRISTAN detector will consist of multiple modules, see chapter 4. The
centerpiece of each module is an SDD matrix consisting of 166 pixels. The SDD
technology was chosen because it meets the requirements described in section 2.1,
i.e. the capability of handling high count rates while maintaining a good energy
resolution. In section 3.1, the basics of semiconductor physics will be explained.
Section 3.2 will give an overview of the SDD technology with a short explanation of
the important voltages, which have an impact on the detector performance. Electrons
lose their energy quickly in matter. Therefore, for detectors measuring electrons, it
is crucial to have only a thin area with reduced detection e ciency at the entrance
window side. The entrance window e ect for the TRISTAN detector will be described
in more detail in section 3.3.

3.1 Semiconductor Physics Basics

In general, there are three types of materials: conductors (metals), semiconductors
and insulators, see gure 3.1. In the band model, the states electrons can occupy
are described by bands. FoiT = 0K, the valence band is the band with the highest
energy that is occupied by electrons. The conduction band is the band with the next
higher energy. In metals, there is no band gap, meaning that electrons can move
freely from the valence to the conduction band. Insulators are characterised by a
large band gap. The valence band is completely lled while the conduction band is
empty. This is also true for semiconductors in the absence of thermal excitations.
However, semiconductors are materials with a narrow band gap. Therefore, thermal
excitations of electrons from the valence to the conduction band are possible even
at low temperatures. Then, a weak conductivity is created due to free electrons and
holes [38, 39].

Via doping, the conductive properties of the material can be changed. Doping is
the process of replacing one atom in the crystal lattice with another element that
acts either as an electron donor or an electron acceptor. Those impurities lead to
additional acceptor or donor levels inside the band gap, close to the valence band or
conduction band, respectively.
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Figure 3.1: lllustration of the band gap of metals (right), semiconductors (center)
and insulators (left). The Fermi energy Erermi describes the highest energy that
electrons can take if the system is in the ground state. In insulators, the band gap
is large and the conduction band is empty. Semiconductors have a narrow band gap
and electrons can be excited from the valence band into the conduction band, making
conductivity possible. Metals are always conducting due to the missing band gap.
There, both valence and conduction band are lled. Figure taken from [40].

Due to these new levels, the energy to excite electrons from the valence into the
conduction band is decreased. This is illustrated in gure 3.2. Common electron
donors for materials in the IV group of the periodic table are elements in the V
group, for example phosphorous and arsenic. Both have ve valence electrons, four
of which are used for the formation of covalent bonds in the lattice. One electron
remains free for conduction. This is used for n-type doping. For p-type doping,
electron acceptors, elements in the Il group with three valence electrons are used.
In this case, one electron is missing in the covalent bond, creating a hole that is free
for conduction. A common electron acceptor is boron [39].

One of the most commonly used structures for semiconductors is the p-n junction,
illustrated in gure 3.3. As the name suggests, n-type material is adjoined to p-type
material, forming a diode. This leads to a di usion of electrons from the n region to
the p region and of holes from the p to the n region. The charge separation leads to
an electric eld of opposite polarity which counteracts this di usion and establishes
equilibrium. A space-charge region is formed at the border of the n- and p-type
regions. There, all free charge carriers have di used away and only ionized electron
acceptors and donors are left. This region is called the depletion zone. Normally,
this depletion zone is small. However, the whole bulk can be depleted by applying a
reverse bias voltage [38].
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Figure 3.2: Donor (left) and acceptor (right) level in the band gap of a semiconductor,
introduced by doping. Additional donor levels are created near the conduction band
in the case of n-type semiconductors. For p-type semiconductors, acceptor levels
close to the valence band are created. Figure taken from [41].

The depletion zone is important for the use of semiconductors as particle detectors.
When an ionising particle moves through the semiconductor, it creates electrons,
mostly via ionisation. Those electrons can be guided to an electrode where the signal
is read out. However, this signal will only be detectable if there aren't free charge
carriers from e.g. thermal excitation. This is ensured by depleting the semiconductor
material completely by applying a reverse bias.

Figure 3.3: lllustration of a PIN-Diode. Electrons move from the n-type material to
the p-type material. Holes express the opposite behaviour. Close to the" and p*
contacts, a depleted region is formed, where only ionized doping atoms are left. In
this illustration, the applied bias voltage U is not high enough to deplete the whole
bulk, leaving behind an undepleted region in the center of the semiconductor. Figure
taken from [41].
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To ensure a good energy resolution, semiconductor detectors have to be cooled
down for operation. This is due to the leakage current, which is caused by spontan-
eous excitations of electrons into the conduction band. The band gap size decreases
slightly for increasing temperature, leading to more leakage current as less energy
is needed for electrons to move into the conduction band. Therefore, the leakage
current can be reduced signi cantly by cooling the detector.

3.2 TRISTAN Silicon Drift Detector

The TRISTAN detectors are Silicon Drift Detectors (SDDs), a special kind of semi-
conductor detectors. For the readout of the signals, custom-made readout electronics
were designed to ful Il the requirements for the detectors.

3.2.1 Silicon Drift Detector Working Principle

In the SDD, silicon is used due to its small band gafEg = 1:12eV [38] and small
electron-hole pair creation energy ofEpsr = 3:67€eV [42]. This results in a good
energy resolution even at moderate cooling. Moreover, silicon has a high abundance
in the earth crust and can be processed with high purity. The SDD consists of a
p-n junction which is depleted by sidewards depletion [43]. The basis of the SDD
is a bulk of n -type silicon. The bottom surface (entrance window side) of the
detector is made from a thin layer ofp* -type silicon, the back contact. The detector
top surface features severap* -type drift rings. Both back contact and drift rings
are responsible for the depletion of the detector. The drift rings surround a small
n* -doped anode and, in the case of the TRISTAN SDD, a junction-gate eld-e ect
transistor (JFET). The schematic of an SDD as used for the TRISTAN detectors
can be seen in gure 3.4.

The negative potential of the drift rings increases from the center outwards, shap-
ing the electric eld across the whole device. This is illustrated in gure 3.5. In
contrast to the PIN-diode, the SDD with sidewards depletion only requires a small
anode. This is bene cial to the energy resolution of the detector, as this leads to a
smaller anode capacitance and therefore to a smaller noise contribution. Moreover,
this design allows for a multi-pixel design without dead areas between the pixels, as
the pixel boundaries are de ned only by the electric eld. The gapless pixel arrange-
ment as well as the on-chip readout structure can be seen in a microscope picture of
a part of a TRISTAN SDD in gure 3.6.

When an ionising particle enters the depleted region, it creates electron-hole pairs.
The amount of those electron-hole pairs is proportional to the energy of the incoming
particle. The electric eld created by the electrode and in particular the drift ring
structure guides the electrons to the collecting anode. The signal is then fed to the
JFET, which serves as a rst ampli cation stage of the signal.
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Figure 3.4: Schematics of a TRISTAN SDD. The detector bulk is made fromn -type
silicon and is surrounded byp* -type silicon on the bottom (back contact) and p* -
doped drift rings on top (red). The drift rings surround the n-type anode and the
integrated JFET (green). When ionising particles enter the depleted region, electron-
hole pairs are created and guided by an electric eld to the collecting anode. Figure
taken from [44].

An internal JFET is chosen over an external JFET in order to avoid bond con-
nections. Those would introduce parasitic bond pad capacitances. In addition, the
rst ampli cation stage is located closer to the signal if carried out by an integ-
rated JFET. Both the lack of parasitic bond pad capacitances and the location of
the rst ampli cation stage decrease the electronic noise, leading to a better energy
resolution.
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Figure 3.5: Illustration of the electrode arrangement inside an SDD. The applied bias
voltage to the back contact on top as well as the drift rings at the bottom (both red)
deplete the entire bulk of the semiconductor if the applied voltage is high enough.
The drift rings at the bottom create a favoured potential for electrons at the anode
in the center (green). The created electrons will be guided to the anode. Figure

taken from [41].

Figure 3.6: Microscope picture of a part of a 166-pixel TRISTAN SDD. The roughly
hexagonal drift rings de ne the pixel boundaries, which allows for a gapless pixel
arrangement. A readout line connects each pixel with the contacts at the border of
the SDD, so that voltages can be distributed and signals can be transferred.
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3.2.2 SDD Readout Electronics

To read out the signals from the detector with an integrated JFET, the Italian
company XGLab designed a custom Application-Speci c Integrated Circuit (ASIC),
the ETTORE ASIC, in collaboration with Politecnico di Milano [45]. Each ETTORE
ASIC is a charge sensitive (pre-)amplier and is responsible for 12 pixels of the
detector. The simplied block diagram of one ETTORE channel can be seen in
gure 3.7.

Figure 3.7: Schematic block diagram of one ETTORE ASIC channel. The block
diagram of the detector is shown on the left. The detector has a reset diode (RD) to
prevent the saturation of the output. In the center, the rst stage of the ETTORE
ASIC can be seen, which produces the characteristic ramp output. On the right, the
second stage is visible. Figure taken from [46].

The output of the ETTORE ASIC can be switched to rst or second stage. The
rst stage output consists of the classical voltage ramp signal, where the leakage
current of the detector is responsible for the slope of the ramp and the signals are
superimposed steps. An exemplary rst stage waveform is shown in gure 3.8. The
second stage output introduces a gain factor, which can be chosen to be either 5 or
10, and features an exponential decay constant of about 1%. However, it requires
a deconvolution operation to be converted to a spectrum. For more information on
the ETTORE ASIC, see [45].

During the operation of the detector, the detector has to be reset periodically to
prevent the saturation of the rst stage output. The signal for the reset is provided
by external electronics and the reset itself is done with a reset diode. The reset is
applied to all detector pixels simultaneously.
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Figure 3.8: Exemplary rst stage waveform. The characteristic ramp can be seen,
which is caused by an accumulation of charge due to the leakage current. To avoid
a saturation of the ETTORE ASICs, the detector has to be reset. The resets can be
seen at the start and the end of the ramp. In the rst stage, events appear as steps
on the waveform. Figure taken from [40].

3.2.3 Overview of Important Detector Voltages

There are several important detector voltages which have to be applied to the SDD
and signi cantly a ect the detector performance. Those will be quickly introduced
in the following.

Back Contact (BC)
This is the voltage which is required to deplete the detector volume. It is applied to
the entrance window side (back contact). This voltage expands the depletion zone
of the detector to the whole bulk. Expected values for the TRISTAN detector are
120V Vgc 80V.

Back Frame (BF)
This is the voltage applied to the ring surrounding the p-type silicon of the entrance
window and helps to de ne the electrical eld for the outer borders of the pixels.
Expected values for the TRISTAN detector are 130V Vg a0 V.
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Inner Guard Ring
The inner guard ring guards the integrated JFET from electrons. A voltage is
applied, leading to a potential that causes the electrons to drift away from the
center to the anode. A signal from electrons that would pass directly to the JFET
instead of the anode would not be amplied and would therefore be too small to
be detected. Expected values for the TRISTAN detector are 30V Vigr 20V.

Ring 1 and Ring X
Ring 1 is the innermost drift ring, which has the lowest negative voltage applied to.
Ring X is the outermost drift ring with the highest negative voltage applied to. The
drift rings are responsible for the potential gradient which guides the electrons to
the collecting anode. Ring 1 and ring X are connected to the power supply, while
the other rings are connected with voltage dividers to ring 1 and ring X and receive
power this way. Moreover, ring X is responsible for depletion as well, together with
the back contact. For ring 1, expected values are 15V Vg1 5V, for ring X

150V VRrx 100 V.

Vsss and Vp
Those are the supply voltages for the JFET.Vsss is responsible for the JFET
source currents and the bias currentVp sets the voltage for the JFET drain [46].
Commonly, Vsss= 39V and Vp = 7:4V are used.

Vio
This is the supply voltage for the ETTORE ASICs as well as for other components
on the ASIC board. A value ofVio = 3:9V is used for the TRISTAN detectors.

VResH and VgesL
The TRISTAN detectors are operated in a pulsed-reset mode. In this mode, ex-
ternal electronics are used to initiate a reset diode. TheResy and Res voltages
determine when the diode is in reverse-biasing or in forward biasing. To discharge
the anode and initiate the reset, the voltageVgesq is applied to the anode. To
prevent the reset in between the rectangular reset pulses, the voltagéres. is ap-
plied to the anode reset diode. CommonlyVgresy = 4:0V and Vgres. = 10V are used.

3.3 Entrance Window

The entrance window is the source-facing side of the SDD, where the incoming
particle will hit rst. Especially for particles with low penetration depth, it is crucial
that the detection e ciency is as high as possible even close to the surface of the
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SDD. However, a layer with reduced detection e ciency, also called dead-layer, is
inevitable. This is due to the depth of the p* doping, which can alter the electric
potential close to the surface in such a way that electrons can be guided away from
the anode rather than towards it.

Additionally, a silicon dioxide layer is always present on top of silicon detectors.
This is due to the oxidation of silicon when exposed to air. In this layer, the detector
can be regarded as completely insensitive to incoming radiation. There, created
charge carriers, i.e. secondary electrons and holes, can recombine with for example
defects. Therefore, those are not detectable anymore. To ensure a homogeneous and
as thin as possible silicon dioxide layer, this is grown arti cially on the detector [41,
47].

The e ective entrance window therefore consists of an insensitive silicon dioxide
layer and a region with reduced sensitivity where not all charges can be collected, but
not all charges are lost. For TRISTAN detectors, typical thicknesses of the e ective
entrance window ared 50 nm [41].

A thin e ective entrance window is crucial for the TRISTAN experiment, as meas-
urements with electrons will be performed in the nal setup. While photons are able
to penetrate matter deeply and interact in point-like interactions, electrons lose their
energy quickly and continuously in matter. Therefore, electrons are likely to ionise
secondary electrons close to the surface within the e ective entrance window. The
thicker the e ective entrance window, the more secondary electrons are created inside
it and therefore not detected. This leads to a shift of the detected electron energy
towards lower energies. The entrance window e ect, which is illustrated in gure 3.9
is in general negligible for photons, but very important for electrons.

28



3.4 Noise Theory

Figure 3.9: E ect of the e ective dead-layer on the electron spectrum for 14 keV
electrons. A higher e ective dead-layer leads to a higher shift of the maximal energy
and a broadening of the peak towards lower energies. Figure taken from [41].

3.4 Noise Theory

An excellent energy resolution is crucial for the search of keV-scale sterile neutrinos
in KATRIN with the TRISTAN detector. It is usually given in terms of the Full
Width at Half Maximum (FWHM) of a peak. For gaussian peaks, the FWHM is
dependent on the variance of the peak:

p
Erwnum =2 2log(2) (3.1

The variance of the peak is generally dependent on the Fano component,n, and
the electronic component ¢:

q —
= Zot & (3.2)

Fano el

To improve the energy resolution, the noise of the measurement system has to be
minimised. There are several noise components that contribute to the total noise of
the detector, which will be brie y discussed in the following.
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3.4.1 Fano Limit

In semiconductor detectors, ionising particles create electron-hole pairs mostly via
ionisation. The number of electron-hole pairs created is dependent on the enerdy
of the incident particle and the electron-hole pair creation energyEpair. However,
uctuations in the size of the charge cloud and the number of created charge carriers
are unavoidable. These uctuations are described by the Fano factor, which depends
on the material and the temperature. At room temperature, a Fano factor ofF =
0:118was found for silicon semiconductors [42]. This e ect in the charge production
process leads to a broadening of spectral lines of

I%ano: F E Epair: (3.3)

This contribution to the broadening of peaks cannot be avoided or reduced and thus
limits the nal energy resolution of the detector.

3.4.2 Noise in a Charge Sensitive Pre-Ampli er

The main reducible contribution to the energy resolution is the electronic noise.
In general, three main noise contributions are considered: the shot noise, which
describes the in uence of statistical uctuations of the number of charge carrier at
a given node, the 1/f-noise, and the thermal noise, which takes into account the
velocity uctuations of charge carriers in resistors. The thermal noise is dependent
on the temperature T, the resistanceR and the Boltzmann constant kg. The main
contribution to the shot noise in the TRISTAN detector is the leakage current| of
the pn-junction [48].

With the input power spectral densities of the di erent noise contributions, a total
output noise power density can be calculated for a charge sensitive pre-ampli er. For
the TRISTAN detector system, these are shot noise from the detector leakage current,
the JFET thermal and 1/f noise and the thermal noise from the current source. This
results in an output noise power [49 51] of

2el A a 1
e el gn_mR,
current noise fl noise voltage noise

The output noise power is dependent on the transconductancgy,, which describes
the ratio of the outgoing current to the incoming voltage, a device-specic 1/f-
coe cient Ay, the coe cient a=2=3 for FETs and the capacitanceC of the anode.
Thus, a smaller anode with a smaller capacitance reduces the noise signi cantly.
Complimentary to noise investigations in the frequency domain, it is also possible
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to transform the noise power into the time domain via a Fourier transform [49 51]:

A, 2el

2 2 dn 1 1
+1AZ_$Z_A}+A3 4CkgT — +

2 2
1By e Gn_ GmR

current noise f voltage noise

Wout( ) = (3.5)

The coe cients A;, A, and Az are pulse shaper-speci c and can be calculated by
integrating over the squared response function of the pulse shaper.

The noise power is typically expressed irENC?, which describes the amount of
charge that would reproduce the signal made by noise [51]:

ENC = 1€, (3.6)
Epalr
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Chapter 4
166-Pixel TRISTAN Detector Module

To search for keV-scale sterile neutrinos with the KATRIN experiment, the current
focal plane detector has to be replaced. To this end, the TRISTAN detector has been
developed. In the rst phase, it will consist of 9 modules each having 166 pixels. In a
potential upgrade, 21 identical modules with a total number of about 3500 pixels will
be used. In this chapter, the 166 pixel detector modules will be explained in more
detail, starting with the module design in section 4.1. In section 4.2, the delicate
assembly procedure of the 3D module is described. Although this thesis will focus
on the 166 pixel detector modules, it is also applicable for the predecessor, a module
consisting of 47 pixels.

4.1 Module Design

For characterising and understanding the technology, 7 pixel detectors were de-
veloped. Those detectors were assembled in a planar design: The SDD was xed
parallel to the PCB with the readout electronics. However, in the rst phase, 9 mod-
ules will be used together as a detector in the KATRIN beamline. For 9 modules to
be operated together, a three-dimensional design for the individual modules has to
be applied, where the SDD is positioned in a 90angle with respect to the readout
electronics.

The design of a 166-pixel 3D detector module can be seen in gure 4.1. The base
consists of a CESIC block mounted on a copper block which is connected to the
cooling structure. The copper block acts as a carrier for the in-vacuum electronics,
namely the two ASIC boards on either side of the copper block, while the SDD is
attached to the CESIC block. Copper is used due to its good thermal conductivity of
386 W/m/K at 20 °C and 1 mbar [52]. To improve the energy resolution, the detector
has to be cooled down, which is achieved by a chiller. The cooling power from the
chiller is transferred through the copper block to both the ASIC boards and via the
CESIC block to the SDD. CESIC is a carbon ber reinforced silicon carbide, and is
used due to its thermal and mechanical properties. It matches the thermal expansion
coe cient of silicon, reducing the stress on the SDD when cooling down the detector.
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