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Abstract

Searching for the origin of dark matter requires some hurdles to overcome. One
is, for example, to �nd out for which particle to search. A possible particle is a
sterile neutrino. This would be the right-handed partner of the active neutrinos
occurring in the standard model of particle physics. Active neutrinos are part of the
current research with the KATRIN experiment. The KArlsruhe TRitium Neutrino
experiment located in Karlsruhe searches for the effective electron neutrino mass by
investigating the endpoint of the tritium b decay spectrum.
The TRitium Investigations of STerile to Active Neutrino mixing (TRISTAN) project
will be the detector upgrade of the KATRIN experiment to enable it to search for
keV sterile neutrinos. It will search for a kink-like imprint deep inside the tritium
b decay spectrum. This kink would originate from a sterile neutrino that should
mix with the active neutrinos. The target sensitivity for the mixing angle will be
of the order of sin2 q14 < 10� 6 [1]. This requires high count rates, for which the
current KATRIN detector is not designed. To be able to handle these high statistics,
a new TRISTAN detector will be built in. It will consist of 21modules each carrying
166pixels, which can accommodate rates of up to 100kcps. This detector is a silicon
drift detector and is developed by the Semiconductor Laboratory of the Max Planck
Society (HLL) [2].
The main aim of this thesis is to investigate a TRISTAN detector module with
47 pixels in the KATRIN monitor spectrometer in order to characterize the detector's
electron response. The monitor spectrometer is a smaller version of the KATRIN ex-
periment and works equally. This enables measurements under realistic conditions
for the �nal operation in KATRIN, such as investigating electrons in a MAC-E �lter
environment. The cabling in the monitor spectrometer is similar to the �nal setup
as well as the environment of the detector. It is surrounded by similar sensors and
equipment such as vacuum pumps, temperature sensors, and analog electric and
magnetic �elds as in the �nal setup. The monitor spectrometer is a MAC-E �lter
and consists, among other things, of a spectrometer vessel surrounded by an air coil
system, a magnetic system with two superconducting solenoids at the entrance and
exit, and a high voltage supply to control the MAC-E �lter. At the end, the detector
is located. The electrons are guided adiabatically through the spectrometer by the
MAC-E �lter towards the detector. Two different calibration sources were used for
this thesis, wall electrons and conversion electrons from a krypton source.
At �rst, a rough estimate of the detector response with wall electrons at different
energies was carried out. The obtained data was calibrated with a special empirical
model function considering dead layer effects. After the calibration, an empirical
detector response was �tted to the energy spectra to determine parameters like the
energy resolution. The FWHM values received are in the range between 300eV
to 400eV for 30keV electrons. For the electrons at21keV a FWHM of 336eV was
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determined. This energy resolution is worse than the required less than 300eV at
20keV for the TRISTAN detector. However, since the measurement was performed
at 21keV and in particular the detector was not cooled, the result is within the
expected range.
The main analysis in this thesis was to test the feasibility of combining different
datasets. For this purpose, a66h long time measurement consisting of 66runs was
performed with 83mKr.
First, the time stability was tested before stacking, then the characteristics of the
detector response were determined with the empirical function after stacking the
runs. It was found that the parameters with a deviation of the mean of less than
5eV and of the FWHM of less than 3eV were stable inside the precision. This
small deviation led to the conclusion that stacking over time is possible and does
not affect the �tting of the data and the mean energy resolution was with a value
of (331.53� 0.06) eV FWHM even slightly better. For the TRISTAN project, it is
important that the data can already be stacked before calibration, as this minimizes
the computational effort. In addition, measurements are taken over a very long time,
and the aim is to calibrate as rarely as possible.
The second step was to investigate the homogeneity among the 47pixels. The peak
positions of the L and the M line for the different pixels were about 1keV distributed.
Together with the high deviation of the FWHM of about 20eV, it can be concluded
that it is necessary to calibrate each pixel individually. Hence, the single spectra
were calibrated before stacking. The reason why stacking the pixels is useful even
after calibration is to reduce the free parameters and thus the computational time
and effort. It was also recognized that the parameters have a large spread over the
number of added pixels, which is why the reduced c2 deteriorates quickly during
stacking. The �nal effective pixel had a FWHM of (335.3� 0.2) eV. After stacking the
calibrated data of all pixels, it was found that the simple empirical model function
no longer describes the data suf�ciently well. One solution could be to group similar
pixels or improve the empirical model.
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1 Neutrino Physics

The neutrino is one of the most interesting particles because there are so many
of them in the universe. It could explain some fundamental open questions, like
why the universe looks the way it does, or what dark matter is. For this reason,
we have to understand all features of this particle. The �rst chapter will give a
rough overview of the theory of the neutrino. Then, after the active neutrinos are
introduced, the sterile neutrinos and their meaning for the known physics will be
explained shortly.

1.1 Active Neutrinos

Neutrinos are electrically neutral leptons that interact only via weak interaction.
Leptons are a kind of elementary particles. As fermions, they have a half-integer
spin. In the standard model, leptons are divided into three families. The three
so-called neutrino �avors are the electron neutrino ne, the muon neutrino nm and the
tau neutrino nt . Each of the neutrinos has an antiparticle [3].

1.1.1 Historical Overview

After it was found in 1930 by J. Chadwick [4] that the b decay produced a continuous
spectrum contrary to expectations, the theory behind b decays was questioned. Two
mono-energetic lines were expected in the case ofb decay since a two-body decay
was assumed. The obtained continuous spectrum led to two possible conclusions.
Either the conservation of energy and angular momentum was violated, or a third
particle existed, which could not be detected yet. To save the law of conservation of
energy and the law of conservation of angular momentum, two of the cornerstones
of physics, Wolfgang Pauli postulated the third particle in the b decay, later called
the neutrino. [5]
The name was suggested by Enrico Fermi, who also proposed the �rst draft of a
theory on the weak interaction [6]. Today it is known that in beta decay the neutron
n decays into an electron e� and an electron antineutrino ne, while in the process a
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Chapter 1 Neutrino Physics

proton p is produced as shown in equation 1.1.

n ! p + e� + ne (1.1)

After a �rst hint in the experiment performed at Hanford in 1953, Cowan and Reines
con�rmed the existance of a neutrino with this experiment in the Savannah River
Plant of the U.S. Atomic Energy Comission in 1956 [7]. The neutrinos were detected
via inverse b decay (see equation 1.2 and section 1.1.3 for more information about
the detection) and came from an intense neutrino �ux from a nuclear reactor [7].

ne + p ! e+ + n (1.2)

1.1.2 Neutrinos in the Standard Model of Particle Physics

The standard model of particle physics summarises all known elementary particles
and interactions. Among matter particles, a distinction is made between quarks
and leptons [8]. Leptons are classi�ed in three �avors: the electron e, the muon m,
and the tau t . Each particle has an associated neutrino, the electron neutrino ne, the
muon neutrino nm and the tau neutrino nt . These neutrinos do not interact via the
strong or electromagnetic interaction. [9]
The neutrinos in the standard model only occur left-handed [10]. The reason is that
the exchange particles of the weak interaction only couple on left-handed particles
and right-handed antiparticles. It is unusual that there is only the left-handed
particle, as particles typically occur in left- and right-handed states. Without
the right-handed partner, the neutrino does not have a Dirac mass term mD and
therefore is massless [11]. In this case, the handedness is equal to the helicity. The
helicity is the spin projection onto a particle's momentum vector. This means that
the spin is either parallel or antiparallel to the momentum. [8]

1.1.3 Neutrino Mass

Going beyond the standard model of particle physics, it can be recognized that the
neutrino must have a mass after all.
Between 1970and 1992, one of the �rst experiments investigating the neutrinos
was the Homestake experiment [12]. Its purpose was the observation of the total
solar neutrino �ux via the inverse b decay. The detection method was based on
equation 1.3.

37Cl + n ! e� + 37Ar (1.3)

Solar neutrinos are produced in the Sun by different reactions in the pp chains and
CNO-cycle. It is important to mention that only electron neutrinos are produced

2



1.1 Active Neutrinos

during these production cycles. [8]
In solar neutrino experiments like Homestake, lower rates in the solar electron
neutrino �ux than expected were detected. However, different de�cits were found
in different experiments, which suggests that the effect could be energy-dependent.
This �nding was called the solar neutrino problem, and the solar model was ques-
tioned. [13]
The Sudbury Neutrino Observation (SNO) experiment solved the problem by meas-
uring all neutrino �avor �uxes via the neutral current interaction [14]. For the weak
interaction, there exist two channels. One is the charged current interaction in which
charges are exchanged via theW+ or W � bosons. With this channel, the electron
neutrino �avor can be evidenced. The other interaction is via the neutral current.
Here the Z boson works as a mediator without exchanging any current. The neutral
current can be used to detect all neutrino �avors simultaneously.
The total measured neutrino �ux agrees with the predictions of the Standard Solar
Model, but the simultaneously measured electron neutrino �ux rate is still lower
than expected.
From this, it can be deduced that the electron neutrinos change their �avor on the
way from the Sun to the Earth and can only be measured as muon or tau neutrinos
via the neutral current as part of the total neutrino �ux. This �avor oscillation
has also been con�rmed by experiments with atmospheric neutrinos, as in Super
Kamiokande [15], with reactor neutrinos, as in Daya Bay [16], and with accelerator
neutrinos, as in T2K [17].
It can be concluded that the electron neutrinos The change of neutrino �avor is called
neutrino oscillation. These oscillations are time-periodic transitions [3]. With oscilla-
tion experiment one can only investigate mass differences and not absolute masses,
but so it has been used to prove that at least two of the three known neutrinos must
have a mass. Because the prerequisite for neutrino oscillations is the existence of
neutrino mass eigenstatesmi ( i = 1, 2, 3) which describe the propagation in the
vacuum [3]. These mass eigenstates are not identical to the �avor eigenstates. In
general, the mass eigenstates are a linear superposition of the �avor eigenstates
and vice versa. This is illustrated in �gure 1.1. Here, on the left side, the �avor
composition of the three neutrino mass eigenstates is outlined. The different colors
represent the �avor eigenstates and the boxes the mass eigenstates. The wider the
colored bar inside the box, the more likely it is to �nd the corresponding �avor
neutrino. On the right hand, the �avor eigenstates are represented by the big boxes,
while the boxes with different grey shades represent the mass eigenstates. For this
scenario, the normal mass hierarchy is assumed, meaning thatm3 > m1. However, it
is unclear if this is the correct order of the mass values because in neutrino oscillation
experiments only the mass differences Dm2 can be measured. Equation 1.4 describes
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Chapter 1 Neutrino Physics

Figure 1.1: Illustration of the superposition of the neutrino �avor and mass ei-
genstates. The superposition of the �avor eigenstates (colored) building the mass
eigenstates (boxes) is shown on the left side. The normal mass hierarchy is assumed.
On the right side, the reverse scenario can be seen. The boxes present the mass
eigenstate components of the �avor eigenstates in different shades of grey. The
�gure is taken from [18].

this mixing of the �avor and mass eigenstate.

na = S3
i= 1Uaini (1.4)

In the equation, na stands for the �avor eigenstate of the neutrino, where a indicates
the exact �avor (e, m, t ). It results from the sum of the three mass eigenstates
(n1, n2, n3) multiplied by the corresponding entry of the neutrino mixing matrix.
This matrix is called Pontecorvo, Maki, Nakagawa, Sakata (PMNS) matrix U (see
equation 1.5) and shows the relationship between the �avor and mass eigenstates [3].
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1.1 Active Neutrinos

In the case of two neutrino �avors, the resulting equation with the entries from the
PMNS matrix is shown in equation 1.6.

�
ne

nm

�
=

�
cosq sin q

� sin q cosq

� �
n1

n2

�
(1.6)

The transition probability from one �avor to another thus results in equation 1.7.

Pa! b = sin2 (2q) sin2
�

1.27Dm2[eV2]L[km]
En[GeV]

�
(1.7)

Here En is the neutrino energy, q is the mixing angle between the �avor eigenstates,
Dm2 is the difference of the squared masses of the eigenstates andL is the length of
the path travelled [14]. From this it can be concluded that the oscillation probability
is dependent on the mass difference of the mass eigenstates. In the case of three
�avors, we learn that at least two neutrinos must have a mass. In the standard model
of particle physics, the neutrinos do not have a mass, as explained in section 1.1.2.

A small extension of the standard model makes it possible to construct mass terms
for the neutrinos. The lorentz invariant solution of the relativistic Dirac equation 1.8
is a wave function y . �

igm
¶

¶xm
� m

�
y = 0 (1.8)

In this formula the index is m= 1, ..., 4, x = ( x1, x2, x3, x4) = ( t, x)3 is a four vector, m
is the rest mass and can take on any values. The four-component spinor y represents
the wave function and solves the Dirac equation as a plane wave function with
the four-momentum vector p = ( E,p). It depends also on the four-dimensional
space-time vector x = ( t, x) and the energy E =

p
p2 + m2. The solution is shown

in equation 1.9.

y (x) µ
�

u
(hs)u

�
e� ipx +

�
(hs)v

v

�
e+ ipx (1.9)

Here h = p/ E + m and s are two-dimensional Pauli matrices. The �rst term
represents the particle, the second the corresponding antiparticle state. This wave
function gives the solution for the propagation of free neutrinos with a �xed mass
through time and space. The eigenstates of mass must solve the relativistic Dirac
equation. For a Dirac neutrino mass generated by the Higgs mechanism, the mass
term of the Lagrange density LD follows equation 1.10.

LD = � Sa,a0naRM Dna0L + h.c. (1.10)

Here M D is a complex 3 � 3 matrix and a0 = e, m, t . Since here both the left-handed
and the right-handed partner couple to the Higgs �eld, the existence of the right-
handed singlet �eld naR is decisive. The right handed �eld does not occur in the
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Chapter 1 Neutrino Physics

standard Lagrange function of the weak interaction and therefore does not interact
at all. Such a hypothetical particle is called sterile neutrino (see section 1.2).
A second possibility to extend the standard model and construct mass terms is
for the approach of Majorana neutrinos, where the neutrino would be its own
antiparticle. Here the right-handed singlet �eld naR is replaced by the antineutrino
in the standard model. This violates the total lepton number conservation because
the neutrino would be its own antiparticle and would only be possible for neutrinos
because they carry no charge. [3]
However, it is not yet clear if the neutrino is a Dirac or a Majorana particle and
which mass hierarchy, the normal one ( m3 > m1) or the inverted one ( m1 > m3), they
follow because we do not know the absolute mass scale. In current experiments,
mass limits are investigated for both the Dirac and the Majorana cases. The LEGEND
experiment, for example, sets a mass limit for the effective Majorana mass mM by
trying to �nd the neutrino-less double b decay. More information on the LEGEND
experiment can be found in [19]. Another experiment investigating the effective
electron neutrino mass is the KATRIN experiment by looking into the b decay
spectrum of tritium. It has only recently derived an upper limit for the effective
neutrino mass of mn < 0.9eV (90%C.L.). This experiment will be shortly explained
in section 2.

1.2 Sterile Neutrinos

As mentioned above, the neutrino mass can be derived by introducing a right-
handed neutrino as an expansion to the standard model. Because they are not even
interacting weakly, they are called sterile neutrinos. However, an advantage would
be the mixing with the active neutrinos, which would make it possible to detect
them. This detection could solve problems in particle physics and cosmology, as
will be explained in the next section.

1.2.1 Light and Heavy Sterile Neutrinos

As derived in section 1.1.3, the mass of a sterile neutrino could have almost any
value. The transition of an active (left-chiral) to a sterile (right-chiral) neutrino
is described by the Fermion mass terms. The Lagrangian L can consist of more
than one mass term. For the Dirac massmD the Lagrangian part L D is shown in
equation 1.11.

L D = � mD (nLnR + nRnL) (1.11)

If the Lagrangian also includes a Majorana mass term, it could follow equation 1.12.

L M = �
1
2

mT
�
nLnc

L + nc
LnL

�
�

1
2

mS
�
nRnc

R + nc
RnR

�
(1.12)
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1.2 Sterile Neutrinos

Here, nc
L is the charge conjugated active neutrino �eld and nc

R is the charge conjug-
ated sterile neutrino �eld. mT is the Majorana mass of the active neutrino, while
mS is the Majorana mass of the sterile neutrino. Both terms, Dirac and Majorana
mass, can contribute in the Lagrangian at the same time. If the sterile neutrino
mass, represented by the singlet massmS = 0, the neutrino would be a pure Dirac
particle [10]. The right-handed singlet �eld would not interact in the standard model
except with an extremely small Higgs-Yukawa coupling. Another possibility is a
Dirac mass of mD = 0, which would make the neutrino a pure Majorana particle
and enables it to take any mass value. It could not be detected because it would
neither interact nor mix with the active neutrinos. A third possibility would be the
case thatmS << mD . This is called the pseudo-Dirac limit and is considered as
a perturbation in the Dirac case. Lastly, the approach mS >> mD and mT = 0 is
presented. Here a Dirac mass eigenstates of an active light neutrino and a Majorana
eigenstate of a heavy sterile neutrino would exist. This is called the (minimal type-I)
seesaw Limit [20]. The masses would be estimated via equations 1.13 and 1.14.[10]

jm1j �
m2

D

mS
(1.13)

m2 � mS (1.14)

These mixed mass terms originate from the seesaw mechanism. This theory makes
it able to treat the mass of the singlet neutrino mS as a free parameter. In this model,
right-handed neutrino �elds nR are added to the standard model and couple to the
left-handed, standard model neutrinos. This coupling happens in the same way as
for charged particles [10]
Because the sterile neutrino mass can take any value, only a few important mass
scales are shortly analyzed. The �rst and lowest range is mS = O(eV). In this case,
the expected mixing of active and sterile neutrinos with the same chirality does not
occur for pure Dirac or Majorana particles or the conventional seesaw mechanism.
A reasonable approach would be the minimal mini-seesaw that relates the mixing
angle and the masses (mT = 0 und mD << mS � O(eV)). Sterile neutrinos in this or
higher ranges would leave a kink or lines in, e.g., the b decay. The next range is the
mS = O(keV) range that will be explained in more detail in section 1.2.2. Another
possible energy range ismS = O(MeV � TeV). From astrophysics, many constraints
were already made, mainly by investigating weak decays and same-sign dilepton
production at the LHC. For masses higher than the TeV range ( mS >> TeV), the
Yukawa coupling of the sterile neutrino would be comparable with the coupling
of quarks and charged leptons. Here, the canonical minimal type-I seesaw range
would take effect. The last range treated here is mS � M P, where the mass of the
sterile neutrino would be on the Planck scale of M P � 1019 GeV.
Also, in cosmology, there is some motivation to search for a sterile neutrino on
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Chapter 1 Neutrino Physics

different mass scales. In mass ranges ofmS = O(eV) the sterile neutrinos could
be produced together with the active neutrinos in the early universe. With the
photons and the active neutrinos, relativistic sterile neutrinos could contribute to
the radiation content. The matter density could be in�uenced by non-relativistic
sterile neutrinos and therefore left an imprint in structure formation. [10]
A motivation for sterile neutrinos in the mS = O(keV) range will be described in
section 1.2.2. In themS = O(MeV � TeV) range, the sterile neutrinos could be
created by mixing with the active neutrino in the early universe and decayed into
lighter neutrinos. For a higher mixing angle, the heavier sterile neutrinos reach
equilibrium before decoupling at higher temperatures than active neutrinos. For
smaller mixing angles, the sterile neutrinos could be produced via decoherence on
the generation process of active neutrinos. [10]
The mass rangemS >> GeV, meaning TeV, sterile neutrinos could explain the
matter-antimatter asymmetry in our universe. Cosmological short-living neutrinos
decay and leaveC and CP violations caused by a cosmic lepton asymmetry. This
violation would suggest more than one sterile neutrino. For decay during the
primordial nucleosynthesis, that means before decoupling of the active neutrinos,
the lepton asymmetry could be converted to the baryon asymmetry and therefore
explain the over-occurrence of matter. [10]

1.2.2 Sterile Neutrinos on the keV-Scale

Sterile neutrinos in the mS = O(keV) are of special interest in physics. They could
explain the origin and composition of dark matter [10]. However, they are only
suitable for the case when their production is via the active-sterile mixture and the
weak interaction [21].
A distinction is made between two cases of dark matter, depending on their cos-
mological production. Warm or moderate cool dark matter could be produced
from relativistic sterile neutrinos that cool down and become non-relativistic during
the radiation dominated universe. This dark matter could explain the low-scale
structures that are observed. [10]
A minimal extension of the standard model is called the neutrino minimal standard
model (nMSM) and would only need three sterile neutrinos. One would need to be
in the keV mass range to produce dark matter, and two could be much heavier to
give the active neutrinos their mass via the seesaw mechanism. [10]
Sterile neutrinos would not be absolutely stable. They could decay in a lighter, active
neutrino through mixing. A controversial hint to such a decayed sterile neutrino
could be found in a stacked XMM-Newton spectrum of 73galaxy clusters [22]. Here
an unidenti�ed emission line was found at about 3.56keV, and a mixing angle of
about 10� 11 could be concluded. Further research will explore if this line exists and
could come from a sterile neutrino. Another explanation for the emission line could
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1.2 Sterile Neutrinos

be that they come from a complex of K XVIII lines around 3.5keV. These lines are
emission lines of the element potassium. [23]
In addition to this detection method, sterile neutrinos are also searched for in other
ways. The various experimental possibilities are described in section 1.2.3.

1.2.3 Experimental Searches

Although the right-handed neutrino carries no charge and therefore does not
participate in any interaction, it can still be detected because of its mixing with the
active neutrinos. This detection can happen in three different ways.
The �rst option is indirect detection. Here, the already mentioned XMM-Newton
spectra are based on. It is searched for hints of a decay line of a sterile neutrino. [24]
The second option is direct detection. Experiments like MiniBooNE [25], investigate
the disappearance of an active neutrino �avor into a sterile neutrino �avor at high
Dm2 [26]. Another possibility of direct detection is an inelastic scattering of the
sterile neutrino at bound electrons. Experiments such as XENON1T and DARWIN
focus on this approach [21]. In experiments like DUNE [27] the area behind the b
decay spectrum is investigated to look for a peak caused by an inverse b decay with
a sterile neutrino.
The third way of detecting sterile neutrinos could be the production of this particle.
During b decay, an energy that can be large enough to produce a sterile neutrino
mass eigenstate is released. This signal could be detected because of the deformation
of the b decay spectrum. It is a weighted superposition of the single neutrino mass
eigenstates of the electron neutrino �avor, as explained in section 1.1.3. In theory, the
electron neutrino �avor should also consist of a portion of the sterile neutrino mass
in the keV range. Therefore, it should be detectable in the b decay spectrum [21].
Further information on the TRISTAN experiment that will use these techniques and
the imprint of the sterile neutrino in the b decay spectrum is given in section 3 and
section 3.1, respectively.
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2 The KATRIN Experiment

KATRIN stands for KArlsruhe TRItium Neutrino experiment and is located at the
Karlsruhe Institute of Technology (KIT). Its main goal is the measurement of the
effective electron neutrino mass by examining the endpoint of the tritium b spectrum.
The KATRIN collaboration consists of over 150 scientists, engineers, technicians,
and students from a total of "12 institutions in Germany, the United Kingdom, the
Russian Federation, the Czech Republic, and the United States" [28].
This chapter will give a short overview of the KATRIN experiment. First, the
experimental setup will be described in section 2.1. Then the measuring method
used in KATRIN will be explained in section 2.2.

2.1 Experimental Overview

An overview of the experiment with its sectors is shown in �gure 2.1. The KATRIN
experiment has a total length of 70m beamline. For the investigation of the tritium
b decay spectrum, the experiment uses a gaseousT2 source [29]. Five main systems
build the experiment and will be shortly explained in the following. The electrons
are guided from the left side, upstream, to the right side, downstream.

Windowless Gaseous Tritium Source

The windowless gaseous tritium source (WGTS) is situated in the source system of
the experiment. Here, up to 1011 tritium b electrons are produced per second with
very high stability. The tritium is located in a source magnet cryostat with a source
tube of 10m length. Also, the rear wall (RW), the b-Induced X-Ray Spectroscopy
(BIXS) system, and the tritium inner loop system are present. The BIXS is used to
monitor the tritium source strength. Inside the inner loop system, up to 40g of pure
tritium are processed per day. [30]
The T2 gas injected into the loop system is continuously directed to the center of the
source system, where it arrives cold. The gas diffuses in both directions, hitting the
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Chapter 2 The KATRIN Experiment

Figure 2.1: Overview of the KATRIN experiment. The different sections are marked.
The monitor spectrometer is described in section 4. The electrons are guided from
the source section towards the detector section. Figure taken from [30].

�rst pumping stages downstream. On the way, part of the T2 molecules decay via b
decay inside the source beam tube, releasingb electrons isotropically. [29]

Transport Section

The generated b electrons emitted in the downstream direction are guided adiabat-
ically by magnetic �eld lines. They follow their way through two pumping stages
from the source to the spectrometer [29].
These pumping stages reduce the �ux of neutral tritium by about 14orders of mag-
nitude to reduce the background rate of the detector caused by tritium decaying in
the main spectrometer (MS). This rate is set to be less than1 � 10� 3 cps. Therefore
the �rst pumping stage, the Differential Pumping Section (DPS), is a combination of
turbo-molecular pumps (TMPs) and reduces the �ux by about 5orders of magnitude.
The second pumping stage is the Cryogenic Pumping Section (CPS). This aims to
reduce the �ux by a further 7orders of magnitude. It uses a cold argon frost system
at 3 K to 4 K to absorb the tritium [30].

Spectrometers

The electrons from the transport section encounter a tandem-spectrometer pair with
large volumes. These spectrometers are based on the magnetic adiabatic collimation
with electrostatic �lter (MAC-E �lter) principle [29].
The working principle of a MAC-E �lter is shown in �gure 2.2. Here the blue lines
show the course of the magnetic �eld lines inside the vessel that guide the electrons
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Figure 2.2: Sketch of the main spectrometer of the KATRIN experiment. It works
according to the MAC-E �lter principle. A high magnetic �eld at the tritium source
guide the electrons into the spectrometer on the left. Inside the spectrometer, they
are guided adiabatically along magnetic �eld lines. These magnetic �eld lines
are shown in blue. In the center of the spectrometer, the magnetic �eld is small
to reach this adiabatic motion. The red arrows at the bottom show the electron
momentum's evolution. They follow this course because of the conservation of
the orbital magnetic moment. It only occurs like this without an applied retarding
potential. The dashed grey line marks the point where the momentum is almost
aligned with the magnetic �eld lines. Two superconducting magnets (green, on the
left and right) in�uence the course of the magnetic �eld lines. One magnet is located
at the entrance and one at the exit of the spectrometer. 20 air coils surround the
vessel. They are shown in green bars over and under the tank. The �gure is taken
from [31].

adiabatically through the tank from the entrance magnet to the exit magnet that
de�ne the magnetic �eld inside the monitor spectrometer. On their way along
the magnetic �eld lines, the electrons also follow a cyclotron motion around those
lines [32]. The magnetic �eld strength B decreases towards the center of the spec-
trometer tank to reduce the kinetic energy of the electrons perpendicular E? to the
magnetic �eld lines [29]. The orbital magnetic momentum min equation 2.1 in the
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non-relativistic limit is then conserved for an adiabatic motion of the electron.

m=
E?

B
(2.1)

Due to the conservation of the total kinetic energy Etot, see equation 2.2, there
is an acceleration for large incident angles, mainly on the parallel kinetic energy
component Ek of the electrons.

Etot = E? + Ek (2.2)

The incident angle q describes the angle between the magnetic �eld B and the
electric momentum p at the starting point of the electrons. With equation 2.3, the
parallel energy component of the total energy can be calculated for different incident
angles [29].

Ek = Etot � cosq (2.3)

The minimum of the magnetic �eld is at the same position where the perpendicular
kinetic energy of the electrons reaches its minimum if no electric �eld is applied
to the vessel. The value of the minimal magnetic �eld is typical of the order of
1mT. For high voltages U applied on the spectrometer vessel, an energy threshold
of qU can be set. Hereq is the charge of one electron, and the typical setting of
the high voltage U is 18.6kV because it is close to the endpoint of the tritium b
decay spectrum. While the magnetic �eld in the center of the spectrometer becomes
minimal, the potential here reaches its maximum. This so-called analysing plane
works as a barrier for the incoming electrons with kinetic energies Ek < qU. [29]
Equation 2.4 gives the �lter width DE of the spectrometer with the minimal magnetic
�eld Bmin setting used in the spectrometer and the maximal magnetic �eld Bmax

setting applied at the exit magnet.

DE =
Bmin

Bmax
� E (2.4)

The electron is transmitted with energy E [29].
The �rst spectrometer in the KATRIN experiment is the pre-spectrometer (PS). Its
retarding voltage is set to � 18.3kV to reject all electrons from the tritium source
that are not in the region of interest. This region is situated near the endpoint E0 of
the tritium b decay spectrum [29]. A low magnetic �eld of about 20mT is present
in this pre-spectrometer that transport the electrons adiabatically in each retarding
potential setting [30].
The main spectrometer (MS) has a design �lter width of DE = E � 0.3mT/ 6 T � 1eV
for energies in the region of interest. By scanning the retarding potential U in
this region, the b spectrum can be measured. A high-precise, high voltage supply
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produces it. This device comes with a distribution and monitoring system. This
ensures high stability and precision of the voltage in the spectrometer tank and
the inner electrode (IE) until the ppm level of 10� 6. This inner electrode system
takes care of the �ne-shaping of the retarding potential pro�les along the symmetry
axis of the spectrometer to ensure the needed transmission properties. Both the
cylindrical part of the vessel and the inner electrode carry a homogeneous potential
to minimize the magnetic �eld along the analyzing plane. The resulting gradients
of the magnetic �elds need to be small to guarantee an adiabatic motion of the
electrons. [29]
It is necessary to obtain high statistics for a precise measurement of the shape of
the tritium endpoint but only a small number of electrons can reach the detector
via the retarding potential. These high statistics can be obtained by increasing the
activity of the tritium source. The luminosity is, however, limited by the electron
scattering in the source. Another way to improve the measurement quality is to
reduce background. Electrons colliding with residual gas in the main spectrometer
can be prevented by applying a vacuum of 10 � 11 mBar [29].
A system of air-cooled magnet coils (air coils) surrounding the main spectrometer
allows for �ne-tuning the magnetic �eld. A high-sensitive Magnetometer system
monitors the magnetic �elds at different external positions during the measure-
ment. [29]

Detector section

The electrons enter the detector section by leaving the spectrometer through the
exit magnet. The Focal Plane Detector (FPD) lying here counts all arriving b and
background electrons coming from the main spectrometer. It can handle high count
rates of 1Mcps order of magnitude distributed over the entire detector. In addition
to systematic investigations of the entire KATRIN experiment, it is also used for tests
and calibration measurements with other sources like 83mKr. Also, time resolutions
of < 100 ns for time-of-�ight mode measurements are possible. [10]

Rear system

Lastly, the rear system is located at the beginning, meaning upstream of the source
system. An electron gun is placed in this section for calibration measurements and
monitoring purposes. A superconducting magnet guides the electrons from the
electron gun in the WGTS. Important operation parameters like the composition of
the source gas, the source activity, and the main spectrometer's high voltage stability
can be monitored with its help. [30]
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2.2 Neutrino Mass Mode

The standard operating mode of the KATRIN experiment is the neutrino mass mode.
In this mode, the retarding voltage of the main spectrometer can be adjusted in the
range of [E0 � 40eV; E0 + 50eV] [30] while tritium is injected in the source section.
The Measurement Time Distribution (MTD) de�nes the voltage and time spent in
each setting. A single run is typically lasting between 20s and 600s, which leads to
a total scan at all energies in the range of about 2 h [30].
For analyzing the energy of the b electrons with a resolution of about 1eV in this
mode, the energy resolution is set to 2.77eV for 18.6keV electrons in the main
spectrometer. Energy discrimination on a similar level presupposes a sensitivity to
the neutrino mass of less than this 1 eV. [29]
The statistical sensitivity can be improved by modifying the nominal magnetic
�ux inside the spectrometer. Also, to reduce the background of a factor of 2, the
maximum of the absolute retarding potential and the minimal magnetic �eld are
shifted towards the detector. [30]
An example of the integrated spectrum investigated by KATRIN in the neutrino
mass mode is shown in �gure 2.3.
The mass distribution between the three light neutrino mass eigenstates is too

Figure 2.3: Figure taken from [33] a) shows the entire energy spectrum of the tritium
b decay. b) is a zoom into region around the endpoint E0. The effective neutrino
massmn is given for 0 eV in red and for 1 eV in blue.

small to be resolved in any current experiment. The KATRIN experiment, searches
therefore for lower limits for the effective light neutrino mass (see equation 1.4).
A small part of this standard neutrino mass mode runs are used to search for sterile
neutrinos. However, since this search involves scanning in much deeper areas of
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2.2 Neutrino Mass Mode

the spectrum, in the keV range, a new detector system is currently being developed
to replace the Focal Plane Detector in the future. This new detector system will be
introduced in section 3.
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3 The TRISTAN Project

3.1 Sterile Neutrino Search in Tritium b Decay

One possibility to search for sterile neutrinos in the keV mass range is via single
b-decay. Here a neutron n decays, into a proton p and an electron e� emitting an
electron anti-neutrino n̄e

n ! p + e� + n̄e. (3.1)

A good candidate for this is the spectrum of the beta decay of tritium. The energy of
the emitted electron is measured, and the number of electrons with respect to their
energy are counted. From this, one obtains the energy spectrum. [3]
As explained in Section 1.1.3, the spectrum of each mass eigenstate (m1, m2, m3)
of the neutrinos is weighted by the mixing amplitude jUeij of the electron �avor.
These single spectra are superimposed and form the b spectrum. If there was a
(right-handed) sterile neutrino ns with an associated massms in the keV mass range,
then also the electron neutrino would contain a small admixture of the new mass
eigenstate m4. This mixture would contribute to the overlaid b spectrum resulting
in a kink-like imprint inside the spectrum. In the case of a neutrino in the keV
mass scale, this kink-like imprint can be much deeper inside the spectrum than the
imprint of the neutrino mass of the active neutrinos in the endpoint region of the
spectrum. For this, the whole spectrum should be investigated. Such a kink-like
imprint is shown in �gure 3.1 with an exaggerated mixing angle of sin2 q = 0.2. The
�gure shows the b spectrum for the case 1) if there is no sterile neutrino and 2) if
the sterile neutrino had a mass of 10 keV. Here the mixing angle has been chosen
higher for visual purposes. In reality this mixing angle is searched for on the order
of sin2 q < 10� 6 [1].

The formula describing the b-decay spectrum in the presence of a keV-sterile
neutrino [35] is given by the equation 3.2.

dG
dE

= cos2
�

dG
dE

�

mne

q(E0 � E � mne) + sin2
�

dG
dE

�

ms

q(E0 � E � ms) (3.2)
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Figure 3.1: Tritium b-decay spectrum. The dashed blue line shows the spectrum
without the active and sterile neutrino mixing. The solid orange line represents a
spectrum with a mass of 10 keV for the sterile neutrino. The mixing angle is chosen
to be sin2 q = 0.2 to see the kink-like signature clearly. This kink also distorts the
shape of the b spectrum. The orange dotted line shows the spectral contribution of
the sterile neutrino that ends at Ekink = E0 � ms and the dashed-dotted blue line
represents the contribution of the active neutrinos. Here the energy smearing from
atomic, thermal, or scattering effects is neglected. Figure taken from [34].

with q as the active-sterile neutrino mixing angle and the kinetic energy E of the
emitted electron. E0 is the theoretical endpoint energy of the spectrum, the super-
position of the active neutrino spectrum and the sterile neutrino spectrum shows a
kink at the energy E 0 � ms.

There are many advantages of using tritium. First, the decay is super-allowed,
i.e. tritium will very likely decay via this process and the spectral shape can be
described theoretically with high precision [36]. Second, tritium has a relatively
short half-life of about 12.3 years, so a small amount is needed while getting high
signal rates. Another important point in the sterile neutrino search is to have
relatively high endpoint energy in mass ranges of astrophysical interest. With a
value of 18.575 keV, tritium is a good candidate. This gives a larger range to search
for the sterile neutrino mass. [10]
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3.2 Detector Requirements

3.2 Detector Requirements

The TRISTAN project aims to upgrade the KATRIN detector section by, among
other things, a new detector, new readout electronics, and a new DAQ system after
the neutrino mass measurements are completed. With this detector upgrade the
KATRIN experiment will search for keV-sterile neutrinos up to a target sensitivity
of sin2 q < 10� 6, see �gure 3.2.
There are several reasons the new detector with other features is required. A total of
1016 electrons have to be collected to reach a parts-per-million (ppm)-level statistical
sensitivity, resulting in 108 cps on the entire detector over three years. In TRISTAN,
about 105 cps per pixel are planned to reduce the probability of pile-ups. With these
prerequisites, more than 1000pixels are needed for the detector to handle these high
rates by distributing the whole count rate among the pixels.
To reach this goal the parameter space of the mixing angle has to be understood
to the ppm level. One of the most suitable detector technologies to which almost
all following properties apply is the so-called silicon drift detectors (SDD), which
will be explained in more detail in section 3.3. This ppm-level can be achieved
by getting high statistics, having an excellent energy resolution, and an excellent
understanding of the detector response.

In �gure 3.2, the grey lines with different opacity show the targeted limit for

Figure 3.2: Current sensitivity limits of different experiments. The laboratory
limits and thermal over- and underproduction are also shown. The grey lines show
the possible dark matter realizations that are also reached for with the different
TRISTAN phases. For sterile neutrino masses lower than the keV-range the phase
space is excluded.
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the different TRISTAN phases. The dashed red line shows the goal of the current
KATRIN setup measuring over seven days. Here, the signal rate needs to be reduced.
The more sensitive phases of TRISTAN will be operated in the differential mode
(grey lines) and will have a total statistics of 1016 electrons over a measurement time
of 3 years and a signal rate of 108 cps.
The current KATRIN source strength also depends on the MAC-E �lter. The electron
rate at the detector is about 1 electron per second for a retarding potential qU of
1eV above the endpoint Q. That would lead to more than 1010 electrons per second
at TRISTAN [35]. Without applying a retarding potential, the number of electrons
would be too high to handle for the equipment.

Figure 3.3: Simulation of dead layer effects on the energy spectrum for mono-
energetic electrons at 14 keV. The electrons interact with a silicon detector. For the
energy spectrum, the assumption is a detector with a noise of 220 eV FWHM, and
electrons that can backscatter and leave the detector. In blue, the energy spectrum
without effects of the entrance window is shown, while green and red represent the
effects of a dead layer with different thicknesses. The simulation was done with
KESS [37]. The �gure is taken from [35].

The entrance window is one important consideration for the detector system
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to improve the energy resolution. The energy deposition of electrons in matter is
continuous, which means that they can deposit a large amount of their energy in the
small or non-sensitive volume of the entrance window. The simulation in �gure 3.3
taken from [35] shows mono-energetic electrons at 14 keV under consideration of a
dead layer.
The blue line represents the energy spectrum when no effects of the entrance window
were taken into account, while the red and the green curves show the effect of a dead
layer with different thicknesses. Here the electrons interact with the silicon detector
and can backscatter, leaving the detector. A noise of 220 eV FWHM at 14 keV is
assumed. It can be seen that the total shape of the spectrum changes with different
dead layer thicknesses and gets shifted to lower energies, as shown in �gure 3.3.
One danger is that the energy resolution is so bad that the kink in the b-spectrum
can not be resolved and gets smeared out. So a resolution better than 300 eV FWHM
at 20 keV is needed. Both the shaping time t and the energy resolution over the
serial or voltage noise Qseries are connected via the formula 3.3.

Qseries =
q

4kTRs + e2
na �

Cdp
t

. (3.3)

The capacity Cd of the detector and the noise ena of the ampli�er, have to be very
small, resulting in a better energy resolution. By cooling the detector the noise
in the system can be reduced as can be seen in the formula (temperatureT). The
serial resistanceRs of the detector and the Boltzmann constant k play a role in the
calculation of the serial or voltage noise.
This also affects the energy resolution as can be nicely seen in �gure 3.4. The effects
on the energy spectrum and, therefore, on the value of the FWHM depend not
only on different noise widths and different dead layer thicknesses but also on the
incoming electron energy. For electrons with lower energy, these effects increase
because of the decrease of the mean free path and the more frequent interaction near
the surface. Therefore, the thickness of the dead layer or entrance window needs
to be as thin as possible. From the simulation, a maximum thickness of 55 nm is
found [35].
It is of utmost importance to fully understand the detector response to investigate
the parameter space of the mixing angle up to the ppm level. Therefore a precise
understanding of the calibration is mandatory. The calibration will be addressed
further in chapter 5.
Another important prerequisite is to understand detector effects such as charge
sharing and backscattering. The �rst one is the effect of charge transfer from one
pixel to another by diffusion of electrical charges. This charge sharing can be
minimized by increasing the pixel area while not affecting the energy resolution and
the charge collection time. Backscattering means the re�ection of particles on the
detector surface. Three aspects have to be considered to reduce the probability of
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Figure 3.4: Detector noise versus deadlaer. The colorbar indicates the energy resolu-
tion with regard to the FWHM, different noise and different dead layer thicknesses
are shown for mono-energetic electrons at 20 keV. In dark red, the energy resolutions
higher than 300 eV can be seen. It can be observed that the maximum dead layer
thickness can be 110 nm [35]. This simulation was done with KESS [37]. Figure is
taken from [35].

backscattering. Firstly, when choosing a pitch angle (angle between the momentum
vector of the electron and the magnetic �eld) of qdet < 20at the detector and not less
than maximal

qmax = arcsin

 s
Bdet

Bmax

!

(3.4)

with Bmax = 6 T, the magnetic �eld of the detector Bdet is smaller than the maximum
magnetic �eld in the system, a minimum of rdet & 6 cm for the detector surface can
be found and the backscattering probability gets minimized. Secondly, a magnetic
�eld at the detector of Bdet < Bmax lets the electrons re�ect back on the detector
surface [38].
The readout electronics have to meet some criteria as well. For example, it needs to
operate at short shaping times t to reduce pile-up effects and increase the processable
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rate.
A simulation carried out in [39] taken into account all the considerations described
above, shows that the optimal pixel diameter for a detector with 3500 pixels is 3 mm,
and the detector surface has a value of

A = p � (10cm)2. (3.5)

The magnetic �eld of the detector should have 0.7 T [38]. The low noise, even for
large pixel diameters and high count rates, as well as the small or non-sensitive
volume at the surface and the resulting charge collection ef�ciency at the entrance
window or dead layer, make them the perfect candidates to search for keV-sterile
neutrinos.

3.3 Silicon Drift Detectors

In cooperation with the Semiconductor Laboratory of the Max Planck Society
(HLL) [2], new Silicon Drift Detectors (SDD) are developed for the TRISTAN project.
These SDDs can handle high rates with an excellent energy resolution near the
Fano-limit [38]. The Fano-limit speci�es the best achievable energy resolution of a
detector, taking into account statistical �uctuations of the signal processing. SDDs
can detect ionizing radiation like photons, electrons, and other charged particles
and are a special kind of semiconductors.
In this section, �rstly, the working principle of semiconductors in general and then
speci�cally of Silicon Drift Detectors will be explained in section 3.3.1 and sec-
tion 3.3.2, respectively.
Finally, the module design (section 3.3.3) of the TRISTAN detector will be presented.

3.3.1 Basic Semiconductor Principle

Materials are generally divided into three types: Metals are conductive, while in-
sulators are not conductive. Semiconductors, as the name implies, are conductive
under certain circumstances. Between all three types, there is a smooth transition.
Semiconductors are crystals with a well-structured periodic placement of atoms.
The smallest pattern that can be found without the atoms is called a primitive cell
and can build the entire crystal. The two most interesting structures in terms of semi-
conductors are diamond and zincblende lattice structures. Both are face-centered
lattice types. Those tetrahedral phases are characterized by the fact that each atom is
surrounded by four equally close neighbors lying in the corners of the tetrahedron.
Essential to understanding the processes inside semiconductors is the energy-
momentum conservation of the charge carriers. Like scattering, interactions between
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photons and phonons lead to electron-hole pairs from which the concept of energy
gaps is derived. The energy-momentum relation can be used to obtain the band
structure of a crystalline solid by solving the Schrödinger equation for one particle
in a potential [40]. The Bloch function gives the solution to this equation. One of the
most important theorems for the band structure, the Bloch theorem, states that the
potential energy is periodic in the direct lattice space. [41]
There is a forbidden energy zone in each semiconductor where no states are allowed.
This leads to energy bands over or under this so-called energy gap. The upper
band is called the conduction band, and the lower band is called the valence band.
A comparison of the bands in metals, semiconductors, and insulators is shown
in �gure 3.5. The conduction and the valence band in metals touch each other or

Figure 3.5: Band structures of metal, semiconductor and insulator. In metals,
the valence and the conduction band touch each other or even overlap, while
insulators have a large bandgap. The �rst has many free-charge carriers. The latter
has all electrons in the valence band, which means there is no conductivity. For
semiconductors, conductive properties can be reached by changing the temperature
or by doping. The �gure is taken from [35].

even overlap, while those bands in insulators are far separated. Semiconductors
lie between metals and insulators and are neither good nor bad conductors. Be-
cause of their relatively small bandgap, electrons from the valence band can be
excited even by thermal oscillations. This mostly happens at room temperature or
by absorption of light quickly into the conduction band. As a result, the electrons
leave holes in the valence band. Holes in the valence band and electrons in the
conduction band are called free charge carriers. By changing the temperature or
doping, the semiconductor's conductivity can be in�uenced. The valence band gets
more occupied at lower temperatures, and the conduction band is empty. For higher
temperatures, semiconductors have a higher conductivity because the probability of
thermal excitation of the electrons from the valence band into the conduction band
rises, and more free charge carriers are available.
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It is crucial to use detectors with high conductivity to detect particles. Therefore
the number of free charge carriers in the detector material needs to be reduced.
Then conductivity only appears when an electron-hole pair is created by an external
particle that deposits energy within the detector. One way to make semiconductors
more conductive is to dope the material with different types and purity concentra-
tions. With this procedure, the resistance can be varied. The interface between those
doped materials is called pn-junction. Here energy is deposited in the depleted zone,
a space charge zone with a lack of charge carriers. This leads to local electron-hole
pairs. Those are separated when an electric �eld is applied and cannot recombine.
When moving to the non-depleted areas, they can be measured as a reversed current
in the diode. In �gure 3.6, the pn-junction is illustrated schematically. The depleted
area is yellow, the n-type region is blue, and the p-type region is red.

Figure 3.6: In this sketch of a pn-junction, the n-type region is shown in blue, the
p-type region in red and the depleted area in yellow. Taken from [42].

3.3.2 Silicon Drift Detectors

Silicon Drift Detectors, short SDDs, are precisely such doped semiconductors. The
basis is the type IV material silicon of the periodic table. This element does have
many advantages. It is very abundant, and due to its low energy threshold of 3.6 eV
to create an electron-hole pair, it has a higher resolution and a higher count rate than
other materials [35]. In ultra-pure silicon at room temperature, only about 1 of 1012

silicon atoms are ionized. The silicon can get doped to increase this ionization.
The n-type silicon is typically doped with the type V material, phosphorus. In
contrast to silicon, this element has �ve valence electrons and does not match the
structure of silicon crystal, serving as an electron donor. The p-type silicon is doped
with a type III element, for example, boron, that only has three valence electrons and
serves as an electron acceptor. In �gure 3.7, an example of silicon doping can be seen,
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where the leftmost picture shows the intrinsic silicon with four covalent bonds at
each silicon atom, and the middle one shows the n-type silicon with phosphorus as
the donor, giving one electron to the conduction band. The right picture presents the
p-type silicon with boron as an acceptor that contributes with a positively charged
hole in the valence band. The doped impurities usually have energy levels inside
the energy gap.

Figure 3.7: Doping of silicon a) intrinsic and pure silicon. b) n-type silicon with
phosphorus as the donor. c) p-type silicon with boron as acceptor. [41]

The surface charge carriers move to the opposite regions, recombine and leave
�xed charged doped atoms. An electric �eld against the movement of the free charge
carriers prevents further diffusion and is therefore called diffusion voltage Udiffusion .
This leads to a dynamic equilibrium in the transition area without free charge
carriers, as shown in �gure 3.6 and is called the depleted zone. The depleted zone
can be increased when an additional external voltage Ubias is applied in the same
direction as the diffusion voltage [43].
Incoming particles interact within the depleted zone by forming a charge cloud
consisting of electron-hole pairs. The electrons move against the electric �eld to
the n-type silicon side and are read out. This site is also called the anode. The
holes move towards the cathode to the p-type silicon side. The collected charge
is proportional to the deposited energy of the particles. The depleted zone has a
thickness of DN + DP and depends on the densities of the donor and the acceptor in
the silicon. This so-called pin-detector is only sensitive to charge deposition inside
its depleted region.
For pin-diodes, the anode must have the same size as the pixel. This results in

higher noise for larger pixel sizes because the noise is proportional to the size of the
anode. For this reason, a unique principle was developed to ensure a smaller anode
with the highest depletion. This is called sidewards depletion. Figure 3.8 shows
an ideal way of achieving this sidewards depletion. The p + electrode extends over
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Figure 3.8: In the scheme of sidewards depletion, the p+ electrode (red) extends
over the whole surface of one side of the detector. The white region is depleted and
the separated electrodes at the bottom together with a drift voltage URingX

to URing1

cause the electrons to drift towards the small n + anode (green). Also a high enough
voltage Ubias is applied for full depletion. Taken from [35]

the entire surface of one side of the detector, while the n + anode only takes a small
part on the opposite side. With the separated electrodes at the side of the anode and
a drift voltage URingX

= � 110V to URing1
= � 20V, the electrons drift towards the

anode, and inside the sensor, the area is depleted [43].

Figure 3.9: Cross-section of a circular SDD detector with thirteen drift rings and
a small anode in their middle. An electric �eld guides the electrons towards the
n-type anode and collects them. The entrance window on the bottom, as well as the
drift rings, are p-type silicon. From [44]
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The �nal design of the SDDs for the TRISTAN project is shown in �gure 3.9. At
the bottom lies the p-doped entrance window, and at the top, the p-type drift rings
and the small n-type anode can be seen. The electrons created inside the depletion
zone are led to the anode caused by the radial component of the electric �eld that
comes about through the voltage in the drift rings. SDDs have low noise and a high
processing rate due to their low anode capacity. They can be up to several mm2 or
even cm2 in size.

3.3.3 Module Design

The �nal TRISTAN detector will consist of 21 modules, each hosting 166 pixels. The
entire detector will then have a diameter of 20 cm. [45]. An exemplary picture 3.10
shows the �nal detector setup.

Figure 3.10: Example of the �nal TRISTAN detector for phase-2. It consists of 21
modules with each 166 pixels.

The very �rst 166-pixel module shown in �gure 3.11 had a 3.8� 4.0cm2 silicon
chip on top. This silicon chip consists of 166 pixels with each a diameter of 3 mm.
They were produced by the HLL [2]. The silicon chip on top of the column is 450 mm
thick and is glued on a custom-made carbon �ber reinforced silicon carbide together
with a thin, rigid-�ex cable to route the signals in a 90 � bend and therefore can
operate as a 3D module. The pixels on the modules are arranged in a hexagonal
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3.3 Silicon Drift Detectors

Figure 3.11: Example of �rst 166 pixel module. The silicon chip with the 166 pixels
is mounted onto the silicon carbide thermal link that is installed on a copper block.
Also an ETTORE ASIC board is placed on this copper block and is connected with
the silicon chip via an rigid �ex PCB.

shape, like a honeycomb, and are lying on the detector board. There is no space
between the pixels with this pixel shape, so the non-sensitive area is minimized.
Also, it has all the advantages of a radial design. [45]
Because it is important to amplify the signals of the SDDs as soon as possible to
guarantee the best energy resolution, the Field Effect Transistor (FET) is integrated
into the SDDs and the ETTORE ASIC ampli�er is as close as possible placed on the
ASIC board. This is then screwed onto a copper block to cool the detector to -50� C
to reduce the leakage current. [1]
After the �rst ampli�cation on the ASIC board, the signal is again ampli�ed in the
bias board to be passed on to the data acquisition (DAQ). The bias board resets the
signal at the ASIC-CUBEs, to discharge them. A typical waveform can be seen in
�gure 3.12. The increasing ramp is caused by the leakage current that throughout
charges the input of the CUBEs. The sharp dropping edge comes from the reset
pulse to discharge the ASICs. Otherwise, it would reach saturation, and the signal
could not be ampli�ed anymore. A signal like a photon or a charged particle shows
a step on the ramp. The height of the step corresponds to the deposited energy.
When two particles hit the detector within a time interval shorter than the peaking
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Figure 3.12: Typical waveform of the SDD. Leakage current causes the ramp because
it charges the CUBEs. Before it reaches saturation, the ASICs have to be discharged
by a reset pulse, which causes a sharp dropping at the end. A signal stands out
through a step on the ramp. This points to a photon or a charged particle because it
charges the ASICs faster than the leakage current. From [43].

time of the �lter, pile-ups can occur, which must be treated carefully. [43]
Different modules were designed for the different phases of TRISTAN to test out
the upscaling behavior of the electronics. In phase-0, a stepwise integration is
performed. In 2021 the 47-pixel 3D prototype was successfully integrated into
the monitor spectrometer. This thesis data is based on what was taken with this
prototype detector. The next step would be to incorporate a 166-pixel SDD 3D
module in the MoS.
For phase-1, nine modules with about 1500 pixels in total are planned to be built
and tested inside the monitor spectrometer. The �nal phase-2 will then consist of 21
modules with each 166-pixels integrated into the KATRIN experiment to search for
sterile neutrinos.
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Although the initial purpose of the monitor spectrometer was to monitor the high
voltage of the main spectrometer, it is now also used for measurements and im-
provements of the experiment. It is based on the former Mainz neutrino mass
experiment [34] transported to KIT and optimized to �t the KATRIN experiment
better. With this, a new detector for the TRISTAN project can also be tested and
characterized. In this chapter, an overview of the experimental setup will be given.
Then, the different electron sources will be presented.

4.1 Experimental Setup

The Monitor Spectrometer (MoS) is essentially a smaller version of KATRIN. The
idea is to monitor the long time stability of the high voltage of the main spectrometer
of the KATRIN experiment. This second MAC-E �lter is galvanically connected to
the high voltage network of KATRIN and, therefore, has the same vessel voltage
that is powered by the same power supply. For this reason, data can be taken
simultaneously. Thereby the monitoring in real-time is easier. To understand the
integral b spectrum, it is of great importance that the retarding potential of the
MAC-E �lter is precisely understood and the high voltage measurement is stable on
the ppm level. That means even a tiny variation of the retarding voltage of 3 ppm at
-18.6 kV, can shift the observed neutrino mass squared of about -0.007 eV2 [30].
The monitor spectrometer measures the K32-line of 83mKr with a very high resolution
to investigate the detector performance. More information on 83mKr is given in
section 4.2.3. [46]
The monitor spectrometer consists of the spectrometer, the vacuum system, the
heating system, the high voltage supply, the magnetic system, the air coils, and the
readout system. These components are described in more detail in the following.

Spectrometer The most signi�cant part of the monitor spectrometer is the stainless
steel vessel. It is 1 m in diameter and 3 m in length. An ultra-high vacuum of about
9 � 10� 11 mbar can be achieved [30]. In the monitor spectrometer, the tank encloses a
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set of cylindrical and conic stainless steel solid electrodes and stainless steel wire
electrodes that form the electromagnetic �eld in the spectrometer. The tank itself is
grounded, and the wire electrode has a possible potential difference of 5 kV to the
cylinder electrode. [46]
In picture 4.1 the setup of the Monitor spectrometer with the big spectrometer tank
can be seen. On both ends, magnets are used to focus the electrons. The detector is
placed in a vacuum chamber on the outer right side, while the source lies upstream
on the outer left side [47].

Figure 4.1: Photography of the monitor spectrometer. The calibration source is
located on the outer left side (1). The electrons pass a magnet (2) before entering the
spectrometer tank (3) in the middle. When they leave the tank, they again pass a
magnet (4) and hit the detector on the outer right side (5). The copper-colored coils
build the Low Field Compensation System (LFCS, 6). Horizontally surrounding the
tank is the Earth Magnetic Field Compensation System (EMCS, 7). This picture is
taken from [46].

Vacuum system An ultra-high vacuum system was installed to reduce the back-
ground and prevent the electrons inside the monitor spectrometer from being
scattered at air molecules. The pressures in the spectrometer reaches1 � 10� 9 mBar
or better. [46]

Heating system The heating system includes heating cables on the vessel hull, the
detector, and the source chamber. It serves to back out the spectrometer at 200� C to
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reach a better vacuum in the tank. Three regions can be controlled separately. Many
PT100 sensors that are special thermometer resistors monitor the entire system. [46]

High voltage supply The cylindrical vessel is connected to cables providing up
to 35 kV and also to an additional ground electrode [46]. There are two possible
operation modes. One is the standalone mode, where the local power supply and a
high voltage splitter are used for precise surveillance of the voltage. The other one is
the parallel mode. Here a remote switch of the main spectrometer of the KATRIN HV
system comes into use. It is regulated with a high-precision KATRIN K35 and K65
divider and read out by two precise voltmeters. The electron source can be biased
with a separate power supply at a potential up to -1 kV. It is then read out with a
commercial divider and voltmeter. The result is an integrated spectrum acquisition
by increasing the voltage stepwise at the retarding potential or the source. [47]

Magnetic system As can be seen in �gure 4.1, two superconducting magnets are
placed at the entrance and on the exit region of the monitor spectrometer. Each
magnet has about 36500windings to create an axial symmetrical magnetic �eld [47].
The maximum magnetic �ux density is 8.6 T at 71.48 A. Figure 4.2 illustrates the
magnetic �eld lines for a magnetic �eld strength of 7.2 T. The magnetic system is

Figure 4.2: Magnetic �eld in the monitor spectrometer for a magnetic �ux density
of 7.2 T at the center of the magnets is illustrated. The blue area shows the region in
which the �eld reaches more than 0.5 mT. Directly at the magnets, the �eld exceeds
5 mT. This region, shown in red, does not yet damage normal devices [46]

operated at 4.2 K with liquid helium and set so that the energy resolution is similar

35



Chapter 4 Monitor Spectrometer

to the one of the main spectrometer of the KATRIN experiment. The relative energy
resolution is de�ned by equation 4.1.

DE
E

= 5.8207� 10� 5 (4.1)

This corresponds to DE = 1.04 eV for the K-32 energy of E = 17.83 keV. [47] Four air
coils supplement both the magnets at the ends of the vessel with average conductiv-
ity in between [30]. The distance of the magnets to the detector plane is 2.01 m.
The monitor spectrometer is typically not operated at its maximum �eld settings.
This means the magnetic �ux density is about 6.014 T at 50 A. [46]

Air coil system Two air coils surround the vessel mainly to compensate for the
Earth's magnetic �eld. The Earth Magnetic Field Compensation System (EMCS)
is made from horizontal white copper tubes and shields the magnetic background
coming from the Earth, about 50 mT. These tubes run perpendicular to the spectro-
meter axis building a horizontal and also vertical magnetic �eld to conserve the axial
symmetry [47]. The Low Field Compensation System (LFCS) consists of four air
coils around the vessel, each having a few dozen windings. This system prevents the
electrons inside the vessel from hitting the walls of the spectrometer and, therefore,
restricts the magnetic �eld lines to the inside of the spectrometer tank. [46]

Readout system Depending on the particular measurement campaign, different
readout systems are being used. For the measurement presented in this thesis,
the KERBEROS system developed at Politecnico di Milano has been used [48].
The new KERBEROS system, shown in 4.3, with160� 220mm in size, has been
particularly developed for measurements with the TRISTAN detector in the monitor
spectrometer. This Analog Pulse Processing (APP) is suitable to read out many
channels with a high data rate density because of its low power consumption, low
costs per channel, and small dimension. Compared to a Digital Pulse Processing
(DPP), the disadvantage of this APP is a lower throughput, and it is not possible to
record raw waveforms [49]
The APPs used for KERBEROS are based on application-speci�c integrated circuits
(ASICs), so it is an ASIC-based multi-channel pulse processing and data acquisition
system with 48 channels to read out large arrays of SDDs. The 48 channels are
distributed among three so-called SFERA ASICs, each of them covering 16 analog
channels. They have a ninth order semi-Gaussian sharper, a programmable �lter for
the time from 5% of the maximum to the maximum, called peaking time [50]. It can
be set between 0.5 and 6ms [48]. More information about the SFERAs can be found
in [51].
In TRISTAN, the Polling-Gamma mode is implemented to use the full-matrix burst
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readout strategy. Here all channels acquire the data simultaneously when a physical
event is recognized.
The SFERA ASIC can cover an extensive energy range because of the inherent

Figure 4.3: Photography of the KERBEROS DAQ system (dimensions160� 220mm)
used in the monitor spectrometer to read out a TRISTAN detector module. The DAQ
mainly consists of three SFERA ASICs, an FPGA module and several connectors. [49]

capability of the FPGA to be re-programmable. The FPGA transmits the data to a
PC. [48]
Figure 4.3 also illustrates the two different Input connectors. One consists of the 48
individual SMA coaxial input, while the other is a four 24-pin dual-in-line 2 mm
header. They are connected to a �ltered power supply with two different voltage
regulators to separate between analog and digital domains. The supply voltage is
6.0 V. The supply current is 1.4 A, resulting in the total power of 8.4 W, which leads
to 175 mW per channel [49].
The input is routed to the analog chip, the SFERA, and gets processed and �ltered
via a semi-gaussian shaping �lter with adjustable peaking times of 0.5 ms, 1ms, 2ms,
3ms, 4ms, and 6ms. The SFERA Peak Stretcher circuitry and the Pile Up Rejection
(PUR) circuitry detect the peaks and exclude partly overlapping pulses, i.e., pileup
events. The chip also features a fast shaping �lter with a shaping time of 0.2 ms. After
transmitting the data as a single complex signal (multiplexing), they are forwarded
to an external ADC by Linear Technology. The communication between the different
components and the implementation of the different readout multiplexing strategies,
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as well as the transmission of the data to the host-PC, is realized via the Artix-7
FPGA module.
When an event in one channel is registered, all three SFERA ASICs are triggered
simultaneously, and the whole matrix freezes and gets readout. This makes it
possible to get the complete map of the detector at the time of the event. A study
and a correction of partially energy deposition phenomena like backscattering and
charge sharing events can be performed. The maximum input count rate of the
KERBEROS is 166 kilo counts per second (kcps), and its maximum data throughput
is 34 MB/s. [48]

4.2 Electron Sources

For the monitor spectrometer, three different electron sources are available. The most
important source for this thesis is the krypton source that is described in section
4.2.3. After its commissioning in September 2021, it is now possible to generate
electron beams with the new electron gun (e-gun). This device will be presented in
section 4.2.2. In section 4.2.1 the principle of using wall electrons is explained based
on a measurement performed in June 2021 and analyzed in this thesis.

4.2.1 Wall Electrons

Wall electrons are electrons emitted by the spectrometer electrode. The assumption is
that electrons are generated by the impact ionization of positive helium ions. These
helium ions originate from the decay of remaining elements in the spectrometer [50].
The produced secondary ions and electrons are accelerated by a potential difference
and in�uence the �ux pressure of the beam by collision with air molecules. The
acceleration away from the electrode causes the electrons to reach the detector with
energies similar to the retarding potential of the spectrometer.
In June 2021, measurements were done without an applied magnetic �eld and for

Table 4.1: High voltage settings of the monitor spectrometer and corresponding
wall electron energies. The difference between the values comes from the challenge
of �ne-tuning the high voltage settings.

High voltage setting (kV) Wall electron energy (keV)
8.998 9
17.998 18
20.999 21
24.998 25
29.999 30
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different high voltages listed in table 4.1. The detector used for this measurement
was the 47-pixel 3D prototype S0-47-3. Figure 4.4 shows the total count rate for the
wall electron measurement at a high voltage setting of 30 kV.
The cyclotron motion of the electrons results in a band-like structure on the detector.

Figure 4.4: Detector pixel map showing the total count rate in counts per second
(cps) of a wall electron measurement taken in June 2021. The blue-bordered pixels
had a low count and were therefore excluded from other analyses. Some pixels
were broken from the start; these are shown in white. The cyclotron motion of the
electrons caused by the magnetic �eld of the detector magnet leads to a band-like
structure on the detector.

The measurements done in June were test measurements with wall electrons. Each
measurement lasted3 � 5minutes. Wall electrons with different high voltage settings
(see table 4.1) provide a rough estimate of the detector performance. Turning off
all magnets except for the source magnet enables the focus of the electrons from
the wall onto the detector. The detector magnet is operated at a reduced current of
about 1/3 of the normal operation mode.
The EMCS compensates for the Earth's magnetic �eld in the spectrometer but at a
low current of 1.68A for one coil and 19.5A for the other coil. Therefore, the central
�eld lines point to the high voltage electrode, as shown in �gure 4.5.

Figure 4.6 shows the energy spectra acquired with a 47 channel TRISTAN SDD
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Figure 4.5: Schematic view of the monitor spectrometer for measurements with wall
electrons. The pinch magnet is turned off in this con�guration while the detector
magnet is turned on. The �eld lines point from the detector to the main electrodes.
The correction coils are turned off as well. Only the EMCS prevents the Earth's
magnetic �eld lines break the symmetry of the detector magnetic �eld lines. [50]

of the pixels 16 and 34. The detector was oriented such that pixel 16 is directly
exposed to the beam of the wall electrons, while pixel 34 is located outside of the
beam. Therefore, the count rate of pixel 34 with 53cps is much lower than the count
rate of pixel 16 with 960 cps.
Four characteristics can be observed in the energy spectra of the wall electrons. The
�rst feature is the main peak. This peak represents the electrons that deposit their
entire energy in the detector. The second feature, the so-called silicon escape peak
(SEP) is visible in the energy spectra with energies above18keV for pixel 16. This
SEP originates from an electron being knocked out of the K-shell by the deposited
energy of the incoming radiation. An M-shell electron �lls the resulting hole in
the K-shell of silicon, emitting a photon with an energy of about 1.74keV. This
energy corresponds to the Ka line of the silicon [35]. The third characteristic, the
backscattering tail, is caused by backscattered electrons. This will be explained in
detail in section 5.3.2.
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Figure 4.6: Comparison of the energy spectra obtained by wall electrons of 30keV
for two pixels of a TRISTAN prototype detector. The �gure shows the typical
features of the electron energy spectra. The noise is located close to zero energy.
The backscattering tail is approximately constant between the noise and the silicon
escape peak. About1.74keV shifted from the silicon escape peak lies the main peak,
containing most of the deposited energy of the incoming electrons.

The last feature is the noise. The peaking time �lter discards all events with
energies below a certain threshold, and their energies are set to zero. Therefore, a
peak appears there in the spectrum. The energy spectra of the wall electrons were
calibrated with a special empirical model function, shown in equation 4.6, which
will also be used and explained in the later analysis (see section 5.3.2).

IG(E) = AG � exp
� (E � E0)2

2 � s2 (4.2)
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Iesc(E) = Aesc � exp
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(4.5)

ICalibration (E) = IG(E) + ID(E) + IB(E) + Iesc(E) (4.6)

The calibration �t for pixel 16 at the different high voltages is shown in �gure 4.7.

(a) Energy spectrum of pixel 16of wall electrons
at 18 kV high voltage setting.

(b) Energy spectrum of pixel 16of wall electrons
at 21 kV high voltage setting.

(c) Energy spectrum of pixel 16of wall electrons
at 25 kV high voltage setting.

(d) Energy spectrum of pixel 16of wall electrons
at 30 kV high voltage setting.

Figure 4.7: Uncalibrated energy spectra of pixel 16 for the different high voltages.
The data is binned to reduce noise and �tting time. Besides the empirical model �t
(see equation 4.6), the four characteristics are marked in the spectra. Also the value
of each reduced c2 is shown. In the lower part of the plots, the residuals are shown.
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