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Introduction

Sterile neutrinos are a natural extension of the Standard Model of Particle Physics. These
particles could explain several open questions in cosmology and astrophysics. With a mass
in the order of keV, they would constitute a viable Dark Matter candidate. The aim of
the TRISTAN project is the development of a novel detector system for the KATRIN
experiment to search for sterile neutrinos on the keV-mass scale in the entire tritium beta-
decay spectrum. The TRISTAN detector will use a monolithic multi-pixel Silicon Drift
Detector (SDD) system to probe the sterile neutrino parameter space up to energies of
18.6 keV and mixing angles of sin?® < 10 6. SDDs have an excellent energy resolution of
about 300eV (FWHM) at 20keV and are able to handle 100 keps/pixel.

To search for sterile neutrinos in tritium beta-decay, the detector response to electrons
has to be precisely understood. In this context, one major effect to be considered is
detector backscattering. Electrons that backscatter from the silicon surface only deposit
part of their energy and thus influence the shape of the energy spectrum. The probability
for backscattering depends on the initial energy and incident angle of the electrons. An
additional effect to be considered in the KATRIN experiment is backreflection. Due to the
presence of electromagnetic fields, backscattered electrons can be reflected back to the SDD
depending on their energy and angle. As a result, to precisely model the detector response
to electrons in the KATRIN beamline, the relations between the energies and angles of
the initial electrons and the backscattered electrons have to be precisely understood.

One major goal of this thesis is to study the effect of detector backscattering in detail. To
this end, an experimental setup with two TRISTAN detectors was developed: One 7-pixel
SDD was used as an active target, whereas the other detector, a 166-pixel SDD array,
served as a backscattering detector. To extract information on backscattered electrons, a
coincidence analysis between both detectors was performed. A backscattering probability
of about 17% for an initial electron energy of 10keV and an incident angle of 0° was
observed, which is in good agreement with the theoretical expectation.

The second main goal of this thesis is the development of a Geant4 Monte Carlo sim-
ulation of the backscattering process. In a first step, detector parameters such as the
entrance window thickness were inferred via a fit of the simulation to the experimental
data. In a next step, the backscattering characteristics were compared to the measured
data. Here, an excellent agreement between the simulated and the measured energy and
angular distributions of backscattered electrons at different initial energies and angles was
obtained. Furthermore, the simulated backscattering coefficients are in agreement with
the experimental backscattering coefficients. In total, it was proven that the Geant4
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simulations are suitable for the investigation of backscattering in the TRISTAN detector.

The results obtained in the scope of this thesis are of major importance for a sterile
neutrino search with KATRIN. They impart key inputs for the final model describing
the full tritium spectrum including the detector response to electrons. In particular, this
work provides for the first time an experimentally verified description of the impact of
backscattering on the detector response.



Neutrino Physics

One of the most abundant particles in the universe are neutrinos. They are electrically
neutral fermions (spin-1/2) and come in three different flavours ¢, and . They were
named after their charged leptonic partners to which they couple in charged current weak
interactions: The electron e, muon and tauon . Due to their lack of electrical or color
charge they interact solely via the weak interaction or gravity. Furthermore, in contrast
to the other fermions they have no right-handed partners. In the Standard Model (SM)
of Particle Physics they are hence introduced as massless.

Section will give an overview of the neutrino, starting with its postulation and dis-
covery in the beginning of the 20th century. Furthermore, the fundamental properties of
neutrinos, focusing on neutrino oscillations and how they lead to the requirement of a
non-zero neutrino mass, will be described in section In addition, the possibility of the
existence of a right-handed neutrino, the so-called sterile neutrino, will be discussed in
section Especially sterile neutrinos in the keV-mass range, which constitute suitable
Dark Matter (DM) candidates, are of interest in the scope of this work.

2.1 The Discovery of Neutrinos and their Properties

In 1914, the detection of the nuclear -decay by J. Chadwick and other researchers rep-
resented a great riddle [1]. They anticipated to measure a two-body decay of a nucleus
into a lighter daughter nucleus and an electron and hence expected the electron to be
mono-energetic. In contrast to their expectations, they detected a continuous electron
energy spectrum ranging from zero kinetic energy up to the maximum allowed energy
Q. In 1930, W. Pauli postulated the existence of another non-observed particle which was
emitted in the decay in order to preserve energy conservation [2]. This particle would have
to be neutral to conserve electric charge, very light since the maximal observed electron
energy Eemax  Q and have spin-1/2 to satisfy angular momentum conservation. When Z
denotes the atomic number and A the mass number of the nucleus, the resulting reaction
is:

(Z;A) " (Z+1;A)+e + (2.1)

In 1956, this "ghost” particle was finally discovered in the project Poltergeist by F. Reines
and C. Cowan who used the nuclear reactor at Savannah River in South Carolina as an
electron anti-neutrino source [3]. They placed a detector consisting of water with dissolved
cadmium chloride between layers of scintillating material next to the power plant. In the
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scintillator, a positron € and a neutron n were produced via inverse -decay:
e+ p! € +n: (2.2)

With photomultipliers they observed a coincidence between the signal of the annihilation
of the positron and a photon emitted in the de-exitation of cadmium after neutron capture
with a delay of 200 ns.

In 1962, L. Lederman, M. Schwarz and J. Steinberger were able to prove at the Alternating
Gradient Synchrotron (AGS) in Brookhaven that there is not only one type of neutrino [4].
They directed a 15 GeV proton beam onto a beryllium target to produce a beam of pions
which then decayed into neutrinos. Only neutrinos could pass through the steel shield
installed in front of a spark chamber. In the detector, only

+ N ! + X (2.3)

but almost no
e+t N1 e +X (2.4)

interactions were found, demonstrating that electron and muon neutrinos are di erent
particles.

Figure 2.1: Standard Model of Particle Physics. The six quarks (purple) and
leptons (green), separated in charged and uncharged leptons with three avours each, are
presented with their properties. Every particle exists with left- and right-handed chirality
except the neutrino. It is introduced in the Standard Model as solely left-handed and
massless. Figure adapted from [5].
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In 2001, after the discovery of the tau lepton in 1975, the Direct Observation of Nu
Tau (DONUT) experiment at Fermilab could show that there exists even a third type of
neutrino [6]. The number of active neutrinos was constrained toN =2:9840 0:0082 [7]
by measurements of the invisible decay width of the Z-boson at the Large Electron-
Positron (LEP) Collider at CERN. Therefore, with the detection of the tau neutrino all
three active neutrino avours were discovered. Furthermore, the Goldhaber experiment
showed that neutrinos only come with left-handed helicity (spin parallel to momentum)
while anti-neutrinos are right-handed (spin anti-parallel to momentum) [8].

The SM arranges all known fermions via their corresponding quantum numbers and is
depicted in g. 2.1. In it, the neutrino takes its place as electrically neutral fermion
coming in three avours without right-handed partners. Nevertheless, the neutrino plays
a special role as it is the only particle solely interacting via the weak interaction. In
addition, since mass generation via Yukawa coupling with the Higgs eld is not allowed
without right-handed partner, the neutrino was introduced as massless in the SM.

2.2 Neutrino Oscillations and Neutrino Mass

Since the 60's, the Homestake experiment led by Raymond Davis Jr. detected solar neutri-
nos. Surprisingly, the observed neutrino ux was smaller than predicted by John N. Bah-
call with the Standard Solar Model [9]. The result was con rmed by the GALLEX [10],
SAGE [11] and Borexino [12] experiments, forming the so-called solar neutrino problem.
Later, the Sudbury Neutrino Observatory (SNO) experiment was able to not only detect
electron neutrinos through charged current interactions with deuterium d

et d! p+p+e (2.5)
but also all other avours by neutral current interactions
+d! p+tn+ ; =e;;: (2.6)

By comparing the neutrino uxes of the di erent avours, SNO demonstrated that the
solar neutrino ux only consists of one third of electron neutrinos at the studied energies.
The total ux observed by SNO was in accordance with the theoretical predictions [13].
Thus, the experiment con rmed the disappearance of electron neutrinos and validated
that they are replaced by muon and tau neutrinos.

The concept of neutrino oscillations was introduced to explain the results of the SNO
experiment. It describes the phenomenon that the three avour eigenstates (¢; ; )

are a superposition of three mass eigenstates {; 2; 3). The mixing can be described
by the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix Upyns as indicated in

the following equation:

0 1 0 1 0 1
e Uel Ue2 Ue3 1
E‘D X :%Ul U, U3£ %32& (2.7)
U U U
|z} "} |z}

avour eigenstates PMNS matrix mass eigenstates
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It can be parameterised in terms of three mixing angles (12, 13 and »3) and one physi-
cal phase (Dirac phase ) if neutrinos are Dirac particles, which can cause CP violation. If
neutrinos are Majorana particles, there are two additional phases (1, »2). The resulting
PMNS matrix is then:

0 10 : 10 10 o 1
1 O 0 C13 0 si3€ Ci2 S12 0 10 O
U=$0 o sk 0 1 0 X suco0Xm 0 ¢20% (28)
0 sp3 C3 S13€ i 0 C13 0 0 1 0 0 1

with s; =sin  jj and ¢j =cos jj.
Hence, neutrinos are produced and interact as avour eigenstates but propagate as mass
eigenstates. The probability to oscillate from a produced avour eigenstate to the
measured eigenstate (simpli ed two- avour case) can be calculated by the following
equation [14]:

, m?

L
P, =sin?2) sin® — — 2.9

| (2) i T (2.9)
HerelL is the travelled distance, E the energy of the neutrino, the mixing angle between
the mass eigenstates and m? the di erence of the squared masses of the mass eigenstates.

This equation can easily be adapted to all three neutrino avours.

As can be deduced from equation 2.9, for neutrino oscillations to exist, mZ2 between two
mass eigenstates must be larger than zero meaning that at least two neutrinos need to have
non-zero mass. Observations of reactor, accelerator and atmospheric neutrinos con rmed
neutrino oscillations [15{18]. Unfortunately, neither the absolute mass of the neutrinos
nor the ordering of the mass eigenstates can be determined through neutrino oscillation
experiments. The current best experimentally determined squared mass di erences are
[19]

m2,=(5:43 0:18) 10 %eV? (2.10)

and
m3; = (2:41 0:05) 10 3eV?Z: (2.11)

The absolute mass of neutrinos must be several orders of magnitude smaller than the one
of fermions as illustrated in g. 2.2. To this date, no experiment has succeeded in per-
forming a direct measurement of neutrino masses. In general, there are three experimental
approaches to set an upper limit of the absolute neutrino mass: Cosmology, neutrinoless
double -decay and the kinematics of -decay.

Cosmology

Neutrinos were abundantly produced during the decoupling of the electroweak force af-
ter the Big Bang. Nowadays, the average number density of cosmological neutrinos is
n 336 cnT 2 [19]. Since neutrinos do have a mass, they contribute to the cosmological
matter density; but as their mass is so small, they were relativistic over a long period in the
early universe. As a result, they contributed to gravitational wells for matter clustering
on large scales but washed out small scale structures by carrying away matter. By mea-
suring the structure of the universe through e.g. the cosmic microwave background, galaxy
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Figure 2.2: Fermion Mass Ordering. The masses of all fermions are shown, where for
the neutrino mass a normal ordering fn1  mM» < m 3) is assumed. Clearly visible is the
gap between the neutrinos and the other particles of more than ve orders of magnitude.
Plot adapted from [20].

surveys and the Lyman-alpha forest, the sum of the neutrino masses can be constrained.
The most recent results by the Planck collaboration are [21]

X
m = m; < 0:12 0:54eV;95% C.L. (2.12)

i
Unfortunately, cosmological bounds are highly model-dependent and vary with the choice
of included datasets.

Neutrinoless Double -Decay

In nuclei where single -decay is energetically forbidden, such as if8Ca, "6Ge and 136Xe,

one can search for hypothetical neutrinoless double -decay (0 ). In contrast to or-

dinary two-neutrino double -decay (2 ), in0 two neutrons simultaneously decay
into two protons and two electrons without neutrino emission. This process would violate
lepton number conservation by two units. Hence, the detection of 0  would decisively
proof the Majorana nature of the neutrino, i.e. that it is its own antiparticle.

In experiments, the signature of this two-body decay is a mono-energetic peak at the
kinematic endpoint of the corresponding continuous 2  spectrum. The summed energy
of the electrons equals theQ-value of the decay. The decay has not yet been observed
and thus experiments can only set lower limits on the haIf—IifeTloz2 of the decay. Since
the half-life is correlated to the coherent superposition of the neutrino masses, one can set
upper limits on the e ective Majorana mass m  with

X 2
m? = uzm; : (2.13)

The current best upper limits are provided by the KamLAND-Zen experiment with a decay
half-life of T, >2.3-10°°y corresponding to an upper limit on the e ective Majorana
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mass ofm < 36{156meV [22]. Nonetheless, this approach can only provide a limit
range sincem depends on the underlying calculation of the nuclear matrix element
which has large theoretical uncertainties [23]. In addition, due to the complex phaseblg;,
m can also cancel out in case of normal ordering which is extremely unlikely but would
make an experimental observation impossible.

-Decay Kinematics

The most model-independent method to probe the e ective anti-neutrino massm is the
investigation of the continuous -decay energy spectrum. For a non-zero e ective mass
of the electron anti-neutrino the endpoint of the spectrum shifts to lower energies. The
maximal kinetic energy of the measured electron is the endpoint energ¥o minus m .
Furthermore, the shape of the spectrum close to the endpoint changes due to the phase
space factor in the Fermi theory which describes the decay. Both e ects are shown for the
example of tritum -decay in g. 2.3.

The resolution of former and current experiments at the endpoint is not high enough to
resolve all three mass eigenstates. Therefore, they measure an e ective neutrino mass
which is the incoherent sum of the neutrino mass eigenstates:

S
m = jUeij2m?: (2.14)
[
In contrast to 0 , this e ective mass does not contain any CP-violating phases.

The current best upper limit on m is provided by the Karlsruhe Tritium Neutrino (KA-
TRIN) experiment with m < 0.8eV at 90% C.L. [24]. It measures the electron energy
spectrum of tritium  -decay. The basic concept of the KATRIN experiment will be ex-
plained in section 3.

Project 8 uses cyclotron radiation emission spectroscopy with an atomic tritium source
to measure the electron energy spectrum to determine the e ective electron anti-neutrino
mass [25]. Other experiments as for example ECHo and HOLMES measure the electron
capture spectrum of 1%3Ho to directly obtain the electron neutrino mass [26].

Figure 2.3: Neutrino Mass Signature in the Tritium -Decay Spectrum. The
tritum  -decay spectrum is shown on the left. In the zoom to the endpoint region on the
right, the imprint of the e ective electron anti-neutrino mass can be seen. The endpoint
energy is shifted to lower energies and the spectral shape is changed close to the endpoint.
The e ect is shown for di erent e ective masses. Plot taken from [27].
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2.3 Sterile Neutrinos

In contrast to the other fermions, neutrinos do not have a right-handed partner within the
SM. It therefore seems very natural to extend the SM with right-handed neutrinos and, as
discussed in the following part, it is also very well-motivated. Since the weak interaction
only couples to left-handed fermions, right-handed neutrinos would not interact via any SM
interaction and are therefore often called sterile neutrinos s. Hence, the only possibility
to search for sterile neutrinos is via their mixing with the active avours through their
mass eigenstate 4:

0 1 0 10

e Uel Ue2 Ue3 Ue4

% §:%U1 U, Ugs U4§%2E (2.15)
Ui Uz Uz Uy 3

S Usl Us Us3 Us4

The introduction of sterile neutrinos could explain several open questions in cosmology and
neutrino experiments depending on their mass, mixing angle and production mechanism.
In principle they are not constrained to a certain mass range. Three mass scales are
described below, each with its own scienti ¢ motivation.

GeV-Mass Scale

The small scale of neutrino masses is often explained through a minimal type | seesaw
mechanism [28]. For every Dirac neutrino mass terrmp, this model introduces an addi-
tional Majorana neutrino mass term mg and hence assumes that neutrinos are Majorana
particles. Diagonalising the resulting neutrino mass matrix for one generation leads to

Mp2
m; mr and mp= D

2.16
— (2.16)
with m1 and m» being the physical neutrino masses. As a result, a heavy sterile neutrino
with a mass in the order of GeV or more, could explain the very small active neutrino
masses as the other mass eigenstate is inversely proportional tog.

A second motivation for GeV sterile neutrinos is that they can explain the generation of
the baryon asymmetry in the early universe via leptogenesis [29]. Nevertheless, to be in
agreement with the observed abundances of light elements in the universe the sterile neu-
trinos must have decayed before the Big Bang Nucleosynthesis (BBN). As a result, today,
GeV sterile neutrinos could only be produced and searched for in accelerator experiments.

keV-Mass Scale

Just as Weakly Interacting Massive Particles (WIMPs), axions and primordial black holes,
sterile neutrinos in the keV-mass scale would constitute a good Dark Matter (DM) candi-
date. They are neutral, massive and their lifetime can be very long. Depending on their
production mechanism, they would be either Warm (WDM) or Cold (CDM) Dark Matter.
They could have been produced via oscillations at high temperatures in the early universe,
but due to their low interaction strength they would not enter thermal equilibrium and
thus have a very long lifetime in the order of the age of the universe.
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Figure 2.4: Sterile Neutrino Two-Body Decay. The sterile neutrino N decays via
a loop into an active neutrino  and a photon with energy E = My=2. Figure adapted
from [30].

Nonetheless, since they couple to active neutrinos, keV sterile neutrinos are not stable and
could for example decay into a mono-energetic photon and an active neutrino as illustrated
in g. 2.4. A possible hint towards such a decay gave the X-ray Multi-Mirror (XMM)-
Newton telescope which observed a mono-energetic X-ray line at 3.5keV. In case of sterile
neutrino decay this line would translate into a 7 keV sterile neutrino [31]. Other X-ray
telescopes con rmed the detection of this line [32, 33]. Nevertheless, it could also originate
from incomplete knowledge of all astrophysical lines and is still under discussion [31, 34].

The Tritium Investigations of Sterile to Active Neutrino mixing (TRISTAN) detector aims

to probe the sterile neutrino parameter space up to 18.6 keV and mixing amplitudes of
sin> < 1078 with the KATRIN experimental setup [35]. The TRISTAN detector will
be explained in more detail in chapter 4.

eV-Mass Scale

The existence of eV-scale sterile neutrinos is motivated by several experimental anomalies.
The Gallium Experiment (GALLEX) [10] and the Soviet-American Gallium Experiment
(SAGE) [36] detected a de cit of the expected neutrino ux in the radioactive source
calibration [37]. Moreover, a signi cant lack of anti-neutrinos was observed in several
short baseline reactor experiments [38, 39]. A way to directly search for sterile neutrinos
on the eV-mass scale would be e.g. with the KATRIN experiment as their existence would
lead to a kink-like distortion in the -decay spectrum.



The KATRIN Experiment

The Karlsruhe Tritium Neutrino experiment was designed to measure the e ective electron
anti-neutrino mass m in a mostly model-independent way by investigating the tritium
-decay energy spectrum close to its endpoint. Located at the Karlsruhe Institute of
Technology (KIT) and partially hosted by the Tritium Laboratory Karlsruhe (TLK), it
is the successor of the Mainz and Troitsk experiments which already succeeded to set an
upper limiton m of 2.3eV (95% C.L.) and 2.05eV (95% C.L.), respectively [40, 41]. The
KATRIN experiment aims to improve those upper limits and reach a sensitivity of 0.2 eV
at 90 % C.L. after 3 years of e ective measurement time [42]. If the neutrino mass is larger
than 350meV, a 5 discovery is possible [42]. The operation of the experiment started in
2016 with calibration sources. First measurements with tritium were taken in 2018 [43].
Already in 2019, after a measurement period of only four weeks, the previous upper limits
for the neutrino mass could be improved by a factor of two to 1.1eV (90% C.L.) [44]. In
2021, a rst upper limit in the sub-eV range of 0.8eV at 90% C.L. was found [24].

In the following, the experimental setup of the 70 m long KATRIN beamline, as depicted
in g. 3.1, will be explained with a focus on its two core elements, the Windowless Gaseous
Tritium Source (WGTS) and the Magnetic Adiabatic Collimation combined with an Elec-
trostatic (MAC-E) lter. If not stated otherwise, all given information are taken from the
KATRIN design report [42].

Figure 3.1: Schematic of the KATRIN Experiment. (a) Rear section, (b) Win-
dowless Gaseous Tritium Source (WGTS), (c) Transport section, (d) Pre-spectrometer,
(e) Main spectrometer, (f) Focal Plane Detector (FPD). Figure courtesy of the KATRIN
collaboration.
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Rear Section

The rear section is located at the very beginning of the beamline and mainly consists of
the rear wall and several diagnostic instruments. The rear wall is a 145 mm large stainless
steel disk plated with gold. Nearly all electrons re ected in the spectrometers hit the rear
wall where they recombine.

Two of the most important diagnostic tools are a mono-energetic, angular selective electron
gun and a Beta-Induced X-ray Spectroscopy (BIXS) system. The electron gun is used
to monitor the tritium source properties like the gas density and investigate electron
transmission properties. The BIXS system consists of two silicon drift detectors which
measure the X-ray spectrum from -decay electrons hitting the rear wall and producing
bremsstrahlung. Therefore, it is able to monitor the source activity.

Windowless Gaseous Tritium Source

The KATRIN experiment uses molecular tritium T, as a -decay electron source
To! (HeT)" +e + ¢ (3.1)

which has several advantages. Its short half-life of 12.6 years and its very lo®-value of
18.6 keV provide the needed statistics at the endpoint region of the spectrum. In addition,
its simple electronic shell and molecular con guration allows a very precise correction of
the interaction between the emitted electron and the daughter nucleus. Moreover, being
a super-allowed decay, an energy correction of the nuclear matrix element is unnecessary
since it is energy-independent.

The gaseous molecular tritium is continuously injected in the center of a 10 m long and 9 cm
broad tube. During the di usion to both sides of the tube, where it is pumped out with
turbomolecular pumps, the tritium decays. About 40 g/d of tritium are circulated and held
at a purity of more than 95%. A very stable high activity of 1011 Bqg (+ 0.1 %) is achieved.
Superconducting magnets then guide the -decay electrons towards the transport section.
To mitigate electron energy loss, the tritium source is windowless.

Transport Section

One has to prevent the tritium from entering the spectrometer and detector section as
it would contribute to the background. Therefore, the transport section is arranged in
chicanes to have no direct line of sight of the tritium source with the detector. It is di-
vided in two sections, the Di erential Pumping Section (DPS) and the Cryogenic Pumping
Section (CPS). In the DPS, the tritium atoms are pumped out by multiple Turbo Molec-
ular Pumps (TMPs), whereby in the CPS they are trapped on the inner surface of the
gold-plated beam tube wall which is covered by an argon frost layer. The electrons are
magnetically guided through the transport section. The tritium ions are further blocked
by ring and dipole electrodes. As a result, with this combination of techniques the tritium
ux is reduced by more than 14 orders of magnitude.
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Figure 3.2: MAC-E Filter Principle. The electrons (red line) from the tritium source
enter the spectrometer and follow the magnetic eld lines (black lines) de ned by two
superconducting solenoids. Through the decreasing magnetic eld strength towards the
analysis plane (orange line), the transversal component of the electron energy is converted
into a longitudinal one due to conservation of the electrons orbital magnetic momentum
in an adiabatic motion. As indicated by the red arrows in the bottom, the transversal
momentum component is minimal in the analysis plane where the electrons are ltered by
the applied retarding potential (blue arrows). Scheme adapted from [45].

Spectrometer Section

The spectrometer section consists of two parts, the Pre-Spectrometer (PS) and the Main
Spectrometer (MS). Both Iter electrons according to their energy based on the MAC-E
Iter principle and are connected to 1 m-long superconducting magnets. The Iter principle
is depicted in g. 3.2.

The electrons coming from the transport section enter the MAC-E Iter where they fol-
low the inhomogeneous magnetic eld generated by two superconducting solenoids at the
entrance and at the exit. To Iter the electrons by energy, a negative electrical potential,
called retarding potential U, is applied. It acts like a high-pass lIter, where electrons can
only overcome the potential and reach the detector if their longitudinal energies are larger
than U e, with e being the elementary charge. As a consequence, the residual transversal
energyE» of the electron de nes the energy resolution of the Iter. The electron's orbital

magnetic moment
E-

B
is conserved in adiabatic motion. Hence, the transversal momentum component is trans-
formed into a longitudinal one when the electron travels from the strong magnetic eldB max
at the entrance of the MAC-E lter to the minimal eld Bgana in the analysis plane. There-

(3.2)
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fore, the transversal energy is smallest in the plane with the maximal retarding potential
where the electrons are Itered. As a result, the energy resolution E is de ned by:

E _ Bana.

E  Bmax

(3.3)

With Bmax = 6 T and Bana = 3 - 1074 T, the main spectrometer is designed to achieve an
energy resolution of 0.93 eV for electron energies near the endpoint.

Since scattering processes should be avoided, electrons which travelled a long distance
through the source are re ected by the magnetic mirror e ect due to their large angles.
To this end, Bmax is deployed right after the source leading to a maximal acceptance angle
of r
. Bs
max = arcsin 51 (3.4)
max
forBs=3.6 T and Bmax = 6 T. Here, Bs denotes the magnetic eld within the source. At
last, the earth's magnetic eld is compensated by a complex system of air coils surrounding
the spectrometer.

The main purpose of the PS is to be a rst potential barrier to reduce the number of elec-
trons entering the main spectrometer to lower the background due to scattering processes.
Nevertheless, the PS will be switched o from the end of the fourth measurement phase
as both spectrometers build a Penning trap between them [46].

Inthe MS, the ltered electrons are re-accelerated after the analysis plane and then focused
onto the detector with an increased magnetic eld Bget. AS a result, by varying the
retarding potential, one can record an integral spectrum by counting the electrons passing
the Iter and reaching the detector.

Focal Plane Detector

The Focal Plane Detector (FPD) is located at the exit of the main spectrometer and
counts the electrons passing the MAC-E lIter. It consists of a silicon p-i-n (positive-
intrinsic-negative) diode array of 148 pixels arranged in a ring-wise structure. Through
this pixel placement radial and azimuthal e ects can be investigated. Each pixel has the
same area of 44 mrhto equally distribute the count rate. The maximum count rate that
the detector system can handle is in the order of tens of kcps. Since the detector is designed
to only count electrons, it has a rather poor energy resolution of about 1.5keV FWHM
at 18.6 keV per pixel. To lower the intrinsic detector background in the region of interest
and to reduce backscattering, a post-acceleration of usuallpae = 10kV is applied [47].



The TRISTAN Detector

Like the known mass eigenstates of the neutrino, also a hypothetical fourth mass eigenstate
would lead to a distortion of the -decay spectrum. In contrast to the active neutrino
masses, the mass di erence of a keV-scale state would be resolvable and would lead to a
kink and a broad distortion of the spectrum. The resulting spectrum would then be the
superposition of an active neutrino and a sterile neutrino part, see g. 4.1. The shape and
weighting depends on the mixing angle s and the e ective electron anti-neutrino mass

m as well as the mass of the fourth mass eigenstate:

d d(m . d(m
E- cos? s (d R (d 2 (4.1)
= | —

Active neutrino part Sterile neutrino part

With the rst tritium data taken during the commissioning run of the KATRIN experiment

in 2018, the KATRIN experiment was able to set an exclusion limit on the sterile-to-active
mixing amplitude sin?> < 5-10°% (95% C.L.) for sterile neutrinos with a mass up to
1.6 keV [48]. This result improved the existing laboratory-based bounds in the mass range
of 0.1{1.0keV. The Tritium Investigations of Sterile to Active Neutrino mixing project

Figure 4.1: Sterile Neutrino Signature in the Tritium -Decay Spectrum. Here,
a mass ofmy = 10keV and a mixing angle of sif s = 0:2 is assumed. The latter is
unphysically high but emphasises the kink-like signature. The blue dash-dotted line and
the orange dotted line show the contribution of the active and sterile neutrino, respectively.
The dashed line shows the spectrum in case no sterile neutrino exists. Plot taken from [49].
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develops a new detector to replace the current FPD in the KATRIN beamline to probe the
sterile neutrino parameter space up to 18.6 keV and mixing angles of sin < 10 6 [35].

The detector requirements as well as the detector design will be presented in section 4.1.
The working principle of the Silicon Drift Detector (SDD) technology which is used for
the TRISTAN detector as well as the detector response to electrons is described in the
sections 4.2 and 4.3. In section 4.4, the impact of backscattering on the electron spectrum
is discussed.

4.1 Detector Requirements and Design

Besides an integral mode like in the currently ongoing neutrino mass measurements at
the KATRIN experiment, the TRISTAN detector will be operated also in a di erential
mode. Here, either none or a low retarding potential is applied to the main spectrometer.
The detector will not only have to count the electrons but also determine their energy.
As a result, the detector has to ful Il higher spectroscopic requirements than the current
detector in KATRIN.

The kink-link signature of a sterile neutrino could be located several keV away from the
endpoint of the tritium spectrum. In addition, the amplitude of the signal distortion
directly scales with the mixing angle sirf s which is expected to be very low at the
< ppm-level. Therefore, two main features of the detector are crucial to resolve the
spectral distortion:

1. The possibility to handle high count rates: Due to a lowered retarding potential, the
new detector has to handle total rates of up to 18 cps over three years to reach the
needed low statistical uncertainty for a ppm sensitivity [50]. Therefore, the high rate
will be distributed among thousands of pixels to minimise the pileup probability. To
process such a huge amount of information, a high-performance readout electronics is
necessary. It needs to have a high ADC sampling rate (100 MHz) and resolution (14-
16 bit) to create real-time spectra, detect pileup events and correlate simultaneous
energy depositions in neighbouring pixels [51]. Therefore, the TRISTAN project
also includes the development of a dedicated readout chain and Data Acquisition
System (DAQ) [50, 52, 53].

2. An excellent energy resolution: An excellent energy resolution of about 300eV Full
Width at Half Maximum (FWHM) at 20keV is required to resolve the kink-like
structure [50]. Hence, the detector needs to have a low-noise performance. Fur-
thermore, electrons lose their energy continuously when travelling through matter.
Therefore, a good charge collection e ciency and thin entrance window have to be
achieved in the detector.

SDDs, whose working principle is explained in section 4.2, are proven to be very suited
in both respects. The TRISTAN detector will therefore consist of modular SDD pixel

arrays. A pixel size of about 3mm in diameter has been chosen to minimise the e ects of
charge sharing and pixel change after backscattering and backre ection [54]. The pixels
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are 450um-thick hexagonal cells arranged in a honeycomb structure with a continuous

entrance window to minimise the dead area. Each module consists of a detector chip
hosting 166 pixels glued on top of a special ceramic material called CeSiC, two front-end
electronics boards and a copper support and cooling structure. To reduce electronic noise,
the detector modules are cooled to a temperature of about 40°C [50].

The commissioning of the TRISTAN detector system follows a staged approach. The goal
of phase 0 is the integration of one TRISTAN module in the KATRIN Monitor Spectrom-
eter and its characterisation with electrons. This phase was successfully completed in the
second half of 2022 and rst measurement results can be found in [55] and [56]. Phase 1 is
planned for the end of 2024 with the integration of nine TRISTAN modules (see g. 4.2)

in the KATRIN beamline. It requires the decommissioning of the existing FPD and the
installation of the new TRISTAN detector and DAQ system. The nal TRISTAN detec-

tor will consist of 21 modules (see g. 4.2). The nal TRISTAN design will be realised in
phase 2 with a renewed and optimised electromagnetic design.

(a) Phase 1 detector design (9 modules) (b) Phase 2 detector design (21 modules)

Figure 4.2: TRISTAN Detector Design. Each module consists of a detector chip
with 166 SDD pixels (grey) glued onto a CeSiC block (light grey), which is mounted on
copper blocks (orange) with two front-end electronic boards (green) on either side.

4.2 SDD Working Principle

SDDs are a special type of semiconductor detectors. They have a very low-noise per-
formance due to a small anode capacitance and are characterised by a fast and e ective
charge collection. Therefore, they are able to detect X-rays as well as electrons at high
count rates with an excellent energy resolution using the depleted volume of a silicon
pn-junction. A sketch of the SDD structure is shown in g. 4.3.

Crystalline silicon has a four-valet structure. Through the introduction of impurities in
the intrinsic material (doping) its electrical properties can be modulated. At the interface
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of a n-doped region, usually doped with phosphorus (5 valence electrons), and a p-doped
region, usually doped with boron (3 valence electrons), a depleted area is formed. The
free electrons of the n-type silicon move to the p-type region and recombine. A space
charge region is build up until the resulting electric eld stops the electron exchange.
Inside the depletion zone no free charged particles are present any more. By applying a
high enough voltage Ui to the SDD the depleted area can be extended over the entire
detector volume [57, 58].

The TRISTAN SDD pixel is similar to a semiconductor PIN (positive-intrinsic-negative)
diode. The entrance window side (back contact) is made of* -doped silicon. On the
opposite side of the detector, i.e. on the readout side, a smafi* -doped ring anode is placed
in the centre. The depleted area forms the active detection area. If an ionising particle
enters the depleted region, it creates electron-hole pairs. In the case of silicon, the average
energy Epair necessary for the creation of electron-hole pairs i&pair  3.65€eV [59]. The
number of produced charge carriers is proportional to the energy of the incoming particle.

Due to the electric eld, the electrons and holes cannot recombine. They move out of
the depleted region. In contrast to ordinary PIN diodes, the electrons are guided towards
the very small anode by an electric eld created byp* -doped drift rings surrounding the
anode. In this manner, all electrons generated in the depleted volume can be collected at
the anode. The drift time depends on the distance between the anode and the interaction
point of the incoming particle. The anode was designed to be very small in size which
results in a small anode capacitance allowing for low noise and high rate operation of the
SDD [60].

Figure 4.3: SDD Working Scheme. The small n* -doped anode and the integrated
FET are colored in blue. Shown in red are the back contact and the drift rings, both
p* -doped. Here, + and indicate a high and low doping concentration. The exemplary
path of the free charge carriers generated by an incoming particle is visualised as white
trajectories. Figure taken from [61].
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