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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
18.6keV and mixing angles of sin? © < 1075, 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 ve, v, and v,. They were
named after their charged leptonic partners to which they couple in charged current weak
interactions: The electron e, muon p and tauon 7. 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 3-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
@. 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 Ee maq: ~ @ 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+1,4) + e + 7. (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 e and a neutron n were produced via inverse B-decay:
Uet+p—et +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

vy+N—=p +X (2.3)

but almost no
Ve+ N —e” +X (2.4)

interactions were found, demonstrating that electron and muon neutrinos are different

particles.
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Figure 2.1: Standard Model of Particle Physics. The six quarks (purple) and
leptons (green), separated in charged and uncharged leptons with three flavours 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 .
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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 to N, = 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 flavours 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 fig. In it, the neutrino takes its place as electrically neutral fermion
coming in three flavours 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 field 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 flux was smaller than predicted by John N. Bah-
call with the Standard Solar Model [9]. The result was confirmed 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

Votd—>p+p+e (2.5)
but also all other flavours by neutral current interactions
Vo+td—=p+n+uv,, a=epu,T. (2.6)

By comparing the neutrino fluxes of the different flavours, SNO demonstrated that the
solar neutrino flux only consists of one third of electron neutrinos at the studied energies.
The total flux observed by SNO was in accordance with the theoretical predictions [13].
Thus, the experiment confirmed 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 flavour eigenstates (ve, v, vr)
are a superposition of three mass eigenstates (v1,v2,v3). The mixing can be described
by the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix Upyng as indicated in
the following equation:

Ve Uer Ue U 2
Uy = Uu Uwp Us Vo (2.7)
Ur Urn U Ugs V3

flavour eigenstates PMNS matrix mass eigenstates
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It can be parameterised in terms of three mixing angles (012, ©13 and ©3) and one physi-
cal phase (Dirac phase 0) if neutrinos are Dirac particles, which can cause CP violation. If
neutrinos are Majorana particles, there are two additional phases (a1, o). The resulting
PMNS matrix is then:

1 0 0 Cc13 0 Slge_ié c12 Si12 0 et 0 0
U= 0 co3 sSo3 0 1 0 —S19 ¢c12 0 0 e Q (2.8)
0 —s903 cCo3 —813671.6 0 C13 0 0 1 0 0 1

with sj; = sin ©;; and ¢j; = cos 6.

Hence, neutrinos are produced and interact as flavour eigenstates but propagate as mass
eigenstates. The probability to oscillate from a produced flavour eigenstate a to the
measured eigenstate [ (simplified two-flavour case) can be calculated by the following
equation [14]:

=z (2.9)

Am? L
P,_,5 = sin?(20) - sin2< >
Here L is the travelled distance, F the energy of the neutrino, © the mixing angle between
the mass eigenstates and Am? the difference of the squared masses of the mass eigenstates.
This equation can easily be adapted to all three neutrino flavours.

As can be deduced from equation for neutrino oscillations to exist, Am? 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 confirmed
neutrino oscillations [15H18]. 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 differences are
[19]

Am?, = (5.43 4 0.18) - 10™°eV? (2.10)

and
Am3, = (2.41 4 0.05) - 10~ 3e V2. (2.11)

The absolute mass of neutrinos must be several orders of magnitude smaller than the one
of fermions as illustrated in fig. 2.2l 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 (3-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.cm 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 (m; < mg < mg) is assumed. Clearly visible is the
gap between the neutrinos and the other particles of more than five 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]

my, =Y m; <0.12—0.54eV,95% C.L. (2.12)

7

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

Neutrinoless Double (3-Decay

In nuclei where single B-decay is energetically forbidden, such as in *8Ca, Ge and 136Xe,
one can search for hypothetical neutrinoless double B-decay (OvS3/). In contrast to or-
dinary two-neutrino double B-decay (2v303), in Ov3/3 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 Ov35 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 2v35 spectrum. The summed energy
of the electrons equals the @)-value of the decay. The decay has not yet been observed
and thus experiments can only set lower limits on the half-life Tlo/”2 of the decay. Since
the half-life is correlated to the coherent superposition of the neutrino masses, one can set
upper limits on the effective Majorana mass mgg with

2
(2.13)

2 _
Mpp =

2
E Ueimi
7

The current best upper limits are provided by the KamLAND-Zen experiment with a decay
half-life of Tlo/”2 >2.3.10%0y corresponding to an upper limit on the effective Majorana



2 Neutrino Physics 8

mass of mgg < 36-156meV [22]. Nonetheless, this approach can only provide a limit
range since mgg depends on the underlying calculation of the nuclear matrix element
which has large theoretical uncertainties [23]|. In addition, due to the complex phases Ui,
mgg can also cancel out in case of normal ordering which is extremely unlikely but would
make an experimental observation impossible.

f-Decay Kinematics

The most model-independent method to probe the effective anti-neutrino mass mg is the
investigation of the continuous (-decay energy spectrum. For a non-zero effective 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 energy Ey minus mg.
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 effects are shown for the
example of tritium B-decay in fig.

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

mg = | |Ue|>m?. (2.14)

In contrast to Ov3g3, this effective mass does not contain any CP-violating phases.

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

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

%107

Tritium
E,=186keV J

dI/dE (a.

o T T e T e e 1 -5 4 -3 2 - 0
E (keV) E-E,(eV)

Figure 2.3: Neutrino Mass Signature in the Tritium (3-Decay Spectrum. The

tritium (-decay spectrum is shown on the left. In the zoom to the endpoint region on the

right, the imprint of the effective 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 effect is shown for different effective masses. Plot taken from [27].



9 2.3. Sterile Neutrinos

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 vs. Hence, the only possibility
to search for sterile neutrinos is via their mixing with the active flavours through their
mass eigenstate vy:

Ve Ui Ue2 Uez Ues 131

vy _ U,Ul UM2 ng UM4 V9 (2 15)
vr U‘rl UT2 UT3 UT4 V3 ‘

Vg Ua Us Us Uxu vy

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 scientific motivation.

GeV-Mass Scale

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

mp2

mp~mgr and mg = (2.16)

mRr
with m; and mso 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 to mg.

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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W

Figure 2.4: Sterile Neutrino Two-Body Decay. The sterile neutrino N decays via
a loop into an active neutrino v, 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 fig. 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 7keV sterile neutrino [31]. Other X-ray
telescopes confirmed 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 18.6keV and mixing amplitudes of
sin?® < 1076 with the KATRIN experimental setup [35]. The TRISTAN detector will
be explained in more detail in chapter [

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 deficit of the expected neutrino flux in the radioactive source
calibration [37]. Moreover, a significant 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 (3-decay spectrum.



The KATRIN Experiment

The Karlsruhe Tritium Neutrino experiment was designed to measure the effective electron
anti-neutrino mass mg in a mostly model-independent way by investigating the tritium
[3-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 limit on mg 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 0.2eV
at 90 % C.L. after 3 years of effective measurement time [42]. If the neutrino mass is larger
than 350meV, a 5o discovery is possible . The operation of the experiment started in
2016 with calibration sources. First measurements with tritium were taken in 2018 .
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 first upper limit in the sub-eV range of 0.8eV at 90 % C.L. was found .

In the following, the experimental setup of the 70 m long KATRIN beamline, as depicted
in fig. 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) filter. If not stated otherwise, all given information are taken from the
KATRIN design report .

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 reflected 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 75 as a [3-decay electron source
Ty — (HeT)" + e + U, (3.1)

which has several advantages. Its short half-life of 12.6 years and its very low ()-value of
18.6 keV provide the needed statistics at the endpoint region of the spectrum. In addition,
its simple electronic shell and molecular configuration 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 diffusion 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 101! Bq (£0.1 %) is achieved.
Superconducting magnets then guide the (3-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 Differential 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
flux 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 field lines (black lines) defined by two
superconducting solenoids. Through the decreasing magnetic field 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 filtered by
the applied retarding potential (blue arrows). Scheme adapted from .

Spectrometer Section

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

The electrons coming from the transport section enter the MAC-E filter where they fol-
low the inhomogeneous magnetic field generated by two superconducting solenoids at the
entrance and at the exit. To filter the electrons by energy, a negative electrical potential,
called retarding potential U, is applied. It acts like a high-pass filter, 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
energy F/| of the electron defines the energy resolution of the filter. The electron’s orbital

magnetic moment

By
~ — 2
pR (3.2)

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 field By ax
at the entrance of the MAC-E filter to the minimal field Bap, in the analysis plane. There-
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fore, the transversal energy is smallest in the plane with the maximal retarding potential
where the electrons are filtered. As a result, the energy resolution AFE is defined by:

AE  Bam
E  Bua

. (3.3)

With Brax = 6T 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 reflected by the magnetic mirror effect due to their large angles.
To this end, Byax is deployed right after the source leading to a maximal acceptance angle

of
Bs

~ 51° (3.4)

Omax = arcsin
max

for Bg = 3.6 T and Bpax = 6 T. Here, Bg denotes the magnetic field within the source. At
last, the earth’s magnetic field is compensated by a complex system of air coils surrounding
the spectrometer.

The main purpose of the PS is to be a first 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 off from the end of the fourth measurement phase
as both spectrometers build a Penning trap between them [46].

In the MS, the filtered electrons are re-accelerated after the analysis plane and then focused
onto the detector with an increased magnetic field Bgei. As a result, by varying the
retarding potential, one can record an integral spectrum by counting the electrons passing
the filter 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 filter. 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 effects can be investigated. Each pixel has the
same area of 44mm? to equally distribute the count rate. The maximum count rate that
the detector system can handle is in the order of tens of keps. 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 usually Upag = 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 difference 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 fig. The shape and
weighting depends on the mixing angle ©g and the effective electron anti-neutrino mass
mg as well as the mass of the fourth mass eigenstate my:

ar 5 dl'(mg) .o dI'(my)
iE = cos @sdT + sin @SdT

~
Active neutrino part  Sterile neutrino part

(4.1)

With the first 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?@ < 5-107* (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
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Figure 4.1: Sterile Neutrino Signature in the Tritium (3-Decay Spectrum. Here,
a mass of my = 10keV and a mixing angle of sin®? ©g = 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? ©g < 1076 [35].

The detector requirements as well as the detector design will be presented in section
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 In section 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 differential
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 fulfill 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 sin? ©g 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 10® 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 efficiency and thin entrance window have to be
achieved in the detector.

SDDs, whose working principle is explained in section 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 3 mm in diameter has been chosen to minimise the effects of
charge sharing and pixel change after backscattering and backreflection [54]. The pixels
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are 450 pm-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 .

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 first measurement results can be found in and . Phase 1 is
planned for the end of 2024 with the integration of nine TRISTAN modules (see fig.
in the KATRIN beamline. It requires the decommissioning of the existing FPD and the
installation of the new TRISTAN detector and DAQ system. The final TRISTAN detec-
tor will consist of 21 modules (see fig. . The final TRISTAN design will be realised in
phase 2 with a renewed and optimised electromagnetic design.

Copper support and
Front—en.d cooling structure
electronic boards /
\

/

Detector chip with
166 SDD pixels

CesSiC block

(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 effective
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 fig.

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 field stops the electron exchange.
Inside the depletion zone no free charged particles are present any more. By applying a
high enough voltage Upias 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 p*-doped silicon. On the
opposite side of the detector, i.e. on the readout side, a small n™-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 Fp,ir necessary for the creation of electron-hole pairs is Fpai &~ 3.65eV . The
number of produced charge carriers is proportional to the energy of the incoming particle.

Due to the electric field, 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 field created by pT-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].
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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
pT-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 .
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For the TRISTAN detector, a Field Effect Transistor (FET) has been integrated into the
anode of each SDD pixel. It works as pre-amplifier sensitive to the charge collected at the
anode and converting it to a voltage output. The smaller the capacitance of the detector,
the higher the voltage change for a fixed amount of charge collected. The capacitance is
minimised through this anode-FET combination due to avoiding conventional wire bonding
solutions, hence ensuring maximal energy resolution [62].

The SDDs for the TRISTAN detector are designed and fabricated by the semiconductor
laboratory of the Max-Planck-Society (MPG-HLL).

4.3 Detector Response to Electrons

In contrast to photons, which interact point-like, electrons lose their energy continuously
while travelling through matter. Therefore, incomplete charge collection is much more
likely for electrons compared to photons. Since the entire tritium spectrum has to be
understood to a ppm level for a sterile neutrino search, a precise understanding of the
detector response is imperative. The detector response of the TRISTAN SDD to mono-
energetic electrons is shown in fig. [£4 In the following, the spectral features will be
discussed in more detail.
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Figure 4.4: Response of the TRISTAN Detector to Electrons. The main peak of
a 10keV mono-energetic electron beam is slightly shifted to lower energies due to incom-
plete charge collection near the entrance window. The same effect leads to a transition
layer shoulder at the low-energetic side of the peak. Photons emitted subsequent to elec-
tron ionisation may leave the detector leading to a silicon escape peak. Electrons being
scattered-back towards the entrance window and leaving the detector lead to a backscat-
tering tail. The detection threshold represents the border at which the detector is no
longer able to distinguish between noise and a physics event. Pileup further alters the
spectrum inter alia leading to counts above the actual electron energy.
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Main Peak

The variance of the determined energy of an incoming particle, and thus the energy reso-
lution of the detection system, depends on statistical fluctuations in the charge production
process, on the electronic noise of the signal readout chain and the charge collection effi-
ciency in the detector.

Statistical fluctuations in the number of charge carriers created by the incoming particle
are unavoidable and energy-dependent. They set a limit on the energy resolution for
semiconductor detectors. This limit is defined by the material-dependent Fano factor F',
the average energy Epair necessary to create an electron-hole pair and the energy E of the

OFano — / . Epair -E. (42)
F is slightly temperature- and energy-dependent. For the used SDDs within this work F
is set to 0.117 [59] and Epair to 3.65eV [59)].

incoming particle:

The electronic noise is dependent on the capacitance and temperature of the detector as
well as on the amplification and energy reconstruction of the read-out chain. Its contri-
bution to the energy resolution can be described by an energy-independent constant c,
hence:

OFano+Noise — \/F : Epair -E+ Cgl. (43)

As a result, for complete charge collection, the irradiation of the detector with mono-
energetic ionising particles leads to a Gaussian peak at the initial energy E and with a
width o. For an ideal Gaussian peak, the energy resolution is expressed as the Full Width
at Half Maximum (FWHM) of the distribution:

FWHM = 2/2log2 - 0. (4.4)

For photons, this definition is applicable. For electrons, the FWHM has to be extracted
numerically. For them, incomplete charge collection due to the entrance window of the
detector is much more pronounced. It leads to a distortion of the distribution towards
lower energies and degrades the energy resolution. This effect will be explained further in
the following paragraph.

Transition Layer Shoulder

Incomplete charge collection is one of the most critical effects. Here, the detected events
appear at lower energies compared to the actual energy of the incoming particle, resulting
in a peak shift for mono-energetic sources and a reduced energy resolution. The entrance
window forms a region of incomplete charge collection due to two contributions:

1. A well-defined silicon dioxide (SiO2) layer is added on the SDDs such that it cannot
grow naturally. Hence, the detector is protected from further oxidation and can be
manufactured with a controlled homogeneous layer with a thickness of 8-10nm [57].
In this layer, any energy deposition is not detected.

2. The doping profile reaches several tens of nanometers into the detector bulk [49].
In this area close to the detector surface, not all electric field lines end up at the
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detector anode. The created electrons may not drift to the anode but recombine
with the holes instead. Hence, none or only a small fraction of the deposited energy
is registered at the anode.

Due to their continuous energy deposition in materials, electrons are more affected by
transition layer effects than point-like interacting photons. The mean free path of low-
energetic electrons is smaller than the one of high-energetic electrons. Consequently, low-
energetic electrons interact more often close to the surface. As a result, the transition
layer effects are more pronounced at low energies.

The Charge Collection Efficiency (CCE) is difficult to predict and has to be determined
via measurements. In the scope of this work, the following model is assumed:

0 z < DL

4.5
1+(p1—1)-exp(—%) 2> DL (45)

CCE(z; DL,p1,\) = {
The CCE depends on the distance z of energy deposition relative to the detector surface.
The detector is assumed to be completely insensitive in a dead layer of thickness DL.
Hence, no charge deposited in this layer is collected by the anode. The higher the penetra-
tion depth, the higher is the charge collection efficiency. It is described by an exponential
defined by the effective transition layer thickness A\ and the detector efficiency after the
dead layer p;. This model has already been proven to be very successful in transition layer
investigations of the TRISTAN SDDs [63].

In addition to worsening the energy resolution, the transition layer also introduces a
detection threshold. This further reduces the information on backscattered electrons and
charge sharing events in the detector. A closer investigation of the entrance window with
electrons and the impact of the transition layer on the sterile neutrino sensitivity can be
found in [64].

Silicon Escape Peak

The incident radiation can ionise a shell electron of an atom in the detector material.
The created hole will be filled by an inner shell electron from an outer shell, emitting a
photon with an energy corresponding to the difference between the energy levels of the
shells. The most prominent X-ray emission in silicon arises from the K, transition [65].
Here, a photon of 1.74keV [65] is emitted, which can either be reabsorbed by the detector
or leave it leading to an energy peak at 1.74keV below the initial radiation energy. The
escape peak amplitude depends on various parameters like the type and energy of the
incident radiation, the ionisation probability and the detector geometry. In a measurement
with tritium, which features a continuous electron energy spectrum, the superposition of
the silicon escape peaks leads to a second tritium spectrum with smaller amplitude and
endpoint energy.

Charge Sharing

Electrons which enter the detector at or close to the border of two or more adjacent pixels
lead to charge sharing. In an area of several tens of pm around the pixel border, the created
charge is split and drifts to the respective pixel anode. The sum of the detected event
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energies sums up to the initial electron energy. The effect is energy-dependent as high-
energetic particles create larger charge clouds. In the TRISTAN detector design, charge
sharing between up to three neighbouring pixels is possible. Within this work, charge
sharing at the intersection of three pixels is neglected. Overall, charge sharing leads to a
low-energy tail of the Gaussian peak and hence decreases the energy resolution. [66]

Backscattering Tail

Backscattered electrons are another form of incomplete charge collection and have a sub-
stantial impact on the detected spectrum. Due to scattering processes, the electron under-
goes a random change in its movement direction. As a result, the electron can be scattered
back towards the entrance window and eventually leave the detector again. Some elec-
trons do not even enter the sensitive volume but are reflected directly at the detector
surface or scattered back in the insensitive SiO9 layer. Electrons that are reflected at the
detector surface and that keep almost their entire energy are often referred to as elastic
backscattering electrons, leaving no signal inside the detector. An inelastic backscatter-
ing continuum is produced by electrons entering the sensitive detection region, eventually
producing secondary electrons and leaving the detector again. Moreover, the produced
secondary electrons can leave the detector through scattering processes as well. In either
case, the energy of the backscattered electrons is lost leading to a considerable backscat-
tering tail over the entire electron spectrum.

Backscattering is often quantified by the backscattering coefficient 77, which is defined as
the ratio between the incoming and outgoing number of electrons:

(4.6)

n highly depends on the initial energy Fr and incident angle O (see fig. of the electrons.
In general, n slightly decreases for higher initial energies due to a higher penetration depth.
In contrast, i highly increases for higher incident angles. Here, the electrons interact more
closely to the detector surface leading to a higher probability of the electron to escape from
the detector material.

Figure 4.5: Definition of the Incident Angle ®1. ©O7 is the angle between the
incoming electron beam (green arrow) and the z’-axis (grey arrow). The 2’-axis is defined
as the axis running perpendicular to the SDD (red) surface through its center.
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4.4 Backscattering and Backreflection in the KATRIN Ex-
periment

Backscattering

In the KATRIN experiment, the electrons hit the detector with different incident an-
gles and with a continuous energy spectrum. Very high incident angles, and thus very
high backscattering coefficients, are mitigated by setting a maximal acceptance angle for
electrons leaving the WGTS using the source and pinch magnets. Nonetheless, the inci-
dent angle still varies in the range 0—51° for the magnetic field configuration described
in chapter Furthermore, the backscattering tail is completely superimposed on the
tritium (-decay energy spectrum. First investigations showed that the application of a
post-acceleration potential after the MAC-E filter is very successful at shifting the imprint
of backscattering electrons out of the region of interest [67]. An additional advantage is
that at higher energies the total backscattering probability is lower.

Backreflection

In the KATRIN beamline, there will also be the effect of detector backreflection. De-
pending on the energy Fpg and the angle Opg of the backscattered electrons, they can
be reflected either by the magnetic fields of the detector magnet and the pinch magnet
or by the electric fields of the post-acceleration potential and the retarding potential, see
fig. The latter only becomes important if it is set to a voltage higher than the post-
acceleration. In the case of the search for sterile neutrinos with the TRISTAN detector in
the differential mode, it does not play a major role as it will be either switched off or set to
a very low voltage. As a result, only electrons with Egg larger than the post-acceleration
potential can escape from the detector section. Whether the backscattered electrons are
reflected by the magnetic fields, depends on their ©gg. As a rule of thumb, only electrons
with small ©pg and high Epg can escape from the detector section [67].

The energy and angle of the backscattered electron also define if the backreflected electron
is counted as an additional event or if it hits the same pixel again within a short time period
leading to a single recorded event [67]. In the first case, the backreflected electron can also
hit another pixel of the detector. In the second case, the detected electron energy will be
the sum of both charge depositions. In either case, if the electron is not transmitted back
to the WGTS, the energies of the backscattered electrons are not lost, but the spectral
shape is highly altered by this combination of backscattering and backreflection.
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Figure 4.6: Backscattering and Backreflection in the KATRIN Beamline. [3-
decay electrons from the WGTS (situated on the left side of the plot) are depicted in red
while backscattered electrons from the detector are colored in blue. The electrons can be
either reflected by the magnetic fields of the detector, the pinch magnet, the electric post-
acceleration or the retarding potential. For small angles and high energies, backscattered
electrons also have the chance to escape the fields and travel back to the WGTS. Figure
taken from [54].

So far, backscattering and backreflection have not yet been included in the sensitivity
studies of the TRISTAN detector. To be able to fully model the tritium spectrum, the
exact energy and angle dependencies of backscattered electrons have to be known. So far,
only few experimental data on backscattering are available [68-70]. Hence, in the scope of
this work an experimental setup with two types of TRISTAN detectors was developed. It
is called the Backscattering Electrons Relations Testing Apparatus (BERTA) and its goal
is to probe the relations of all four backscattering parameters: The incident angle ©; (in
literature often referred to as «), the initial electron energy Fi, the backscattering angle
Ops and the backscattered energy Epg. The experimental setup and the measurement
results are presented in chapter Since any experimental apparatus can only cover a
limited parameter space, the second main goal of this thesis was the development of a
dedicated Monte Carlo simulation using the GEANT4 toolkit, see chapter [6l To validate
the applicability of the simulation, its results are compared to the experimental results in
chapter [7]
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Preceding this work, simulations of electron backscattering in silicon detectors for the
original KATRIN and the new TRISTAN detector were performed with KASSIOPEIA [54,
71]. KASSIOPEIA is a modular particle tracking framework which was developed to track
multi-keV energy electrons for KATRIN. In addition, first steps were taken to perform
sterile neutrino sensitivity studies of the TRISTAN detector with the GEANT4 simulation
toolkit. In the scope of this work, an experimental setup was developed to specifically
probe backscattering of electrons in and also with TRISTAN SDDs. The experimental
results pose the opportunity to verify already existing as well as future simulations of
electron backscattering for the modelling of the TRISTAN detector response.

The BERTA experiment was designed to probe the energy Epg and angle Opg of electrons
being backscattered of a SDD depending on their initial energy Fr and incident angle Or.
Section [5.1] addresses the experimental setup, explaining all components, the electronic
readout-chain and DAQ system. An overview of all measurement settings are given in
section The analysis steps, considering energy calibration, charge sharing, pileup,
reconstruction of the number of incoming electrons and coincidence, are explained in
section At last, the results of the backscattering measurements are presented in

section (.41

5.1 Experimental Setup

In this section the experimental setup is explained. All setup components and their ar-
rangement are described in subsection while the electronic readout-chain and the
DAQ system is outlined in subsection

5.1.1 Setup Components and Geometry

For the measurement of electron backscattering, two detectors are used: A 7-pixel proto-
type detector (Prod. nr. S0-7-6) in a flat design as an active target (fig. and a 166-pixel
3D module (Prod. nr. S0-166-2) as a backscattering detector (fig. [5.4). A custom-made
electron gun (fig. is directed at the 7-pixel detector (shoot-on detector SOD). The
166-pixel module (backscattering detector BSD) is pointed at the SOD to observe backscat-
tered electrons. Both detectors are fixated on copper holding structures and placed on the
cooling plate of a cylindrical vacuum chamber. The geometry of the setup can be seen in

fig.



5 The BERTA Experiment 26

Figure 5.1: In-Vacuum Setup. The left picture is showing the top view, while the
right picture shows the front view of the setup inside the vacuum chamber. The electron
gun is situated inside a copper box and directed towards the SOD. The BSD is pointed
at the SOD. Steering coils are placed in front of the electron gun. A thin shield with a
small hole has been inserted between the steering coils and the SOD. The whole setup is
mounted onto a cooling plate.

A good vacuum is needed since electrons have a very small free streaming length in air. In
the setup, electrons have to travel several centimeters and stay undisturbed to reconstruct
the correct electron path. A gas pressure in the order of 107 to 10~" mbar is reachable
through a turbo-molecular vacuum pump directly connected to the chamber.

The electron gun consists of a heated 0.025 mm thin tantalum wire. By applying a voltage,
the electrons thermal energy eventually exceed the work function of the material, which
is the minimal energy needed to remove an electron from a solid. The work function of
tantalum is 4.25eV . The electron rate can be set in a range of 1-10keps by adjusting
the wire temperature. For this, the voltage applied to the wire is controllable. A rate
stability of around 10—30 % over several hours was achieved.

The tantalum filament is fixated between two gold wires and placed inside a pot-like
structure integrated in a stainless steel plate. The glowing wire is arranged out of direct
line of sight with the detector. It avoids photons, which are inevitable emitted, to exit the
electron gun in the direction of the detector. An electric field is applied to the stainless
steel plate to accelerate the electrons towards the SOD. Electric fields of 0-20kV can
be reached via a high voltage supply outside the vacuum chamber. The electron gun is
fixated in a box-like copper shielding to define the electric field lines and to mount it
on the cooling plate. Ceramic insulators electrically insulate the electron gun from the
surrounding copper structure. The electron gun design can be seen in fig.
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Figure 5.2: Electron Gun Design. Upper left: The stainless steel lid is shown with
the thin tantalum filament fixated between two gold wires. Upper right: The backside
view of the electron gun is depicted. The stainless steel plate inside the copper box is
visible. The backside and the bottom of the copper shielding is open. Lower center: The
lateral cross-section of the electron gun and its surrounding copper box is illustrated. The
tantalum filament is placed off-center in the pot integrated in the stainless steel plate.

The electrons (green arrows) emitted from the tantalum filament exit the pot through a
small hole towards the SOD.

The resulting mono-energetic electron beam is directed on the central pixel of the SOD.
Fig. 5.3 shows the PCB board which holds the 7-pixel SDD chip and the readout electron-
ics. To probe different incident angles between the electron beam and the SOD, the copper
holding structure is rotatable around an axis parallel to the center of the chip surface. Any
angle between 0° and 60° can be chosen freely. Hence, every possible incident angle inside
the KATRIN beamline can be probed.
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Figure 5.3: PCB Board with the Seven-Pixel Prototype Detector. Left: The
entrance window side of the detector board is shown. The seven hexagonal pixels can be
seen in the upper center. Right: The top side of the detector board is pictured, where
the pixels with their readout lines and the ETTORE pre-amplifier directly beneath are
visible.

The backscattered electrons are detected by the 166-pixel detector module, see fig.
The BSD is directed to the SOD, while aligning the centers of both detector chips. For
this purpose, the module is mounted on a copper stand to fix the detector chip height
above ground as well as on an aluminium plate for stability and fixation on the cooling
plate. To probe different take-off angles in respect to the SOD, the module is rotatable
around the same axis as the SOD. There is no direct line of sight between the electron
gun and the BSD. The closest distance between the BSD and SOD chip amounts to about
2.4cm. As a result, for a BSD chip size of 3.9 cm, maximal angular coverage within one

measurement is guaranteed.
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Figure 5.4: 166-Pixel Detector Module. The SDD chip is glued on top of a CESIC
block which is further mounted onto a hollow copper block. On both sides of the copper
block there is a ASIC board with ETTORE pre-amplifiers. Rigid flex cables connect the
detector chip with the detector board via a Z-connector. Flex cables also connect the ASIC
boards with the power supply and the DAQ system. The copper block can be mounted
on further holding structures and cooling systems. Figure adapted from .

The electron beam has a small angular distribution leading to a beam diameter at the
SOD placement of about 1—-2cm. As a result, a stainless steel shield with a small hole of
3mm in diameter has been inserted between the electron gun and the SOD for two reasons.
First, it is supposed to protect the BSD chip. There is a small area at the module where
the backside of the chip is exposed. Since, the module can be placed very close to the
electron beam, the shield prevents this small area from irradiation. The second task of the
shield is to avoid too much electrons hitting the PCB board of the SOD. Since the PCB
material is an insulator, electrons would charge it up. Especially close to the detector
chip, this should be avoided since it leads to electric fields and spontaneous discharge.

To ensure a correct alignment of the electron beam and the central pixel of the SOD,
steering coils were placed in front of the electron gun. Two pairs of coils are arranged in
horizontal and vertical direction respectively. Via a constant current through the coils, a
constant magnetic field is generated to deflect the electrons. Moreover, the earth magnetic
field, which unavoidably deflects the electrons as well, can be compensated. Nonetheless,
within the measurements the steering coils were not needed due to very good alignment
of the electron gun and the SOD.

Electrical noise reduction can be achieved by cooling. Therefore, the whole setup is placed
on top of a cooling plate. Since copper is a good thermal conductor, the heat from the
detector chips and electronics is transported via the holding structures to the cooling plate.
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5.1.2 Readout-Chain

Fig. [5.5] shows the readout-chain exemplary for one SDD pixel. In the following, each step
of the readout-chain will be explained in detail.

Reset
Pulser
Inhibit
Reset SZ FET 1% Stage 2" Stage
e [
L — PR N—
{>—>—[> ™ ADC FPGA -
PC
Detector ZS Cen | LAN -
ETTORE Bufferboard CAEN
SbD DAQ
Biasboard

Figure 5.5: Readout-Chain for One Pixel. The energy deposition from the incoming
particle is collected on the feedback capacitance Crp in the SDD. The ETTORE ASIC
processes the output signal, whereby two pre-amplification stages are provided. The buffer
board further amplifies the signal before it is digitised via an ADC in the CAEN DAQ.
FPGAs evaluate the energy of the particle. The result is transferred to a PC. A pulser
periodically discharges the feedback capacitor with a reset signal, which is passed on to
the SDD via the bias board. A second signal inhibits the ASIC during the reset. The bias
board provides furthermore all voltages for the SDD.

The free charge carriers created in the SDD are collected on a capacitance Crp in the
feedback loop of the first signal amplifier. The output signal is the integral of the detec-
tor current. Therefore, each event leads to a step in the output signal, which height is
proportional to the energy of the underlying particle. These steps have a non-zero rise
time due to the detectors charge collection time and intrinsic capacitance of the SDD. The
rise time is defined as the time it takes for the signal to rise from 10 to 90 % of the step
amplitude |73].

The signal of the SDD is read out by ETTORE ASICs (Application-Specific Integrated
Circuits) [74] designed by XGLab in collaboration with Politecnico di Milano. ETTORE
has two amplification stages, a DC-coupled stage (first stage) operated in periodic reset
mode and an AC-coupled stage (second stage) with a time constant of 15pus [49]. One
ETTORE ASIC can read out 12 pixels. Therefore, the 166-pixel detector module has two
ASIC boards which each host 7 ETTORE ASICs. The 7-pixel detector PCB only provides
one ETTORE ASIC.

The first stage output consist of a voltage ramp. Its slope depends on the leakage current
which continuously charges the feedback capacitor. For every incident particle, a steep
step is superimposed on the ramp. The second amplification stage is a high-pass filter of
first order using a RC circuit to keep fast signals as events while filtering out slow signals
as the ramp. As a result, a step caused by an event is followed by an exponential decrease
with a characteristic time constant of 15ps [49]. An additional gain between 5 and 10
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Figure 5.6: Waveform Samples for First and Second Stage Amplification. Left:
First stage waveform as a function of time with active resets. The slope of the ramp corre-
sponds to the leakage current. The events are steep steps. Right: Second stage waveform
as a function of time without active resets. Event steps are followed by exponential tails
with a characteristic time constant. Plot taken from [73].

can be chosen. To prevent the saturation of the first stage output, the capacitor has to
be discharged by an active reset through an additional circuit. The reset can be either
set periodically by external electronics or triggered if the signal crosses a preset voltage
threshold. An exemplary first and second stage waveform can be seen in fig. [5.6

After the ETTORE ASICs, the signal is passed on to the buffer boards outside the vacuum
chamber via a flange. The buffer boards increase the voltage signal by a factor of two,

hence providing a third amplification. Two separate buffer board systems exist, one for
the SOD and one for the BSD.

The signals from both buffer board systems are forwarded to the CAEN DAQ system,
which consists of 3 cards with 64 channels each. Here, the analog signal is converted to
a digital one by means of a 16-bit Analogue-to-Digital Converter (ADC) with a sampling
rate of 125 MHz [75]. In the subsequent Field Programmable Gate Arrays (FPGAs), the
energies of the observed particles are evaluated by a trapezoidal filter, which is illustrated
in fig.

With the trapezoidal filter, the step signal is turned into an isosceles trapezoid with defined
width and the same height as the step signal. It averages the sampled signal over a given
range within the shaping time tg,,p. and subtracts two of such regions separated by the
gap time tg,p,. This operation is then repeated for each sample point. The gap time has
to be at least as long as the signal rise time. Through averaging, noise is smoothened
leading to an improved energy resolution. On the one hand, the higher tg,ape, the better
is the energy resolution. On the other hand, short shaping times are required for the
minimisation of pileup and the dead time. A fast filter marks possible events above a
preset threshold, while a second filter precisely determines the energy of those events.

Two additional devices are needed to operate the system: The bias board and the pulser.
The bias board provides all detector biases. There are two bias boards, one for each
detector. Therefore, the detector voltages can be set independently for both detectors.
The pulser provides the reset signal for the discharge of the SDD capacitors and an inhibit
signal which inhibits the ASIC during the reset. The reset signal is passed on to the
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Figure 5.7: Trapezoidal Filter Principle. Left: The black dots resemble the signal
waveform. The average of the samples in the orange time window is subtracted by the
average of the samples in the blue one. The time windows are defined by the shaping
time fghape and separated by the gap time Zg,,. Right: The resulting trapezoid-shaped
signal is illustrated. The height of the trapezoid matches the step height from the input
signal. The width is defined by fshape and tgap. Figures adapted from .

detector via the bias boards and is applied to each channel in the setup simultaneously.
The inhibit signal is send to the DAQ system.

5.2 Measurements and Settings

A set of nine measurements was taken for different initial energies and incident angles of the
electron. Ep was varied between 5keV and 10keV in 2.5 keV steps. For each initial energy,
data was taken for an incident angle of 0°, 31° and 59° (see ﬁg. The measurement
parameters for each run can be looked up in table[5.1] For every measurement, the included
angle between the BSD plane and the SOD plane was set to 45°.

Table 5.1: Overview of the Measurement Settings. For each measurement its
name, the date on which it was recorded, the initial electron energy, the incident angle of
the electron beam, the effective run time and the approximate count rate in the central
pixel of the SOD are listed.

Name Date E; ©1 Effective run time Rate in CC
BS1 17.10.2022 10.0keV  0° 5100s 5—6keps
BS2 17.10.2022 5.0keV 0° 7200 4—-5keps
BS3 18.10.2022 7.5keV  0° 3600s 6—7keps
BS4 19.10.2022 10.0keV  31° 3600s 3—4keps
BS5 19.10.2022 5.0keV  31° 4200s 2—-3 keps
BS6 19.10.2022 7.5keV  31° 3600s 3—4keps
BS7 20.10.2022 10.0keV  59° 3900s 2.5-3.5keps
BS8 20.10.2022 5.0keV ~ 59° 4200 1.5—2keps

BS9 20.10.2022 7.5keV  59° 3600s 2—2.5keps
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Figure 5.8: SOD and BSD Positioning for Different Incident Angles. The
experimental setup is sketched in a top-view. The electron beam is drawn in green, the

SDDs are illustrated in red. The dashed lines indicate the planes perpendicular to the

detectors.

(a) 7-Pixel SDD. The pixels are num-
bered from 1 to 7 and additionally enu-
merated by compass directions North,
East, South and West. The Central
pixel is defined as CC. In the setup, the
chip is rotated counterclockwise by 90°,
hence the west side of the detector chip
points towards the cooling plate.

entrance window side

(b) 166-Pixel SDD. The pixels are numerated con-
secutive from 2 to 84 in the northern and from 86 to
168 in the southern hemisphere of the detector chip.
The green pixels are included in the following anal-
ysis. Orange pixels were already switched off during
the data taking and purple ones were excluded during
the data analysis.

Figure 5.9: Pixel Nomenclature of the SOD and BSD. For the SOD the backside
and for the BSD the entrance window side of the detector chip is shown.
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The vacuum chamber has to be reopened for every chosen incident angle to rearrange the
detectors. Before the cooling can be switched on, a reasonable vacuum pressure has to be
reached. Hence, to reduce the waiting time between the measurements, the temperature
was set only to —10°C. This leads to an effective temperature at the detector chips of
around 0°C. The vacuum pressure was in the order of 10~% mbar for all measurements.

In each measurement run, listmode data (energy and timestamp of the event) was recorded
for each pixel. To identify an event, a fast filter threshold of 1001sb was chosen. The energy
was extracted by a trapezoidal filter with tgape = 2 ps and tg,p, = 0.4 1s. The nomenclature
of every pixel as used in the following analysis is depicted in fig. A few of the pixels
of the backscattering detector had connection issues or very high noise signals and were
therefore switched off during the data taking or excluded later from the analysis.

5.3 Data Analysis

To investigate backscattered electrons, several analysis steps have to be taken. First, the
detector system has to be calibrated like explained in subsection [5.3.1, Furthermore, the
influence of charge sharing on the spectral shape is addressed and corrected in subsec-
tion Pileup is considered in subsection [5.3.3| as a major uncertainty in the correct
determination of the number of initial electrons, which in return is addressed in sub-
section In addition, the coincidence analysis, as the main tool for backscattering
identification, is explained in subsection [5.3.5

5.3.1 Iron Calibration

In order to translate the height of the trapezoidal filter of the DAQ in units of Isb (least
significant bit) into energies in units of keV, the detector system has to be calibrated. The-
oretically, a calibration with mono-energetic electrons or photons is possible, but photons
are preferred. Their interaction is point-like and very probable in the sensitive volume of
the SDD. Therefore, the peak position in the energy spectrum is barely effected by the
transition layer. The photon peak is fitted with a Gaussian function to extract its mean
position in Isb. The Isb value is then related to the known photon energy. Two photon
peaks are used for a linear energy calibration [76].

For this purpose, an **Fe source was inserted in the setup before the backscattering mea-
surements, which can be seen in fig. It has a half-life of 2.74y [77] and decays via
electron capture into ®>Mn emitting X-rays [78]. The K, peak at 5.9keV and Kz peak at
6.5keV were fitted for the calibration [78]. Since both peak energies are relatively close
together, an increasing calibration error for higher or lower energies is expected. It was
assumed that the calibration curve parameters stay constant over time, therefore, only
one calibration per pixel for all backscattering measurements was performed.

The calibrated *Fe spectrum can be seen in fig. Additional photon peaks were
observed in the spectra which differ for both detectors. Their origin is still inconclusive

and under investigation. For the SOD, additional peaks were observed approximately at
1.7keV, 2.6keV, 3.7keV and 4.1keV. The first peak is most probable the fluorescence
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Figure 5.10: 5°Fe Source Positioning. An ®°Fe source was fixated onto a copper
holding structure to lift it to the height of the detectors. The structure was placed as close
as possible to the detector chips without the danger of toughing them. Both detectors
were illuminated simultaneously within one calibration measurement.

line of silicon at 1.74keV. These photons could originate from the large silicon detector
chip of the BSD. The other three peaks, which are also visible in the BSD, probably are
fluorescence peaks from materials inside the iron source. Elements fitting by energy would
be chlorine and calcium . The two peaks at around 4.5keV and 4.8keV, visible only
in the BSD iron spectrum, might originate from fluorescence of materials around the SOD

chip.
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Figure 5.11: 5Fe Spectra for One Exemplary Pixel per Detector. Both spectra
are scaled to the height of the 5.9keV peak. Additional fluorescence lines besides the K,
peak and K peak from the iron source are visible. The BSD has a higher noise peak at
energies below the DAQ energy threshold and a worse energy resolution.
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Figure 5.12: Energy Resolution of Both Detectors at 5.9 keV. The mean energy
resolution is 168 eV FWHM for the SOD and 195eV FWHM for the BSD at 5.9keV. The
energy resolution has a higher variation for the BSD than for the SOD. Grey pixels have
been switched off during data taking due to cable or noise issues.

Some pixels in the BSD show additionally nonphysical behaviour close to the energy
threshold or an excessive noise peak at low energies. They are excluded in the next
analysis steps. The affected pixels are indicated in fig.

From the fit, the energy resolution of the detectors can be determined. In fig. the
FWHM of the K, peak for every pixel is shown. The SOD has a mean energy resolution
of 168eV (FWHM) at 5.9keV. With 195eV (FWHM) at 5.9keV, the energy resolution
is worse for the BSD. For the SOD, the energy resolution is very homogeneous, while the
BSD has a higher variation in resolution. In total, the BSD has more electrical noise, which
can also be seen at the higher noise peak at energies below the DAQ energy threshold in

fig. [5.11]

5.3.2 Charge Sharing

As explained in section charge sharing between pixels has an impact on the shape
of the electron energy spectrum. Charge sharing events can be identified to some extend
via their time stamp. They can be defined as events that triggered two or more adjacent
pixels within a selected small time window. Those events are then erased from the data,
which is called a multiplicity or charge sharing cut (CSC). In order to not discard too
many random coincidence events, the size of the time window has to be optimized. In
fig. the amount of identified coincidence events in the SOD as a function of the time
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Figure 5.13: Amount of Coincidence Events in the SOD as a Function of the
Time Window. The larger the time window, the more events are tagged as charge
sharing events. The amount of random coincidence constantly increases for larger time
windows. The optimal time window is at the point where the slope changes.

window is shown. The optimal time window is at the point where the slope changes. Here,
one stops identifying coincidence between charge sharing events and starts mainly tagging
random coincidence. As a result, an ideal time window of 200 ns was selected.

For the electron backscattering measurements, a CSC was applied for the SOD. The
difference in the spectral shape before and after the cut can be seen in fig.[5.14 Especially
the transition layer shoulder and the beginning of the backscattering tail are affected. The
spectral shape without charge sharing events cannot fully be determined, as charge sharing
events are not identified if one of the charge cloud partitions is too small to be detected.
As a result, especially the original transition layer shoulder is not fully reconstructable.

Backscattered electrons are not mono-energetic. Hence, charge sharing in the BSD was
assumed to have a much smaller effect on the shape of the detected continuous energy
spectrum and was neglected. Furthermore, a CSC is much more complicated for the BSD
due to the highly increased number of pixels.

The tagged charge sharing events are additionally used to correctly reconstruct the number
of incident electrons. Therefore, events identified as charge sharing are counted as half
an event. Uncertainties arise from random coincidence events falsely identified as charge
sharing or unidentified charge sharing events. Therefore, an uncertainty on the calculated
total number of incident electrons due to charge sharing is estimated to be about 1%.
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Figure 5.14: Spectral Effect of Charge Sharing. The electron energy spectrum
of the central pixel of the SOD is shown before (blue) and after (orange) the CSC. The
influence on the spectral shape especially at the transition layer shoulder and the beginning
of the backscattering tail are visible.

5.3.3 Pileup

If two (or more) events are separated in time by less than the trapezoid filter duration, the
trapezoids overlap, which is called pileup [75]. For very small overlaps, the DAQ can still
separate the events, but the energy of the second event cannot be reconstructed correctly.
For larger overlaps either both event energies are determined wrong or the events are
registered as only one at about the sum of both energy depositions. Hence, pileup affects
both the spectral shape and the reconstruction of the number of incoming electrons. For
higher rates, there is more pileup.

In fact, the DAQ system can flag possible pileup events based on their timestamp. Nonethe-
less, this option has never been tested in respect of reliability, and therefore, was not used
in this analysis. Instead, it is further assumed that the effect on the spectral shape is small
at the given rates of kcps in the SOD. In the BSD, with rates in the order of cps, pileup
is hardly present, and therefore, assumed to have no considerable effect on the observed
number of backscattered electrons.

In terms of incoming electron number reconstruction, complete pileup of two or three
events resulting in one event at higher energies is accounted for by multiplying such events
by respectively a factor of two or three depending on their energy. For this, energy
thresholds are set as depicted in fig. Events falling in the orange area are multiplied
by a factor of two, events in the red one by a factor of three. Pileup events below the first
threshold and above the third threshold are neglected. The energy of each threshold for the
different measured initial electron energies are summarized in table An uncertainty
of 1% on the incoming electron number reconstruction due to pileup is assumed.
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Figure 5.15: Energy Thresholds for Pileup Considerations. The energy spectrum
of the central pixel of the SOD is shown. The energy thresholds (black dashed lines) are
set at the falling edge of the Gaussian peaks. For the total event number reconstruction,
events falling in the orange dashed area are multiplied by a factor of two, events in the
red dotted one by a factor of three.

Table 5.2: Pileup Thresholds for the Chosen Initial Electron Energies. For every
initial energy, the three energy thresholds for the pileup considerations, as illustrated by
black dashed lines in fig. @, are listed.

Er Threshold 1 Threshold 2 Threshold 3
5.0keV 5.2keV 10.0keV 14.8 keV
7.5keV 7.8keV 15.2keV 22.5keV

10.0keV 10.4keV 20.3keV 30.2keV

5.3.4 Incoming Electron Number Reconstruction

For the comparability with later simulations, energy thresholds of Esop T = 0.8keV for
the SOD and Egsp, 1T = 1keV for the BSD are set for the calculations of the number N
of detected electrons per pixel. They are chosen to be above the energy threshold of the
DAQ. Since there is higher noise in the BSD, its threshold is set higher than for the SOD.

For the SOD, the number of counts has to be corrected for charge sharing and pileup
events, as previously described, to calculate the number of initial electrons. As a result,
for each pixel i of the SOD:

1

Nsop,i = 3 {nSOD,z‘ [Esop,t < E < Epuri] + ncsc,i [Esopt < E < Epu i) }

+ ngop,i [Erumi < E < Eputa) -2 + nson, [Erure < E < Epy,Ts] - 3.

(5.1)

Here, E is the energy of the events measured in the SOD. For a pixel ¢ of the SOD, ngop
denotes the number of all detected events, and ncsc,; the number of the remaining events
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Figure 5.16: Relative Number of Counts in the SOD for Different Incident
Angles at E1 = 10keV. Mainly the central pixel is irradiated by the electron beam at
©1 =0°. For higher incident angles, increasingly also the pixels 2, 5, 6 and 7 are hit.

after the charge sharing cut. Epy i, EpuTe and Epy s are the energy thresholds for
pileup as described in table A combined uncertainty of 1.41 % on Ngop per pixel is
assumed, 1% each for incomplete (or incorrect) charge sharing and pileup identification.

The relative number of counts Rgop per pixel in the SOD can be seen in fig. exemplary
for Ef =10keV. Rgop varies between 2—-4 % for different initial energies at fixed incident

angle.

Mainly the central pixel is irradiated by electrons at ©1 = 0°. In the geometry of the
setup with the stainless steel shield, the maximal electron beam diameter at the plane of
the SOD is about 5 mm. Hence, for a pixel diameter of about 3 mm, it is expected to hit
more than one pixel. For higher incident angles, the other pixels are hit more and more
since the effective area of the pixel facing the electron gun is smaller. In addition to the
central pixel, especially the pixels 2, 5, 6 and 7 are hit, thus the pixels directed towards
the cooling plate. The number of electrons hitting the SOD chip next to the sensitive area
or the PCB can be assumed to be negligible. In conclusion, the backscattering electron
energy spectra and angular distribution are a superposition from backscattering of all
involved SOD pixels.

5.3.5 Coincidence

To extract the properties of backscattered electrons originating from only one pixel of
the SOD, a coincidence cut can be applied. It is possible to filter coincidence events
between two pixels also for different detectors by their timestamp. For this, as for the
investigation of charge sharing, it is possible to define a coincidence time window. The
identified coincidence events are especially interesting as they contain the information on
backscattering. They likely originate from electrons which first hit one pixel of the SOD,
were backscattered and then hit a pixel of the BSD.

The time the electron needs to propagate from one detector to the other is in the order of
ns or below for the observed energies and the detector distances and is therefore negligible.
The propagation time is even smaller than the sampling frequency of the DAQ. In contrast,
the coincidence time window is highly dependent on the charge collection time of the SDD
itself. The incident electron and the backscattered electron most likely hit the pixels at
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different distances to the respective pixel anode. The difference in time that the created
charge clouds need to travel to the respective anode can in the most extreme case be up
to about 500ns [79]. This can also cause backscattered electrons being recorded before
the initial electron.

The amount of coincidence events between the CC pixel of the SOD and any pixel of the
BSD is depicted in fig. as a function of the time window. To avoid to trigger on noise
events, all events inside the BSD with energies below 0.6 keV have been discarded, also
for the following data analysis. The optimal time window was chosen to be 500ns. The
amount of random coincidence is very small. Therefore, the number of falsely classified
coincidence events is assumed to be negligible.

Nevertheless, if one of the events falls below the detection threshold, the other one cannot
be identified as a coincidence event. This happens for elastic backscattering where the
initial electron is reflected at the detector surface, or for inelastic backscattering in the
entrance window. These electrons are not detected in the SOD. Moreover, especially
secondary electrons being produced and backscattered towards the BSD are affected, as
they are mostly low-energetic, and therefore, very likely fall under the detection threshold
of the BSD. This emphasises how important a low energy threshold is for the investigation
of incomplete charge collection.

The energy spectra recorded by the SOD and the BSD are in the following investigated
with and without coincidence cut.
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Figure 5.17: Amount of Backscattering Coincidence Events as a Function of
the Time Window. The coincidence between the CC pixel of the SOD and any pixel
of the BSD is shown. For small time windows mainly real coincidence events are tagged.
For large time windows only random coincidence leads to a small increase. An ideal time
window of 500 ns was chosen.
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5.4 Experimental Results

This section presents the experimental results for the different measurement settings. Sub-
section [5.4.1|covers the results regarding all measured events per run, while subsection [5.4.2
deals with events tagged as coincidence events. Both subsections are divided in three
parts. The first part is presenting the observed electron energy spectra of the incident and
backscattered electrons. The second part is investigating the angular distribution of the
measured backscattered electrons. In the third part, the backscattering coefficients are
evaluated and investigated.

5.4.1 All Events
Energy Spectra

On the left side of fig. [5.18] the initial electron energy spectra of the CC pixel of the SOD
are shown. At low initial energies, more energies are deposited in the entrance window of
the SOD. At high incident angles, the path through the entrance window is longer. As a
result, the main peak position is shifted towards lower energies and the transition layer
shoulder is more pronounced at high incident angles and low initial energies. The silicon
escape peak is only clearly visible for high initial energies and low incident angles. In the
other cases, it is lost inside the transition layer shoulder or the backscattering tail.

All backscattering tails show a decrease in counts towards higher energy depositions in
the SOD. For each Ej setting, the tail is steeper at low energy depositions for increasing
incident angles, reaching an exponential decrease over the whole spectrum for ©; =59°.
The same trend but less pronounced can be observed for decreasing initial energy at fixed
incident angle. As a result, for high ©1 and low FEp values, the energy deposition in the
SOD is smaller and the energy of the backscattered electron is larger.

In fig. [5.18|on the right, the backscattered electron energy spectra for all pixels of the BSD
combined are depicted. As the backscattering tail in the SOD indicates, the energy spec-
trum of backscattered electrons is continuous, and therefore, all effects like the transition
layer and charge sharing effects are smeared out and thus lead to less spectral distortion.
For high Ey and small ©1 values, a small photon peak at 1.7keV is visible. It originates
from photons being emitted after electron ionisation in the SOD.

The energy spectrum is very constant over the whole energy range at ©; = 0° for all
initial electron energies. For larger O values, the observed counts increase towards higher
backscattering electron energies. Hence, at large incident angles, backscattered electrons
have lost less energy in the SOD. The backscattered electrons in the area close to the
endpoint of the backscattering spectrum are those which were backscattered near the
detector surface of the SOD, and therefore, fell under the detection threshold of the SOD.

As a result, the energy spectrum of backscattered electrons coincides with the conclusions
drawn from the backscattering tail of the SOD energy spectrum.
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Figure 5.18: Electron Energy Spectra Comparing Different Measurement Set-
tings. Left: The electron energy spectra measured in the CC pixel of the SOD are shown
after the CSC. The counts per bin are divided by Nsop,cc (eq. . Right: The electron
spectra of backscattered electrons measured by all pixels of the BSD are shown. The
counts per bin are divided by ). Nsop,; (eq. . Counts below 0.6 keV have been dis-
carded, as they originate predominantly from noise. For each setting, a spectral distortion
especially at low energies in the SOD and consequently at high energies in the BSD is
visible for increasing incident angles.

Angular Distribution

For the number Npsp,j of backscattered electrons per pixel j in the BSD, charge sharing
and pileup events are neglected, resulting in:

Ngsp,; = nBsp,j [F > EBsp,T] - (5.2)

The number of events in pixel j of the BSD is denoted by npsp ;, and E is the energy of
the events measured in the BSD.

The direction of backscattered electrons can be defined in terms of two angles: The polar
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backscattering angle Opg and the azimuthal backscattering angle ¢pg. Both angles are
illustrated in fig. The resulting angles for each pixel of the BSD at the given take-off

angle is depicted in fig.

In fig. Npsp per pixel is depicted. The detected distribution of backscattered elec-
trons is the result of mapping the 3D backscattering distribution onto a skewed 2D plane.
For each setting, the angular distribution has a maximum around ¢pg =0°. The number
of backscattered electrons decreases towards the edges of the detector chip. The distri-
bution is approximately symmetric to the z’-axis, and its maximum wanders to higher
Ogs for larger incident angles. Furthermore, the shape of the distribution changes from
approximately circular to elliptic. As a result, for increasing incident angles the electrons
are more backscattered towards higher ©pg and more and more concentrated towards one
direction. For different initial energies, the angular distribution stays majorly unchanged.

Figure 5.19: Definition of the Backscattering Angles. Left: ¢pg is the angle
included by the electron track (green arrow) and the negative a’-axis in the plane of
the SOD (red area). The SOD is depicted from the entrance window side. Right: ©pg
is the angle between the electron trajectory and the negative z’-axis, the axis running
perpendicular to the SOD surface.
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Figure 5.20: Backscattering Angles for Each Pixel of the BSD. For simplification,
the beginning of the backscattered electron track is set to be at the center of the SOD and
the ending at the respective BSD pixel center.
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Figure 5.21: Number of Backscattered Electrons in the BSD for Different
Measurement Settings. Left: The pixel maps are shown for increasing incident angles
at F1 = 10keV. Right: The pixel maps are shown for increasing initial energies at O = 0°.
The number of backscattered electrons per pixel in the BSD is divided by )", Nsop,
(eq. 5.1)). For each setting, the angular distribution is symmetric around ¢pg = 0°. The
larger the incident angle, the higher is the polar backscattering angle.
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Experimental Backscattering Coefficient

To relate the number of detected backscattered electrons to the number of measured initial
electrons, the experimental backscattering coefficient is calculated as:

166
>_j=1 NBsp,j
- -
> i—1 Nsob,i
It depends on the energy thresholds set for each detector, the geometry of the setup

including the size of the BSD, the charge collection efficiency inside the SDDs and the
efficiency with which charge sharing and pileup events can be identified. The resulting

Tlexp = (5.3)

coefficients for each measurement run are depicted in fig. as a function of the incident
angle directly comparing the different initial electron energies.
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Figure 5.22: Experimental Backscattering Coefficient as Function of the In-
cident Angle. The experimental backscattering coefficient 7eyp, is calculated by equa-
tion A total uncertainty of 1.41% on Ngop of every SOD pixel is assumed. The
coefficient highly increases for increasing incident angle, and it slightly decreases for de-
creasing initial energies.

The experimental backscattering coefficient highly increases from around 4 % at ©; = 0°
to about 14—16 % at ©; = 59°. Therefore, there is in total more backscattering at higher
incident angles. Nonetheless, it has to be noted that for larger incident angles more
electrons are backscattered towards the direction of the BSD, and their energy is higher. As
a result, the detection efficiency in respect to the total amount of backscattered electrons

is higher at larger incident angles.

The experimental backscattering coefficient also slightly decreases for smaller initial elec-
tron energies. However, an increase in the backscattering coefficient for lower initial ener-
gies is expected. A hard energy threshold for the SOD was applied. The backscattering
tail in the SOD is the highest at low energy depositions and low initial energies. There-
fore, the number of included initial electrons in the SOD is lowered especially for small Ey
values at a given threshold. Hence, under the applied conditions the relation between the
initial electron energy and the backscattering coefficient is reversed.
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5.4.2 Coincidence Events
Energy Spectra

In fig. [5.23], the energies of the coincidence events selected as described in section [5.3.5] are
depicted in a 2D-histogram for Fr = 10keV and O1 = 0°. As expected, the energies of
both events sum up to almost the initial electron energy leading to a diagonal in the plot.
Since there are energy losses due to the transition layers of the detectors, not the whole
initial energy can be reconstructed. Events falling below this diagonal are either random
coincidence events or events where not all backscattered electrons where detected. Since
the initial electron can produce several secondary electrons inside the SOD, more than one
electron can be backscattered, but eventually only one is detected by the BSD, while the
others might propagate in different directions.

Furthermore, there is a event concentration at 1.74keV in the BSD and E1—1.74keV in
the SOD. It arises from mono-energetic photons being generated in the SOD and escaping
towards the BSD. It leads to the silicon escape peak in the energy spectrum of the SOD
and a photon peak in the energy spectrum of the BSD. Next to the actual coincidence
events, there is a second diagonal parallel to the first one but shifted by about E; towards
higher energies in the SOD. This structure arises from coincidence between the detection of
a backscattered electron in the BSD and a pileup event in the SOD. The energy thresholds
of both detectors can be seen as almost blank stripes on the left and bottom side of the
histogram. Events besides the explained structures and also the vertical line at Ep are
from random coincidence.
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Figure 5.23: 2D-Histogram for Identified Backscattering Coincidence Events.
The energies of both events almost sum up to Fr1, leading to a diagonal. For events falling
below the diagonal, not all backscattered electrons were detected. The silicon escape peak
in the SOD or rather the photon peak in the BSD is visible. A second diagonal arises
from coincidence between a backscattered electron in the BSD and a pileup event in the
CC pixel. Events besides the explained structures arise from random coincidence. The
energy thresholds are visible as almost blank stripes on the left and bottom side.
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Figure 5.24: Electron Energy Spectra of the CC Pixel Comparing All and
Coincidence Events. The counts per bin are divided by Nsop cc (eq. . The spectral
shape of the backscattering tail can be mainly reconstructed by extracting coincidence
events with the BSD. The energy spectrum of coincidence events is cut off at high energies
due to the detection threshold of the BSD and its amplitude depends on the backscattering
detection efficiency. Random coincidence leads to a small peak at Ef.

Relating an event in the SOD to one in the BSD, it is possible to extract the backscattering
tail in the SOD energy spectrum. In fig. the initial electron energy spectra of the
CC pixel for the identified coincidence events in comparison to the energy spectrum of all
events for four different measurement settings are shown.

The shape of the spectrum from coincidence events in the SOD resembles the shape of the
backscattering tail of the energy spectrum of all events. The tail is cut off at high energies.
Due to the detection threshold of the BSD, the corresponding high-energetic electrons in
the SOD cannot be extracted by the coincidence cut. A lower energy threshold in the
BSD can help to reconstruct the shape of the entire backscattering tail. Also a small peak
at about FEi is visible, which arises from random coincidence. In total, this possibility to
extract the tail shape can help to improve existing models of the detector response.

The heights of both spectra differ since the BSD has not full angular coverage and the
angular backscattering distribution varies between the measurement settings. Addition-
ally, a larger amount of backscattered electrons falls below the energy threshold of the
BSD for lower Ey. This discrepancy in height provides the possibility to estimate the
backscattering detection efficiency at a given setting. For this, the ratio of the counts
of the coincidence events and all events between 1keV and Ej— 2.5keV is taken. The
resulting backscattering detection efficiencies for each measurement are plotted in fig.
as a function of the incident angle. There is a linear increase in the detection efficiency
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Figure 5.25: Backscattering Detection Efficiency as a Function of the Incident
Angle. For this estimation of the efficiency, the amount of coincidence events with energies
between 1keV and E1— 2.5keV is related to the total amount of events in the same energy
regime. The uncertainty on the counts in the investigated energy region is assumed to
be negligible for this rough estimation of the efficiency. Therefore, no error bars are
provided. The efficiency linearly increases with the incident angle and is larger for higher
initial electron energies.

for increasing incident angles. The slope of the increase is higher for larger initial electron
energies. In total, the higher Ey and ©r, the more backscattered electrons can be detected.

The same comparison of coincidence events to all detected events can be done for the
energy spectra of the BSD, as shown in fig. for different measurement settings.

The spectral shape for coincidence events resembles the one for all events, but the spectrum
is cut off at high energies. Backscattered electrons in this energy regime were not detected
by the SOD, as they only deposit very little energy in the SOD, and therefore, fall below
the energy threshold of the SOD. The effect is most prominent at small initial electron
energies. The remaining backscattered electrons detected at high energies are random
coincidence events.

The height difference of the spectra depends on the relative number of electrons hitting
the central pixel of the SOD. By comparing the counts between 1keV and Ei— 2keV,
it is possible to reconstruct how much percent of the electrons actually hit the CC pixel
and not the surrounding insensitive area before they are backscattered. An approximate
agreement with the numbers provided in fig. was achieved, as can be seen in fig[5.27]
The highest discrepancy was found for large ©1. Here, it is expected that the probability
of the electron beam hitting the area next to the sensitive detector is the highest.
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Figure 5.26: Backscattered Electron Energy Spectra Comparing All Events
and Coincidence Events. The energy spectra from all BSD pixels were combined. The
counts per bin are divided by >, Nsop,; (eq. . The energy spectrum of the coincidence
events is cut off at high energies due to the energy threshold of the SOD. Its amplitude
depends on the relative number of initial electrons in the CC pixel. The events at high
energies originate from random coincidence.
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Figure 5.27: Relative Number of Counts in the CC Pixel as a Function of the
Incident Angle at E1 = 10keV. Rgop.cc is extracted by two means. For the blue
data, Nsop,cc is divided by the total number of detected initial electrons in the SOD. For
the orange data, Rsop,cc was estimated from the relation of the energy spectra for all
and coincidence events in the BSD between 1keV and E1— 2keV.
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Figure 5.28: BSD Pixel Grouping by ®gg. Group 0 (blue): 0—-20°, Group 1 (or-
ange): 20—30°, Group 2 (green): 30—40°, Group 3 (red): 40—50°, Group 4 (purple): 50 -60°,
Group 5 (brown): 60—70°, Group 6 (rose): 70—90°.

So far, only the total energy spectra of backscattered electrons summed over all backscat-
tering angles were investigated. Furthermore, of interest are the energy spectra at different
Ops. For this, the pixels are grouped based on their Opg as shown in fig.

In fig. the backscattering electron energy spectra for group 0 and group 5 are op-
posed comparing different measurement settings. For low Opg, as in pixel group 0, the
spectral shape is very similar for different incident angles and initial electron energies. The
spectrum approximately stays constant over the entire energy range. Hence, each electron
energy is equally probable. A very similar spectrum shape can also be observed for higher
Opg at ©1 = 0°. At larger Opg, the spectra differ at large energies. In general, it can
be observed that high-energetic backscattering electrons are predominantly backscattered
at high ©pg. This effect highly increases for large incident angles. Moreover, the higher
the initial electron energy, the more pronounced is the shape distortion at high energies
towards higher counts.
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Figure 5.29: Backscattered Electron Energy Spectra for Pixel Group 0 and 5
Comparing Different Measurement Settings. The counts per bin are divided by
Nsob,cc (eq. . For small ©gg, the spectra stay approximately constant over the entire
energy range. At high ©pg, the spectrum is distorted at high energies, especially for high
incident angles and initial electron energies.
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Angular Distribution

For coincidence events, the absolute number of backscattered electrons per pixel j of the
BSD is defined by:

Neoine,j = Ncoine,j [Esop > Esop,r & Egsp > Esp,T] - (5.4)

Here, Esop is the energy of the event in the SOD, and Eggp the energy of the respective
coincidence event in the BSD. The number of identified coincidence events for pixel j of
the BSD is denoted by 7coinc,j-

In fig. and Neoine is depicted once for varying incident angle at Fy = 10keV
and once for different initial electron energies at ©;1 = 59°. In addition, the difference
between Neoine and Npgp is shown for each setting to compare the angular distribution of
backscattered electrons before and after the coincidence cut.

The angular distribution of coincidence events at E1 = 10keV for different incident angles
is very similar to those of all events. It can be seen that for increasing ©1 values the
maximum of the distribution is shifted to higher ©pg. The shape of the distribution
remains mainly the same.

The difference in the number of backscattered electrons before and after the coincidence
cut in the upper right area of the detector chip is smaller than in the lower left. Besides
the CC pixel, the half of the SOD pointing towards the cooling plate was mainly irradiated
by the electron beam. As a result, also the lower half of the BSD is more hit by backscat-
tered electrons for the observation of all events. Furthermore, it was already observed
that for high incident angles, the backscattered electrons at large Opg are predominantly
high-energetic. The most high-energetic backscattered electrons cannot be filtered by a
coincidence cut, as the respective event in the SOD is below the energy threshold. As a
result, the difference in the number of backscattered electrons before and after the coin-
cidence cut is higher at high ©gg. Moreover, the difference is the highest at low initial
electron energies and large incident angles. Here, the relative amount of electrons with
energies below the detection threshold of the SOD which cannot be related to an event in
the BSD through a coincidence analysis is the highest.

The leftmost two pixel columns in the BSD show a very high discrepancy between all and
coincidence events. Those pixels are partly shaded by the PCB board of the SOD and
should be excluded for comparisons with simulations.
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Figure 5.30: Number of Backscattered Electrons with Coincidence with the
CC Pixel and Difference to Ngsp for Different ®;1. On the right, Neonc is scaled
to the relative number of initial electrons in the CC pixel. The difference in the number
of backscattered electrons before and after the coincidence cut is higher at high ©pg and
the smallest in the upper right corner of the BSD. The difference is higher at larger Oy.
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Figure 5.31: Number of Backscattered Electrons with Coincidence with the
CC Pixel and Difference to Ngsp for Different Ej. On the right, Neonc is scaled
to the relative number of initial electrons in the CC pixel. The difference in the number
of backscattered electrons before and after the coincidence cut is higher at high ©pg and
the smallest in the upper right corner of the BSD. The difference is higher at smaller Ej.
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Backscattering Coefficients

Offsetting the 23 % detection efficiency with 7exp, = 4% for Ef = 10keV and ©1 = 0°, a
total backscattering coefficient of about 17 % can be evaluated. This is in agreement with
literature values which state a backscattering coefficient of around 17—-21% [69].

The backscattering coefficient can also be calculated for coincidence events as:

Ej Ncoinc,j

5.5
Nsop,cc (5:5)

Tlcoine =
The resulting coincidence backscattering coefficients can be seen in fig. as a function
of the incident angle comparing different initial electron energies. An uncertainty of 1.41 %
on the rate in the CC pixel was assumed. The coefficient shows the same trends as 1exp, but
a smaller increase with ©1 and a vastly higher decrease with Ey. Moreover, the coefficients
are smaller than 7ep,. The difference is due to the energy threshold of the SOD, decreasing
the amount of identifiable coincidence events in the BSD especially for low initial energies
and high incident angles.
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Figure 5.32: Coincidence Backscattering Coefficient as a Function of the Inci-
dent Angle. An error of 1.41 % on the rate in the CC pixel was assumed. The coefficient
increases for increasing ©1 and Fr.
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5.5 Summary

The BERTA experimental setup was presented, which successfully probed the properties
of backscattered electrons and their relations to the initial electron energy and incident
angle. The energy spectra of the SOD and BSD were shown for nine configurations of
the initial electron energy and the incident angle with and without a coincidence cut. In
addition, the angular distribution of the backscattered electrons was investigated. It was
observed that high-energetic backscattering electrons are predominantly backscattered at
high azimuthal backscattering angles. Moreover, different experimental backscattering co-
efficients were extracted from the measurements. After an estimation of the backscattering
detection efficiency, a total backscattering coefficient of 17 % at Ey = 10keV and ©1 = 0°
was calculated. This is in agreement with literature values which state a backscattering
coefficient of around 17-21% [69).

Even though all observed relations can be fundamentally understood and are reasonable,
a quantitative assessment of the measured values is only possible in comparison with a
GEANT4 simulation, which will be described in the following chapter.
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BERTA Simulation with Geant4

GEANT4 (GEometry ANd Tracking) is a toolkit for Monte-Carlo simulations to study
the interaction of particles with matter. It offers a wide range of particles, materials and
includes different interaction mechanisms. Of major importance for the work presented
in this thesis, the toolkit offers the opportunity to study scattering processes of electrons
in silicon detectors. In particular, GEANT4 (G4) was used to set up a simulation of the
BERTA experiment to investigate the effect of detector backscattering. The implemen-
tation of the TRISTAN detectors in the simulation will be presented in section An
overview of the simulation settings and of the simulated data is provided in section
All analysis steps required to make the simulation comparable to the measurements are
explained in section Finally, the simulation results are presented and compared to the
measurement results in section and chapter [7| respectively.

6.1 Simulation Setup

General G4 Settings

A physics list in G4 is a class which collects all the particles, physics processes and pro-
duction thresholds needed for the simulation. Since for the observation of backscattering
especially single scattering processes are of interest, the G4EmStandardPhysicsSS physics
list was used for all simulations. The difference to the default physics list is that it does not
combine several single scattering processes to one multiple scattering process. A detailed
description of the list is given in [80]. A comparison of the simulated electron energy spec-
tra of the SOD for different physics lists can be found in appendix For the following
analyses, no uncertainty on the simulation results was assumed due to a particular choice
of a physics list.

Several physics processes have very high cross sections at low energies. Therefore, it is
necessary to implement a production cut. All particles with energies below the cut are not
generated, but their energy is accounted for as an energy deposition inside the detector.
In the simulations, the production cut was set to 100eV. Below about this value, the
physics models implemented in G4 are not validated to work appropriately. Hence, for
lower production cuts, G4 simulations can only be used for qualitative studies.

Detector and Experimental Setup Simulation

The experimental setup in the simulation is implemented in a simplified way. Two silicon
detectors are situated in a world sphere of 0.5m radius. A vacuum environment was
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029 mbar.

simulated with the G4-Galactic material, providing a gas pressure of 3-1
Hence, the pressure is much lower than in the experiment. Nonetheless, for the distances

the electrons have to travel in the setup, this difference has no notable effect on the results.

Both detectors (shoot-on detector SOD and backscattering detector BSD) are implemented
in the simulation and oriented in the same manner as in the experiment, see fig. For
simplicity, only the single pixels are simulated without any holding structures or readout
electronics. One pixel is defined as a hexagon with a thickness of 450 pm and a diameter
of 2.856 mm. The first 10 nm of the entrance window are implemented as a silicon dioxide
layer, while the rest of the detector consists of pure silicon, cf. chapter No doping
profiles or drift fields inside the pixels are simulated. A detailed study on the charge drift
for TRISTAN SDDs can be found in [79].
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Figure 6.1: Simulation Setup. The setup is located in a spherical volume as shown in
(a). An electron beam (green) is directed in z-direction towards the center of the SOD.
The pixels consist of a 10 nm-thick silicon-dioxide layer (blue) at the entrance window side
and a silicon bulk (red), see (b). Only the actual pixels were simulated, the surrounding
structures were neglected. The SOD and BSD are arranged as in the experiment with
the same relative distance and angle. The backscattered electrons, if not detected by the
BSD, are stopped when they leave the world sphere. The coordinate system is indicated
in figure (c) and (d).



61 6.2. Simulation Settings

A mono-energetic electron source without angular spread was implemented. It is situated
10cm from the SOD and points towards the center of the SOD. In the simulation, the
production and acceleration mechanism of the electrons has been neglected. Moreover,
the electron gun itself has not been implemented.

Finally, other setup components such as the vacuum chamber, the module shielding, the
front-end boards, the copper holding structure, the steering coils, etc. have not been sim-
ulated. Their impact on the recorded electron energy spectra and the angular distribution
of backscattered electrons on the BSD is assumed to be negligible.

6.2 Simulation Settings

For each generated electron, the energy deposition in every pixel of the SOD and BSD is
recorded. The total energy deposition per pixel is the sum of each single energy deposition
inside the pixel volume. To account for incomplete charge collection at the entrance
window, each energy deposition is weighted by the charge collection efficiency calculated

according to eq.

For every event, an event number is stored. First, every generated electron gets an event
number. Secondary electrons obtain the same event number as their mother electrons.
Hence, just as in the experiment, no differentiation between a backscattered initial electron
and backscattered secondary electron is possible in the BSD. The event number can be
used to filter coincidence between the SOD and BSD in the simulation.

If a backscattered electron leaves the world sphere, its tracking is stopped. The energy
of the electron as well as the (x,y, z)-coordinates of its border crossing are recorded.
Therefore, the world sphere serves as an additional detector, in the following referred to
as the world detector (WD).

The SOD and BSD are implemented in such a way that the electron energy spectra
can be recorded with and without a silicon-dioxide layer at the detector surface. This
makes it possible to observe the impact of the silicon-dioxide layer on backscattering by
comparing simulations with and without the layer. Moreover, the effect of incomplete
charge collection can be studied by adjusting or switching off the transition layer model.
In addition, simulations can be executed without the BSD. With only the WD being
active, it is possible to observe all backscattered electrons, their energies as well as the
angular distribution.

For reasons of comparability with the experimental investigations, all nine measurement
configurations were simulated with the respective initial energies and incident angles. For
each run, Nj, = 10 million electrons were generated. This is approximately in the order of
number of electrons measured in the CC pixel in the experiment per measurement setting.
Each simulation was repeated without the BSD to investigate the entire backscattering
spectrum and distribution. In addition, for the initial energies 1 = 5keV and F; = 10keV
at ©1 = 0°, simulations without the transition layer model and without a silicon-dioxide
entrance window were performed.
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6.3 Data Processing

Due to the simplicity of the implemented detection system in G4, several data processing
steps have to be done to allow for a comparison between the simulated and experimental
data. In subsection the analysis procedure taken for the experimental data analysis
(sec. is discussed. Additionally, the detector-dependent CCE parameters need to be
evaluated. Furthermore, effects such as electronic noise and statistical fluctuations in the
charge production process have to be taken into account. Therefore, tn subsection [6.3.2]
the method to fit the simulated to the experimental data to extract all needed parameters
for an effective detector model is explained.

6.3.1 Comparability of Simulations and Measurements

Energy Calibration An energy calibration of the simulated detector system is not
required. Only the energy depositions of electrons in silicon are simulated. The charge
carrier production mechanism in the SDD as well as the detector readout chain and the
DAQ system have been neglected in the simulations. Therefore, the system can be regarded
as perfectly calibrated. An uncertainty on the calibration of the experimental data is
accounted for by the introduction of a gain and an offset in the simulated data as explained
in the following subsection.

Charge Sharing The effect of charge sharing is not present in the simulation in the
SOD. This is due to the fact that the simulated electron beam has no angular spread and
therefore solely hits the central pixel of the SOD. Assuming that almost all charge sharing
events in the experiment are rejected by the charge sharing cut, see section the
simulated and experimental energy spectra of the SOD are comparable in terms of charge
sharing effects. The number of detected initial electrons does not need to be corrected for
charge sharing in the simulation. For the BSD, charge sharing effects in the simulation
have been neglected just as in the experiment.

Pileup Since no DAQ system and thus no energy reconstruction filter such as a trape-
zoidal filter was taken into account in the simulation, no pileup events are present in the
simulated data. The number of pileup events in the SOD are small at the low electron
rates in the order of 1—7keps (see section in the experiment. Therefore, in the scope
of this work, no pileup correction was applied to the simulated data. The uncertainty aris-
ing from this simplification was assumed to be small and was therefore neglected in the
further analysis. Additionally, the number of detected initial electrons does not need to
be corrected for pileup in the simulation due to this simplification.

Coincidence As opposed to the measurements (see section , coincidence events in
the simulation are not identified via a coincidence time window of a chosen length. Instead,
the event number of each electron is used. Additionally, the same energy thresholds have
to be applied for the experiment and the simulation. In the simulation, there is no energy
threshold, but in the experiment, there is one due to the DAQ system. Some artificial
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energy thresholds were set above the actual energy threshold from the DAQ system in
the experiment. Since the overall electronic noise is higher in the BSD in the experiment,
the threshold for the BSD had to be set higher than in the SOD. As a result, for an
event in the SOD, the corresponding event in the BSD has to have an energy Epsp
larger than Epsp 1t = 1keV. For an event in the BSD, the same applies vice versa with
ESOD,T = 0.8keV.

6.3.2 Heuristic Detector Model

In general, for every experimental setup and SDD, the electronic noise contribution cg
(eq. to the energy resolution is different. Theoretically, cq could be extracted from
the energy resolutions evaluated from the 5°Fe calibration measurement. Nevertheless,
first investigations showed that those extracted co values are too small to explain the
observed electron energy spectrum with simulations. Additionally, the charge collection
efficiency can vary from detector to detector as it depends on the doping profile of the
SDD. As a result, the simulated electron energy spectrum detected in the CC pixel was
fitted to the experimental one to determine the CCE parameters and ¢ for the detector
used in the experiment. The Nelder-Mead method was used to minimise the reduced
chi-square parameter. After having determined the CCE and ¢, parameters, they can be
implemented in later simulations or rather applied on the simulated data to compare the
measurements and simulations with regards to backscattering.

The following steps were taken:

1. Implementation of a simplified setup geometry for the fitting procedure.

2. Fit of the simulated data to the experimental energy spectrum of the CC pixel to
determine the CCE model parameters for each measurement setting.

3. Implementation of the CCE model parameters in the default simulation.

4. Fit of the simulated data to the experimental energy spectrum of the CC pixel to
determine the remaining detector model parameters for each measurement setting.

In the following, each step will be explained in more detail.

1. Simplified Simulation Setup Geometry

For the fit, a separate simulation setup was implemented in G4. Specifically, only the
central pixel of the SOD was simulated for the electron detection. Here, the pixel consists
of thirty 10 nm-thick layers at the entrance window side and a 449.7 pm-thick detector
bulk. The first layer at the detector surface consists of silicon-dioxide. The remaining
layers and the detector bulk are composed of pure silicon. An illustration of the pixel
structure is shown in fig. For every single layer as well as for the detector bulk, each
single energy deposition per interaction is summed up. Hence, for one incoming electron,
thirty-one summed energy depositions are recorded. This setup configuration was chosen
following the fit procedure presented in [63].
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Figure 6.2: Detector Segmentation for a CCE Model Fit. The pixel detector
consists of a 10 nm-thick silicon-dioxide layer (blue) at the entrance window side followed
by 29 10nm-thick silicon layers (purple) and a 449.7pum thick silicon bulk (red). The
single energy depositions of an incoming electron (green) are summed for each detector
segment. For this illustration, ten initial electrons with E1 = 10keV were simulated.

2. Fitting Procedure

Seven fit parameters were defined to obtain the desired energy spectrum Hgy, of the SOD

in the following steps:

1. CCE parameters (DL, p; and \) as defined in eq. The total energy deposi-
tion Eiqt in the detector per electron is the sum of all energy depositions E; in the
layers and in the detector bulk Eyyx:

29
Fiot = Y Bi - wi + Byl (6.1)
i=0
The energy depositions in the layers are weighted by the mean CCE w; of the re-
spective layer i. The detector surface is situated at z = 0 nm.

2. Calibration parameters (gain g and offset 0): No DAQ system was included in the
simulation, and therefore no energy calibration was required. In the experiment,
the detector was calibrated with an 5°Fe source (see section . To account for
possible uncertainties of the calibration in the experiment, Fio in the simulation is
multiplied by a gain g, and an offset o is added:

Ecaiib = g - Etot + 0. (6'2)

3. Electronic noise parameter (co) as defined in eq. Electronic noise from the
readout chain and statistical fluctuations in the charge production process are not
simulated in G4. Therefore, a random sample X from a normal distribution with
a Gaussian width oFano+Noise 18 added to every energy deposition. This gives the
detected energy deposition Fget:

FEiet = Eeaip + X. (6.3)
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Table 6.1: Fit Parameter Start Values and Bounds. For the CCE, calibration,
electronic and electron number parameters, the start value for the fit as well as the upper
and lower bound of the parameter range are listed.

Fit parameter Start value Lower bound Upper bound

DL 10 nm 0Onm 00
A 70 nm 0.0001 nm o0
D1 0.85 0.0 1.0
g 1.01 0.8 1.2
0 —0.1keV —2keV 2keV
Cel 80eV 0eV %)
A 2 0 o0

4. Electron number parameter (amplitude A): The electron energy spectrum Hgy,, can
be obtained with the detected electron energies Fq.t. For this, the same binning as
the experimental energy spectrum has to be used to be able to compare the counts
per energy region which is defined by one bin. Since the total amount of generated
electrons in the experiment and the simulation differ, the spectrum of the simulation
is scaled with an amplitude A yielding an effective spectrum Heg:

Heff =A- Hsim- (64)

The start value as well as the lower and upper boundary for each parameter are listed in
table The start values were defined based on the results of a preceding grid search
and a visual comparison of the experimental and simulated data.

The fit is designed to minimise the reduced chi-square:

2 X’
Xred = B of (6.5)

with dof being the number of free parameters and B the number of bins. The parameter

x? is defined as:
B

Hex i_A'Hsimi
=) = : (6.6)

i A- vV Hsim,i

with H; the number of counts per bin 7. The experimental electron energy spectrum

measured in the central pixel of the SOD after the charge sharing cut is denoted by
Heyp. Since only the experiment is subject to an energy threshold and pileup effects
related to the DAQ system, the spectra are only compared for energies ¥ > Esop T and
E < (E1+0.2eV).

3. CCE Model Implementation

First, a fit with all seven fit parameters was performed with a simulation for each E;/Oy
setting in the experiment. For this, the simulated data were processed as explained above
and the resulting simulated energy spectrum was compared to the experimental energy
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Figure 6.3: Mean Charge Collection Efficiency. The mean CCE parameters are
DL = 10.7nm, p; = 85.6% and A\ = 75.7nm. In the plot, the color-code shows the
detector areas as defined in fig.

spectrum of the CC pixel after the charge sharing cut. By means of the Nelder-Mead
method, the reduced chi-square was minimised.

The parameters DL, p1, A and ¢ are only dependent on the doping profile of the detector
and on the noise performance of the readout chain in the experiment, but not on FEj
or ©1. Unfortunately, the fits did not converge, i.e. no set of CCE parameters could be
determined. Therefore, a further investigation and development of the CCE model e.g. via
a crosscheck with other TRISTAN detectors is necessary.

In the scope of this work, the mean values of all nine fits for the CCE parameters were
calculated. A mean dead layer thickness of 10.71%:? nm was evaluated. This is in agreement
with a design value of 8—10nm for the thickness of the silicon-dioxide layer. The mean
detection efficiency behind the dead layer is about 85.675% % and the mean effective
transition layer thickness is 75.732:% nm. The resulting CCE can be seen in fig.
The CCE model is for the following analysis implemented in the default simulation setup
without segmented energy depositions in layers. Therefore, the energy depositions are now

weighted by the CCE model and summed to Fio within the simulation.

4. Final Fit Results

A second set of simulations was performed with the CCE model implemented in the default
simulation setup. A new fit was performed without the summation of the weighted energy
depositions, as it is now done within the simulation. The energies Fi.; simulated in the CC
pixel were compared to the experimental energy spectrum of the CC pixel after the charge
sharing cut. For the remaining four fit parameters, the same start values and parameter
bounds as in the first fit round were applied. The fit results for each parameter and every
E;/0Og setting are shown in fig.
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Figure 6.4: Fit Parameter Results. The results for the four remaining fit parameters
are depicted as a function of the incident angle and for the different initial electron energies.
The mean CCE parameters were implemented within the default simulation.

It should be noted that the results for c. are not in agreement with the °Fe calibration,
from which a value of ¢ =~ 52¢eV is expected. The fit results show up to three times
higher values and also large variations of c.j, although it is predicted to stay constant for
all measurement settings. Here, ¢ is higher for higher incident angles and initial energies.
This indicates that the deployed CCE model is not fully suitable. As a result, the applied
data processing can only be regarded as an effective model for the detector.

Despite the shortcomings mentioned above, a reasonable agreement of the fitted simulated
data and the experimental data was achieved. A comparison of both energy spectra is
shown in fig. [6.5] exemplary for the initial energies Ey = 5keV and F; = 10keV at zero
incidence (©1 = 0°). The spectra comparison of the energy spectra for the remaining
values of O1 and E; are shown in appendix [A.2]
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Figure 6.5: Comparison of Simulated and Measured Energy Spectra of the
CC Pixel. The simulated fitted energy spectra are compared to the experimental energy
spectra for By = 5keV and Ey = 10keV at ©; = 0°. The residuals are calculated for
energies between Esop,T and F1+0.2eV. Some structures in the residuals at high energies
hint towards a not fully suitable detector model. In total, good spectral agreement was
achieved.

Fig. shows the Xfed for the different parameter settings. A X?ed of 1 is aimed for.
For values < 1, the model is too complex. For values >> 1, the model is inappropriate
to describe the data. With values of X?ed < 20, the defined effective detector model is
therefore well-suited to describe the experimental energy spectra of the SOD, and therefore,
for the investigation of backscattering. Overall, the spectral shape is best reproducible for
higher Ey values. For E7 = 5keV where the transition layer has a strong impact on the
electron spectrum, the fit showed the poorest performance.
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Figure 6.6: Fit Performance in Terms of Xfe q+ The best fit performance was achieved
for By = 7.5keV and E1 = 10keV with X?ed < 5. With in total X?ed < 20, the effective
detector model is well-suited to describe the experimental data.
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For the following investigations, the fit parameters will also be used for the energy spectra
of the BSD. Since both detector chips are produced in the same manner with reproducible
doping profiles, the CCE parameters should not change for the BSD. In addition, the
BSD was calibrated in the same measurement as the SOD. Therefore, the calibration
parameters should not need to be modified. The count rate in the BSD scales with the
count rate in the SOD. Consequently, there is also no reason for the amplitude to vary.
The electronic noise parameter for the BSD should be higher compared to the SOD as
observed in the energy resolution extracted from the calibration measurement with an
%Fe source. Nomnetheless, the BSD observes a continuous energy spectrum, therefore
electronic noise does not have such a prominent effect on the spectral shapes as in the
SOD. Furthermore, the applied data procedures are only an effective detector model. As
a result, to first approximation, the detector model is assumed to be identical for every
pixel in the setup. The uncertainty this simplification introduces is assumed to be small
and therefore neglected in the comparison of experiment and simulation.
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6.4 Simulation Results

Energy Spectra

The simulated energy spectra of the CC pixel of the SOD for Ey = 5keV and Er = 10keV
at O = 0° are shown in fig. [6.7] To illustrate the effect of the silicon-dioxide layer, the
CCE and the noise, they are included successively.

If the detector only consists of a pure silicon bulk, the main peak and the silicon escape
peak are delta-shaped. In addition, the energy spectrum also shows a small peak close to
0keV arising from elastically backscattered electrons. It is not detectable in the experiment
due to the energy threshold and electronic noise. The introduction of a silicon-dioxide layer
only leads to small changes close to the main peak. A small peak at about 0.5keV below
the initial electron energy arises from the ionisation of oxygen atoms. Photons emitted
during the rearrangement of the electron shell leave the detector. For oxygen, the photon
emitted from the K, transition has an energy of 0.525keV [65].

After introducing the CCE model according to eq.[d.5|and the fit results in section[6.3.2] the
peaks have now a large tail towards lower energies. For an initial energy of F1 = 5keV, the
introduction of a not fully sensitive transition layer suffices to wash out the silicon escape
peak as well as the peak arising from oxygen ionisation. The introduction of electronic
noise according to eq. and the fit results in section[6.3.2]leads to a normally-distributed
main and silicon escape peak with a transition layer shoulder. The backscattering tail
mainly remains unaffected when the CCE and noise models are included. Only the part
of the backscattering tail close to the initial electron energy is affected since it overlaps
with the transition layer shoulder.
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Figure 6.7: Simulated Energy Spectra of the CC Pixel. The counts per bin are
divided by the number of initially generated electrons. The main peak at about Ej, the
silicon escape peak at EF1— 1.74keV and the elastic backscattering peak close to 0keV are
visible. As soon as the CCE model and the noise model are included, the delta-shaped
peaks are normally-distributed and have a transition layer shoulder. The backscattering
tail is mainly unaffected by the inclusion of CCE and noise effects besides in the region
where it overlaps with the transition layer shoulder.



71 6.4. Simulation Results

E, =5.0 keV, ©, =0° E, = 10.0 keV, ©, = 0°
> >
() ()]
107441, - —— | 10
8 i | 8
c b A c
= >3
o o
O (]
£107¢ L1076
+J +J
© (©
T ©
o o ,

0 1 2 3 4 5 0 2 4 6 8 10
Energy (keV) Energy (keV)
—— Backscattered e~ —— 4+ BSD only + Noise
+ SiO, in SOD —— + CCE

Figure 6.8: Simulated Energy Spectra of the Backscattered Electrons. The
counts per bin are divided by the number of generated electrons. The secondary electron
peak at low energies, the K, peak of silicon at 1.74 keV and the elastic backscattering peak
close to the initial electron energy are visible. The introduction of the spatially-limited
BSD detector lowers the backscattering continuum and flattens the spectrum. If the CCE
model and noise model are included, the peaks are mostly washed out and the spectral
shape close to the endpoint is altered.

Fig. shows the respective simulated energy spectra of the backscattered electrons.
Detecting all backscattered electrons with the WD provides the opportunity to observe a
peak at the initial electron energy. It corresponds to electrons which are reflected at the
SOD detector surface, loosing hardly any energy. Photon peaks from the K, transition of
silicon and oxygen are visible. For an initial energy of E1 = 10keV, also a photon peak
from the K transition of silicon at 1.84keV becomes observable [65]. Due to the small
intensity of this peak and its proximity to the K, peak of silicon at 1.74keV, it is not
resolvable in experiments. Moreover, an increase in the number of counts towards smaller
energies due to the detection of many low-energetic secondary electrons is visible.

The introduction of the BSD detector lowers the backscattering continuum due to its
limited spatial coverage. Furthermore, the spectrum is flattened, particularly at higher
energies. The inclusion of a CCE almost washes out the peak from secondary electrons.
Furthermore, it alters the spectral shape at the endpoint, especially for electrons with
lower initial energy. The elastic backscattering peak is not visible anymore. The photon
peaks are hardly affected by the transition layer due to the point-like interaction of photons
in matter. Electronic noise further alters the spectrum at very low and very high energies
and broadens the photon peaks or even washes them out for low FEj.

Nonetheless, the introduction of a CCE model and electronic noise only has a small effect
on the energy spectrum. Since the experiment has an energy detection threshold, effects
of the CCE and noise on low-energetic backscattered electrons are not observable. Only
at high energies, differences between the fitted CCE in the SOD and the actual CCE in
the BSD would be visible to a very small extent.
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Angular Distribution

Using the WD and no BSD, the total angular distribution of all backscattered electrons
can be observed. Fig. shows the number of backscattered electrons Ny, per solid
angle € for different ©1 at E£1 = 10keV.
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Figure 6.9: Number of Simulated Backscattered Electrons per Solid Angle.
The numbers are scaled to the number of initially generated electrons. For higher incident
angles, the electrons are increasingly concentrated towards ¢pg = 0° and Opg ~ ©1. The
distributions are symmetric around ¢pg = 0°.
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Here, the angle Q is defined as:
Q) = sin @BS d@BS d(Z)Bs. (6.7)

For ©1 = 0°, the electrons are preferably backscattered to low values of ©gg. The num-
ber of backscattered electrons continuously decreases towards higher @pg. The electrons
are evenly distributed in ¢g direction. For higher incident angles, the electrons are in-
creasingly concentrated towards ¢ps = 0°. Additionally, more electrons are backscattered
towards higher ©pg values with the highest concentration of backscattered electrons at
Ops ~ O1. The distributions are symmetric around ¢gg = 0°.

Backscattering Coefficients

For the simulation, several types of backscattering coefficients can be defined depending
on the detection mechanism and energy constraints.

The total backscattering coefficient 7t is defined as the ratio between the total number of
backscattered electrons Nyt as detected by the WD (without the simulation of the BSD)
and all initially generated electrons Nyy:

Nout
Nin '

It is therefore the most inclusive coefficient, as it is independent of the modelling of

Ttot = (68)

the detector response and includes all backscattered electrons. As a result, it is the
maximal coefficient which can be determined and only depends on the detector material.
Unfortunately, in the experimental setup, it cannot be determined due to the spatial
limitation of the BSD and the detector response of both detectors.

The partial backscattering coefficient 7par is defined as the ratio of the electrons Npsp
detected by any pixel of the BSD and the electrons Ngop detected by the SOD:

NBsp

' 6.9
Nsop (6.9)

Tlpart =

For this coefficient, no CCE was applied for the summation of the energy depositions in
the detectors. It should serve as a theoretical upper boundary of detectable backscattering
coefficients in the designed detector geometry. Thus, it accounts for the limited spatial
coverage of the BSD but neglects the detector response.

The experimental backscattering coefficient 7exp, is the ratio of Npsp and Nsop for elec-
trons with energies E above the energy thresholds of the respective detector:

Ngsp(Ersp > EBsp,T)
Nsobp(Esop > Esop,t)’

Tlexp = (610)

Here, the full detector model is applied, i.e. the CCE model as well as the noise model are
included. It is comparable to the experimental backscattering coefficient of the measure-
ments which was shown in fig. [5.22]

The coincidence backscattering coefficient 7)coinc is defined as:

Ngsp(Ersp > Epsp,t & Ecc > Esop,T)
Tlcoinc = . (6.11)
Ncc(Ecc > Esop,T)
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It is comparable to the coincidence backscattering coefficient of the measurements which
was shown in Here, Ncc denotes the number of detected electrons in the central
pixel of the SOD. For the simulated electron beam, which only hits the CC pixel, the
relation Noc = Nsop holds.

In fig. the backscattering coefficients defined above for different incident angles at
E; = 5keV and E7 = 10keV are compared. The partial backscattering coefficient npart,
which only poses geometrical constraints on the backscattered electrons, is much smaller
than n¢ot. The number of observable backscattered electrons is reduced by up to a factor of
four at ©1 = 0°. The experimentally accessible coefficients nexp and 7coine are additionally
smaller than 7.t due to the introduction of energy thresholds as in the experiment. For
example at B = 10keV and O 0° the total simulated backscattering coefficient amounts
to close to 20 %, but because of geometrical and energy constraints in the experimental
setup only an experimental backscattering coefficient of about 4 % is observable.
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Figure 6.10: Simulated Backscattering Coefficients as a Function of the Inci-
dent Angle. The coefficients are defined in eq. to [6.11] The coefficients show the
expected increase for higher ©1. The experimentally accessible coefficients 7exp and 7coinc
are much smaller than the total simulated backscattering coefficient 7ot.
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6.5 Summary

The experimental setup was implemented in GEANT4 with a few simplifications, and a
data processing procedure was developed. A fitting procedure was developed to extract
the charge collection efficiency parameters from the experimental electron energy spec-
trum. A mean dead layer thickness of 10.71%? nm was evaluated, which is in agreement
with a design value of 8 — 10 nm for the silicon-dioxide layer thickness. The mean detection
efficiency behind the dead layer is 85.61“3:? % and the mean effective transition layer thick-
ness is 75.7f§2:% nm. With those parameters, the spectral shape of the energy spectrum
measured in the SOD in the experiment was reproduced with the simulated data.

The energy and angular distribution of all backscattered electrons was investigated. More-
over, different experimental backscattering coefficients were extracted from the simula-
tions. The impact of the experiment-specific constraints on e.g. the geometry of the
detectors and the energy thresholds of the detectors on the backscattering coefficient
was investigated. Although, for example, at 1 = 10keV and ©1 = 0° the total simu-
lated backscattering coefficient amounts to about 20 %, only a backscattering coefficient
of around 4 % is experimentally accessible.

To examine the applicability of the simulation to investigate electron backscattering, its
outcome needs to be compared to the experimental results.
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Comparison of Experiment and Sim-
ulation

In this chapter, it is discussed how good the experimental results can be reconstructed by
GEANT4 simulations. In section the uncertainty determination applied for the com-
parison of experiment and simulation is explained, i.e. which uncertainties are expected to
have a relevant influence on the results and how they are taken into account. A comparison
of the detected coincidence energy spectra of the SOD and BSD is shown in section
The angular distribution of backscattered electrons and the backscattering coefficients are
compared in section [7.3] and respectively.

7.1 Uncertainty Estimation

For the comparison of experiment and simulation three main sources of uncertainties have
been taken into account:

1. Uncertainty on the CCE model parameters (DL, p; and A): As explained in sec-
tion the first fit of the detector model did not converge towards one set of CCE
model parameters. The mean values were implemented in the subsequent simula-
tions. A possible variation of the DL, p; and A parameter between the minimal and
the maximal value of the first fit results was applied for the following uncertainty
estimation.

2. Geometrical uncertainties as illustrated in fig. (dO1, dO10, dz, dy, dz): The
incident angle at the SOD is freely selectable in the experiment. It had to be adjusted
by hand. The take-off angle ©1¢p for the BSD can vary due to some play in the
fixation of the holding structure on the cooling plate. Furthermore, a slight angular
uncertainty can arise from the gluing procedure, when the SDD chip is glued on
the ceramic block. The angles are therefore assumed to be known to a precision of
about 3°. The positioning of the BSD in z-, y- and z-direction relative to the SOD is
known down to a few mm. For the following analysis, a possible shift of up to 3 mm
in every direction was assumed with the exception of a shift in positive z-direction.
Here, only a maximal shift of 2mm was assumed. Due to the closeness of the BSD
to the electron beam, for a larger shift, the BSD chip would block the electrons for
the ©1 = 0° configuration.
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Figure 7.1: Illustration of the Geometrical Uncertainties. In red, the SOD and
the BSD are pictured in the top view exemplary for a @1 = 0° configuration. The electron
beam is pictured by the green arrow. For each parameter, the direction of variation is
indicated.

3. Uncertainty on the number of initial electrons measured in the SOD in the experi-
ment (dNsop): A total uncertainty of 1.41 % on the measured initial electron number
in the SOD is assumed due to charge sharing and pileup as explained in section [5.3
An uncertainty on the number of coincidence events is not considered. Additionally,
an uncertainty on the amount of detected backscattered electrons in the BSD is
neglected.

A summary of the mentioned parameters and their minimal and maximal value or variation
is provided in table [7.1]

Table 7.1: Uncertainties on Selected Parameters. For each parameter either the
minimal and maximal value or the minimal and maximal variation is listed.

Parameter Default value Minimal value Maximal value

DL 10.7 nm 4.0nm 13.5nm
A 75.7 nm 49.51 nm 100.8 nm
1 0.865 0.765 0.898
dx 0Omm —3mm 2mm
dy Omm —3mm 3mm
dz 0Omm —3mm 3 mm
dOy 0° —3° 3°
dO®1o 0° —3° 3°

dNsop 0% —1.41% 1.41%
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The CCE model parameter as well as the geometrical uncertainties are applied on the
results of the simulation. For this, two approaches were followed:

1. Monte Carlo approach to estimate the total uncertainty: For each CCE and ge-
ometry parameter, a value within the parameter limits was randomly picked. This
set of parameter values was then implemented in the simulation. Subsequently, a
simulation for each of the nine measurement settings was run. This procedure was
performed ten times to obtain in total ten simulations with varied parameters plus
one simulation with the default values for each measurement setting. For the data
to be comparable with the experiment, a fit of each of the simulated SOD energy
spectra has to be carried out as described in subsection (without step 1). For
©1 = 0° and E1 = 7.5keV and two of the parameter value sets, the fit did not work
properly. For this configuration, those two sets were therefore excluded from the

uncertainty analysis.

2. Determination of the parameter with the most influence: Two O1/FE; combinations
(10keV/0° and 5keV/59°) were chosen to determine the parameters which have
the highest influence on the results. For each configuration, sixteen simulations
were performed, two per parameter as specified in table (excluding dNgop).
Respectively, one simulation for the minimal and maximal parameter value was
conducted. Each SOD energy spectrum was fitted to the experimental equivalent to
determine the remaining parameters as defined in subsection m (without step 1).

7.2 Energy Spectra

The electron beam in the simulation has no angular spread and hits only the CC pixel
of the SOD. In the experiment, several pixels in the SOD are irradiated. Therefore, to
minimise distortions in the energy spectrum measured in the BSD arising from different
incident angles at the SOD, only coincidence events between the CC pixel and the BSD
were chosen for the comparison of the energy spectra.

The simulated data was not corrected for pileup. In the experiment, coincidence between
a pileup event in the SOD and an event in the BSD is possible. Therefore, to make
the simulated and the experimental energy spectra comparable, an upper energy limit is
applied on the experimental data. The sum of the energy Fgop of the coincidence event
in the SOD and the energy Egsp of the coincidence event in the BSD must be smaller
than the initial electron energy plus some factor E,es accounting for the energy resolutions
of both detectors:

FEsop + Epsp < Bt + Eies. (7.1)

Here, Fics is evaluated through the energy resolutions FWHM (eq. and of the
respective detector at FEp with:

Eres = \/FWHM%OD(E[> + FWHMQBSD(E[> (72)

The parameter co of equation was calculated from the mean FWHM per detector de-
termined during the *>Fe calibration (sec.|5.3.1)) and amounts to ¢ = 51.2eV for the SOD
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and ce = 68.9eV for the BSD. In addition to the upper energy limit, energy thresholds
(Esop,t and Epgp 1) were applied for coincidence events in both detectors as explained
in subsection [6.3.11

Furthermore, the pixels 2 to 12 and 157 to 168 were excluded from the data. In the
experiment, those pixels are partly shaded by the PCB board of the SOD. Thus, their
contribution to the energy spectra is smaller than in the simulation. Moreover, all pixels
with noise or connection issues, which were excluded in the analysis of the experimental
data, were excluded in the simulation as well.

In fig. the resulting coincidence energy spectra recorded by the CC pixel of the SOD
for four different E;/Oq configurations are shown. The spectra are in agreement within the
total uncertainty, whereby the accordance is better for higher initial energies and smaller
incident angles. The total uncertainty is higher for small initial electron energies.
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Figure 7.2: Coincidence Electron Energy Spectra of the CC Pixel for Ex-
periment and Simulation. The total uncertainty on the simulated spectra is the
minimal and maximal value per bin extracted from approach one of the uncertainty
estimation (sec. . The residuals were calculated for energies between Esop T and
E; — (EBsp,T — Eres). The simulated spectrum is in agreement with the experimental one
within the uncertainties for every Ep/Op configuration.
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Figure 7.3: Coincidence Electron Energy Spectra of the BSD for Experiment
and Simulation. The energy spectra of all included pixels of the BSD were combined.
The total uncertainty on the simulated spectra is the minimal and maximal value per
bin extracted from approach one of the uncertainty estimation (sec. . The residuals
were calculated for energies between Epgp 1 and Ey — (Esop,T — Eres). The simulated
spectrum is in agreement with the experimental one within the uncertainties for every

Eq;/Oq configuration.

The same behaviour is observed for the energy spectra of the backscattered electrons. The
energy spectra of the coincidence events detected by the BSD can be seen in fig. for all
included pixels combined. Slight differences between simulation and experiment can be
observed at the photon peak, which is more present in the experiment. In addition, the
more the transition layer plays a role, the higher is the mismatch between simulation and
experiment at the spectral decline at high energies. Nevertheless, all simulations agree with
the experimental results within the uncertainties. For completeness, the comparison of the
energy spectra recorded by the CC pixel or the BSD for all remaining F1/01 configurations
is attached in appendix

A good agreement of the energy spectra recorded by the pixel groups introduced in sub-
section [5.4.2| was achieved. The best spectral agreement was achieved for the pixel groups
with small Opg as well as for low incident angles.
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Figure 7.4: Impact on the Backscattered Electron Energy Spectrum for Vari-
ations of the Most Important Parameters. On the left, the BSD energy spec-
tra for the O = 0°/FE; = 10keV configuration, and, on the right, the spectra for the
©1 = 59°/FE; = 5keV configuration are shown. In the upper row, the spectra for the
variation of the parameter with the most influence is shown. The second row depicts the
impact of the respective second most important parameter. The spectra are shown for the
default, minimal and maximal parameter value, as defined in table A variation of the
DL has an impact on the shape, a shift in z-direction on the amplitude and a variation
of the p; parameter on the endpoint of the spectrum.

To determine the parameter with the highest impact on the spectral shape of the energy
spectrum of backscattered electrons, the simulations of approach two of the uncertainty
estimation were directly compared to the respective default simulation. At ©; = 0° and
E; = 10keV, the parameters DL and x have the most impact on the spectral shape, while
at O = 59° and Er = 5keV, the parameters DL and p; have the highest impact. In
contrast, a shift in y-direction has the smallest effect on the spectral shape. In total, a

variation of the parameters has a bigger impact on the observed energy spectra at ©; = 59°
and E1 = 5keV.

In fig. the impact of the parameters DL, p; and x on the energy spectrum of backscat-
tered electrons in the simulation is shown. The dead layer thickness DL has both an impact
on the spectral shape and the endpoint. For smaller DL values, the detectable energy de-
position in the BSD is higher. The endpoint is shifted to larger energies. As expected,
its impact on the spectrum is maximal at high incident angles and small initial electron
energies. The second most important transition layer parameter is p;. For smaller pq,
hence worse detector efficiencies after the dead layer, the endpoint of the energy spectrum
is shifted towards lower energies. The electrons are predominantly backscattered towards
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small ©pg at ©1 = 0°. Therefore, if the BSD is shifted in x-direction towards the electron
beam, the amplitude of the energy spectrum is increased. An increase by almost a factor
two for a shift of 5mm is notable. An impact on the endpoint was not observed.

As a result, the CCE has to be precisely modelled to be able to correctly predict the
observed energy spectra. Hence, the mismatch of the energy spectrum of backscattered
electrons for experiment and simulation at high incident angles and low initial electron
energies can be traced back to the already discussed difficulties with the determination of
the CCE model parameters.

7.3 Angular Distribution

Due to the angular spread of the electron beam in the experiment, the angular distribution
of the backscattered electrons is a superposition of backscattering from all SOD pixels and
the surrounding materials. In the simulation, only the CC pixel is hit. Therefore, for the
comparison of the angular distribution of backscattered electrons between simulation and
experiment, only coincidence events are taken into account. In addition, no upper energy
limit (cf. eq. on the energies of the coincidence events as for the comparison of the
energy spectra was considered. Only the energy thresholds Esop T and Epsp T were
applied.
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Figure 7.5: Difference in N¢oijnc Per Pixel in the BSD Between Experiment and
Simulation. The number Ncuine of backscattered electrons with coincidence with the CC
pixel is calculated according to eq. for the experiment (N> ) and the simulation

(Nsim 3 respectively. The number of backscattered electrons in the simulation is scaled

with the amplitude A evaluated in subsection A difference of up to 30 % at high
©pg can be observed.

The number N¢yine of backscattered electrons per pixel in the BSD with coincidence with



7 Comparison of Experiment and Simulation 84

E, = 10.0 keV, ©, = 0°

0.061
¢ simulation
—~ 0.051 ¢ experiment
8
0 0.04+
(6]
o
? 0.031 ;[
: :
20.02 Fadl
= ] 20y i
0.01 i
0.001 . . . i . i . .
0 20 40 60 80 100 120 140 160

Pixel number

Figure 7.6: Comparison of Ncginc in the BSD as a Function of the Pixel Num-
ber. The number of backscattered coincidence electrons are scaled to the number of initial
electrons detected in the CC pixel Nsop cc. The uncertainty for the experiment is 1.41 %
on Nsop,cc. The uncertainty on the simulated rates is the minimal and maximal value
extracted from approach one of the uncertainty estimation (sec. . Almost only the
simulated values in the pixels of left two columns of the BSD (pixel 2 to 12 and 157 to
168) do not agree with the experiment.

the CC pixel are compared in fig. A variation of Negine per pixel of up to 30%
(neglecting the two leftmost pixel columns) was observed. The N¢gine values observed in
the simulation are higher at small @pg and vice versa in comparison to the experiment.
The difference of Ncine per pixel stays mainly unchanged for all Ej/©; configurations.
Nonetheless, Neoine in the simulation agrees with the values measured in the experiment
within the uncertainties which can be seen in fig. exemplary for By = 10keV and
01 = 0°.

To estimate the parameters which have the highest influence on the detected angular dis-
tribution of the backscattered electrons, the simulations of approach two of the uncertainty
estimation (sec. are compared to the respective default simulation. At ©; = 0° and
FEr = 10keV, a shift in x-, y- or z-direction has the most impact on the detected angular
distribution. In addition, the transition layer parameters, especially DL and p;, have a
high impact on the detected angular distribution for ©; = 59° and F; = 5keV.

In fig.[7.7] the impact of the parameters x, z and DL on the angular distribution is shown.
A shift in z-direction of about 5 mm leads to a variation in the number of coincidence events
of up to over 100 % for ©; = 0° and E; = 10keV. With exception for the pixel columns
closest to the initial electron beam, Ncpine increases for a shift in positive x-direction.

An increase of the DL value leads to an overall reduction of detected backscattered elec-
trons for ©1 = 59° and E1 = 5keV, especially at high Opg. A decrease of Ncoine of up to
about 60 % can be observed.

For ©;1 = 0° and E7 = 10keV, a shift of the BSD in positive z-direction, thus closer to
the SOD, increases Neoine for low Ogg up to about 60 % and reduces it at high ©gg up to
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about 85%. At ©1 = 59° and E; = 5keV, a similar behaviour is observable. Here, a shift
of the BSD in positive z-direction does not bring the BSD closer to the SOD (see fig. .
However, the electrons are predominantly backscattered to high Opg. As a result, a shift

in positive z-direction shifts the detected angular distribution of backscattered electrons
more to the right side of the BSD.
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Figure 7.7: Difference of the Angular Distribution for Variations of the Most
Important Parameters. The difference between the number N ;2% of coincidence events

in the simulation with the maximal parameter value and the number N, C‘giﬁc of coincidence
events in the simulation with the minimal parameter value was calculated for each pixel.
On the left, the difference in Nggine relative to Négiiﬁc for the ©1 = 0°/E; = 10keV con-
figuration, and, on the right, the difference for the ©; = 59°/E; = 5keV configuration is
shown. The upper row depicts the variation in z-direction and the DL parameter. The
second row compares the variation in z-direction. Variations of up to 100 % are observable
for a shift in positive x-direction. A thicker dead layer decreases the observed electron
number over the whole BSD up to 60 %. A shift in z-direction leads to variations of up to

85 %.
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In total, small variations in the geometrical parameters lead to very high variations in the
observed number of coincidence events per pixel. This relativises the mismatch between
simulation and experiment of up to 30 %. Furthermore, high emphasis on the correct
geometrical alignment of the BSD relative to the SOD should be put in future experiments.

7.4 Backscattering Coefficients

In terms of the backscattering coefficient not only coincidence events can be compared, but
also the total detected electron numbers on the detectors. The coefficients are calculated
according to eq. and for the experiment and eq. and for the simulation.
For the comparison, the pixels 2 to 12 and 157 to 168 were excluded from the data. Within
the uncertainties, the coefficients match for all incident angles and initial electron energies
which can be seen in fig.

The parameter with the most influence is determined by directly comparing the backscat-
tering coefficient of the simulations with the minimal and maximal parameter value (un-
certainty estimation approach two) with the default simulation. For each parameter, the
deviation An was therefore calculated as:

Ans,p _ Ms,p — Tls,default (73)
Ts,default
with s € {exp, coinc} and p € {min, max}. Here, min and max stands for the simulations
with the minimal or maximal parameter value, respectively. In table the deviations
for all coefficients and parameters at the chosen ©1/E; settings are summarised. The
parameters causing the largest deviations are marked in red.

Especially a shift in z-direction has a high impact on the amount of detected backscattered
electrons in the BSD. Furthermore, a variation of the incident angle has a high impact,
which can be derived from the behaviour of the backscattering coefficient for increasing
incident angles in general. As a result, a more precise way to define ©1 at the SOD and
the z-position of the BSD relative to the SOD in the experiment should be headed for in
future measurements. At B = 10keV and ©; = 0°, ©gg and the z-position of the BSD
have a medium influence on the measured backscattering coefficients. For F1 = 5bkeV and
O1 = 59°, the large impact of the DL parameter stands out for the observation of 7cginc.
The A parameter and the y-position of the BSD have in all cases the smallest effect on the
backscattering coeflicients.
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Figure 7.8: Comparison of the Backscattering Coefficients as a Function of the
Incident Angle. An uncertainty on the rate at the CC pixel of 1.41 % was applied for
the experiment. For the simulation, the errors are the minimal and maximal value of nexp

derived from the simulations of approach one of the uncertainty estimation.
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Table 7.2: Relative Deviation of the Backscattering Coefficients for Variation
of one Parameter. For each CCE and geometrical parameter, the relative deviation of
the backscattering coefficient for minimal and maximal variation of the parameter com-
pared to the respective default simulation is listed. The impact on the experimental and
the coincidence backscattering coefficient is shown. The largest deviations are marked in
red.

(a) Deviations @ E; = 10keV and O = 0°

Parameter ATlexp,min (%) A77exp,max (%) A77coinc,min (%) A77coinc,maux (%)

DL 2.2 -0.7 4.3 -1.3
A 0.3 0.1 0.9 0.3
P1 -0.6 0.2 -1.2 0.3
O1 -7.3 6.9 -7.6 6.9
OTo -5.2 4.9 -5.8 5.4
T -14.6 10.2 -15.1 10.5
Y -2.0 -0.7 -2.1 -0.8
z -7.1 5.8 -6.6 5.2
(b) Deviations @ Ey = 5keV and ©1 = 59°

Parameter ATlexp,min (%) A77exp,max (%) A77coinc,min (%) A77coinc,maux (%)
DL -0.1 -0.1 35.8 -11.1
A -0.0 0.0 0.0 -0.8
P1 -0.0 0.0 -14.3 3.0
O -10.4 10.3 -8.2 6.7
OTo 1.2 -1.9 -4.3 3.6
T -13.9 10.3 -11.3 8.2
Y -1.8 -0.6 -2.0 -0.6
z -24 -1.0 5.7 -8.9
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7.5 Summary

The energy spectra of the CC pixel and the BSD for coincidence events, the angular dis-
tribution of coincidence events and the backscattering coefficients for all detectable events
and for coincidence events were compared. In total, a good agreement of the simulated
data with the experimental data within the uncertainties was achieved. This validates the
GEANT4 simulation toolkit to be suitable for investigations of electron backscattering on
silicon materials.

A detailed uncertainty investigation showed a high impact of the dead layer thickness
parameter on the detected backscattered electron energy spectra and the angular distri-
bution, especially at high azimuthal backscattering angles, as well as on the coincidence
backscattering coefficients. The impact is maximal for low initial energies and high in-
cident angles. The second most important CCE parameter turned out to be pj, which
has a high impact on the measured endpoint energy in the backscattered electron energy

spectrum.

Of major importance in the measurement setup turned out to be the z-position of the
BSD relative to the SOD. A shift of 5mm can double the observed number of backscat-
tered coincidence electrons detected in a pixel of the BSD. In the measured backscattered
electron energy spectrum, this shift leads to a increase of the amplitude by almost a factor
of two over the entire energy range. For the measured backscattering coefficients, the shift
leads to a variation of up to 15%. The second most important geometrical parameter is
the z-position of the BSD relative to the SOD. It highly impacts the measured angular
distribution as well as the measured backscattering coefficients.
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Conclusion and Outlook

A multi-pixel Silicon Drift Detector system (TRISTAN) is currently being developed to
upgrade the KATRIN experiment in order to enable a keV-scale sterile neutrino search.
One of the key requirements for a sterile neutrino signature in a tritium beta-decay spec-
trum is a precise understanding of the detector response to electrons. Electrons that are
scattered back from the detector have a strong impact on the measured energy spectrum.
To accurately 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 determined.

One major goal of this thesis was the design of an experimental test facility to study
the effect of detector backscattering. The relations between the energy and angle of
incoming and backscattered electrons were successfully probed with two TRISTAN silicon
drift detector devices. One 7-pixel detector was used as an scatterer, whereas the other
detector, a 166-pixel detector array, served as a detector for the backscattered electrons.

Based on a coincidence analysis, the signature of backscattered electrons in the energy
spectrum of the scatterer was extracted. Additionally, the backscattering detection effi-
ciency was estimated, which allows the extraction of the backscattering coefficient which is
often stated in literature. A backscattering coefficient of about 17 % for an initial electron
energy of 10keV and an incident angle of 0° was evaluated. This is in good agreement with
literature values of around 17—-21% for silicon materials. In general, the backscattering
coefficient strongly increases for larger incident angles.

The second major goal was the implementation of the experimental setup in the simu-
lation toolkit GEANT4. In a first step, a fitting procedure was developed to extract the
charge collection efficiency parameters from the experimental electron energy spectrum.
Given these detector properties, it was then possible to compare the simulated backscat-
tering characteristics to the data. In particular, the energy and angle-dependence of the
backscattering coefficient was compared and a good agreement was demonstrated. This
result is of high relevance for the final modelling of the full tritium spectrum and its
uncertainty estimation.

A detailed uncertainty investigation showed that a small variation in the dead layer thick-
ness parameter has a high impact on the detected electron energy spectra, especially at low
initial energies and high incident angles. In future works, the charge collection efficiency
model should be validated by a more detailed investigation of different TRISTAN silicon
drift detectors with electrons. Furthermore, different charge collection efficiency models
should be compared to evaluate the most suitable model for the given doping profiles of
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the detectors.

In addition, the uncertainty study showed that the relative positioning of the detectors in
the experiment has a high impact on the results. A shift of the backscattering detector
of 5mm in z-direction can lead to a doubling of the observed number of backscattered
electrons per pixel. Therefore, a precise way to measure the experimental geometry after
the mounting of the detectors in the vacuum chamber should be developed for future
measurements with the developed experimental setup.

In conclusion, by measuring with two detectors and a coincidence analysis, a method has
been developed that allowed for the first time to measure the backscattering properties of
the TRISTAN detector. The experimental results offer the opportunity to verify already
existing as well as future simulations of electron backscattering for the modelling of the
TRISTAN detector response. The GEANT4 simulation toolkit was validated to be suitable
for backscattering investigations of silicon detectors. As a result, this thesis lays the
foundation for an experimentally validated model of backscattering, which is needed for
sensitivity studies and the upcoming analysis of the tritium spectra that will be measured
with the TRISTAN detector.



Appendix

A.1 Geant4 Physics List Comparison

The choice of the GEANT4 physics list influences the spectral shape of the electron en-
ergy spectra. In fig. the energy spectrum of the central pixel of the SOD is shown.
For the G4EmStandardPhysics (Standard) and G4EmLowEPPhysics (LowE) list, less low-
energetic electrons are observed. For the G4EmLivermorePhysics (Livermore), Stan-
dard and LowE list, the silicon escape peak is not observed. At high energies, only
the G4EmStandardPhysicsSS (StandardSS) list detects electrons continuously up to the
initial electron energy. For the Livermore, GAEmPenelopePhysics (Penelope) and LowE
list, the spectrum has a gap between the initial electron energy F; and E1— 100eV. For
the Standard list, the spectrum has an even larger gap between Er and F1—1keV.

In fig. the energy spectra of the backscattered electrons are shown. At low energies,
only for the StandardSS list electrons down to 0keV are observed. For the Livermore,
Penelope and LowE list, no electrons with energies below 100eV are recorded. With the
Standard list, barely any backscattered electrons with energies below 1keV are detected.
Photons which escaped the silicon bulk of the SOD are only observed for the StandardSS
and Penelope list. At high energies, only for the StandardSS, Livermore and Penelope list,
a peak at the initial electron energy arising from elastic backscattering/reflection can be
seen. In contrast, for the Standard and LowE list, the energy spectrum shows a reduced
amount of counts at high energies.

In total, the difference of the physics lists mostly affects energy regions which are not
accessible in the experiment. The DAQ system introduces an energy threshold of about
0.8keV in the SOD and 1keVin the BSD in the experiment. The electronic noise alters
the backscattered electron energy spectrum at high energies and the transition layer effect
concerns high the low-energetic side of the main peak in the initial electron energy spec-
trum. Nevertheless, since only the Penelope and StandardSS physics lists are producing
a silicon escape peak in the SOD energy spectrum, one of the two lists should be chosen.
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Figure A.1: Comparison of the Simulated Energy Spectra of the SOD for Dif-
ferent G4 Physics Lists. The energy of each event is the sum of all energy depositions
inside a silicon bulk. No silicon dioxide layer, transition layer model or noise model is
applied. The physics lists produce similar results except for energies close to 0keV and
Ei. The silicon escape peak is not observed for the Livermore, Standard and LowE physics

list.
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Figure A.2: Comparison of the Simulated Energy Spectra of Backscattered
Electrons for Different G4 Physics Lists. The energy of backscattered electrons is
recorded when they leave the simulated world sphere. The highest variation between the
physics lists is observable for energies close to 0keV and Ey. A photon peak at 1.74keV
is only visible for the StandardSS and Penelope phyics list.
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Figure A.3: Comparison of Simulated and Measured Energy Spectra of the CC
Pixel - Part 2. The simulated fitted energy spectra are compared to the experimental
energy spectra for Fy = 7.5keV and ©1 = 0°. The residuals are calculated for energies

between Esop,T and Ey + 0.2¢eV.
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Figure A.6: Coincidence Electron Energy Spectra of the BSD for Experiment
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