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1 INTRODUCTION

1. Introduction

Sterile neutrinos are a natural extension of the Standard Model (SM) of particle

physics. With a mass on the keV-scale, they are a suitable dark matter candidate

and could potentially explain one of the most intriguing open questions in physics.

The sterile mass eigenstate mixes with one of the active neutrinos and is the key to

searching for sterile neutrinos.

The current goal of the Karlsruhe Tritium Neutrino (KATRIN) experiment is the de-

termination of the e�ective electron antineutrino mass by measuring tritium� -decay.

After the neutrino mass measurement has been completed at the end of 2025, the

KATRIN beamline will be upgraded to enable a search for sterile neutrinos in the

keV mass range. To this end, a novel detector and readout system is currently being

developed in the scope of the TRISTAN project [1]. In the currently ongoing neutrino

mass measurements, only the region around the endpoint of the energy spectrum is

probed. For the keV-scale neutrino search, however, the measurement range needs

to be extended to the entire energy range of the decay. The imprint of a sterile neu-

trino in the energy spectrum is a spectral distortion, including a kink-like signature.

To cope with the high electron rates of 108 cps, that the current detector system

cannot handle, the TRISTAN detector is being developed. It is based on the Silicon

Drift Detector (SDD) technology with an integrated n-channel Junction Field E�ect

Transistor (nJFET) to distribute the high rate across many and reduce noise. This al-

lows a targeted energy resolution of 300eV at 20keV for count rates of up to 100kcps.

To enable a precise keV-sterile neutrino search, an accurate energy calibration

of the detector system is imperative. Typically, radioactive sources such as55Fe or
241Am are used to calibrate SDDs. However, implementing these sources in certain

experimental environments can be challenging. A promising alternative approach

is the calibration of the detector system with a Light-Emitting Diode (LED). In

the scope of this thesis, the feasibility of calibrating the energy scale using an LED

has been investigated. In comparison to the conventional energy calibration with

radioactive sources, this method has the advantage that it can be easily integrated

into the experimental setup and turned on or o� at any time. To characterize

the calibration method, a 7-pixel prototype TRISTAN detector was illuminated

with di�erent LEDs. LEDs with di�erent properties (pulse width, light intensity,

and stability) have been studied, and a suitable candidate has been selected for

further studies. Subsequently, fundamental detector properties such as the energy

resolution, rise time, and electronic noise were examined. Finally, it was investigated

how the calibration process can be realized and compared to the theoretical prediction.

1



1 INTRODUCTION

The second main goal of this thesis was the optimization of one of the operat-

ing parameters of the detector. More speci�cally, dedicated measurements were

carried out to optimize one of the detector bias voltages, the so-called Inner Guard

Ring (IGR) voltage. The IGR is a small electrode in the region of the pixel center,

which separates the collecting anode from the integrated nJFET. It sits at a negative

potential and prevents the electrons from drifting to the nJFET, which would result

in a charge loss. The main focus of this work was to optimize the IGR voltage by

investigating the charge collection properties of a 7-pixel detector in the region of

the pixel center. To this end, an experimental setup was designed to systematically

scan the detector with a focused LED beam.

This thesis is structured as follows: In chapter 2, a brief introduction to neutrino

physics is given. Subsequently, chapter 3 explains the KATRIN experiment and

introduces the TRISTAN project. Chapter 4 gives an overview of semiconductors

and then discusses the operating principle of an SDD. Moreover, the details of the

TRISTAN detector and the readout electronics will be discussed. The investigations

in which an LED is used to calibrate the energy scale are detailed in chapter 5.

Chapter 6 focuses on optimizing the IGR voltage.
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2 NEUTRINO PHYSICS

2. Neutrino Physics

The Standard Model (SM) of particle physics is currently the leading model in

particle physics. It contains quarks and leptons, distinguishing between integer

and half-integer spin particles [2]. Bosons serve as exchange particles for all four

fundamental interaction forces, while fermions constitute the particles that make up

all matter. Quarks interact through the strong force, playing a crucial role in forming

the nuclei of atoms. Leptons, a subcategory of fermions, are further divided into

two main types: The �rst are charged leptons, like electrons, which are electrically

charged and participate, for example, in electromagnetic interactions. The second

are neutral leptons, like neutrinos, which are neutral and interact via the weak inter-

action. Both charged fermions and neutrinos come in three distinct 
avors: electron

e, muon � , and tau � . While every fermion has a right- and left-handed counterpart,

neutrinos take a unique role in the SM because only left-handed and right-handed

antineutrinos are observed. In the SM, neutrinos are assumed to be massless, but

neutrino oscillation experiments show that they have a small, yet non-zero mass [3, 4].

To better understand the properties of neutrinos and their role in the SM, their

discovery is discussed in section 2.1. The observations of oscillation experiments and

the resulting formalism of neutrino 
avor oscillations are described in section 2.2.

Section 2.3 provides an overview of currently ongoing neutrino mass determination

e�orts. Finally, section 2.4 introduces sterile neutrinos.

2.1. Neutrino Discovery

The origin of the initial postulation of the neutrino traces back to the following� � -

decay. To conserve the energy in this decay, another particle was postulated so that

the 2-body decay becomes a 3-body decay.n is a neutron,p a proton, e� an electron,

and �� e an electron antineutrino:

n ! p + e� + �� e: (1)

In 1930, W. Pauli postulated in an open letter to the "Radioactive Group" the

existence of an electrically neutral particle emitted alongside the electron during

� -decay [5]. He justi�ed by stating that the observed continuous electron energy

spectrum can be explained by the fact that the remaining energy is given to the

neutrino, transforming the decay process into a 3-body decay. This particle possesses

a spin of 1=2 and adheres to the Pauli exclusion principle.

Twenty-three years later, the neutrino was experimentally detected by C. Cowan [6].
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2 NEUTRINO PHYSICS

The experimental setup includes cadmium in a liquid scintillator. He uses the high

antineutrino 
ux of a �ssion reactor to capture them via the inverse� -decay:

�� e + p ! e+ + n; (2)

wheree+ is the positron, the antiparticle of the electron. The antineutrino�� e in-

teraction creates two distinguished signals in the detector. First, the positrone+

annihilates with an electron, creating 
uorescence light. Then, after thermalization,

the neutron n is captured on a cadmium atom, emitting a second scintillation signal.

Due to a signal with a �xed time constant of 200ms, the unique pulse pair signal

con�rms the detection of the electron antineutrino �� e.

In 1962, L. Lederman, M. Schwartz, and J. Steinberger discovered the second

neutrino, the muon antineutrino �� � . In their experiment, a 15GeV proton beam

hits a beryllium target, producing pions which decay into muons� � and muon-

neutrinos � � [7]. A thick steel shielding ensures that only neutrinos enter a spark

chamber, separated into many parts through aluminum plates. Then, the following

inverse� -decay takes place:

�� � + p ! � + + n: (3)

Two decay channels are possible: the electron antineutrino�� e generates an electron

e� , and the muon antineutrino �� � generates a muon� . The muon leaves a trace as

it passes through many aluminum plates. In contrast, electrons are stopped on the

�rst aluminum plate. The di�erence in the detected signals indicates the presence of

a second neutrino 
avor.

The discovery of the tauon in 1995 [8] raised the question of the existence of a

tau neutrino, which was experimentally con�rmed in 2001 by the Direct Observation

of Nu Tau (DONUT) experiment at Fermilab [9]. The particles generated in the

accelerator can be selectively �ltered using magnetic �elds and shielding techniques,

leaving only the tau neutrino. The tau neutrino beam interacts with the target

material, producing a tauon. The tau decays within a distance of 2mm, leaving

charged particles that leave a track in the detector, resulting in the famous kink signal.

As a result, all three neutrino 
avors, corresponding to the lepton 
avorse, � ,

and � , were discovered. Furthermore, contrary to all other fermions, neutrinos

have only left-handed chirality, while antineutrinos are only right-handed, con�rmed

through the Goldhaber experiment [10]. Hence, they are also massless. With the tau

neutrino, the last lepton particle was found and completed the leptons in the SM

(see �g. 2.1).
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2 NEUTRINO PHYSICS

Figure 2.1: Fermions of the SM. The quarks are shown in violet, whereas the leptons
are colored in green. [11]

2.2. Neutrino Mixing and Oscillations

In the 1960s, the so-called 'Solar Neutrino Problem' posed entirely new questions

in neutrino physics [12]. In the Homestake experiment by Raymond Davis Jr., the

neutrino 
ux generated by solar fusion was measured based on the following inverse

� -decay:

� e + 37Cl ! 37Ar + e� : (4)

Interestingly, the measured solar neutrino 
ux, mainly electron anti-neutrinos, was

less than the predicted 
ux by a factor of 3. About 30 years later, the Sudbury

Neutrino Observatory (SNO) measures all three neutrino 
avors [3]. The combination

of charge current interactions, sensitive for electron neutrinos, and neutral current

interactions, sensitive for the other 
avors, enables the measurement of all three

neutrinos. The total rate agrees with the theoretical prediction by measuring all

three neutrino 
avors. The observations could be independently con�rmed by the

Super-Kamiokande experiment [4]. This introduces the phenomenon of neutrino


avor oscillations.

Neutrino oscillations describe the property where neutrinos of one 
avor trans-
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2 NEUTRINO PHYSICS

form into a di�erent kind at a certain distance. The three 
avor eigenstates (� e, � � ,

� � ) are, in fact, superpositions of the three mass eigenstates (� 1, � 2, � 3) [13]. This

mixing can be described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

UPMNS as follows:

0

B
@

� e

� �

� �

1

C
A

| {z }
Flavor eigenstates

=

0

B
@

Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

C
A

| {z }
PMNS matrix

0

B
@

� 1

� 2

� 3

1

C
A

| {z }
Mass eigenstates

(5)

The PMNS matrix can be reduced into three mixing angels (� 12, � 13, � 23), describing

the mixing amplitudes U, and in the complex Dirac phase� , which can cause CP-

violation. Assuming only two 
avor eigenstates� and � for simpli�cation, the

probability for a 
avor change for a neutrino with an energyE and after a traveled

distanceL is given by:

P� ! � = sin2(2�) � sin2

�
� m2

4
�

L
E

�
; (6)

where � is the mixing angle and � m2 the mass squared di�erence. For neutrino

osculations to be possible, the mass di�erence �m has to be non-zero. In the case of

3 neutrino 
avors, at least two neutrinos must be massive to describe the observations

of Neutrino oscillations. Many other experiments con�rmed neutrino oscillation [14,

15, 16]. Since oscillation experiments are only sensitive to the mass di�erence �m2,

they do not provide any information about the absolute mass of neutrinos [14]. This

matter will be more detailed in the following section 2.3.

2.3. Neutrino Mass

Neutrinos are the only fermions in the SM whose absolute masses are unknown. From

the experimental point of view, the neutrino mass determination is very challenging

since their masses are at least �ve orders of magnitude smaller than the mass of the

electron, see �g. 2.2.

Currently, three di�erent methods are pursued to determine the mass of the neutrino:

1) cosmological observations, 2) neutrinoless double beta decay, and 3) direct neutrino

mass measurements using the kinematics of single� -decay. In the following, each

method will be discussed brie
y.
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2 NEUTRINO PHYSICS

Figure 2.2: Masses of all fermions. The normal mass ordering of neutrinos (m1 �
m2 < m 3) is assumed [17].

Cosmology

The most abundant massive particles in our universe are neutrinos with about 336

per cm3 [18]. Even though they are very light, they can signi�cantly impact the

formation of structures, for example, by washing out small-scale structures. By

observing the universe's structure via the cosmic microwave background, galaxy

surveys, and the Lyman-� forest, limits on the summ� of the neutrino masses can

be derived. The latest constraint, as reported by the Planck collaboration, is [19]:

m� =
X

i

mi < 0:12 eV (95 % C.L.): (7)

Due to the high model dependency, this limit is very sensitive to the assumptions

used [19].

Neutrinoless double � -decay

In some isotopes, such as48Ca, 76Ge, and 82Se, single � -decay is energetically

forbidden or highly suppressed. Instead, these isotopes exclusively undergo two-

neutrino double � -decay (2��� ) [20]. In this process, two neutrons simultaneously

decay into two protons, two electrons, two neutrinos, and two antineutrinos. It

is important to distinguish between ordinary double� -decay (2��� ), in which

two neutrinos are emitted, and neutrinoless double� -decay (0��� ) which would

violate lepton number conservation. The latter process has never been observed. This

process is only possible if neutrinos are Majorana particles, i.e. their own antiparticles.

The mass is observable in (0��� ), the so-called e�ective Majorana mass. It is a

coherent sum of the neutrino mass eigenstates weighted by the neutrino mixing

matrix elementsU2
ei. In experiments the half-lifeT0�

1=2 is measured and is related as

7



2 NEUTRINO PHYSICS

in the following:

hm�� i =

�
�
�
�
X

i

U2
eimi

�
�
�
� : (8)

The experimental signature of the hypothetical 0��� decay is a mono-energetic

peak at the endpoint of the corresponding 2��� decay, corresponding to the decay's

Q-value. The KamLAND-Zen experiment currently holds the most stringent limit

on the decay half-life with a value ofT0�
1=2 > 2:3 � 1026 y. This can be translated into

an e�ective Majorana mass ofhm�� i < 36� 156 meV [21].

Kinematics of single � -decay

The most model-independent way of probing the neutrino mass is via the kinematics

of single� -decay, see eq. (1). The imprint of the neutrino mass is most pronounced

at the endpoint E0 of the decay spectrum, see �g. 2.3. Since the electron and

antineutrino share the total released energy, the maximum energy of the electron

is E0 � m� . The KATRIN experiment measures the neutrino mass using tritium

� -decay. The experiment uses an ultra-luminous tritium source (1011 Bq) with a

half-life of T1=2 = 12:3 y and an endpoint energy ofE0 = 18:6keV. The e�ective

electron antineutrino mass is the incoherent sum of the neutrino mass eigenstates:

m2
� =

X

i

jUeij2m2
i : (9)

Figure 2.3: The tritium � -decay spectrum is shown on the left. The �gure on the
right-hand side shows a closeup of the endpoint region. The imprint of the neutrino
mass is a spectral distortion. Figure taken from [22].

Recently, the KATRIN collaboration published the world-leading limit on direct

neutrino mass measurements with a value ofm� < 0:8eV (90 % C.L.) [23, 24, 25]. A

detailed description of the KATRIN experiment is given in section 3.
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2 NEUTRINO PHYSICS

2.4. Sterile Neutrinos

Neutrinos are the only particles in the SM that solely appear with left-handed chirality.

One option for a minimal extension to the SM is the introduction of right-handed

neutrinos. In the following, referred to as sterile neutrinos, they are de�ned with a

new mass eigenstate� 4 that is right-handed. Since the weak interaction only couples

to left-handed neutrinos, right-handed neutrinos can only be measured through their

mixing with the active neutrinos. In the case of one additional sterile neutrino, the

PMNS matrix is extended as follows:

0

B
B
B
B
@

� e

� �

� �

� s

1

C
C
C
C
A

=

0

B
B
B
B
@

Ue1 Ue2 Ue3 Ue4

U� 1 U� 2 U� 3 U� 4

U� 1 U� 2 U� 3 U� 4

Us1 Us Us3 Us4

1

C
C
C
C
A

0

B
B
B
B
@

� 1

� 2

� 3

� 4

1

C
C
C
C
A

; (10)

where Uij quanti�es the mixing of each 
avor. The mass of the sterile neutrino

can be arbitrarily large, i.e. it can range from the eV up to the GeV scale. The

di�erent mass scales of a sterile neutrino could help to resolve unanswered questions

in neutrino physics and cosmology. The following sections will discuss three sterile

neutrino mass scales in more detail.

GeV mass scale

The neutrino mass is very small compared to all other fermions, see �g. 2.2. The so-

called seesaw mechanism is one way to explain the lightness of the active neutrinos [26].

In this mechanism, which assumes neutrinos to be Majorana particles, a Dirac mass

term mD and the Majorana neutrino mass termmR results from the PMNS matrix:

m1 � mR and m2 =
m2

D

mR
; (11)

with m1 and m2 being the physical neutrino masses. This leads to a very small

neutrino mass due to the highmR .

Sterile neutrinos on the GeV mass scale present a compelling solution to another

open question in physics, i.e. the baryon asymmetry in the early universe, potentially

through a mechanism known as leptogenesis [27]. However, a requirement for consis-

tency with the observed abundances of light elements in our universe is that these

sterile neutrinos must have decayed before the onset of the Big Bang Nucleosynthesis

(BBN). Consequently, the production and exploration of GeV-scale sterile neutrinos

is feasible via accelerator experiments 2.1.

keV mass scale

The main focus of this thesis is a sterile neutrino on the keV mass scale. In this

9



2 NEUTRINO PHYSICS

case, the sterile neutrino is a suitable dark matter candidate. Depending on the

production mechanism, the sterile neutrino can be categorized as Warm Dark Matter

(WDM) or Cold Dark Matter (CDM). A �rst hint for a keV sterile neutrino could

provide the X-ray Multi-Mirror (XMM)-Newton. It measures X-rays from the decay

of a sterile neutrino into an X-ray and active neutrino. The satellite observed a

signal at an energy of 3:5keV, which corresponds to a sterile neutrino with a mass

of 7keV [28]. Another way to search for sterile neutrinos is via the kinematics of

single � -decay. It is sensitive to sterile neutrino masses up to the Q-value of the

decay. Due to its ultra-luminous tritium source, the KATRIN experiment is well

suited for the keV sterile neutrino search. To cope with the high count rates when

probing the entire tritium � -decay spectrum, a new detector and readout system is

currently being developed in the scope of the TRISTAN project. The signature of

the sterile neutrino is a spectral distortion with a kink-like feature. Further details

of the TRISTAN project will be discussed in chapter 3.

eV mass scale

Experiments such as the Gallium Experiment (GALLEX) [29] and the Soviet-

American Gallium Experiment (SAGE) [30] are experiments in short baseline neutrino

oscillation experiments and measured a too-low neutrino 
ux. Both experiments

detected a de�cit in the neutrino 
ux, particularly in anti-neutrinos. The Baksan

Experiment on Sterile Transitions (BEST) con�rms these results [31]. One possible

explanation for the observed anomaly is the oscillation of the active neutrino into a

sterile one. Since an eV-sterile neutrino would also distort the� -decay spectrum in

the region near the endpoint, the KATRIN experiment is also sensitive to it. Current

studies can already exclude a large region of the relevant phase space. More details

can be found in [32].

10



3 THE KATRIN EXPERIMENT

3. The KATRIN Experiment

The Karlsruhe Tritium Neutrino (KATRIN) experiment uses the kinematics of single

� -decay, as detailed discussed in section 2.3, to directly measure the neutrino mass.

The e�ective electron antineutrino mass is determined via an analysis of the endpoint

range of the tritium spectrum at 18:6keV, see �g. 2.3. In 2016, the experiment was

commissioned using calibration sources. Subsequently, the �rst measurements with

tritium were carried out [33]. Recently, the KATRIN collaboration has published the

�rst sub-eV limit on the e�ective antineutrino mass of mb < 0:8eV (90% C.L.) [34].

The following section will brie
y describe the KATRIN experiment. In section 3.2,

the TRISTAN project will be introduced. Here, the keV-scale sterile neutrino search

with the KATRIN experiment will be discussed.

3.1. Experimental Setup

A schematic drawing of the KATRIN experiment is shown in �g 3.1. The experimental

apparatus has a length of 70 m and a maximum height of 10 m. The beamline is

subdivided into several sections that will be discussed in the following paragraphs.

If not stated otherwise, the information was taken from [35].

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

Rear Section

The rear section at the beginning of the beamline contains the rear wall, some

diagnostic instruments, including the electron gun (e-gun) and the Beta-Induced

X-ray Spectroscopy (BIXS) system, and monitoring devices. The rear wall is a

large stainless steel disk coated with gold and de�nes the electric potential of the

tritium source relative to the spectrometer voltage. The e-gun is most important for

11



3 THE KATRIN EXPERIMENT

calibration purposes and monitoring the source activity.

Windowless Gaseous Tritium Source (WGTS)

The WGTS is the electron source of KATRIN. The short half-life of molecular tritium,

which is 12:6 y, allows for a high electron rate. This is crucial to counteract the low

electron rate at the end of the spectrum. The endpoint has a Q-value of 18:6keV.

Tritium decays in the following manner:

3T ! 3He+ + e� + �� e: (12)

The WGTS is kept at a purity of more than 95 %. Achieving a very high and stable

decay rate of 1011 Bq (� 0:1 %) is made possible through a closed-loop system. The

tritium injection is centrally initiated and 
ows outward in both directions, enabling

a tritium 
ow of 40 g per day. A strong magnetic �eld surrounding the source ensures

the electrons 
ow into the transport section.

Transport Section

The transport section guides the electrons to the spectrometer, ensuring no tritium

reaches this component. Therefore, the tritium 
ow is signi�cantly reduced by

14 orders of magnitude, a task accomplished through the combined e�orts of the

Di�erential Pumping Section (DPS) and the Cryogenic Pumping Section (CPS).

In the DPS, tritium molecules are pumped out by many Turbo Molecular Pumps

(TMPs), operating at a temperature of 77 K. In the CPS section, the remaining

tritium is trapped on the argon-covered tube surface, which has a temperature of

3 K and requires cleaning after 60 days. High magnetic �elds are implemented in

the entire transport section to guide the electrons to the spectrometer. Additionally,

the individual transport elements are strategically tilted relative to each other to

prevent a direct line of sight.

Spectrometer Section

The spectrometer section comprises the pre-spectrometer and the main spectrometer,

serving as key components in the KATRIN beamline. Both spectrometers operate

based on the MAC-E principle. The pre-spectrometer functions as a preliminary

�lter for the main spectrometer. The �lter principle is shown in �g. 3.3.

12



3 THE KATRIN EXPERIMENT

Figure 3.2: MAC-E �lter principle. The electrons (red line) enters the spectrometer
from the transport section (left side). Due to the magnetic �elds (black lines) the
transversal component of the electron energy is converted into a longitudinal one.
Figure adapted from [36].

The main spectrometer has an length of 23:3 m, a diameter spanning 10 m, and

a voluminous capacity of 1400 m3. By applying a negative electrical potentialU,

only electrons with higher energy thanU � e (where e is the elementary charge) can

pass this barrier and be subsequently detected by the Focal Plane Detector (FPD).

Therefore, the spectrometer acts as a high-pass �lter. Since the kinetic energy of

an electron can be oriented vertically to the electrical potential, aligning the energy

parallel to the electrical potential is necessary for the e�ective operation of the �lter

principle. Therefore, two superconducting magnets at both ends of the spectrometer

generate a magnetic �eld. This �eld is strong at the sides and weak towards the

center, as illustrated in �g. 3.3. In adiabatic motion, the electron's orbital magnetic

moment is denoted as

� �
E?

B
(13)

and remains conserved. Consequently, as the electron progresses from the strong

magnetic �eld Bmax at the entrance of the MAC-E �lter to the minimal �eld Bana in the

analysis plane, the transverse momentum component transforms into a longitudinal

one. Consequently, the transversal energy reaches its minimum at the analysis plane.

The energy resolution �E of the e�ciency of the transformation is related to these

magnetic �elds as the following:

� E
E

=
Bana

Bmax
: (14)
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With magnetic �elds of Bana = 3 � 10� 4 T at the analysis plane andBmax = 6 T at the

maximum, the spectrometer achieves an energy resolution of 0:93eV. The in
uence

of the earth's magnetic �eld is shielded through a system of air coils surrounding the

spectrometer.

Another e�ect that happens in the spectrometer is the magnetic mirror e�ect. Due

to the high di�erence in the magnetic �elds, electrons that traveled a long distance

through the source, exceeding a certain angle, will be re
ected in the spectrometer.

With a magnetic �eld strength of BS = 3:6 T in the source and a maximal magnetic

�eld of Bmax = 6 T, a maximum acceptance angle �max

� max = arcsin

r
BS

Bmax
� 51� : (15)

can be achieved. After having passed the analysis plane, the electrons are re-

accelerated and �nally reach the detector. By varying the retarding potential, an

integral measurement can be performed, i.e. the electrons are counted at the detector.

Focal Plane Detector (FPD)

Figure 3.3: Pixel layout of the focal plane detector with a ring-wise structure of 149
pixels. Each pixel has the same area of 44mm [37]. Figure courtesy of A. Schwemmer.

The FPD, shown in �g. 3.3, is located at the exit of the main spectrometer and
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consists of 149 pixels. This silicon Positive Intrinsic Negative (PIN) detector features

pixels with uniform areas arranged ring-wise to investigate radial and azimuthal

e�ects. The detector is designed to count the �ltered electrons and can accommo-

date rates of tens of kcps. While the energy resolution of the FPD is relatively

poor, with � EFWHM = 1:52keV at 18:6keV, this characteristic is not crucial, be-

cause the primary function of the FPD is electron counting. The relevant factor

is the energy resolution of the main spectrometer. A post acceleration after the

spectrometer is applied to lower intrinsic detector background in the region of interest.

3.2. Sterile Neutrino Search with the KATRIN Experiment

As explained in section 2.3, for the currently ongoing neutrino mass measurements,

the KATRIN experiment probes the energy spectrum of tritium� -decay in the region

around the spectral endpoint. From the theoretical point of view, one could discern

the shapes corresponding to the three neutrino mass eigenstates. However, due to

minimal mass di�erences, KATRIN cannot resolve the individual mass eigenstates.

In the case of a keV-sterile neutrino, a distinct spectral distortion is visible due to

the higher mass, which enables its search. Due to the mixing of the active and sterile

neutrinos, the � -decay is a superposition of the decay branches of the active and

sterile neutrinos, with total di�erential decay rate d� [38]:

d�
dE

= cos2 � S
d�( m� )

dE| {z }
Active neutrino part

+ sin2 � S
d�( m4)

dE| {z }
Sterile neutrino part

: (16)
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Figure 3.4: Imprint of the sterile neutrino in the electron energy spectrum of single
� -decay. The blue dash-dotted line shows the decay branch of the active neutrinos..
The decay branch of the sterile neutrino (dotted orange line) is characterized by
the mixing amplitude sin2 � S and the massm4. The total energy spectrum is the
superposition of these branches. The imprint of the sterile neutrino is a spectral
distortion with a kink-like signature. Source: [39].

In particular, the spectral distortion is more pronounced for high mixing amplitudes.

Additionally, the mass eigenstatem4 plays a crucial role. The endpoint of the sterile

branch at the energyE0 � m4 leads to a kink-like signature, see �g. 3.4.

The existing KATRIN data allow searching for sterile sterile-to-active mixing am-

plitude. A �rst exclusion limit on the active-sterile mixing amplitude could be set

with a value of sin2 � S < 5 � 10� 4 (95 % C.L.) with a sterile neutrino mass of up to

1:6keV [40]. The aim of the TRISTAN project is to extend the mass range to the

entire tritium spectrum. As already discussed above, this leads to very high count

rates at the detector. Since the current KATRIN FPD is not designed to handle such

high rates of 108 cps, the TRISTAN detector system is currently being developed.

The goal is to reach a ppm-level sensitivity on the mixing angle [1].

Detector Requirements and Data Analysis

For the neutrino mass measurements, the KATRIN experiment uses the integral

measurement mode. In this mode, only the electrons which passed the spectrometer

are counted. For the keV-scale sterile neutrino measurements, also the di�erential

measurement mode will be used. In this mode, the energy of the passing electron is

measured. The advantage of combining the integral and di�erential measurement

modes for a keV-sterile neutrino search is that a detailed analysis of the entire spec-

trum becomes possible. To this end, the retarding potential of the main spectrometer

needs to be adjusted to very low values. This results in a notably high electron rate

of up to 108 cps, which can be distributed over many pixels [1]. This distribution
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also helps to reduce pile-up. The TRISTAN detector consists of many hexagonal

pixels arranged next to each other to minimize the insensitive area. Each pixel

has a circumscribed diameter of about 3:3mm. Since the collaboration aims to

probe mixing angles with a sensitivity at the ppm-level, a good energy resolution

of � EFWHM = 300 eV at 20keV is required to resolve the spectral distortion and

kink-like signature. Therefore, low electronic noise levels, as well as e�cient charge

collection properties, are indispensable. Applying a post-acceleration voltage of up

to 20keV decreases the detector threshold and reduces entrance window e�ects [41].

An additional challenge is the data processing. Since no commercially available

system is compatible with the KATRIN beamline's high vacuum, high voltage, and

high magnetic �elds, a new data processing system needs to be developed. High-

performance readout electronics are required to identify pile-up events and generate

real-time spectra to reduce the amount of data. This system should boast a high

Analog-to-Digital Converter (ADC) sampling rate and possess a resolution falling

within the range of 14 to 16 bits [42]. Consequently, a new Data Acquisition (DAQ)

system is under development. More details on the DAQ system and its requirements

can be found in [41, 43, 44].

Development of the TRISTAN Detector

The development of the TRISTAN detector system was performed in several stages.

Initially, an extensive characterization of 7-pixel prototype detectors was performed [1].

In later development stages, the performance of detectors with 12, 47, and 166 pixels

was investigated. Di�erent experimental setups were used to characterize di�erent

physical properties such as the energy resolution, electronic noise, backscattering,

and radiation damage. The �nal detector system will consist of several so-called

detector modules placed next to each other. Each detector module consists of a

multi-pixel detector with 166 pixels attached to a holding structure and connected

to the readout electronics. A technical drawing of a detector module is shown in �g. 3.5

After testing the modules in the laboratory, they were implemented into the KATRIN

Monitor Spectrometer (MOS) [45]. The advantage of the experimental setup is that it

closely resembles the properties of the KATRIN beamline, providing a representative

setting for evaluating the detector module's performance and capabilities. The

keV-scale sterile neutrino search is scheduled to begin 2016, nine detector modules

will be integrated into the KATRIN beamline, see �g. 3.6a. A potential upgrade

involves expanding the detector system with three additional modules on each side,

such that a total number of 21 modules with about 3500 pixels are deployed. At the

current status, a detector system with nine modules only needs minimal changes to

implement in the KATRIN beamline. Detailed information can be found in [45].

17




	Introduction
	Neutrino Physics
	Neutrino Discovery
	Neutrino Mixing and Oscillations
	Neutrino Mass
	Sterile Neutrinos

	The KATRIN Experiment
	Experimental Setup
	Sterile Neutrino Search with the KATRIN Experiment

	The TRISTAN Detector System
	Introduction to Semiconductor Materials
	Semiconductor Detectors
	Silicon Drift Detectors
	Readout Electronics

	Detector Calibration with an LED
	Experimental Setup
	Measurement Overview
	LED Selection
	Observed Energy Spectrum
	Energy Calibration with 55Fe
	Count Rate Analysis
	Energy Resolution
	Comparison to Poissonian Nature
	Noise Analysis
	Rise Time Analysis
	Energy Stability
	Conclusions

	Detector Operating Parameter Optimization
	Experimental Setup
	Optimization of the Beam Spot Width
	Measurement Overview
	Detector Characteristics
	Analysis Procedure
	Results of the IGR Scans

	Conclusions
	Appendix
	List of Figures
	List of Tables
	Acronyms
	References

