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Abstract

Sterile neutrinos are a minimal extension of the Standard Model of particle physics.
This particle, if it exists, could solve some fundamental open questions in particle
physics, as well as astrophysics and cosmology. For example, with a mass in the keV
regime, it is a viable candidate for dark matter.

The TRISTAN project within the KATRIN experiment investigates the option of
searching for the signature of a keV-scale sterile neutrino in the (-decay spectrum
of tritium. This requires a novel detector system for high-rate 3-spectroscopy. The
most suitable design is a multi-pixel Silicon Drift Detector (SDD) focal plane array.
The characterization of the first 7-pixel prototypes with 2 mm pixel diameter showed
their excellent performance, with an energy resolution of A Fpwum = 260eV at 14 keV
and a shaping time below 1 1s. Low shaping times are essential for detecting high-rates
in the order of 10° cps per pixel.

Within this thesis a 7-pixel TRISTAN prototype Silicon Drift Detector was integrated
as Forward Beam Monitor (FBM) in the KATRIN beam line. Situated before the large
KATRIN main spectrometer the FBM continuously monitors the high flux of beta
electrons. Beyond that, the high resolution of the SDD detector allows to investigate
the spectral shape of the tritium 3-decay spectrum, and hence to search for the signal
of sterile neutrinos. The detector features seven hexagonal pixels with a small pixel
diameter of 250 pm.

As a first step the necessary hardware, including a new detector board, mounting
structure, shielding and cables, was designed and assembled. Before the installation in
KATRIN, the fully integrated system was characterized in a test stand at MPP with
electron and photon calibration sources. A special focus was put on the characterization
of charge sharing between pixels, as this effect is especially relevant for small pixel sizes.
In this context a model of charge sharing for photons and electrons was developed. As
a result, it could be shown that the measured distribution of charge sharing events is
consistent with a Gaussian shaped charge cloud of 20 pm width.

In summer 2019 the new FBM detector was successfully installed and commissioned in
the KATRIN setup. The first tritium data was taken in autumn 2019. The detector
achieved its goal to monitor the activity of the tritium source on the 0.1% level on
a time scales of a several hours. On a longer time scale a declining rate of 1.5 % per
month was observed, which is currently under investigation.

To enable a sensitive sterile neutrino search a precise model for the tritium spectrum
over a wide energy range is necessary. In this thesis a simplified model of the full
tritium spectrum, including the most relevant detector effects, was developed. A good
agreement of this model and the spectral shape above 10keV could be demonstrated.
Finally, the statistical sensitivity of the FBM detector to sterile neutrinos was com-
puted. For a measurement time of 50d, a sensitivity for sterile mixing on the level
of 2 x 107® could potentially be achieved, which would supersede current laboratory-
based bounds.
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1. Introduction

1.1. Neutrino Physics

Neutrinos are elementary particles, described as leptons in the Standard Model of
particle physics. Similar to the charged leptons e, u, 7, they come in three flavors v,
v, Vr. As neutral leptons, neutrinos only take part in the weak interaction.

One famous physics process that involves the neutrino is the 3~ -decay, where a neutron
decays to a proton, an electron and a neutrino:

n—pt+e +1, (1.1)

1.1.1. History

The neutrino was first postulated by Wolfgang Pauli in 1930. He proposed a not
detectable particle to explain the continuous energy spectrum of the (3-decay. A few
years later Enrico Fermi developed the corresponding theory to describe the 3-decay.
It took more than 20 years until in 1956 the existance of the neutrino could finally be
proven experimentally by Cowan and Reines [1]. They were able to detect the 17, flux
from a nuclear reactor by the inverse (3-decay on protons:

p+v.—n+et (1.2)

In the following years several experiments detected neutrinos of different origins and
flavors. Omne of these pioneer experiments was the Homestake experiment [2], which
measured the v, flux from the sun for the first time. Compared to the theoretical
prediction, less neutrinos were observed than expected. This disagreement, known as
the solar neutrino problem and was later confirmed by other solar neutrino experiments.

The solar neutrino problem can be explained if the three flavor eigenstates |ve), |v,)
and |v;) are a superposition of three mass eigenstates |v4), |v2) and |v5). This mixing
of flavor and mass eigenstates is described by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix

|Ve> Uel Ue2 Ue3 |V1>
|V,u> = U,ul U,u2 U,u3 |V2> . (13)
V) Un Usp Us) \|us)

Thanks to the mixing, neutrinos can change their flavor during propagation [3]. In 2001
the SNO experiment finally prooved that the missing solar v, flux was corresponding
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to an appearing v, flux [4]. The change of the neutrino flavor during propagation
was not only observed for solar neutrinos: Detectors measuring reactor neutrinos (e.g.
KamLAND [5]) and atmospheric neutrinos (e.g Super-Kamiokande [6]) observed the
effect of neutrino flavor oscillation. The probability of oscillation can be calculated by

Pyes, (8) = [ ve(®) 1) |- (1.4)

Since the propagation of the wave functions is calculated in the mass eigenstates
1), [2), [v3), (ve(t)| can be written as

(ve(t)] = Z Ui - e (uil. (1.5)

Assuming only two mass eigenstates and the relativistic approximation F; ~ E + 57,

a simplified equation for the oscillation probability is obtained

A 2
P, (t) = sin’(20) Sin2( 42;” L), (1.6)

where L is the propagated distance, and sin?(26) = 4U,, U, 1Ue2U,2 is the mixing ampli-
tude in the PNMS matrix. The observation of neutrino oscillations implies a non-zero
Am?, which is the squared mass difference between the mass eigenstates. The current
values, obtained by various experiments, are summarized in table 1.1.

1.1.2. Neutrino Mass

Oscillation experiments measure the Am? between the mass eigenstates but are not
sensitive to the absolute scale of the neutrino mass. There are currently three experi-
mental approaches to measure the absolute neutrino mass:

Cosmology Neutrinos are very abundant in the universe. Today still 340 neutrinos
per cm? are relic from the big bang [7]. This big number of neutrinos played an impor-
tant role during the large-scale structure formation of the universe. They contribute
to the overall mass density, but are not trapped in the small-scale gravitational wells

formed by ordinary matter and cold dark matter. The sum of the neutrino masses

m, = Zml (1.7)

Table 1.1.: Current experimentaly determined mixing parameters of the neutrinos,
assuming normal order. Details can be found in [7].

sin®(f12) = 0.307 +0.013 Am2, = (543 £0.18) x 107°eV?
sin®(fy3) = 0.5140.12 Am3, = (2.51£0.05) x 1073 eV?
sin®(f13) = (2.21 £0.08) x 1072
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therefore has an influence on the expected matter power spectrum in the universe
today. Depending on the underlying cosmological models and measured data sets,
the resulting cosmological limit on the neutrino mass ranges from m, < 0.73eV to
m, < 0.12eV (at 95% C.L.) [7]. The cosmological limits on the neutrino mass are
model dependent, and usually based on the ACDM model [7], which describes the
evolution of the universe.

Search for Ov3-decay The double -decay (2vf3) is the simultaneous appearance
of two (3-decays in one nucleus. It can be observed in several isotopes where the single
B-decay is energetically forbidden, e.g. "*Ge. As the 2vpp-decay is a second order
weak process, these isotopes have very long lifetimes of 10'® to 10?2 y. In this process
two v, are created.

The 0v[3B-decay is a double beta decay where no neutrino is emitted. This can be
illustrated as if a virtual outcoming neutrino of one (-decay serves instantaneous as
incoming antineutrino for another inverse (3-decay. This requires the v and 7 to be the
same particle, which is only possible if the neutrino is a massive Majorana particle. In
this case the only difference between v and v is its helicity, which is not conserved for
massive particles. The half live of the 0vf33-decay is related to the Majorana mass of

the neutrino:
> vim,
i

Up to now no 0vp-decay has been observed. The GERDA experiment for example
states a limit for the ®Ge 0vpB-decay half-life of T 1> 8 10%°y. This gives a limit
mpp < 0.26 eV on the Majorana neutrino mass [8]. Nevertheless, if the neutrino is not
a Majorana particle, no statement about its mass can be made with the 0v{33-decay.

(1.8)

mpep =

Kinematics of 3-decay A non-zero neutrino mass has an influence on the spectrum
of the 3-decay. The mass of the neutrino reduces the maximum energy the [3-electron
can receive in the decay. Besides this, also the shape of the spectrum close to the
endpoint changes due to the phase space factor in the Fermi theory which describes
the [3-decay. As the electron antineutrino is involved in the 3-decay, the spectrum is
sensitive to the effective electron antineutrino mass:

mp = /Z |Uei|? - m?2 (1.9)

A very promising 3 emitter to study the neutrino mass is tritium. On the one hand it
has a low endpoint energy of only Ey = 18.6 keV, which leads to a high count rate close
to the endpoint region. On the other hand the tritium decay is a superallowed (-decay
with a short half-life of 77/, = 12.3a. This is advantageous as a high {3-electron rate
can be observed already at low source densities. The differential 3-spectrum of tritium
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Figure 1.1.: Differential electron spectrum of tritium, based on [9]. The right plot
shows a zoom into the endpoint region when assuming different neutrino masses. The
probability for an electron to have an energy within the range of the right plot is less
than 5 x 10712,

can be calculated by

ar

d_E = C'FC(E)'peEe'pVEV (110)

= C-Fo(BE) V(E+m)?2—m2-(E+m.) -/ (FEy— E)?—m2-(F,— E).

where FE is the kinetic energy of the electron, Ej is the endpoint energy, C'is a constant
that absorbs the nuclear matrix element and F¢(F) is the Fermi function that takes
into account the electromagnetic interaction of the outgoing electron with the daughter
nucleus. Further details on the calculation of the differential tritium spectrum can be
found in [9].

The differential tritium spectrum and the influence of a neutrino mass is shown in figure
1.1. An experiment following the approach to measure the neutrino mass by studying
the tritium (3-decay spectrum is KATRIN, which will be described in more detail in

section 1.2. The KATRIN experiment recently published a current upper limit on mg
of 1.1eV (90 % C.L.) [10].

1.1.3. Sterile Neutrinos

Figure 1.2 shows the fermions of the Standard Model. The three active neutrinos
take a special role within these: First, their mass (< 1eV) is much smaller compared

10



1.1. Neutrino Physics

to all other fermions. Furthermore, as neutrinos only interact weakly, they are only
observed as left-handed particles, while all other fermions are observed left- and right-
handed. Right-handed neutrinos would not interact in the Standard Model and extend
the Standard Model in a natural way. The introduction of a right-handed, hence
sterile, neutrino typically leads to the existence of further neutrino mass eigenstates of
arbitrary mass. These new mass eigenstate are mostly, but not fully composed of the
sterile state (Nevertheless, throughout this work, these new mass eigenstates are called
sterile neutrinos.) The key parameters of these new hypothetical particles are its mass
and the mixing with the active neutrinos (i.e. their fraction of left-handedness).

The new mass eigenstate can in principle have an arbitrary mass, motivated by the
following considerations:

e The introduction of a sterile neutrino can explain the lightness of the active neu-
trinos: In the Standard Model all fermions get their mass from Yukawa coupling
to the Higgs field. If this mechanism is applied to the very light active neutrinos,
one has to introduce a very small coupling constant, which seems unnatural [12].
Theories can solve this with the see-saw mechanism, which introduces a Majorana
mass term and a sterile neutrino with a mass O(TeV). A sterile neutrino in this
mass range can also be related to the generation of the baryon asymmetry in the
early universe through its implications on leptogenesis [7].

e In cosmology a sterile neutrino is a viable candidate for dark matter [12]. The
allowed sterile mass my is in the O(keV) scale in this case, and the mixing is
below 107"

e There are several further motivations to introduce a sterile neutrino with a huge
spread of proposed masses. One example is a sterile neutrino in the O(eV) mass

Leptons

2.4 MeV

“u

up

1.27 GeV

. 2

charm

171.2 GeV

4.8 MeV 104 MeV 4.2 GeV
-1/3 d 13 S 113 b
down sfrange bottom
<1eV <1eV <1eV

ofve

0/\,“

O,V.t

0.511 MeV

e

electron

105.7 MeV

muon

1.777 GeV

T

tau

Figure 1.2.: Fermions of the Standard Model. Every particle has a right- and a
left-handed version, but neutrinos are only observed left-handed. Adapted from [11].
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range that could solve several anomalies in neutrino experiments. One of these
is the reactor anomaly, where less 7, are observe from nuclear reactors than
expected.

Experimental search As for the active neutrino, one can experimentally observe a
sterile neutrino by investigating the 3-decay, if its mass is in the range of the observed
electron energies. For tritium the imprint of an exemplary sterile neutrino (mg = 10keV
and sin? 6@, = 0.2) is shown in figure 1.3. The mixing sin?6f, = 0.2 implies that the
observed spectrum is a superposition of two spectra: The “ordinary” spectrum where an
active neutrino with negligible mass is produced is contributing 80 %. The remaining
20 % are added by a B-spectrum assuming a heavy sterile neutrino with a mass of
10keV is produced. This results in a kink in the overall spectrum, which can be
observed experimentally.

The current laboratory upper limit for sin? 4, is in the order of 1072 for sterile neutrino
masses 1 keV < m, < 18keV[13].

One approach to search for sterile neutrinos in the tritium 3-spectrum is the TRISTAN
upgrade of KATRIN. It aims a statistical sensitivity for sin? 6, of around 1076 for keV-
scale sterile neutrinos up to ms = 18keV.

le—4

1.0 A —— No sterile neutrino
- —— With sterile neutrino
T
E 0.8 1
oy ;
¢ 0.6
(]
©
=
= 0.4 A
o
©
Q
o
a 0.2 A

0.0 T T T T T 1 1

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
E [keV]

Figure 1.3.: Imprint of a sterile neutrino on the differential tritium spectrum. In this
example sin® §, = 0.2 and m, = 10keV is assumed. Plot adopted from [13].
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1.2. KATRIN

1.2. KATRIN

The KArlsruhe TRitium Neutrino experiment (KATRIN) is a tritium {3-decay exper-
iment aiming to measure the effective electron antineutrino mass with a sensitivity
of 0.2eV (90% C. L.). To reach this goal it combines a very stable, high intensity,
windowless gaseous tritium source with a high precision electron spectrometer based
on the MAC-E filter principle. The following section gives an quick overview over the
experimental setup of KATRIN [14]. After that the potential of KATRIN to search for
sterile neutrinos is discussed.

1.2.1. Overview

The 70 m long beam line of KATRIN is shown in figure 1.4. Tritium 3-decay electrons
created in the source are magnetically guided to the spectrometer vessel, which acts as
an electrostatic filter. The transmitted electrons are then counted by a detector.

Windowless gaseous tritium source The source of KATRIN is a windowless gaseous
tritium source (WGTS). It consists of a 10m stainless steel tube with a diameter of
9cm. In the middle of the tube molecular tritium gas is injected with a pressure of
3 pbar and flows in both direction in the tube. Superconducting magnets create a lon-
gitudinal magnetic field of 3.6 T to guide the electrons, created in the gas by [3-decay,
along the beamtube. There is no physical barrier between the source and the spec-
trometer to allow electrons to reach the spectrometer without scattering. The tritium
molecules on the other hand should not leave the source and enter the spectrometer.
This is achieved by pumps along the WGTS, which remove the magnetically not con-

Rear section

Windowless gaseous tritium source (WGTS)

Transportation section

Spectrometer section

Focal plane detector (FPD) d TR\ ©)

I
O

5

=3

o

)
)
c)
)
)

Figure 1.4.: Overview of the KATRIN beam-line
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Analyzing plane

Electrode

Solenoid Solenoid

/////r,_yB—»___y/r////T

Electron momentum without E-field

Figure 1.5.: Scheme of a MAC-E filter. The magnetic field (green) is minimal at the
analyzing plane. The trajectory of an electron is shown in red. Adapted from [15].

fined tritium molecules. A closed tritium loop system cleans the pumped tritium gas
and feeds it back to the injection capillary. The WGTS is designed to have a Ty column
density of 5 x 10" cm~2 leading to a total activity of around 10! Bq.

Transportation section The transportation section magnetically guides the -
electrons inside the beam tube to the spectrometer section. It is equipped with two
pumping sections, where the amount of tritium in the beam tube is further reduced.
The first pumping section uses turbo molecular pumps. Then follows a cryogenic
pumping section (CPS), which traps residual tritium molecules with an argon frost
layer surface operated below 4 K. Furthermore parts of the beam line in the trans-
port section are tilted by 20°, which prevents a direct line of sight between source and
spectrometer and helps to stop ions.

Spectrometer section KATRIN uses the MAC-E (Magnetic Adiabatic Collimation
combined with an Electrostatic filter) principle to only allow electron above a certain
energy to reach the detector. By measuring the rate at different thresholds the integral
[3-electron spectrum is obtained.

In the large spectrometer vessel (compare figure 1.5) an electrostatic retarding poten-
tial rejects all electrons that have a longitudinal kinetic energy Ej' lower than the set
potential. The plane perpendicular to the beam, where the potential reaches its max-

In this section an F in a formular corresponds to the kinetic energy, not to be confused with the
electric field.

14



1.2. KATRIN

Table 1.2.: Magnetic fields along the KATRIN beam line

Source B, =3.6T

Transportation section By, =5.6T
Analyzing plane B, =3 x 107*T

Pinch magnet B, =6.0T

imum is called the analyzing plane. To achieve a good energy resolution on the total
kinetic energy Fy, = /E? + Eﬁ of the B-electrons, one has to convert their transversal

energy to longitudinal energy. This is done by magnetic adiabatic collimation, which is
based on the conservation of the magnetic moment p of each electron along the beam
line:

E
= f = const (1.11)

This holds as long as the electrons are guided adiabatically, which means that the
gradient of the magnetic flux is small within the cyclotron motion of the electrons.
Table 1.2 summarizes the magnetic fields along the beam line?. The ratio of the
maximum magnetic field in the beam (pinch magnet B,)) to the field at the analysis
plane B, defines the energy resolution of the filter

AE B,
Ekin B Bp’

(1.12)

where AF is the maximal F, at the analysis plane. With the magnetic fields stated
in table 1.2 an excellent energy resolution of only 0.93eV is achieved.
With the conversion from E,| to E) the angle of the electrons 6 = arctan \/% changes:
sin26?A _ SiIlZQB’ (113)
By Bp
where A and B are two positions along the beam line. In case of an increasing magnetic
field (Bp > B4) this equation has no solution for a certain 64 > 04 yax:

04 max = arcsin & (1.14)
B
All electrons with a starting angle larger than 04 .« Will be reflected by the magnetic
mirror effect. For the KATRIN beam line this means that all electrons in the source
created with an angle larger than Owgrsmax = 50.8° will be reflected by the pinch
magnetic field. As the electrons are created isotropically the fraction e of electrons
that are magnetically transmitted can be calculated by the solid angle:

. Q . 1 —cos QWGTS max
C4m 2

2This is the nominal setting of KATRIN, the values used during the measurement phase later
presented in this thesis are slightly different.

¢ =0.19 (1.15)
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Due to the huge ratio g—z = 20000 the flux tube of electrons broadens to around 10 m
at the analyzing plane. Therefore the spectrometer vessel in KATRIN has an inner
diameter of 9.8m and a length of 23m. The volume of 1400m? is under ultra high
vacuum of 10~ mbar. This is necessary to reduce the detected background, as any
electron created by ionization of a residual gas atoms close to the analysis plane will
not be distinguishable from a tritium electron.

The KATRIN experiment has two MAC-E filters: The above described main spectrom-
eter and a much smaller pre-spectrometer. The pre-spectrometer is in front of the main
spectrometer and rejects most of the low energy electrons. Only electrons close to the
interesting endpoint region are entering the main spectrometer, which also reduces the
measured background.

Focal plane detector After the spectrometer section the focal plane detector (FPD)
counts how many electrons pass the main spectrometer. By measuring the rate at
different retarding potentials in the spectrometer, the integral tritium spectrum is
obtained. This procedure requires a very stable source activity, as the different points
in the integral spectrum are measured at different times.

Source activity monitoring An unaccounted shift of the column density pd during
the KATRIN measurements in the order of 1072 can have a significant influence to the

measured neutrino mass [14]. Several devices monitor the column density pd of the
WGTS:

e A throughput sensor measures the gas throughput in the injection capillary of
the WGTS. With a model for the gas flow in the WGTS tube one can infer the
column density.

e The BIXS (Beta Induced X-Ray Spectroscopy) detector measures the X-ray spec-
trum of the rear wall, which is the rear termination of the flux tube in KATRIN.
It is hit by the huge flux of (-electrons of the WGTS. The amount of electron
induced X-rays created in the gold surface scales with the source activity of the
WGTS.

e An electron gun can shoot a mono-energetic beam of electrons longitudinally
through the WGTS. The spectrum, measured using the very precise main spec-
trometer, gives information about the amount of scattering at Ty molecules in
the WGTS. This way the column density can be calculated.

For a measurement with the electron gun the tritium measurement of KATRIN
has to be paused. Therefore the eelectron gun cannot be measured permanently,
but e.g. every week during data taking.

e The Forward Beam Monitor (FBM) is a small silicon detector, which can be
moved into the flux tube in the CPS. It directly detects the rate of electrons per
area. The FBM is described in more detail in the following section.

16



1.2. KATRIN

1.2.2. Forward Beam Monitor

The FBM measures the electron flux in the beam tube of the transportation section
in KATRIN. The concept of the FBM is illustrated in figure 1.6. The flux tube at the
FBM position has a diameter of around 15.6cm. A small silicon detector is inserted
to the outer brim of the flux tube, which will not be mapped to the FPD. This detec-
tor captures the [3-electrons on an event by event basis. By counting the number of
detected electrons per detector area the source activity can be estimated. The aimed
statistical uncertainty for the measured activity is 1 %o[14]. To reach this uncertainty
within a reasonable time of e.g one minute, a count rate of 20 keps is necessary. At full
column density the B-electron flux at the FBM is expected to be 1.4 x 10°s~! mm™2,

which leads to a required area of the FBM detector of only 0.02 mm?.

FBM

=

Manipulator

7 mm

Figure 1.6.: The FBM detector is placed in monitoring position at the outer 7mm
rim of the flux tube. For 2D flux tube scans, the FBM can move to any position in the
flux tube by a manipulator. The FBM silicon detector is shown as a small dot.

The FBM detector is mounted on a manipulator which allows to move the detector
in x- and y-direction across the flux tube. The y-movement is achieved by rotating
a lever arm, as shown in figure 1.6. In addition to the movement in the flux tube a
linear guide in x-direction can pull the FBM out of the CPS to its parking position,
where the detector is accessible from outside to be maintained or exchanged. Due
to the complex CPS environment, the distance between the flux tube and the parking
position is about 1.6 m. The movement is controlled by stepper motors outside vacuum
and a long bellow in the FBM vacuum chamber allows to move the inside vacuum
components. The whole setup of the FBM is shown in figure 1.7. More details about
the vacuum and positioning mechanics can be found in [16].

The silicon detector will not be able to measure the low energy part of the continuous
B-spectrum, due to a detection energy threshold, which is usually at a few keV. To
get a stable rate calculation, a software cut above the hardware threshold is necessary,
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as the hardware threshold can depend a lot on e.g. the noise situation on the signals.
With a fixed software energy cut, the observed rate is still very sensitive to changes of
the detector characteristics, e.g. the gain. Another approach besides the software cut
is to fit a modeled differential tritium spectrum to the measured data. In this case the
flux is a free parameter in the fit. For both approaches a good energy resolution and
well known detector characteristics are very advantageous, for the fit approach a valid
model for the detector response is mandatory.

Another possibility to make the measured rate more independent of the detector char-
acteristics would be a post acceleration of the detected electrons. In this case the
detector has to be set to a potential of several kV, to make every electron hit the
detector with an energy above the threshold. But due to the small form factor and
complex technical environment this is not feasibly for the FBM at the moment.

parking position ~ valve
(six-way cross)

roof long bellow

linear guide

Figure 1.7.: The setup of the FBM. The KATRIN beam tube is axialy inside the
CPS. The FBM arm with a length of around 2m is perpendicular to the beam tube.
The long bellow allows to move the FBM detector from the parking position in the
6-way cross all the way into the CPS to the flux tube. The figure shows the setup in
parking position. Adapted from [16].
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1.2. KATRIN

1.2.3. The TRISTAN Project: Searching for Sterile Neutrinos with
KATRIN

The TRISTAN (TRitium Investiagtion for a STerile to Active Neutrino mixing) project
aims to search for sterile neutrinos with the KATRIN experiment. To detect the
possible signature of a sterile neutrino (compare figure 1.3) a large energy range of the
tritium spectrum has to be investigated. Instead of an integral spectrum measurement
using the MAC-E spectrometer of KATRIN, the differential spectrum over a large
energy range can be measured with a silicon detector, which has a good intrinsic energy
resolution. The measurement deep into the spectrum comes with a challenge for the
detector: By lowering the retarding potential of the main spectrometer, the rates in
the detector will increase drastically. To meet these requirements, a new detector setup
for KATRIN is currently developed within TRISTAN [13].

The TRISTAN detector The TRISTAN detector is optimized for high resolution
(AEpwam < 300eV) and high rate (total O(10% cps)) B-spectroscopy. The technology
behind the new detector is a multi-pixel Silicon Drift Detector (SDD). The final system
will consist of several thousand pixels, grouped into modules of 166-pixels each. Each
of the pixels has a diameter of 3mm. The SDD technology is addressed in more detail
in section 2.1.

Several 7-pixel prototype detectors, as shown in figure 1.8a, have been produced
and characterized with X-rays and electrons. An very good energy resolution® of
AEpwam = 150eV was measured for the 5.9keV K, line of Mn [13]. The trapezoidal
shaping time for this measurement was below 1 ps, which shows the high rate capability
of the detector. Next to X-rays performance, also the detector response to electrons
was measured using monoenergetic electrons from either a radioactive conversion elec-
tron source or the very defined electron beam of a scanning electron microscope (SEM).
The detector response to electrons is dominated by the effects of the entrance window
of the detector. Electrons entering the detector will lose some energy in a thin, but not
avoidable, not sensitive dead layer. By comparing the measurement with simulations,
an effective thickness of the entrance window dead layer was determined to be around
50 nm. With this thin dead layer an energy resolution of 300eV for 20keV electrons is
achieved [17][18].

The 7-pixel prototype detectors have been successfully used in the MAC-E spectrometer
in Troitsk to search for sterile neutrinos. The results were recently published [19].
Currently the first 166-pixel detector module (compare figure 1.8) is under construction.
This module will in 2020 be installed in the MAC-E spectrometer of the former Mainz
experiment, which is now set up next to the KATRIN spectrometer to monitor its
high voltage system. The Mainz and Troitsk spectrometers were the two technical
predecessors of the KATRIN experiment. They provide a very realistic environment

3The energy resolution is always stated in FWHM in this thesis.
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Figure 1.8.: The TRISTAN detector development: a) shows a 7-pixel prototype
detector. The preamplifiers, which are bonded to the detector pixels, are also visible.
b) shows a CAD model of one 166-pixel detector module, which is currently under
construction. The amplification happens on two PCB boards behind the detector. c)
shows a CAD model of the final detector, consisting of 21 modules.

for the TRISTAN detectors with respect to its final destination in the KATRIN beam
line.

TRISTAN FBM Upgrade Another application of the 7-pixel TRISTAN prototype
detector is the Forward Beam Monitor (FBM) in KATRIN. With its high rate capa-
bility and a good energy resolution the TRISTAN detector fits to the requirements of
the FBM. The previous detector consisted of two silicon PIN-diodes, with an energy
resolution of around 2keV. The main advantages of the new TRISTAN FBM detector
are:

e The entrance window is much thinner, which is favorable to measure electrons.

e The SDD technology achieves better energy resolutions especially at very high
rates.

e The hexagonal seven pixel design helps to track partial charge collection at the
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1.2. KATRIN

border of pixels. This charge sharing effect, which is addressed in section 3.3, has
a big influence to the measured spectrum.

The smallest version of the prototype detectors is used, which has an effective pixel
diameter of 250 pm corresponding to an area of 49 x 1073 mm?. With the current KA-
TRIN settings a rate of around 56 kcps per pixel is expected and the aimed statistical
uncertainty of 1%o is reached after around 20s, assuming all electrons are detected.
This thesis focuses on the design and implementation of this 7-pixel TRISTAN proto-
type detector into the FBM setup.
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2. Design of the TRISTAN FBM
Detector

For the implementation of the new SDD detector system as Forward Beam Moni-
tor, several hardware components were replaced. These entail the detector itself, the
Printed Circuit Board, the front-end electronics, the bias system, and the DAQ system.
To minimize the technical difficulties, the original vacuum feedthrough connector and
outside vacuum cables were kept. As a consequence, only two of the seven signal lines
are realized with coaxial cables, and the operation of a Hall sensor on the FBM board
was no longer possible. In the following the main FBM components are described in
detail.

2.1. Silicon Drift Detector

The TRISTAN FBM detector uses one of the prototype Silicon Drift Detectors devel-
oped within the TRISTAN project, produced by the Semiconductor Laboratory of the
Max Planck Society[20] (HLL). The detector has seven pixels in a hexagonal shape, as
shown in figure 2.2.

Working principle of SDDs SDDs are using the depleted volume of a silicon pn-
junction to detect ionizing particles. A pn-junction is the interface of two differently
doped regions in the silicon: n-type silicon is usually doped with phosphorus, and

Figure 2.1.: Photo of the TRISTAN Figure 2.2.: Microscopic image of the an-
FBM detector. The small black area ode side of a 7-pixel SDD with 250 pm pixel
between the two bond wires is the en- diameter. Bond wires connect the anodes to
trance window of the seven pixels. the preamplifiers, not shown in this image.
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2. Design of the TRISTAN FBM Detector

serves as a electron donator. Very simplified, this can be understood as the fifth
valence electron of phosphorus not fitting very well into the four-valence structure of
the silicon crystal. p-type silicon on the other hand is usually doped with boron, which
has only 3 valence electrons and therefore serves as a electron acceptor. At a junction
of p- and n-type silicon, the available electrons of the n-type silicon will move to the
p-type region. This will build up a space charge region around the junction, until
the electric field of the space charge compensates the exchange of more electrons (see
figure 2.3). The region near the junction where each atom of phosphorus has donated
an electron and each atom of boron has accepted an electron is called depleted area.
In this region an electric field is present.

Such a pn-junction can be used as particle detector. When energy is deposited in
the depleted area local electron-hole pairs are created. Due to the electric field the
electrons and the holes are separated, and cannot recombine, but move to the not
depleted regions and can be measured as a reverse current in the diode.

The detector is only sensitive to charge depositions in the depleted region, which is
usually very small. The thickness Dy + Dp of the depleted area depends on the donator
and acceptor densities in the silicon, and can also be enlarged by reverse biasing the
diode with an external voltage. PIN (positive, intrinsic, negative) diode detectors uses
these effects to deplete a large silicon volume. They consist of a bulk of very pure
intrinsic silicon, which usually is of n-type with a very low donator density. On the top
and bottom of the bulk, thin layers of p- and n-type silicon with a high acceptor and
donator density are added by doping. By applying a reverse bias voltage of O(100V),
the bulk can be fully depleted for a typical waver thickness of O(5001m) [22].

A silicon drift detector adds the principle of sideward depletion to this kind of diode: In
this case the n-type anode is only a very small spot on the top of the detector volume.
The negative biased p-type silicon extends not only on the opposite (entrance window)
side of the detector, but also on several drift rings surrounding the anode (compare
figure 2.4). By choosing the voltages of the drift rings accordingly, a radial component
of the electric field can be achieved in a way that all electrons generated in the depleted

Meutral n-region | I Meutral p-region

& -9 ©

Figure 2.3.: Sketch of a pn-junction. The yellow region at the junction is the depleted
area. From [21].
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2.1. Silicon Drift Detector

Collecting
< Anode
Field Rings
External "
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| Back Contact

Figure 2.4.: Cross section of a circular SDD detector with 13 drift rings. Electrons
are guided by an electric field to the collecting anode in the center. Taken from [23]

volume of the detector are guided to the very small anode [23]. Because of its small
sized anode the SDD has a smaller value of the output capacitance compared to a PIN
diode of the same format. The small capacitance allows for low noise and high rate
operation of the SDD. A drawing of an SDD is shown in figure 2.4.

SDDs can have an area of many mm? or even cm?. The final TRISTAN detector will
consist of several thousands of SDD pixels with 3mm diameter and many drift rings
each. The TRISTAN FBM detector on the other hand will only have two drift rings
per pixel due to its small pixel diameter of only 0.25mm. A small size was chosen
because of the high electron flux at the FBM position in the KATRIN beamline. On
the pixel area of 0.049 mm? already 5 x 10* incoming electrons are expected per second.
A sketch of the electric fields inside the FBM detector is shown in figure 2.5.

Entrance Window The opposite side to the anode is in the following called the
entrance window of the detector, as this is the side on which the particles enter the
detector volume. In an ideal detector the sensitive volume would start at the entrance
window, so that every energy deposition is captured. As it is not possible to deplete
the whole p-type silicon layer at the entrance window, a small field-free, not depleted
layer remains. This layer is often called dead layer, as energy which is deposited in this
layer is not or only partially detected. The thickness of the dead layer is an important
property if electrons are the primary particle, like in TRISTAN, because all detected
electrons lose some of their energy when passing the dead layer.

The implantation process of the boron at the entrance window of the SDDs for the
TRISTAN project was optimized concerning the thickness of the resulting dead layer.
The thickness of the dead layer was measured to be around 50 nm for the TRISTAN
prototype detectors[17].
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Figure 2.5.: Cross section of the central region of the FBM SDD detector. The
red lines qualitatively show the electric field lines starting at the entrance window
and reaching the central pixel. The blue lines correspond to field lines reaching the
neighboring pixels anode. A charge cloud (grey circle) created close to the entrance
window drifts along the electric field lines to the anode. During the drift the size of
the charge cloud increases due to diffusion.

Bias Voltages The TRISTAN FBM SDD detector has four bias voltages for the
detector:

e Vo = —80V (Back Contact) is the voltage applied to the entrance window of
the detector. This is the depletion voltage relative to the anode which is at zero
potential.

e Vpr = —90V (Back Frame) is the voltage of a ring surrounding the p-type silicon
of the entrance window. It helps to define the electric field at the outer border of
the outer pixels. It has no influence on the central pixel.

e Vr; = —20V (Ring 1) is the voltage of the innermost drift ring.

o Vrx = —26V (Ring X) is the voltage of the outermost drift ring. It is called ring
X to have a independent syntax for different number of drift rings. For the FBM
it could also be labeled ring 2.
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2.2. Electronics

The electronics that are necessary to run the SDD can be categorized into two main
tasks: One is the analog amplification of the detector signals for each of the seven pixels.
After the amplification and transmission to outside vacuum the analogue signals are fed
into the data acquisition system (DAQ). The second important task of the electronics
is the voltage supply. This includes the detector voltages (explicitly Vg; = —20V,
Vex = =26V, Vgc = =80V, Vgr = —90 V), which are necessary to deplete the detector
volume and to define proper drift fields, as well as the supply for the amplifiers. All
these DC voltages should be supplied with very low noise and ripple. A distortion on
the VR; for example, which is only a few micrometers away from the anode, couples
strongly to the anode signal, and is amplified by the whole amplification chain.

These tasks are physically placed on two boards, the detector board and the bias board,
which will be described in the next two sections.

2.2.1. Detector Board

The detector board is at the very front end inside the vacuum. The SDD is glued onto
this board, and the preamplification happens here, as it is important to amplify the
signal as close to the detector as possible. On the other hand the board is kept as small
and simple as possible, to reduce outgasing in the vacuum and thermal heating of the
electronics.

Amplification The amplification is done by CUBE amplifiers. These are specially
developed for the purpose of low-noise charge preamplification for SDDs [24]. The
input of these is bonded directly to the anode of the SDD pixels to minimize the
capacitance, which is very important to achieve a low noise level. Any current at the
anode is integrated at an internal 25fF capacitor in the CUBE. A typical deposition
of 15keV leads to around 4200 electrons reaching the anode!. The voltage increase at
the capacitor is then V' = % = 27mV which is reasonably large, so that no other main
amplification stages are necessary.

The CUBE amplifiers do not operate in the very common continuous reset mode, but
in a pulsed reset mode. This means that the output of the integrating amplification is
monotonously increasing with the accumulated charge of many events in the detector.
After a certain time a reset pulse is necessary to reset the amplifier before it reaches
the limit of its output range.

Buffers and cables The output of the CUBE amplifier should not drive more than
around 30 pF. A typical 50 Q coax cable has a capacitance of 100 pF m~!. This means
that the cables to the bias board, which are around 7m long, cannot be driven by a

! Assuming a pair-creation energy e = 3.6eV [25].
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Figure 2.6.: Schematic of the amplification for one pixel on the detector board. The
ADA4807 is a double amplifier in a MSOPS8 package.

CUBE directly, but a buffer amplifier is needed. This is done by industrial operational
amplifiers, which have a low noise, high bandwidth (around 100 MHz is sufficient) as
well as a small form factor and low power consumption. These buffers are used only to
drive the cables and do not add an amplification. The whole schematic of the signal
amplification on the detector board is shown in figure 2.6.

The detector board has a 22-pin custom-made connector. This connector consists of
PEEK plastic with a 2 x 11 array of pogo pins, which are small pins equipped with a
spring each, to press a gold plated contact onto the PCB with a defined force. The 22
pads on the detector board can be seen on the left part of the detector board in figure
2.7. This connector and the attached cables in vacuum are part of the already existing
FBM setup. An exchange of the cables would be very difficult, as big parts of the
vacuum setup would have to be disassembled. Therefore the 22 pins are a constraint
for the TRISTAN FBM detector board. As the former FBM had two pixels, there are
only two coax lines installed. It is planned that the cables in vacuum are exchanged in
the future, to have a coax cable for each pixel of the TRISTAN FBM. Until then only
two pixels can be used with coax lines, while the signals of the other five pixels have
to be transmitted through non-shielded wires. This has some disadvantages, as there
may be cross talk, induced noise, varying line capacitances et cetera. A comparison of
the performance of the pixels can be found in section 3.2.

Outgasing measurement One main constraint for the detector board is the outgasing
rate. The FBM is positioned after the pumping sections of KATRIN, directly before
the two spectrometer vessels. In these a very low vacuum is mandatory to measure a
low background in the detector. For this reason the pressure in the spectrometer is kept
at 10~ mbar. The compatibility with the vacuum restricts the allowed materials in
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Copper
22-pin connector Buffers distance-holder

Figure 2.7.: Left: Photo of the detector board, screwed onto the aluminum pad. The
entrance window is on the visible side, while the CUBE preamplifiers are on the not
shown back side of the board. Right: The FBM detector including the copper cover.

the FBM setup. The detector board is not made of FR4, which is the standard material
for non-vacuum applications, but polimid (also known as Kapton®)). As the outgasing
scales with the surface of the material, as few and small SMD parts as possible were
used. Furthermore solder resist and paint was used as little as possible.

To check if the used materials are compatible with the high vacuum requirements a
measurement of the outgasing rate was performed. For this a dedicated setup in the
KIT lab was used [26], which consists of a vacuum chamber with a pump, a heating
and precise pressure sensors. The following procedure was followed to estimate the
outgasing of the detector board in the final setup:

1. First the chamber is baked out at 90°C for 120h. The baking reduces the out-
gasing significantly and is also done at the final setup. During the baking the
chamber is pumped.

2. After baking the chamber is cooled to stable room temperature.

3. The valve to the pump is closed and the increase of pressure in this closed system
is used to calculate the outgasing rate g of the chamber?.

4. Repeat steps 1 to 3, this time with the investigated sample inside.

As test sample the plain polimoid detector board together with two of the dual op-
erational amplifiers in a MSOPS plastic package was used. These components were
assumed to be most critical for outgasing. By comparing the rates in the measurement
of only the chamber with the measurement with the samples inside the outgasing of
the samples can be estimated.

The results shown in table 2.1 are not conclusive, as the outgasing rate with the sample

2The outgasing rate, which describes the number of particles leaving the suface per second is
usually written in the unit mbar Ls™!, as mbar L corresponds the number of particles according to
the ideal gas law.
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Table 2.1.: Result of the outgasing measurement. The outgasing of the empty chamber
is compared to the outgasing of the chamber with the kapton PCB and two plastic
double amplifier packages inside.

Outgasing rate ¢

Empty chamber 1.23 x 10~" mbar Ls™*
Sample inside 0.42 x 107" mbarLs™!

in the chamber is even lower than the outgasing rate of the empty chamber. This means
that the measurement has reached a systematic limit and the two measurements seem
to be not reproducible. Nevertheless an upper limit to the outgasing of the samples
can be given, which is the measured total outgasing rate with the samples inside:

Gsamples FBM < 4.2 X 107® mbar Ls™ (2.1)

To assess this value in terms of the reachable vacuum one has to divide it by the
pumping capability installed at the setup. The turbo molecular pump installed at the
FBM has a pumping speed of 300 Ls~! so that a pressure of around 107!° mbar can be
reached. This is an acceptable value, considering the much higher pumping speed of
the CPS and prespectrometer setups.

2.2.2. Bias Board

The detector board is connected the so-called bias board as shown in figure 2.8. This
board is placed outside of vacuum in a closed aluminum box. The bias board is
connected to a high voltage (ISEG THQ) and low voltage (HM8040) power supply
and to the DAQ system, as shown in figure 2.8. The tasks of the bias board are:

e Supplying the detector voltages. These are obtained from an external DC volt-
age supply by high ohmic voltage dividers and RC low-pass filters with time
constants of several seconds to get rid of all high frequency noise. The output
impedance is above 100kQ), which is acceptable as the currents in the FBM de-
tector are below 1nA. The four detector voltages can independently be adjusted
by potentiometers.

e Providing the amplifier supply voltages by linear voltage regulators

e Biasing the temperature sensor with a small forward current. This is simply
implemented by a 1 MQ resistor connected to a 5V regulated voltage.

e Amplifying the detector signals by a factor of four. The outputs are provided to
SMA connectors towards the DAQ.

e Generating the reset pulse. As the detector is operated in pulsed reset mode, a
reset signal has to be sent to the CUBEs whenever the output voltage exceeds
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Figure 2.8.: Electric connections in the FBM setup. The red lines are coax cables
and the thick black line is a cable with 18 wires.

a certain voltage threshold. After detecting the need of reset by a comparator
for each pixel, an OR logic generates a global reset pulse for all seven pixels
simultaneously. This signal is provided to the CUBEs as well as to the DAQ), to
track the precise time stamps of the resets.

The bias board was not developed for the FBM but was already used for many char-
acterizations and measurements of the 7-pixel TRISTAN SDD prototypes. A photo of
the used bias board is shown in the appendix figure A.2.

2.3. Geometry: Pad, Cover, Cables

The FBM detector is mounted on a manipulator inside the vacuum setup of KATRIN.
This is a mechanical arm, which can control the position of the detector in x- and
y-direction.

Pad The interface from the manipulator to the detector board where the SDD is
mounted is a pad made from aluminium. The detector board and the cover are screwed
onto the pad. As the bonds from the detector anodes to the CUBEs are on the bottom
side, a recess is necessary in the pad around the detector (compare figure 2.10). The
front part of the manipulator and the TRISTAN FBM detector are illustrated in figure
2.9.

31



2. Design of the TRISTAN FBM Detector
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Manipulator  Detector NEERN

Figure 2.9.: CAD drawing of the front end of the TRISTAN FBM. The visible part
of the detector board (green) is where the connector will be attached.

61,40

Detector

Figure 2.10.: CAD drawing of the TRISTAN FBM detector board, pad and cover.
The bonds that connect the detector chip with the bias voltages and CUBE amplifiers
on the detector PCB can be seen in the cross section drawing on the right.
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Cover To shield the detector board electronics from the environment, and especially
from the electrons in the flux tube, a cover is added above the detector board. The used
material should have a high X-ray attenuation, as the incoming electrons will produce
X-rays in this material. For light materials these X-rays may leave the cover and lead
to an X-ray contribution in the detected spectrum or disturb the electronics. The
produced X-rays have energies below 18keV. For aluminum the attenuation length
of X-rays in this energy range is up to 0.5mm. For copper on the other hand the
attenuation length in this X-ray energy range is below 2.9 pm [27] Therefore a copper
sheet with a thickness of 0.7mm was chosen. Another advantage of copper is the
vacuum compatibility, as well as the good electrical properties.

2.4. Digitizers

The task of the DAQ system is to detect pulses in the analog signal of each pixel and
determine their pulses height, which is correlated to the energy of the detected particle
by the detector response.

The used DAQ for the TRISTAN FBM is based on full waveform digitization. The
analog signal is digitized continuously with a high sampling rate and processed by a
FPGA, which applies digital filters to the signal. For pulse height analysis a trapezoidal
filter is used, which is described in the following section.

2.4.1. Pulse Height Analysis

An sketch of a typical digitized input signal is shown in the upper plot of figure 2.11.
It consists of several pulses, and each pulse has an exponentially decaying tail. A pure
pulsed reset signal has no decaying tail, but the DAQ system has a built-in AC-coupling
with a time constant of 10 ps at each input, which removes the DC components from
the signal.

Trapezoidal filter To determine the pulse height one applies a Finite Input Response
(FIR) filter. Practically this means to convolve the time discrete input signal with a
finite array of filter coefficients a;. The coefficients a;, for a trapezoidal filter are shown
in figure 2.12.

The filter consists of two main regions where the coefficients are non-zero: The first
integrates over the samples after the rising edge of the pulse, and the second integrates
over the samples before the rising edge of the pulse. The second integration window
has a different sign than the first, therefore the filter output signal has the shape of a
trapezoid, which height corresponds to the height of the input pulse (compare figure
2.11). The trapezoidal filter has 3 parameters: Tihaping, Zgap a0d Thole zero:
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Figure 2.11.: Top: Sketch of a typical digitized input signal of the DAQ. The signal
contains four pulses (shown in color) with an amplitude of 100 each. The resulting
input signal (shown in black) is the sum of the individual pulses.

Bottom: Output of the trapezoidal filter. This is calculated by convolving the input
signal shown in the top with the filter coefficients shown in figure 2.12. As a convolution
is a linear operation this can also be seen as the sum of the trapezoidal filter outputs
of the individual pulses.
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Figure 2.12.: The filter coefficients of a trapezoidal (filter. In this case
Tihaping = 50 samples and T,,, = 30 samples
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Figure 2.13.: The trigger filter (RCCR2) for the same input signal as in figure 2.11.
The timestamps of the triggers (orange crosses) are determined by the first zero crossing
after the threshold is exceeded.

Tshaping The length of each of the two integration windows. This corresponds to the
length of the rising edge of the trapezoidal output shown at the bottom of figure
2.11. Often this number is also called T}ise OF Theaking. This is can be qualitatively
compared to the shaping time of a traditional analogue signal shaper.

Teap This is the length of the gap between the two integrating windows. The whole
rising edge of a input pulse should fit into the gap. The samples within the gap
are excluded, as the filter coefficients are zero.

T

pole zero Lhis parameter is the time constant of the decay of the pulses. The

exponential decay can be taken into account in the filter, so that every waveform
that exponentially decays to zero with the given time constant is giving an output
of zero. This parameter leads to a small slope in the two integration windows in
figure 2.12.

Timing and energy filters The DAQ system feeds the input signal into two filters in
parallel: One to determine the energy of a pulse, and another to determine the times-
tamp of a pulse. Typically the energy filter is a trapezoidal filter with a long shaping
time, as this averages white noise on the waveform to give a good energy resolution.
The timing filter on the other hand has a short time constant, and therefore is optimal
to precisely determine when the rising edge of a pulse.

The DAQ processes an event by the following procedure: As soon as the timing filter
triggers an events at a certain timestamp, the energy filter is evaluated at the corre-
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Figure 2.14.: The filter coefficients of a RCCR2 timing filter. In this case the everaging
window is T,, = 10samples and the time constant for the double differentiation is
Taig = 20 samples.

sponding position. The event is then saved as a tuple of time stamp and energy into
the RAM.

2.4.2. Used DAQ Systems

CAEN system The main DAQ system used for the TRISTAN FBM is the CAEN
v1781 card. It is a 8 channel, 100 Msps digitizer. For each channel a pulse height anal-
ysis as described above is performed on-board on FPGAs. The card uses a trapezoidal
energy filter and a so-called RCCR2 timing filter: This filter gives a bipolar output
for a pulse, as illustrated in figure 2.13 and 2.14. After the filter exceeds a certain
threshold, the time stamp is determined by the next zero crossing of the filter. This
corresponds to the point where the rising edge in the input signal is the steepest, and
therefore is independent of the pulse height. The energy filter also provides a baseline
reconstruction and other additional features. The card has a 2U wide VME form fac-
tor, which means that a VME crate is needed for power supply. The communication
to the PC is realized by an optical fiber. This has the advantage of being electrically
not coupled to the PC and provides a high data throughput rate of up to 80 MB/s.
The BNC signal inputs have a high impedance (1kQ) and an AC-coupling with a time
constant of 10 ps. With the used setting the 32k ADC bins are mapped to a 500 mV
input dynamic range, leading to 1511V per ADC least significant bit (Isb).

DANTE system For some of the first measurements with the TRISTAN FBM the
DANTE box produced by XGlab was used. This box was also used for previous mea-
surements with the TRISTAN prototype SDD detectors. The DANTE box is also a
8 channel digitizer with 125 Msps sampling rate. The onboard FPGA applies a trape-
zoidal energy filter and, different than CAEN, a trapezoidal timing filter. In this case
the time stamp of a pulse is defined when a fast trapezoidal filters output crosses a cer-
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2.4. Digitizers

tain threshold. One has to be aware that in this case the times tamp depends slightly
on the energy of the pulse. The input is not AC coupled, so that the whole ramp is
seen in the digitized signal. Further details about full waveform digitizing DAQs and
especially the DANTE box can be found in [28].
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3. Characterization of the TRISTAN
FBM Detector

Several measurements were performed before the final installation of the TRISTAN
FBM detector in the KATRIN beam line. The main results of these characterization
measurements are described in the following.

3.1. Temperature Calibration

There are several temperature dependent effects in a silicon detector. For example,
the noise component introduced by the leakage current of the detector depends on
temperature, with the leakage current doubling roughly every 10 K. Furthermore, the
gain of the preamplifiers can be temperature dependent. While the effect of the leakage
current is suppressed for the FBM detector due to its small size, a stable gain of the
preamplifiers is very important: As the FBM has to define a cut for integrating the
count rate in the spectrum, a change in the gain is reflected in the measured rate.
Therefore, it is important to monitor the temperature, and to operate the detector at
a stable temperature.

The temperature of the operating TRISTAN FBM is expected to be around —15°C,
as this is the temperature observed on the previous detector installed at the setup
[16]. There is no active cooling or control of the temperature. The temperature is
defined by radiative coupling to the cold CPS environment (ca. 80 K) and the thermal
conductance in the long stainless steel arm where the FBM is mounted, which is at
room temperature on the far end.

Figure 3.1.: Microscopic picture of the temperature sensor. The p- and n-type silicon
of the diode is labeled TP and TN respectively. There is an additional guard around
the diode labeled TG.
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3. Characterization of the TRISTAN FBM Detector
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Figure 3.2.: Temperature calibration of the temperature diode on the TRISTAN FBM
detector chip. The resulting slope of the diode voltage is —2.5mV /K

The TRISTAN FBM detector is equipped with a temperature sensor directly on the
SDD silicon chip. The sensor is implemented as a diode, which is biased with a small
forward current of 5 nA. The forward voltage of the diode depends on the temperature
with a linear relation with a slope of about —2mV K~! [29]. The exact parameters of
the linear dependence are determined by a calibration measurement, shown in figure

3.2. The systematic uncertainty of the temperature calibration is estimated to £3 K,
which is sufficient for the FBM.

3.2. Characterization with X-rays and Electrons

Several measurements were performed with radioactive sources at a test bench in the
TRISTAN laboratory at MPP in order to characterize the detector. The length and
type of the cables was chosen similar to the setup at KATRIN where the FBM will
finally be installed. This resulted in 2m of cable in vacuum and another 3m?! of cable
after a feed through until the bias board is reached. The detector voltages which
were provided by the bias board are stated in table 3.1. The used DAQ system was
the DANTE box, the settings can be found in table 3.2. This section focuses on
a measurement with a ®™Kr source, emitting together X-rays and mono-energetic
electrons.

!This was only a guess. It turned out that the FBM setup has 5m of cable length outside vacuum
(see figure 2.8).

40



3.2. Characterization with X-rays and Electrons

3.2.1. Krypton Calibration Source

To characterize the detector response to electrons, conversion electrons from a 83" Kr
source were used. The source has a substrate of rigid graphite on which a small amount
of 83Rb is evaporated. ®Rb serves as a generator for ®™Kr, as 83Rb decays with a
half-live of 86d by electron capture to 8™Kr. 500keV y-rays are produced by that
process. This ®™Kr is an isomeric state which decays by a cascade of two low energy
transitions (32.2keV and 9.4keV) with a high conversion coefficient. The half live of
8mKr is 1.82h. One challenge is that the gaseous krypton will often leave the graphite
substrate before it decays, however a sufficient fraction decays still in place [30].

A

Figure 3.3.: Setup for the measurement in the MPP laboratory. The 2m of cable
inside vacuum are rolled up in the vacuum chamber. The source (in this case %Fe)
is place below the detector. This way the chance for dust to deposit on the entrance
window is decreased.

Table 3.1.: Detector voltages at the Table 3.2.: DANE DAQ settings used
MPP teststand in the krypton measurement
Ve = —89.7V Tehaping = 1014 ns
Var= —995V Energy filter 0 " 3201
Vei= —-200V
Tihaping = 160ns
Vax = —26.0V Fast filter Ty — 80mS
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3. Characterization of the TRISTAN FBM Detector

3.2.2. Measured Spectrum

The count rated in the measurement with the krypton source was about 50cps per
pixel and the duration of the measurement was 12h. The measurement was performed
at a vacuum lower than 10~* mbar and distance between the SDD and the krypton
source was about 1cm, so that the scattering of electrons in the remaining gas can be

neglected.

Table 3.3.: X-ray lines of krypton, used for calibration. Only the lines contributing

to the main peaks of K, and Kj are listed. Values taken from [31].

Line Position Intensity Weighted mean position
K., 12648eV 34 %
12630eV
K., 12595eV 66 %
K 14113eV
p1 ¢ 66 7% 14110 eV
Kgs 14105eV 34 %
40000 - — Measured spectrum in pixel 0
X-ray lines of Kr
35000 - === Kr83m y transition
/ === Conversion e- of 32.2keV transition
=== Conversion e- of 9.4keV transition
30000 -
£
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o ’
£ 200004 [
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Figure 3.4.: Measured spectrum of the krypton source which contains photon and
electron peaks. The intensities of the X-ray lines plotted for comparison should only
show the order of magnitude of the line. For the conversion electron and v lines only

the positions are shown for comparison.
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Figure 3.5.: Fitted FWHM for peaks in the krypton spectrum. A simple Gaussian
model was used.
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Figure 3.6.: Zoom to the K, X-ray peak (left) and electron peak from L conversion
of the 32keV transition. The peaks are both fitted with a Gaussian allowing a linear
background.

To calibrate the spectra the two most intense X-ray peaks were used, which are the K,
and Kz peaks of krypton. The X-ray lines contributing significantly to the fitted peaks
are listed in table 3.3. For calibration the weighted mean positions are used, as the
individual lines cannot be resolved with the detector resolution of around 200eV. The
calibrated spectrum measured in the central pixel is shown in figure 3.4. In addition
to the mono-energetic electron and vy lines from the decay there are several X-ray lines
and also Auger electrons present in the spectrum.

The FWHM of different peaks in the spectrum is shown in figure 3.5. For X-ray peaks
the FWHM is lower than 220eV, which is close to the Fano resolution of 170eV at
12.6keV. The width of electron peaks is expected to be larger compared to X-rays,
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3. Characterization of the TRISTAN FBM Detector

due to the effect of the entrance window of the detector. In the measurement a FWHM
lower than 350 eV is observed for the electron peaks. Figure 3.6 shows a comparison of
an X-ray and an electron peak. The electron peak is widened and shifted with respect
to its line position due to the effect of the dead layer [17]. For the same reason the
electron peaks are also less symmetric than the X-ray peaks.

The peaks in the spectrum have tails towards lower energies. For electron peaks the
effects of back scattering and the dead layer contribute to this tail, where only part
of the electrons energy is deposit in the sensitive volume of the detector. The main
contribution to the tail comes from charge sharing happening at the pixel border, which
effects electrons and X-rays. The effect of charge sharing will be discussed in detail in
section 3.3. In the measurement an energy threshold lower than 1keV was achieved on
all pixels.

3.2.3. Waveforms

Waveforms of events from each pixels are shown in figure 3.7. The rising edge is
shorter than 100 ns. The signals of pixels 0 and 6, which have coax lines, can clearly
be distinguished from the other pixels without coax lines. On these non-coax pixels an
overshoot, probably caused by the improper termination of the long lines, is observed.
This overshoot is not very critical for the energy determination of the pulse, if the gap
time of the applied trapezoidal filter is long enough to cover the overshoot. For the
FBM a gap time of 300 ns is chosen, which should lead to very little influence of the
overshoot.

3.2.4. Noise Performance

An important characteristic of a silicon detector is its noise curve. It describes how
the energy resolution of the detector depends on the shaping time of the used filter for
the pulse height determination. To calculate the noise curve, one can repeat the same
measurement with different shaping times, and evaluate the FWHM of a certain peak
in the received spectrum. Alternatively the digitized waveforms of each pulse can be
saved, so that the pulse height determination can be done offline with any filter setting.
This second approach was done for the Krypton measurement.

The shape of the curve is influenced by different contributions:

e The serial noise on the waveform is noise with a flat power spectral density.

This noise is independent on each digitized sample so that by averaging one gets

Oserial noise X \/ﬁ This leads to a straight line with negative slope in the

double logarithmic plotted noise curve.

e The pink noise has a power spectral density oc f~!'. This leads to a amplitude
o 4/ f~1. Together with the averaging of the filter one gets a flat contribution
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3.2. Characterization with X-rays and Electrons

independent of the shaping time. Many electronic components add some pink
noise to the waveform, for example the effect of capture and release of charge in
a FET.

e The Fano noise is the contribution of the statistical process of charge creation in
the silicon detector. As it describes the amount of created charge in the detector,
it does not depend on the shaping time. This means it also has a flat contribution
in the noise curve.

e Usually there is another component, often called parallel noise. In the double
logarithmic noise curve plot this usually leads to a line with positive slope, mean-
ing that long shaping times lead to worse energy resolution. This is caused by
the leakage current of the detector diode, and is therefore very suppressed by the
small area of the FBM detector. It is not visible in the measured noise curve.

The FWHM of these effects can be added in quadrature to get a combined FWHM
which can be compared to the measurement, as shown in figure 3.8. To optimize shap-
ing time for the FBM detector, not only the energy resolution is relevant, but also the
effect of pile-up should be minimized, for which short shaping times are preferable. The
count rate for the FBM is in the order of 50 keps, where pile up will have a very relevant
effect on the measured spectrum. Considering both energy resolution and pile-up, an
optimal shaping time of 300 ns was determined. In this case the 12.6 keV X-ray resolu-
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< 3000 A < 1500 A
o] . o .
¥ —_ P!xel 0 Y — P!XE| 0
2 2000 P!xel 1 < 1000 4 P!xel 1
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Figure 3.7.: Left: Waveforms of pulses captured with the krypton setup. The pulses
correspond to the 30keV peak in the spectrum.

Right: Zoom into the rising edge. To get rid of noise on the waveform a lot of pulses
from the spectrum are averaged. The amplitude of the shown pulses is an artifact of
the chosen pulses for averaging and is not of interest.
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Figure 3.8.: Noise curve of the 12.6keV K, X-ray peak of Krypton. The trapezoidal
gap time is fixed to Ty,, = 320ns. The shown data points belong to the pixel 0 of the
FBM. The slightly smaller energy resolution at very low shaping times compared to
the serial noise expectation can be explained by the input bandwidth of the amplifiers
and the DAQ.
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Figure 3.9.: Comparison of the noise curves as shown in figure 3.8 of all the seven
pixels.
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3.3. Charge Sharing

tion is around 220 eV, consisting 170eV from Fano noise and 140eV from electronics
noise added in quadrature. This corresponds to a ENC,,s? of around 16 electrons.

The noise curves for all seven pixels are shown in figure 3.9. The curves look similar,
despite the fact that only two of them are operated with coaxial cables. The overshoot
observed in the waveforms has no significant influence to the energy resolution.

3.3. Charge Sharing

A very important effect that influences the detector response of the TRISTAN FBM
detector is the so-called charge sharing. Compared to the “standard” TRISTAN de-
tectors, which have diameters of 2mm to 3 mm this effect is strongly enhanced by the
small size of the FBM detector.

Multi-pixel detectors have no physical borders between pixels. One pixel is only defined
by the region where the created charge is collected by one anode. If an event happens
in the middle of two anodes, its charge cloud is shared between two pixels. In this case
both anodes trigger an event with a fraction of the initial amount of charge. The num-
ber of pixels (or anodes) which share the charge of an event is called the multiplicity
of the event (see figure 3.10).

3.3.1. A Simplified Model

To estimate the expected amount of charge sharing, a model is necessary, that gives
the probability to split the charge of an event by a certain fraction at the border of the
pixel.

For this model, a simplified geometry of the region close to the border between two
pixels A and B is considered, as shown in figure 3.11. For every event the fraction 7 of

single event double event triple event

0coX0C0X000
oco0fodozos0

Figure 3.10.: Three different possibilities of multiplicity of an event. The charge cloud
(blue) can be split between one, two or three pixels.

2Equivalent Noise Charge
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3. Characterization of the TRISTAN FBM Detector

Pixel A Pixel B

I ]
i 1

Figure 3.11.: Sketch of the geometry for the charge sharing model. Three exemplary
events (blue crosses) are assumed with different interaction coordinates z relative to
the border. 7 is the relative amount of charge in pixel A.
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Figure 3.12.: Exemplary Gaussian charge cloud density function m(x) with a width
w = 1pum. The fraction of charge 1 which reaches pixel A is the integral of m(z).
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3.3. Charge Sharing

charge that is collected by pixel A is defined by

_ @4
Qa+Qp’

where (4 and (g are the charges in the pixels A and B respectively. To calculate 7
the coordinate = of the event relative to the border and the one-dimensional charge
cloud density profile m(z’) has to be known. 7 is then obtained by integrating over the
x’ coordinate

Qa

n(x) = 01t 05 / m(z") dz’. (3.2)

—00

U (3.1)

In figure 3.12 m(z’) and n(x) are plotted for a Gaussian charge cloud density profile.

The aim of the model is to predict the probability density function (PDF) of 7, called
P(n). As n is a function of the interaction coordinate x, the PDF of x, called P(z), has
to be known. If a homogeneous illumination of the area is assumed, the distribution
of x is flat

1
Plr)=—. 3.3
(1) = 5 (33)
Now, a variable transform from x to n can be applied:
dx
P(n)=P(x)  — 3.4
() = Pla)- 5 (3.4
To calculate this, 42 is needed at a certain 7, which can be calculated numerically from

) dn
equation 3.2. For a Gaussian charge cloud density profile with width w the PDF of n

becomes

w 1
Pin)=— —— 3.5
=5 o (35)
where g(n) is a numerically calculated function independent of w. The shape of —g(ln) =

P(n)4Z is plotted in figure 3.13. Up to now P(n) is normalized to one incoming event

—— P(n) - Axw

0.0 0.2 0.4 0.6 0.8 1.0

Figure 3.13.: Probability density function for the fraction of charge accumulated in
one pixel. This curve assumes a Gaussian charge cloud density profile with a width w
and a flat distribution of the interaction position with width Ax.

49



3. Characterization of the TRISTAN FBM Detector

in the area shown in figure 3.11. If one incoming event is assumed within one detector
pixel, Ax can be replaced by %, where A is the area of the pixel and [ the total length
of the pixel border. This is only valid if the pixel radius is big compared to the width
of the charge cloud w, otherwise P(z) is not flat anymore. Assuming this is the case,
the PDF for 7 is

w1

=1

This probability for charge sharing scales with the size of the charge cloud w and the

fraction of the pixel border to pixel area %, as expected.

P(n) (3.6)

3.3.2. Charge Sharing in the Krypton Measurement

With the help of the krypton calibration source, charge sharing could be investigated for
X-ray and electron signals. To this end all events in the measurement are categorized by
their multiplicity. The time interval to detect the multiplicity was chosen to be 200 ns.
Figure 3.14 shows the number of single and double events in the detector. Single events
are associated to the pixel where they happened, double events are associate to the
border between the two pixels where the two events happened. As the number of
triple events is low, they are discarded in this analysis. 34 % of all events that were
detected in the central pixel were charge sharing events. The energy threshold, which
has an influence on the number of detected charge sharing events, was 800eV in the
measurement.

On the border areas in figure 3.14 not only charge sharing events are present. There

Figure 3.14.: Number of single and double events in the krypton measurement. The
color corresponds to the event density in each area. The width of the border, where
events with multiplicity two happen, is set to 30 pm.
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3.3. Charge Sharing

are also events that happen by coincidence in the two pixels, but are really two physical
events. These events are called random coincident events in the following. The expected
number N p of random coincident events between the pixels A and B can be estimated
to

2-Ny-Np

Nap = = 200 s, (3.7)

where N4 and Np are the total number of events in the two pixels, T is the live time of
the measurement and 200 ns corresponds to the time window for coincidence detection.
Plugging in the numbers, the expected number of random coincident events between
two pixels is Nap =~ 44. This small number of random coincidence events can be
neglected compared to the number of charge sharing events, which is O(10°).

The energy distribution of the double events is plotted in figure 3.15. As expected,
there are clearly visible diagonal lines in the histogram, where the energy of the events
in pixels A and B sum up to the physical energy of a line in the spectrum. Within
each line of the histogram a structure is visible: There are more events towards both
ends of the line. The position on each line corresponds to the fraction n = %,
which is zero on the upper left (all energy in pixel B) and one at the lower right (all
energy in pixel A). For each line, a histogram of 1 can be drawn. Figure 3.16 shows

this histogram of n for the krypton K, line.

This measured distribution of 7 is now compared to the expected distribution, that was
obtained from the simplified model in section 3.3.1. In figure 3.16, the expectation from
equation 3.6 is plotted, where A and [ were plugged in for the FBM pixel geometry.
The only free parameter is w. For w = 15.5 um the expected distribution of n agrees
very well with the measured distribution of n for the K, line. This implies, that the
Gaussian shaped charge cloud, that was used to derive the model, is a valid assumption.
The Gaussian shape of the charge cloud has a physical motivation: If a small charge
cloud is created in the detector by ionization due to the incoming particle, diffusion
over time will lead to a Gaussian charge cloud with width

o =2Dt, (3.8)

were t is the time and D is the diffusion constant. For silicon near room temperature
D is 6831 mm?s™! [22]. Within an estimated drift time of 20ns the charge cloud has
a size of around ¢ = 12pm. This is in the same order of magnitude as the measured
15.5 pm for events of around 12.6 keV energy.

The same procedure was also applied to the whole range of energies in the spectrum.
The resulting charge could sizes are shown in figure 3.17. The width w is close to 20 pm
for most energies. There are two interesting features:

1. The K, and Kg lines both have smaller widths. This can be related to the depth
of interaction in the detector: Electrons and low energetic photons interact very
close to the entrance window of the SDD. Therefore the charge cloud always has
the same time to diffuse until it reaches the saddle point between pixels. With
higher energy, photons start to penetrate the SDD deeper. In this case there is
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Figure 3.15.: Histogram of the two observed energies of double events. For this plot
all double events in the 12 h krypton measurement were used.
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Figure 3.16.: Histogram of n for the six neighboring pixel regions of the central pixel.
The event energy region of interest is around the K, line at (12.6 + 0.5) keV.
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Figure 3.17.: The best fit width (red) of the Gaussian charge cloud density profile for
different energy regions of interest. The blue spectrum shows the total energy of the
charge sharing events, which is the sum of the energies of the two participating pixels.

less time for the drifting charge cloud to reach the saddle point and the charge
cloud is smaller. This effect is illustrated in figure 3.18. According to this plot the
mean width of K, and Kz X-rays is lowered by about 25 % compared to electrons.
This fits to the measured K, and Kz charge cloud widths in figure 3.17, where the
surrounding regions are assumed to be electron events.

2. All events above 15 keV are electron events. The width of these events is expected to
increase slightly with energy, as a bigger charge cloud is created at higher energies.
This effect is small, as the primary electron rarely travels more than 4 pm [18] and
the width is dominated by diffusion. Electrostatic repulsion can also contribute to
the size of the charge cloud. This effect is also energy dependent, and is expected
to be small for charge clouds containing less than O(10%) electrons [32].

Conclusion The new TRISTAN FBM detector system was tested successfully in the
MPP laboratory. A very good energy resolution of less than 350eV for electrons was
observed on all seven pixels, regardless if a coax line or a non shielded wire is used
for the signal transmission. In the laboratory environment, an energy threshold of
0.8keV was achieved. Furthermore a simplified model for charge sharing events was
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3. Characterization of the TRISTAN FBM Detector

introduced. This model explains the amount and energy distribution of charge sharing
events, by assuming the Gaussian shaped charge cloud due to diffusion during the drift
in the detector.
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Figure 3.18.: Mean width of the charge cloud by diffusion. The distribution of depo-
sition depths is calculated as exponential distribution with attenuation constant from
the NIST database [27]. For each depth, the drift time is determined assuming a drift
with constant velocity to the anode side of the detector. With this distribution of drift
times the diffusion widths can be calculated with equation 3.8. As electrons do not
penetrate the detector significantly they correspond to the orange dotted line. X-ray
with energies above 20 keV have a low chance to get detected at all in 450 pm of silicon,
the distribution of interaction depths is flat in this case. This limit of homogeneous
illumination is shown by the green dotted line.
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4. Implementation and Commissioning

In July 2019 the TRISTAN FBM detector was installed at its final place of use in
the KATRIN experiment. The following chapter will first summarize the procedure of
installation and will give an overview of the technical implementation of the software.

Finally, the first results of the calibration measurements prior to the rate-monitoring
during the neutrino mass campaign are presented.

4.1. Installation in the KATRIN Beamline

The installation includes the components shown in figure 2.8. Besides the detector itself
two power supplies as well as a VME crate holding the DAQ card and an aluminim
box holding the bias board were installed.

To exchange the FBM detector the vacuum system of KATRIN had to be opened.
When the detector is at parking position a valve towards the beam line can be closed
to separate the FBM vacuum chamber from the KATRIN vacuum chamber. After
venting the FBM vacuum chamber the flange at the 6-way cross at parking position can

Figure 4.1.: The TRISTAN FBM after mounting on the manipulator in the 6-way
cross at parking position. The cable is fixed with a cable tie made of vacuum compatible
PEEK plastic, which still needs to be cut in length.
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be opened through which the detector is accessible. The already mounted TRISTAN
FBM can be seen in figure 4.1. In this configuration measurement with an 2*'Am
photon source were performed. These measurement is described in chapter 4.3. After
successful completion, the vacuum was restored. To ensure the vacuum requirements,
the system was first baked out for 5 days and simultaneously pumped down for 7 days.
When a sufficient vacuum level of P = 2 x 10~® mbar was reached, the valve to the
CPS was opened.

4.2. DAQ and Data Flow

The data acquisition at the FBM comes with some challenges compared to the test
measurements done in the lab: First, for monitoring the tritium source the acquisition
has to run continuous for several months. Furthermore the rate is expected to be large,
with up to 60 keps per pixel. Additionally the hardware is difficult to maintain, as the
whole setup is inside the controlled area of the Tritium Laboratory Karlsruhe (TLK).
In this section the technical solutions to address these challenges are summarized.
The combination of high rate and long continuous acquisition makes it impossible to
save all listmode data (energy and time stamp for each event) for later processing and
analysis. With a maximum count rate of 60 kcps per pixel and an event memory size
of 11 byte (8 byte time stamp, 2 byte energy, 1 byte channel) the total data rate reaches
400 GB per day. To reduce the amount of data, the events are histogrammed in real
time. This implies that also the multiplicity analysis, for which the listmode data is
necessary, has to be performed in real time. Ideally, such analysis could be performed
on the FPGA level. However, the corresponding infrastructure on the FPGA is not
yet available. Instead, an event-based analysis was performed on a desktop PC. An
overview of connections and applications on this computer is shown in figure 4.2. The
three applications that are running during data acquisition are the following:

CoMPASS GUI This is the official software provided from CAEN to interface the
CAEN v1781 card. It takes care of the configuration and optical fiber communication
to the card. During acquisition this application receives the listmode data from each
of the eight channels of the card and saves them as binary files on the local disk.

COMPASSConverter This custom software reads the binary files created by CoM-
PASS GUI and performs real time processing on the data:

1. During the resetting of the preamplifiers, which happens up to 1000 times per
second, it can happen, that the DAQ falsly triggers. These events have to be
removed from the data. To do that the time stamps of the resets are determined
using the inhibit signal of the bias board and the 8th channel of the DAQ card.
The COMPASSConverter compares all time stamps of all events in the seven
pixels to the time stamps of the resets and removes all events which happened
simultaneously to a reset. The time window relative to a reset within which events
have to be removed was determined to be —1 ps to 50 ps.
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4.2. DAQ and Data Flow

2. In the binary files created by the CoMPASS GUI all events are sorted by time
within their channel only. The COMPASSConverter sorts the events of all chan-
nels by their time stamp into one list. This makes it later very easy to determine
the multiplicity of an event, because it only has to be compare it to its neighbors
in the sorted list.

The cleaned and sorted list of events is again saved on the local disk.

Run Control GUI This software reads the sorted listmode data provided by the
COMPASSConverter and histograms it. Each histogram contains the data of a certain
selectable duration. The histograms are then grouped and saved into runfiles. A
typical runfile contains 3h of data, where every 5s a new histogram is created. The
Run Control GUI saves a separate histogram for each pixel, and one additional where

Desktop PC
Ubuntu 18.04

CoMPASS GUI > | CAEN v1781 card

‘4444

COMPASSConverter

v
TRISTAN FBM
Run Control GUI

Histogramming and

USB |
v

PicoScope 3000

grouping into runs

* h5 runfiles on HDD:

e Histograms }
e Waveform samples l

Network

e Listmode samples
e DAQ settings

Figure 4.2.: The data flow on the desktop PC which is processing the FBM data. The
dashed arrows corresponds to listmode data (energy and time stamp for each event).
The throughput of this data is too big to save the data continuously, so it has to be
deleted after reading.
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a multiplicity cut is performed: In this histogram only events with multiplicity zero
that happened in the central pixels are summed. The runfiles also contain additional
information, like a short sample of listmode data for debugging and a waveform sample
captured by a digital oscilloscope (PicoScope) to monitor the noise on the waveforms
during the aquisition. Each runfile should contain all information necessary to interpret
and analyze the run afterwards.

To verify the high rate capability of the above described system it was tested with
noise triggered events with a rate of around 100kcps per pixel. During the test the
computer did not get close to the limit of CPU usage or memory.

One drawback of this processing chain is the time delay due to the CoMPASS GUI.
This software saves the data on the local disc only when around 1 MB of new data is
available in the channel. For low rates (e.g. if the tritium source is ramped down) it
can take several minutes or hours until the data is written. The COMPASSConverter
has to wait until data on all channels (including reset) is available to do the cleaning
and sorting. One possibility to overcome this issue is to not use CoMPASS GUI, but
the C/C++ interface libraries provided by CAEN. This is planned to be implemented
in the future.

4.3. Calibration Measurement with 2*'!Am

Before pumping down the FBM chamber, a calibration measurement with *! Am was
performed. The goal of the measurement was to obtain a calibration that can later be
used for the measured continuous tritium spectrum. Furthermore, the measurement is
also important to test the performance of the TRISTAN FBM in its TLK environment
for the first time.

The used source contains the radioactive isotope ?*!Am which decays via a-decay to
I3"Np with a half live of 433a. After the a-decay two main v lines (59.54keV and
26.34keV) and a huge spread of X-ray lines from 3"Np occur. [33]

The source was placed in front of the detector inside of the vented 6-way cross at
parking position.

The measured spectrum is shown in figure 4.3. It shows the mentioned v and X-rays,
and also a small contribution of the K, and Kp lines of copper, probably created by -
rays interacting in the cover of the detector, which is made from copper. The spectrum
with no cut is compared to the spectrum where a multiplicity cut is applied, which
removes all events with multiplicity greater than one. This removes most of the lower
energy tails of each peak, which are caused by charge sharing events. The peaks itself
are not influenced significant by the multiplicity cut, as expected.

For the calibration the peaks at 13.95keV, 17.75keV, 20.78keV, 26.34keV and
59.54keV are used, which includes the big lever arm of the 59.54keV peak. The
energy resolution of each peak in the seven pixels is shown in figure 4.4. The FWHM
of the 26.3keV y peak is 350eV to 400eV . This worsened resolution compared to the
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Figure 4.3.: Measured spectrum of the 2! Am source in linear and logarithmic scale.
The orange histogram contains only events with multiplicity one, so that charge sharing
events are removed. The intensities of the shown red and green X-ray lines are only
for a rough comparison of the order of magnitude [34].

krypton calibration (see section 3.2) can be explained by larger electronic noise con-
tribution, which can be expected in the TLK environment. The energy resolution of
380eV for 26.4keV gives a ENC,,,s of around 35 electrons, which is significantly larger
than in the krypon laboratory measurement with ENC,,s = 16 electrons.

4.3.1. Waveform

The electronic noise can be directly seen in the plot of the digitized waveforms of pulses
in the left plot of figure 4.5: A lot of ripple is overlaying the pulses. To investigate the
noise, the frequency spectrum of the waveform without pulses is shown in figure 4.6.
A lot of structures are obtained in the spectrum, such as excesses at around 5 MHz
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Figure 4.4.: Fitted FWHM of peaks in the *!Am spectrum. A simple Gaussian
model was used. The three X-ray peaks (13.9keV, 17.7keV and 20.9keV) may be
broadened not only by the detector resolution, but also by the overlap of more than
one X-ray transition. However, the vy peaks (26.34keV and 59.54 keV) are single lines
and represent the photon energy resolution of the detector.
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Figure 4.5.: Left: Waveforms of pulses in the ?*! Am source at the final FBM setup.
This should be compared to figure 3.7. The decaying of the pulses comes from the
10 ps AC-coupling at the input of the DAQ card.

Right: Zoom into the rising edge, averaged for many pulses

and 10 MHz. These excesses may not have a big influence to the energy resolution
of the detector, as they are suppressed by the trapezoidal filter frequency response,
which is also shown in the plot. Frequencies, where the trapezoidal filter frequency
response is low, are attenuated by the energy filter and have a reduced influence to the
energy resolution. The excesses at 60 kHz and 300 kHz, which have a large amplitude,
contribute significantly to the energy resolution. There are different possibilities where
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Figure 4.6.: Frequency spectrum of the waveform of pixel 0 in the final TLK setup,
measured at two different dates. No pulses were present in the input waveform. The
frequency response of a trapezoidal filter (Tyhaping = 30018, Tyap = 300 1) is also shown.

noise with these frequencies may come from. An obvious origin is the interference from
electric devices nearby, where for example a lot of modern switched mode power supplies
operate at frequencies of 50kHz to 1 MHz. Another possibility could be the micro-
phonic effect of electrical parts: Most capacitors translate a vibration to a capacitance
or voltage ripple. If this happens for example at the Vji,g 1 voltage filter capacitor on
the detector board, the ripple is coupled to the detector anode and be amplified by the
whole amplification chain. A third option could be that the anode bond wires itself
vibrate and introduce some ripple. Finally also improper ground connections or loops
can lead to a ripple on the waveform. Up to now the reason is unknown and should be
investigated further.

Besides the ripple on the waveform, also the shape of the rising edge has changed
compared to the MPP lab measurement. On the right plot of figure 4.5 many waveforms
are averaged to get rid of the noise and ripple. The remaining shape of the rising edge
of the pulses has a significant lower slope for pixels 0, 1 and 6 compared to the other
pixels. The overshoot, which was also observed in all non-coax pixels in the MPP lab
measurement, is still present in pixels 2, 3, 4 and 5, but not in the non-coax pixel 1.
The observed shape looks like an over-sized capacitance of the signal line of pixels 0, 1
and 6, or an over-sized resistance on the amplifiers output. One practical explanation
could be an increased contact resistance in the pogo pin connector for these pixels. If
the contact has a resistance of @(100Q)) in these pixels, the slope can be explained.
Regardless of the shape of the rising edge of the pulses, all seven pixels show a similar
performance in the 2! Am measurement.
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Figure 4.7.: Noise curves for all seven pixels in the final TLK setup, based on the
14keV X-ray peak in the 2! Am spectrum. For comparison the combined noise line
shows the line which fitted the noise curve quite well in the MPP lab measurement
(figure 3.8).

4.3.2. Noise Curve

With the changed noise situation, also the noise curve (compare section 3.2.4) looks
different. Figure 4.7 shows the noise curve, based on the 14keV peak in the ?*!Am
spectrum. There is now clearly a component of noise that disfavors long shaping
times, which was not present in the MPP lab measurement. Both measurements were
performed at room temperature. This fits to the excesses at 60 kHz and 300kHz in
the frequency spectrum, as a bigger shaping time shifts the trapezoidal filter response
towards these lower frequencies.

4.3.3. Time Evolution

As the objective of the FBM is to measure the stability of the WGTS activity, it is
important to have stable detector characteristics. To this end, a long duration mea-
surement (around 10d) with the ! Am source was performed. For this measurement
a longer trapezoidal shaping time of 1 s was chosen.

By fitting a Gaussian to the peaks in the spectrum, the positions and widths of the
peaks are determined for every subsets of 5h in the measurement. The parameter
evolution is plotted in figure 4.8. The stability of the calibration of the detector is
seen in the position of the 59.5keV line in the spectrum. The observed position drifts
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4.3. Calibration Measurement with 2*! Am

slightly downwards by around 1 %o within ten days, which is acceptable. The energy
resolution on the other hand, shown in the bottom plot in figure 4.8, has a clearly
visible step during July 9, 2019. This step can also be seen in the frequency spectra
in figure 4.6, which were measured before and after the long-term measurement. The
main difference between the two spectra is the excess at 60kHz, the amplitude of
which increased by a factor of 3. Such a step in the energy resolution could be a
problem for the tritium activity measurement. To keep track of the noise on the
waveform an additional digital oscilloscope was installed in parallel to the DAQ at
pixel 6. A short snippet of the waveform is saved every 3h, which allows to monitor
the evolution of noise on the waveform during the activity measurement.
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Figure 4.8.: Time evolution of the position and resolution of peaks in the 10d mea-
surement with 2! Am. For each peak seven lines in the same color are plotted, which
correspond to the seven pixels.
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Conclusion

The TRISTAN FBM was installed successfully in the KATRIN beam line. All seven
pixels show a similar performance in the ?*!Am photon measurement. Some notable
effects were observed:

First, the noise on the signals has excesses at 60kHz and 300kHz, which domi-
nate the energy resolution of the detector. These noise components shifts the opti-
mal trapezoidal shaping time to short times, the best resolution is observed for only
Tinaping = 300ns. Furthermore the noise is not stable over time, a step in the energy
resolution of around 200 eV was observed on July 9, 2019. While this was measured at
Tihaping = 1000 ns, the influence of the time dependent noise is expected to be smaller
at Tyhaping = 300 ns.

Second, pixels 0, 1 and 7 have a significant lower slope of the rising edge of the pulses.
This may be caused by a contact resistivity of the vacuum connector to the detector
board. Fortunately, with a long enough trapezoidal gap time Tg,, > 300 ns this seems
to not influence the performance significantly.

While these two topics should be further investigated, they are not crucial for the rate-
monitoring for KATRIN. Despite the increased noise situation an energy resolution of
around 500 eV is expected, which is a significant improvement compared to the previous
PIN diode detector with an energy resolution above 2keV.
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5. The TRISTAN FBM during the
KATRIN Measurement Phase

In Autumn 2019 the KATRIN experiment started its second neutrino mass measure-
ment campaign, called KNM2 (KATRIN Neutrino Mass 2) with the goal to take two
months of tritium data with the nominal source activity. The following chapter shows
and discusses the performance of the TRISTAN FBM during the measurement phase.
Next to that the shape of the measured tritium spectrum is addressed, which is a first
step towards the full tritium spectrum investigations for TRISTAN.

5.1. Deployment and First Light

During test measurements after installation (section 4.3) the TRISTAN FBM detector
was in its parking position outside of the KATRIN beamtube. After the following
bake-out and pumping the valve to the beam line was finally opened and the detector
was deployed into the beam tube at 13. August 2019.

At its final position in the beam tube the FBM cools down due to thermal radiation,
as the surrounding part of the CPS has a temperature of around 70 K. With a time
constant of several hours the detector finally reaches an equilibrium temperature of
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Figure 5.1.: Temperature evolution of the TRISTAN FBM detector during the de-
ploying. Due to the heating of the electronics the detector had a temperature of 35°C
before deployment and reached an equilibrium of around —15°C in the cold CPS en-
vironment.
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Figure 5.2.: The count rate in the seven pixels of the FBM during the ramp-up of
the WGTS. At 13:10 the valve in the CPS towards the WGTS was opened.

around —15°C, as shown in figure 5.1.

At 18. September 2019 the WGTS of KATRIN was ramped up in steps to the nominal
column density. The TRISTAN FBM was at its monitoring position at the outer brim
of the flux tube during the ramp-up and measured the step-like increase of the electron
flux, as shown in figure 5.2. The shown rate is calculated by summing all events in
the spectrum above a threshold of 5keV. For a proper rate calculation, besides the
number of counts, also the live time Tj;,. has to be known. For each data point in the
rate plot it is calculated by

j_iive = laquisition — Tlresets Tdead resets — Tltrigger * 7—lwiggelr holdoff (51)

Tdead resets corresponds to the 51 ps during each reset where events are discarded by the
COMPASSConverter software. Tirigger holdot 18 the dead time of 5 ps introduced by the
trigger holdoff setting in the DAQ card'. The number of triggers nygeer is obtained by
summing over the whole histogram of counts without any energy cut.

The observed rates in the seven pixels agree within 5%, except for the central pixel
which sees a rate increased by around 15 % compared to the surrounding pixels. This
can be caused by a different effective area of the outer pixels due to the detectors
border, which is the back frame.

!This large trigger holdoff is currently necessary, as the DAQ card crashed otherwise during
movement of the FBM stepper motors due to the high amount of noise triggered events. The trigger
holdoff limits the throughput of noise triggered events to 200 keps. In the future it is planned to pause
the acquisition automatically during movement, then the large trigger holdoff can be omitted.
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5.2. Measured Tritium Spectrum

The final settings for the DAQ that were used during KNM2 are stated in table A.3.
After the ramp up of the KATRIN source, several test measurements were done, for
example a scan to find the best monitoring position. These measurements are not
addressed in this thesis.

5.2. Measured Tritium Spectrum

After the ramp up the TRISTAN FBM measured the tritium electron spectrum for the
first time. The obtained spectra are shown in figure 5.3 for 3h of data. The following
features are obtained in the spectra:
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Figure 5.3.: Tritium (-spectrum measured with the TRISTAM FBM detector in
linear (top) and logarithmic (bottom) scale
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e The region below 5keV is dominated by the threshold that is set in the DAQ
card. For the individual pixels different thresholds were chosen due to the differ-
ent noise situations on the pixels. The threshold was determined with respect to
the amount of noise-triggered events. These correspond to the small peak around
zero, only visible in the logarithmic plot. The thresholds were chosen conserva-
tively, to have a very low contribution of non-physical noise-triggered events to
the spectrum. Even if the noise situation changes during the measurement phase,
as observed in the 2! Am test measurement, the amount of noise-triggered events
stays acceptably low.

e Between 5keV and 17keV the differential tritium spectrum is observed. The
detector response has a huge influence on the observed shape. Details on a model
for the observed shape can be found in section 5.2.1.

e Close to and above the endpoint of the [3-spectrum pile up becomes visible. The
most dominant pile up of two events leads to a continuous spectrum up to double
the endpoint energy, which is far outside of the shown energy range.

The observed spectra of the seven pixels agree well with each other. The pile up is
slightly increased on pixels 0, 1 and 6. These are the pixels where the waveforms of
pulses have a significant different shape (see figure 4.5).

5.2.1. Model of the Detector Response

To further investigate the shape of the observed spectrum a model for the detector
response is necessary. The detector response is a function F'(Ej,, Egetected), Which de-
scribes for a given incoming particle energy Fj, the probability density for the detected
energy Faetectea- Lhis detector response is a delta function in Fgetecteq for an ideal
detector. In practice several effects broaden and change the shape of the detector
response: There are physical effects like backscattered electrons, escaping X-rays or
charge sharing, as well as electronics and DAQ related effects like noise or pile up,
only to name a few. In the following a model for the detector response for the FBM is
developed, which includes the most important effects.

Charge sharing As discussed in section 3.3 charge sharing is very important for the
FBM due to its small pixel size. The detector response due to charge sharing can
be obtained from the probability distribution of n (equation 3.2). As n describes the
amount of charge collected in one pixel, the amount of detected energy Fgetectea in this
pixel is

Edetected =1- Ein (52)

The resulting response function is plotted for different incoming energies and charge
cloud widths w in figure 5.4.
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Figure 5.4.: Detector response due to charge sharing for different energies and charge
sharing widths w. The shaded areas of the responses are normalized to one. A detector
threshold of 1keV is assumed.

The correct normalization of the response is important. All incoming events that hit
the area within the borders of the pixel have a n > 0.5 and the resulting Fgetected 18
shaded in figure 5.4. This shaded area has to be normalized to one, as the response is
normalized to one incoming electron on the pixel area. This is not trivial, as the PDF
of n written in equation 3.2 is not normalizable, but its integral goes to infinity for
n — 1. This is related to the simplification in the model, that assumed a linear but not
circular pixel geometry. Fortunately, the imprint of this simplification is only present
at n very close to 1 and therefore will be washed out by the detector resolution. The

69



5. The TRISTAN FBM during the KATRIN Measurement Phase

I R dead layer + fano
o ] dead layer + fano + charge sharing
10 1 —— dead layer + fano + charge sharing + electronics noise

Probability density [keV~!]

o
N
g
[e)]
[oe]
=
o
=
N
=
N
=
[e)]
=
[o¢]
N
o

Detected energy [keV]
0.5 A
5 0.4 1
(0]
X
)
‘7’ 0.3 7
C
(]
©
2 0.2 4 ‘
5 %\ ‘
o N
[e] 01 7 _
0.0

8 10 12 14 16 18 20
Detected energy [keV]

o
N
g
(o)}

Figure 5.5.: Top: The detector response for E;, = 18 keV. The considered effects in
this thesis are included one after the other. Bottom: The total detector response for
Ey, = 2keV, 4keV, ..., 18keV.
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shown responses in figure 5.4 are normalized correctly, which means that the integral
over the shaded areas is one.

Other response contributions Besides the effect of charge sharing three more effects
were included to the detector response:

e The effects from the energy loss in the detectors dead layer and back scattering
is summarized in the detector response labeled dead layer. The used response
was obtained from a database setup by Marc Korzecheck[18] based on KESS[35]
simulations. For simplicity it was assumed that the electrons hit the detector
perpendicular and the dead layer is step-like with a thickness of 50 nm.

e The Fano noise was added as a Gaussian broadening with ¢ = v/ F Fy,e€
e The electronics noise was added as a Gaussian broadening with ¢ = 200eV.

To combine all the four mentioned contributions to the detector response one has to
apply them one after the other. Numerically each response can be expressed as a
matrix M where the rows correspond to Fgetectea and the columns to FEy,. For the
calculations in this theses an energy binning of 10eV from 0keV to 20 keV was chosen
resulting in a size of 2000 x 2000 for each response matrix. The total response My
can be calculated by:

Mtot = Melectronics noise X [Mcharge sharing X [Mfano X Mdead layer]] (53)

As the matrix multiplication is not commutative it is important to do the calculation
in its physically correct order. Figure 5.5 shows the total detector response after
combining the four contributions. The integral of the response for Fj, = 18keV is
around 1.4. This value, bigger than one, is a result of the normalization to one incoming
event per pixel area: Due to the Gaussian charge cloud also events outside of the pixel
area can lead to an event. This normalization changes a lot with the threshold, which
was chosen arbitrarily to 1keV in this case. If the threshold was chosen to be at 9keV
for the response for Ej,, = 18keV, only events within the pixel border are detected.
The resulting response integrates to 0.84, which fits roughly to loss of events due to
back-scattering [35].

Next to the detector response there are many more influences to the measured spec-
trum: There are effects of the tritium source like scattering of the electrons in the
tritium gas and back-scattering at the rear wall. Electrons that are back-scattered
by the FBM detector may also be magnetically back-reflected onto the detector by
the magnetic mirror effect. These effects are not yet taken into account, but will be
included in the future to get a more precise model.

5.2.2. First Fit

The detector response for the FBM, derived in the previous section, is now used to
model the measured tritium spectrum. The (-electron spectrum from the tritium decay
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is calculated according to equation 1.10 with m, = 0:

;Z_EZO-FC(E)'\/(E+me)2—mg-(E—l—me)(EO_Ef (5.4)

Figure 5.6 shows the resulting spectrum, without and with the detector response ap-
plied. The detector response has a huge impact to the shape of the observed spectrum,
and shifts a lot of events to lower energies.

To compare this spectrum, in the following called model(E), to the measured spectrum
a x? fit was performed. The fitted function R that describes the measured differential
rate is:

E A E
R(E,gain, A, Ap,) = model (—) -—— + modely,, (—) :

gain / gain gain

Ao 55)

gain

The second term model,,(£) is a simplified model for pile up and is obtained by
convolving model(F) with itself. The three free parameters in the fit are the detectors
energy gain, the amplitudes A of the spectrum and the amplitude A, of the pile up
spectrum. The gain changes the scales both in x and y direction, as the gain should
not change the integral over the spectrum. The performed fit should be seen as a
comparison of the model to the measured data, but not as an advanced fit to obtain
physics parameters like the charge cloud width w. The result of the fit is shown in
figure 5.7. Only a small amount of data, corresponding to one minute of measurement
time, and the spectrum above 10keV was used in the fit.

The model can also be fitted to lower energies or more data than one minute of mea-
surement time. In both cases the fit is soon dominated by shape distortions. This is

0.175 7 —— Tritium spectrum

0.150 - Tritium spectrum with detector response applied

0.125 -
0.100494 — —
0.075 -

0.050 -

Probability density [keV~!]

0.025 -

0.000 T T T T T T 1
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Energy [keV]

Figure 5.6.: Tritium p-spectrum, without and with the detector response applied.
The blue spectrum is calculated with equation 5.4.
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Figure 5.7.: Fit to one minute of measured data. Only the data of the central pixel
is used. Around 2 x 10° events were captured in the shown range.

expected, as the model is not complete, and many parameters in the model were only
estimated. But the fit shows that the general shape of the obtained spectrum matches
the expectation. Besides the shape, also the absolute amplitude of the observed spec-
trum fits: The best-fit value of the parameter A is 52 keps. This is close to the expected
rate per pixel area, which is around 50 keps.

5.3. Rate Evolution

The primary task of the FBM is to monitor the activity of the tritium source of KA-
TRIN over time. The standard way to determine the FBM rate is to integrate all
events above a certain energy cut. While this measures the rate in the spectrum, it is
also sensitive to a change of the gain of the detector system. An alternative way to
determine the FBM rate is to fit the model described in the previous section to each
spectrum. As, besides the rate (or amplitude A), also the gain is a free parameter in
the fit, this disentangles the measured rate from the detector gain.

Figure 5.8 shows an example of the measured rate over 24 hours, obtained by summing
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Figure 5.8.: The rate in the central pixel during one day (Novemver 17, 2019). Each
data point corresponds to five minutes. The statistical error on the data points, calcu-
lated form counting statistics, is only 0.47 %o.

over the spectrum, with a cut at 5keV.The statistical uncertainty is dominating in the
plot, and the observed rates are compatible with a constant source activity. This on
the one hand shows the time stability of the tritium source of KATRIN, but also of
the FBM detector.

With an energy cut at 5keV the aimed statistical uncertainty of 1072 is reached after
one minute of measurement time. If all pixels are summed, this uncertainty is already
reached after 10s. This fulfills the design goal to measure the source activity to a
precision of 10~% within one minute.

Long term drift The long time evolution of the FBM rate is not dominated by
statistics. As shown in figure 5.9, there are several steps and features in the rate.
The fluctuations of the tritium source are also observed with other monitoring devices
like the throughput sensor or the BIXS detector. One explanation for the fluctuations
are slight temperature variations on the long tritium injection capillary, when the
corresponding liquid nitrogen vessel is refilled. With the changing temperature the
conductance and also the tritium throughput changes. This is only one example of an
effect leading to a slight activity fluctuation in the very complex windowless gaseous
tritium source.

Not only fluctuations, but also a general downwards trend is visible in the FBM rate.
This trend is not observed in the other monitoring devices. Within one month, the
FBM rate decreased by about 1.5% and there is also a pixel dependence.

Besides the rate obtained by the cutting method, the evolution of the fitted parameters
rate and gain is also shown in figure 5.9. The fitted gain stays within 1 %o over one
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Figure 5.9.: Evolution of different observables during one month of the tritium mea-
surement phase. On the y-axis the value relative to the first data point of each data
set is plotted. If not stated differently, each color in a plot belongs to one pixel of the
FBM.

month for most pixels. Pixel 1 and pixel 6 show more structure. The step of 1.5 %o in
pixel six can be explained by a change of the termination of the transmission line to
the DAQ, when the pico scope (see section 4.3.3) was added in parallel to the DAQ at
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October 8, 2019.

The increase of the gain of pixel one in the last two days can not yet be explained. The
gain is reflected in the evolution of the FBM rate from cut, where the rate of pixel one
increases within the last two days compared to the other pixels.

The fitted FBM rate on the other hand is not sensitive to the gain. As the overall
downwards trend is still present in the fitted FBM rate, the gain can be ruled out to
cause the drift. In the evolution of the fitted rate a very interesting feature becomes
visible: The drift seems to be categorized into three groups. Pixels two and three have
the smallest drift, pixels zero, one and four drift a bit more and pixel five and six have
the biggest downwards trend. This fits to the radial coordinate of the pixels in the flux
tube, as shown in the appendix figure A.1. This may be a hint that there is a time
dependent radial drift in the electron flux. The pixel and time dependent downwards
drift of the FBM rate is currently under investigation.

5.4. FBM Sensitivity to Sterile Neutrinos

By measuring the tritium (-decay spectrum with high statistics, the FBM has the
potential to search for sterile neutrinos. During KNM2 already around 1.7 x 102 -
electrons reached the sensitive area of the FBM detector. This leads to a theoretical
statistics-only sensitivity for the sterile neutrino mixing sin?# of O(107°), as shown
in figure 5.10. Besides the sensitivity assuming an idealized detector response (only
including a 300 eV energy resolution), also the sensitivity assuming a realistic response
is shown. For the realistic response, a model similar to figure 5.5 is used. It includes
the effect of a 50 nm step-like dead layer and charge sharing in the small 250 pm pixel-
diameter detector. Furthermore an electronics noise of AFEpwnm = 480eV, the Fano
noise and an energy threshold of 5keV is assumed. This detector response has a
significant influence on the observed spectrum (compare figure 5.6). The accessible
parameter range for mgere decreases to 13keV due to the 5keV threshold. For low
sterile masses up to around 10keV the mixing sensitivity decreases by a factor of two.
This is a small effect on the sensitivity due to its logarithmic nature.

The study assumes, that the detector response and the incoming electron spectrum
are perfectly known. Unknown parameters in the model, or features in the observes
spectrum that are not understood, will worsen the sensitivity significantly.

The statistical sensitivity of the FBM supersedes current laboratory-based limits for
the sterile neutrino mixing amplitude by almost two orders of magnitude, already
with a measurement time of 50d. The limiting factor to probe this parameter space
currently is the missing model to describe the measured spectrum well enough. This
gives motivation to further improve the first simplified model, which was developed in
this thesis.
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Figure 5.10.: The 95% C. L. statistics only sensitivity to the sterile neutrino parame-
ters Magterite and sin? @ for different scenarios: The TRISTAN sensitivity assumes 3 yeas
of measurement time with a total rate of 108 cps. No detector response was taken into
account, except for a energy resolution of AFErwpyv = 300eV over the whole energy
range. The TRISTAN FBM sensitivity assumes 50 d of measurement time with a total
of 7 x 55 x 103 cps, similar the altready taken data in KNM2. The TRISTAN FBM
incl. response sensitivity additionally assumes the FBM detector response similar to
section 5.2.1 with a detector threshold of 5keV. The current laboratory limits are
adopted from figure 3 in [13].
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6. Conclusion

In this thesis the KATRIN Forward Beam Monitor was successfully upgraded with a 7-
pixel Silicon Drift Detector System, developed in the context of the TRISTAN project.
The novel system entails the SDD chip, a newly designed, vacuum-compatible Printed
Circuit Board with low-noise preamplifiers, holding and shielding structure, a bias sys-
tem, and a DAQ system. Most of these components were designed, procured, and
assembled in the context of this work. The integrated system was first tested in a
dedicated test stand at MPP with a krypton calibration source, providing both X-rays
and mono-energetic electrons.

Despite the 5m long, partially unshielded cables, an excellent energy resolution
of AFpwam < 220eV for 14keV X-rays was achieved, which corresponds to a
noise performance of ENC,,s ~ 16electrons. For electrons an energy resolution of
AFErwaym < 350eV at energies up to 32keV was observed.

A main focus of this work was put on the characterization of charge sharing. This
effect plays a major role for the detector response, due to the small pixel diameters of
250 pm. In this work a model for charge sharing, based on a Gaussian-shaped charge
cloud was developed. The comparison of charge sharing for X-rays and electrons with
the model supports the assumption of Gaussian-shaped charge clouds dominated by
diffusion.

In Summer 2019 the system was successfully integrated in the KATRIN beamline. In
the new environment noise components with frequencies of 60 kHz and 300 kHz were
observed on the analogue signals of all pixels, which increased the electronic noise con-
tribution to around ENC,s =~ 35electrons. Up to now the origin of this noise is not
yet found, further investigations are planned for the next maintenance phase of the
experiment.

For the continuous operation at high rates of up to 50kcps per pixel a software for
real time multiplicity analysis and histogramming was developed. This reduces the
produced amount of data from 130 GB/d to less than 1 GB/d. The full system was
successfully operating during the second KATRIN science run from September until
November 2019. A rate stability of 0.1 % for time periods of 24h could be demon-
strated, which meets the KATRIN specifications. Over longer periods a drift of 1.5 %
per month was observed, which is still under investigation.

To fully exploit the high-resolution of the SDD system, additional information can be
extracted by analyzing the spectral shape of the observed tritium (3-decay. On the
one hand, a spectral fit can mitigate systematic uncertainties in the rate determina-
tion, as, for example, this method is less prone to shifts of the detector gain. On the
other hand, the spectral analysis allows for a sterile neutrino search. In this work, a
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6. Conclusion

simplified tritium (3-decay model was developed, taking into account the most relevant
detector effects. A good agreement between the model and the observed 3-decay spec-
trum above 10keV was found. Finally, this model was used to calculate the sensitivity
of the TRISTAN FBM to sterile neutrinos. For an observation time of 50d, which
corresponds to the already taken data during KNM2, an unprecedented sensitivity for
the mixing angles down to 2 x 10~ could potentially be reached.

The application of a 7-pixel TRISTAN prototype in the KATRIN beam line depicts a
major milestone of the TRISTAN project. This concerns the advanced technological
solutions like high-rate data handling and vacuum compatibility as well as the anal-
ysis techniques, by providing first high-statistics, high-resolution differential tritium
[3-decay spectra.
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A.1. FBM Pinout

Table A.1 shows the pin assignment of the FBM detector board.

22‘ # i

20 21 1 Back Frame 12 GND

18 19 2 Reset 13 Output 4

1617 3 GND 14 Vsss

1a ™ 4 Ring X 15 Output 3

1213 5 Output 7 16 Vio

10" 6 Vs 17 Output 2
g 9 7 Output 6 18 GND

6 v 8 Vio 19  Temp

4 - 9 GND 20 Output 1
2 . 10 GND 21 Back Contact
o 11 Output 5 22 Ring 1

Table A.1.: Pinout of the TRISTAN FBM detector board. The blue shaded pins are
the ones that supply the depletion and drift voltages for the SDD.

A.2. Fano Noise

The Fano factor F' of a detector describes the statistics of charge creation in the de-
tector. It is defined as

observed variance in N

F (A.1)

" Poisson predicted variance (=N)

N is the number of charge units created by an event in the detector. It follows
oN = V FN.

For a certain incoming energy FE this leads to the following observed sigma of the
measured energy

E
op=¢€-ony =€-\/F— =V FFEEe, (A.2)
€

where € is the pair creation energy.—
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A.3. Pixel Map

A.3. Pixel Map

Buffers
00— CUBEs

Tip
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67

ey

Figure A.1l.: Pixel map for the TRISTAN FBM detector board. The buffers are dual
operational amplifiers (ADA4807-2) each. This is the view to the top of the PCB (SDD
entrance window side). Keep in mind that the CUBEs and the bonds (grey) are on
the bottom side of the PCB.

A.4. DAQ ToDo List

During installation some issues occurred, that were not considered beforehand:

e If the stepper motors are active, the signal of all channels are completely noisy.
This is a problem as the DAQ triggers to frequent and even crashes as it can-
not handle such a high trigger throughput. Stopping and starting the DAQ for
motor action is at the moment not possible, as the CoMPASS software cannot
be scripted. The temporary solution to this was to set the trigger holdoff pa-
rameter to 5ps, which limits the maximum event throughput to 200 keps. This
prevents the DAQ from crashing, but has the drawback that it introduces a sig-
nificant deadtime to the tritium activity measurement. The issue can be resolved
when the C/C++ API libraries are used for the DAQ communication instead of
CoMPASS.

e During monitoring mode, the DAQ card will run for many days without a restart.
The timestamps for the events are obtained from a card internal 100 MHz clock.
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The error of this clock was measured to be 4 ppm, which leads to a time error of
3s per week. Due to this shift the DAQ should be restarted every two weeks, to
keep the time synchronization within +10s. The issue can also be resolved when
the C/C++ API libraries, as a new DAQ run can ten be started on a regular
time basis.

In was planned to disable the pole zero correction in the DAQ card settings by
choosing a very long time constant, because the shaping time of 300 ns is short
compared to the decay time of 10 us. This was later found out to cause events with
non physical energy values, which is a not understood behavior of the moment.
The solution was to set the pole zero correction to a reasonable value again. This
should be investigate further

Due to the long trigger holdoff the baseline correction cannot be applied, as
events happening within the hold-off time are not excluded from the baseline
calculation, as all events should be. It should be investigated how the baseline
correction and a trigger hold-off can be combined. This may be irrelevant when
the C/C++ API libraries are used.



A.5. Table of Materials in Vacuum

A.5. Table of Materials in Vacuum

Table A.2 summarizes the used materials and parts of the new vacuum components
of the TRISTAN FBM. This includes the detector board, the aluminum pad and the
copper shielding. The cables and the connector are not included, as these components
were reused from the previous setup.

#  Description Material Amount  Size

1 Pad Aluminum EN AW-6060 1 Total surface: ~ 70 cm?
2 Cover Copper 1 Total surface: ~ 70 cm?
3 Distance Holder  Copper 2 D3 x5mm

4 Screw Copper 2 M2.5x3 mm

5 PCB Kapton(®) 1 Total surface: ~ 50 cm?
6 CUBE amplifiers Silicon 7 750 x 750 x 250 pm?

7 SDD Silicon 1 4 x4 x0.4mm?

8 SDD glue EPO-TEK®)920-FL

9 SMD resistors 8 0805

10 SMD resistors 4 0603

11 SMD capacitors  X7R 4 1206

12 SMD capacitors  X7R 15 0603

13 SMD capacitors  X7R 12 0402

14 Op.amplifiers ADA4807-2 4 MSOPS, 3 x 3mm?

Table A.2.: List of materials
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A.6. Bias Board

The bias board that is used for the FBM setup is shown in figure A.2. The board has
8 channel, thus on is not used.

Figure A.2.: Bias board used for the FBM. The detector is attached to the 26-pin
connector at the bottom. The board is supplied with high voltage (70V and 130V
DC) and low voltage (£9V) through the D-sub-9 connector at the left.

A.7. CAEN DAQ Settings

Table A.3.: CAEN v1781 DAQ set- Table A.4.: CAEN v1781 DAQ settings

tings used during KNM2 used in the ! Am measurement
Tshaping = 300mns Tshaping = 300ns
Energy filter Tyn = 300 Energy filter Tyn = 500
Tw = 320ns Tw = 320ns
RCCR2 fast filter Tyg — 100ns RCCR2 fast filter Tyg — 100ns
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