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Zusammenfassung

Die Zielsetzung des “Elektron Capture '®*Ho” (ECHo) Experiments ist die Be-
stimmung der effektiven Elektronneutrinomasse. Hierzu wird das Spektrum
des %3Ho Elektroneinfangs (EC) analysiert, welches von metallischen magne-
tischen Kalorimetern (MMCs) aufgenommen wird. Die MMCs sind nach einem
gepixelten Schema angeordnet und mit '*Ho implantiert. Am stirksten wird
die Endpunktregion um Qrc ~ 2.8keV des '%Ho EC Spektrums von der ef-
fektiven Neutrinomasse beeinflusst. Jedoch ist der Anteil an Ereignissen in der
relevanten Region (ROI), 10 eV unterhalb Qgc, mit einer Grofenordnung von
1072 sehr klein. Auch mit je einer 1®*Ho Konzentration mit einer Aktivitit von
1Bq in jedem MMC Pixel, fiihrt dies ebenfalls nur zu einer sehr kleinen Zahl-
rate in der GroRenordnung von 10~* Ziahlungen Tag~! Pixel ™!, weshalb sich die
Beschreibung der Endpunktregion auf eine prézise Kenntnis des erwarteten
163Ho EC Spektrum sowie des Untergrunds stiitzen muss.

In dieser Arbeit wird der erwartete Untergrund diskutiert, welcher sich aus
kosmischen Myonen und natiirlich vorkommenen Radionukliden zusammen-
setzt. Letztere befinden sich in der nahen Umgebung der Detekorpixel. Dazu
wurden mithilfe des GEANT4-Frameworks Monte-Carlo-Simulationen durch-
gefiirt, um die Energiedeposition in den MMCs zu studieren. Diese Energiede-
position wird durch Myonen und durch myoninduzierte Strahlung verursacht,
welche entsteht, wenn Myonen durch Materie durchqueren. Ergebnisse von
Screening Messungen von Proben, die in der ersten Phase des ECHo Experi-
ments, ECHo-1k, benutzt wurden, dienen als Grundlage der Simulationen von
Radioisotopen in der Materie, die sich in der ndheren Umgebung der Detek-
torpixel befinden.

Die Ergebnisse der Simulationen von radioaktiver Kontamination wird mit
einem Untergrundspektrum verglichen, welches mit nicht-implantierten Pixeln
aufgenommen wurde. Zudem wird die Simulation von myoninduziertem Un-
tergund mit Daten verglichen, welche in einer Messung mit einem aktiven
Myonveto aufgenommen wurden. Das Veto wurde dazu um einen Kryostaten
gestellt, welcher benutzt wurde, um die Detektoren zu betreiben.

Die Pulse, die mit den MMCs aufgenommen wurden, wurden einer Pulsform-
analyse unterzogen, um '%*Ho-induzierte und vergleichbare Ereignisse, welche
durch Teilchen hervorgerufen werden, die in den MMCs absorbiert werden,
zu identifizieren, sowie um Ereignisse zu identifizieren, welche durch Myonen
generiert wurden.

Schlagworter: Untergrund, ECHo, Myonen, Natiirliche Radioaktivitit, *3Ho,
Pulsformanalyse



Abstract

The aim of the Electron Capture '%Ho (ECHo) experiment is the determina-
tion of the effective electron neutrino mass. This should be achieved by ana-
lyzing the '*Ho electron capture (EC) spectrum recorded by '®3Ho-implanted
metallic magnetic calorimeters (MMCs) arranged in a pixelized array. The
influence of the neutrino mass on the shape of the '%Ho EC spectrum is
strongest at the endpoint region around Qgc ~ 2.8 keV. However, the fraction
of events in the region of interest (ROI) of 10 eV below Q¢ is only in the order
of 107 resulting in low count rates of the order of 10~* counts day ! pixel !
for an activity of 1Bq of '%Ho per MMC pixel. Thus, the description of
the endpoint region has to rely on the precise knowledge of the expected
163Ho events and background events. The background in the ROI is aimed
to be dominated by unresolved pile-up, which is expected to be in the order of
107% — 107° counts day ! pixel 1.

In this work, the expected background caused by cosmic muons and natural
occurring radionuclides located in the next surrounding of the detector arrays
is discussed. For this purpose, Monte Carlo simulations based on the GEANT4
framework are performed to study the energy deposition in the MMCs due to
muons and radiation produced by muons propagating through materials sur-
rounding the detector array. Results of screening measurements of materials
used in the first stage of the ECHo experiment, ECHo-1k, are used as basis
for simulations of radioisotopes in materials close to the detector array.

The results of the simulations of radioactive contamination is compared with
a background spectra acquired by non-'*3Ho-implanted pixels, while the simu-
lation of muonic background is compared to data acquired by a measurement
including an active muon veto installed around the cryostat used for the oper-
ation of the detectors.

A pulse shape analysis of pulses received by the MMCs is used to identify
163Ho induced and similar events caused by particles stopped in the MMCs,
and is used to identify events generated by muons.

Keywords: Background, ECHo, Muons, Natural Radioactivity, *3*Ho, Pulse
Shape Analysis
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Preface

In this work, it is shown, how natural radioactivity and cosmogenic muons
contribute to the background of the Electron Capture in '*Ho (ECHo) ex-
periment. In order to analyze signals, which are acquired with the ECHo
detectors and caused by muons, an active muon veto was operated in paral-
lel to a measurement. A pulse shape analysis was developed to recognize the
muon-generated pulses and refined to study signals acquired with non-1%3Ho-
loaded ECHo detector pixels.

The results of this work are published in [7] “Goggelmann, A. et al. Study
of naturally occurring radionuclides in the ECHo set-up. Fur. Phys. J. C 82,
139 (2022)” and [8] “Goggelmann, A. et al. Study of muon-induced background
in MMC detector arrays for the ECHo experiment. Eur. Phys. J. C' 81, 363
(2021)”. This thesis refers to this two publications.

After a short introduction (Chapter 1), the results of Monte Carlo (MC) sim-
ulations presented in |7] and [8] are summarized in Chapter 3. Both works
are sharing the simulation set-up shown in Section 3.1. The results of the MC
simulation of muons passing the ECHo set-up, which are discussed in [8] are
summarized in Section 3.2. This section is followed by Section 3.3 including
a summary of results of MC simulations of natural radioactivity in the ECHo
set-up, which are discussed in |7].

The analysis of background signals [7] and muon-generated signals [8] are dis-
cussed in Chapter 4. The pulse shape analysis method, which is introduced
in 8] and discussed in more detail in the non-submitted manuscript “A pulse
shape analysis for the ECHo experiment”, is introduced in Section 4.1. After
the introduction of the pulse shape analysis method, the analysis of muon-
induced signals (Section 4.2), which is presented in [8], is summarized. The
last section of this chapter (Section 4.3) includes the summary of the analysis
of signals acquired with non-'*Ho-loaded detector pixels discussed in [7].
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“C. Velte et al. High-resolution and low-background '%3Ho spectrum: inter-
pretation of the resonance tail. Fur. Phys. J. C 79, 1026 (2019)” is a col-
laboration paper, which discusses the data acquisition and data analysis in a
proof of concept experiment spectrum. This experiment was performed in the
underground laboratory in Modane (Laboratoire Souterrain de Modane LSM),
which resulted to a reduction of the muon flux in respect to sea level (4800 m
water equivalent). Four detector pixels were operated for four days. Due to
the short exposure time of 16 pixel-days and the reduced muon flux, the dis-
cussion of background was not very important. The only two events, present
in the spectrum, were in a region in which different background sources could
be responsible. The possibility to develop a precise background spectrum, in
order to be able to identify the most probably background source and follow-
ing, being able to develop methods to reduce background contributions, is of
utmost importance for the ECHo experiment.



Chapter 1

Introduction

Since ancient times, mankind was observing the universe and aiming to under-
stand the origin and evolution of such a complex system. Despite of ancient
philosophers like Aristotle (384 - 322 B.C.) and Democritus (ca. 460 - 370
B.C.), who tried to explain the behavior of our solar system and the structure
of matter, it took approximately further 2000 years until humanity began to
give a description of the astronomical objects and their dynamics, which were
based on solid concepts, like the heliocentrism related mainly to the figure
of Nicolaus Copernicus (1473 - 1543). With the discovery of electrons by Sir
Joseph John Thomson in 1904, the story of the discovery of elementary parti-
cles began, which finally led to the Standard Model of particle physics. One of
the last open questions of the (extended) Standard Model is the determination
of the mass scale of neutrinos, the particles postulated by Wolfgang Pauli in
1930 [9] and discovered in the Cowan-Reines neutrino experiment in 1956 [10].
With the Homestake experiment [11], the solar neutrino problem has been
drawn to attention and was solved by the SNO experiment [12] and Super-
Kamiokande experiment [13], in which the neutrino oscillation was discovered,
leading to the fact, that neutrinos have a non-vanishing mass. Neutrino oscil-
lation experiments provide quite precise values for the difference in neutrino
mass square [14,15], but no information on the absolute mass scale. Presently,
only upper limits on quantities related to neutrino masses are available [16-18].

1.1 Neutrino Masses

The following section based on [19], which is only one of many review articles
of neutrino physics.

By the thermonuclear reactions in the sun, many electron neutrinos are gen-
erated as described in the Standard Solar Model (SSM). These neutrinos are
detected in different experiments [11,20-27]. However, with the pioneer Home-
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stake experiment, the solar neutrino problem arrived, because the detected
electron neutrino flux was only about a third of the expected flux motivated
by the SSM [28]. The same deficit in the detected solar electron neutrinos was
also occurring in other experiments, which are characterized by different detec-
tion methods and therefore, characterized also by different energy thresholds.
The solar neutrino problem was finally solved with the discovery of the neu-
trino oscillation by the combined work of the SNO experiment [12], which was
demonstrating that the flux of neutrinos from the sun was as expected from the
SSM, if all neutrino flavors were measured, and of the Super-Kamiokande ex-
periments [13], which measured muon neutrinos generated in the atmosphere
as a function of the incoming direction. The neutrino oscillation, meaning
the transitions between neutrino flavors, can only occur, if at least two of
the three! mass eigenvalues m;, ms and ms of neutrinos are larger than zero,
since the transition probability between two neutrino flavor states depends
on the non-zeros mass differences of the mass eigenvalues. The mass differ-
ence Am3, = m3 — m3, determined by the detection of solar neutrinos and
described by the Mikheyev-Smirnov-Wolfenstein effect, and determined also
by analyzing the 7, survival probability in the KamLAND experiment [26], is
about Am2, = 7.5570% .10~ eV [15]. The mass difference Am32, = m2 —m2 is
about Am2, = (2.42 4 0.03) - 1073 eV [15], which is determined by investigat-
ing atmospheric neutrinos [29-31|, accelerator neutrinos [32-35] and reactor
neutrinos [36-38|.

1.1.1 Neutrino Cosmology

A non vanishing total neutrino mass has influence on several cosmological
parameters. It changes the Cosmic Microwave Background (CMB) lensing
[17] and the structure formation in the universe [39,40]. In the analysis of
the DES collaboration, the upper limit for the sum of all neutrino masses is
determined by fixing the effective number of neutrino species to Neg = 3.044,
which is predicted by the standard cosmology model [41,42] and lies within
the boundaries of several experimental results [17,43,44]. Resulting, the upper
limit for the sum of all neutrino masses is determined to Y m; < 0.13€V at
95% C.L. [45].

1.1.2 Direct neutrino mass measurement

The neutrino was first postulated by Pauli to protect the energy-momentum
conservation in the 3-decay. The f-decay of tritium, *H — *He +e~ + ., was

! Assuming non-existing sterile neutrinos.



used in the Mainz [46] and Troitsk [47] experiments to determine the effec-
tive electron anti-neutrino mass with a model-independent kinematic method,
leading to an upper limit for the effective electron anti-neutrino mass of m?}j <
2.2¢eV at 95% C.L. The energy spectrum of the emitted electron depends di-
rectly on the neutrino masses m;:

fl—g x Z R(E)O (Ey — E —m,) |U.|* (Ey — E) \/(EO —E—m2, (11)
with the Heaviside function © (Ey — F — m;), the maximum available kinetic
energy for the electron of Ey = (Q — m, ~ 18keV and the lepton mixing ele-
ments for the electron neutrino U;. R(FE) contains the Fermi function and the
phase-space factor of the electron. The recent upper limits for the 90 % C.L.
of the effective electron anti-neutrino mass mgt = /> |Ug[>m? is received
by the currently running KATRIN experiment [16] with m¢f < 0.8eV. Besides
the KATRIN experiment, Project 8 [48] also investigates the decay of (atomic)
tritium by cyclotron radiation.

A radioactive-decaying isotope with a smaller (Q-value than for tritium is
the electron capture (EC)-decaying '®Ho: !'*Ho + e — '9Dy* + », with
Qrc ~ 2.8keV. This decay is currently studied by the ECHo [49], HOLMES
[50] and NuMECS experiments [51]. These experiments measure calorimerti-
cally the energy released by the de-excitation of the 1®3Dy atom. Note that
these experiments are sensitive to the effective mass of the electron neutrino,
which is different to the tritium experiments. The energy spectrum of the
de-excitation of the excited %Dy atom is similar to Eq. (1.1) by replacing
Ey with Qgc and R(F) with Breit-Wigner resonances. The recent upper limit
for the effective mass of the electron neutrino from the ECHo experiment is
m < 150eV at 95% C.L. [5].

1.2 The ECHo Experiment

In order to determine the effective mass of the electron neutrino, the Elec-
tron Capture '®*Holmium (ECHo) experiment [49] was designed. To achieve
this, 1%Ho is implanted in the absorbers of the metallic magnetic calorime-
ter (MMC)-based detector pixels [52,53]. The 93Ho atoms decay via an EC
process by emitting an electron neutrino and leaving the daughter atom in an
excited state. The spectrum of emitted energy minus the energy of the neu-
trino is characterized by resonances with these excited states and the emission
of X-rays and Auger-electrons [54,55]. The blue curve in Figure 1.1 shows this
energy spectrum. Due to the very small neutrino mass, only the region around



Qrc = (2833 £ 304tat = 15sys) €V, which is the maximum energy available for
the EC, is mostly affected by a non-vanishing neutrino mass (compare to the
insert of Figure 1.1). Qrc was measured using the double Penning Trap SHIP-
TRAP [56] and is given by the mass difference between the '®*Ho atom and
its daughter atom !%Dy.
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Figure 1.1: Expected '*Ho EC spectrum [54] calculated by using Qpc =
2833 €V (blue curve). The related unresolved pile-up spectrum of equal and
opposite polarity signals and a pile-up fraction of 107% is shown in orange. An
energy resolution of FWHM = 10eV is used. Insert: The effect of massive
neutrinos on the summed spectrum (EC spectrum plus pile-up) is shown. Pic-
ture taken from |[7].

1.2.1 Metallic Magnetic Calorimeters

The MMCs consist of a paramagnetic sensor, which sits in a static megnetic
field and is connected to a gold absorber [57]. The sensor and absorber are
characterized by their thermodynamical properties, in particular their heat ca-
pacity, which is important to determine the increase of temperature due to the
deposition of energy, s, which represents the heat capacity due to the spin
system of the sensor, and C, representing the heat capacity due to the electron



system of the detector. By the conduction electrons of the absorber, the energy
deposited in the absorber is very quickly distributed over the whole detector.
Then, the energy is transferred from the electron system to the spin system in
the sensor, which changes the sensor’s magnetization [52,58|. This change of
magnetization is then converted to a change of voltage using superconducting
quantum interference device (SQUID)s, especially dc-SQUIDs. Further, the
absorber is connected to a thermal bath through a week link with a thermal
conductance G, so that the base temperature of the detector can be fixed.

The time profile of the voltage signal U(t) of a MMC is proportional to the
change of temperature of the MMC, which itself is proportional to the de-
posited energy E and can be described by the sum of two exponential func-
tions [52]:

Ut) x B+ (e7/™ —et/™) (1.2)

with the rise time 7, and the decay time 74. Both time constants, 7, and 74,
depend on the thermal conductivities and heat capacities of the systems [52].
The decay time is in the order of ms and approximately given by the thermal
conductance and heat capacity

G+ G
B Geb .

Td (13)
The rise time depends on the electron spin interaction, which is defined through
the Korringa constant x and by the fraction of Cy to the total heat capacity

C.
Tr:fi'<].—m). (14)

The rise time defines approximately the time resolution of the detector of about
500 ns for ECHo-1k. However, due to the readout bandwidth limitation, the
rise time of the signal can be even larger [57].

These relations of the time constants only apply for particles stopped in the
absorber of the MMCs. If a particle deposits energy directly in the sensor,
a fraction of the deposited energy could be transferred to the spin system in
shorter times. Or, if energy is deposited in the substrate next to sensor and
transported to the sensor, the effective total heat capacity of this system is
higher, which results in a larger rise time.

1.2.2 Experiment Set-Up

Each MMC consists of two detector pixels with dimensions of about 180 um x
180 um x 10 um (see Section 3.1 for more details). The two detector pixels of



each MMC can be readout by the same SQUID, because of the so-called double-
meander geometry of the pick-up coils. A pair of two pixels connected to the
same SQUID is called channel, which can accordingly raise signals with positive
and negative polarity. The thermodynamical properties of two pixels of the
same channel are nearly identical. In the first stage of the ECHo experiment,
called ECHo-1k, 72 detector pixels are used, from which 64 pixels (32 channels)
can be readout simultaneously. Two channels (four pixels) can be used to
measure the temperature of the chip, seven pixels of seven different channels are
not loaded with 1%Ho and can be used to measure the background. Resulting,
eleven pixels are not implanted. The other 61 pixels are loaded with 1%Ho.
For the ECHo-1k chip [57], the pixels are arranged in an array of four rows
and 16 columns. The '3Ho activity per pixel is about 1Bq, leading to a
very small expected count rate of about 8 - 107 counts day ! pixel ! in the
region of interest (ROI), the last 10eV below the Qgc-value. Accordingly, the
background level in the order of 10~¢ counts day ! pixel ~! has to be controlled.
In the future stage of the ECHo experiment, ECHo-100k, the '3Ho activity
per pixel will be increased to about 10 Bq leading to a signal count rate as high
as ten times the count rate in ECHo-1k.

1.3 Background Sources

1.3.1 Unresolved pile-up

When two %3Ho atoms decay in the same pixel or in two pixels of the same
channel within a time interval less than 7., the two events can not be distin-
guished and the total deposited energy will be connected to a single event.
In first approximation, the count rate of these pile-up events is given by the
183Ho activity A per pixel and the time resolution 7, and is 1, = 2+ A? - 7, if
two pixels of the same channel are loaded with the same amount of '%3Ho. A
pile-up spectrum for a pile-up fraction of f,, =2+ A -7, = 107° is shown as
the orange line in Figure 1.1. The pile-up rate in the last 10eV below Qgc is
expected to be about 3 - 107% counts day ! pixel !, with an '%3Ho activity per
pixel of 1Bq and a time resolution of 7, = 500 ns.

The resolvable time difference between two events depends on the pulse shape
analysis methods. If fitting a template pulse to each pulse for example, the
corresponding y2-value depends on the amplitude of the second pulse. Thus,
the pile-up spectrum received after the pulse shape analysis could be different
compared to the shown spectra [6].



1.3.2 Electromagnetic noise

Electromagnetic radiation like the “Global system for mobile communication”
can couple to the readout chain of the detectors and can generate background
signals. The shape of this kind of signals is unique and can easily recognized
[6,59]. Based on the difference between trigger time stamps of events, these
events can also be rejected with an efficiency of almost 100 % [6].

1.3.3 Co-implanted isotopes

Radioisotopes like ™ Ho [60], 1™*Tm or '™ Tm [61] are produced in the **Ho-
production process. If these isotopes are implanted in the detector pixels, those
nuclides would generate an addition background. However, the concentration
of those isotopes in the %*Ho samples are minimized in the ECHo experiment
in a two-step separation: First, a chemical separation is used to ensure that
no elements different to holmium are left after the production process [61]
and second, the %mHo /1%3Ho fraction is reduced by mass separation at the
RISIKO facility [62]. With this, a total '%™Ho/'%3Ho ratio below 5 - 10710 is
achieved in the MMCs, which is far below the critical level of 10~ resulting
from Monte-Carlo simulation of '®Ho [63, 64].

1.3.4 Natural occurring radionuclides

Due to the very low sensitive energy range of the ECHo experiment of less
than 3keV, mainly low energy radiation generated in the near vicinity of the
active volume of the detector should contribute to the background. On the one
hand, low energy radiation is mainly produced by (-decaying or EC-decaying
nuclides, while on the other hand, low energy Auger electrons and X-rays can
also be emitted after an a-decay. The most frequent naturally occurring ra-
dionuclides in materials are nuclides like “°K, 22U, 232Th and daughter nuclides
of their decay chains.

28U and %2Th can be found with an abundance of about 3mgkg~! and
10mgkg! in the earth’s crust respectively [65] and accordingly, they and
theirs daughters also occur in concrete and in metals. Resulting, typical
concentration in pure metals are in the order of (0.1 - 1)mBqkg™! [66-68]
and concentrations about (1 - 2) Bqkg™! in non-pure metals and alloys [69].
Gaseous radionuclides, such as the 23¥U-daughter ?2Rn can be accumulated in
indoor air with concentrations of the order of 10Bqm™ [70] and can further
be accumulated on surfaces. Accordingly, 2Rn and thus, 2'°Pb atoms can be
implanted in the detector materials. Concentrations of 2!°Pb and 2'°Po of the

2

order of 107*mBqcm™2 are typically for metal surfaces [71]. 1°K is present



in natural potassium with an abundance of 0.0117% [72|. It occurs in or-
ganic materials like the human body and plastics. Crude oil and coal are often
basic materials for plastics, binders (plastic dispersions) and solvent and are
known to have levels of radioactive concentrations of about tens to hundreds

of Bqkg™' [73-75].

1.3.5 Cosmogentic muons

Muons generated in the upper atmosphere by cosmogenic radiation can in-
teract with the material of the set-up and can either deposit energy in the
detector pixels or can generate secondary radiation by interacting with the
material in the surrounding of the detector, which can also deposit energy
in the active volume of the detector. At sea level, the muon flux is about
180 muons s~ m~2[19], leading to a muon flux of about 0.5 muons pixel ~! day !
or 780 muons day~! for the ECHo-1k chip.

Not all muons, which interact with the ECHo-1k chip, generate events with en-
ergies less than 4 keV. The energy deposition of muons passing the detector pix-
els depends on the energy and on the angular distribution of the muons [76,77].
While the mean energy loss due to ionization does not change much for differ-
ent muon energies, the path length of the muons traveling through the pixels
strongly depends on the arriving angle of the muons and on the thickness of
the pixels. A calculation of the deposited energy of muons passing through
the detector pixels is shown in Figure 1.2 for different absorber thicknesses
and by considering the straggling of the energy loss by ionization |78]. Accord-
ing to these calculations, only short muon path lengths in the gold absorbers
(meaning thin absorbers) would lead to energy depositions of less than 3keV.
However, energy loss due to resonances with the atomic shell levels of gold,
which are less than 4keV for the M, N and O shells, are not included here,
but should also occur in the experiment. This is why the probability, that a
muon deposits less than 4 keV, is underestimated here. It was shown that the
energy loss straggling distribution in thin silicon detectors gets smeared for
lower energies, if resonances with the atomic shell levels are included [79]. The
same effect can be assumed for thin gold detectors.
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Figure 1.2: Distribution of the energy deposited by muons passing gold ab-
sorbers with areas of 180 ymx 180 ym and different thicknesses. Calculated
with the muon momentum spectrum given in [76], with the angular distribu-
tion given in [77] and with the energy loss described in [78,80]. Figure taken
from [8].
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Chapter 2

Objective

In order to reach sub-eV sensitivity on the effective electron neutrino mass in
the ECHo experiment, the identification and reduction of background are of
utmost importance. It is aimed to reduce the background contributions below
that of the unresolved pile-up of the order of 10~% counts day ! pixel ™! in the
ROL.

A pulse shape analysis is developed to separate events due to particles stopped
in the detector pixels, like the decay of enclosed %Ho in the pixels, from other
pulse families caused by energy deposited in other parts of the detector.

Muonic background is studied by analyzing events coincidental to an active
muon veto installed around the cryostat used for the operation of the de-
tectors. With pulse shape analysis methods, muon-generated events can be
used as a sample of events related to energy deposition in the substrate of the
ECHo-1k chip. Monte Carlo simulations of muons interacting with the detec-
tor materials are performed to give predictions of a muon related background.

The impact to the background spectra of natural radioactive isotopes, close
to the active detector volume, are studied using Monte Carlo simulations in-
cluding information of material screening measurements. The results of the
simulations are compared to background spectra acquired in detector pixels
with and without implanted '%*Ho.

11
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Chapter 3

Monte Carlo Simulations

The performed Monte Carlo simulations in this work |7, 8] are based on ver-
sion 10.06.p03 of the GEANT4 toolkit [81]. Due to the low energy range of the
ECHo experiment of less than 4 keV, low energy particles have to be generated
and propagated in the simulations. In processes with infrared divergence (e.g.
production of bremsstrahlung and d-rays'), infinitely many particles with en-
ergies near O keV are generated, if no particle production energy threshold is
set. The predefined particle production energy thresholds are configured for
two reasons: On the one hand to decrease the computation time as much as
possible and on the other hand, to study accurately the effect of low energy
particles generated in the surrounding of the detector pixels. If a particle pro-
duced by a process with infrared divergence has a kinetic energy smaller than
the energy threshold, the particle will not be generated in the simulation and
it’s energy will be deposited locally. Particles generated by other processes
like particles generated by radioactive decays or atomic de-excitation are not
affected by this cut.

3.1 Set-Up

Figure 3.1 shows the simplified set-up of the ECHo-1k experiment used in the
simulations, which is described in [7] and [8]. The ECHo-1k chip is made of
silicon with dimensions of 10 mm x 5mm and a thickness of 350 um [57]. On
top of the chip, 36 MMC pairs are located in an array of four lines, resulting in
72 pixels. The pixels consist of gold absorbers of dimensions 180 ym x 180 um
x 10 um directly above of Ag:Er sensors of dimensions 168 ym x 168 ym x
1.35 um [1,57]. Thin 200nm layers of silver with areas of about 150 ym x
150 pm are in the middle of the absorbers. The array of 4 x 18 pixels can be
seen in the insert of Figure 3.1.

'Free electrons produced by ionization.

13
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d)

e)
—

Figure 3.1: Simplified design of the ECHo-1k experiment setup used in the
simulation. Insert: The ECHo-1k chip and the near surrounding. 72 MMCs
and large thermalization structures (a) are located on top of the purple colored
silicon ECHo-1k chip. The ECHo-1k chip and four de-SQUID chips (b) are
next to the ECHo-1k chip. All five silicon based chips are directly placed on
the copper holder (c). The copper holder is completely covered by a circuit
board (d), except the region next to the ECHo-1k chip. Nine connectors e)
are placed at a distance of about 15 cm from the ECHo-1k chip. An aluminum
box (f) surrounds the set-up. Picture taken from [7].

Larger gold structures are positioned next to the pixels (Figure 3.1 (a)). The
four silicon de-SQUID chips with dimensions of 6 mm x 2.5 mm and thickness
of 350 pm are close to the ECHo-1k chip (Figure 3.1 (b)). The copper support
has a thickness of 0.7cm (called copper holder, Figure 3.1 (c)) and is cov-
ered by the circuit board (Figure 3.1 (d)) with a thickness of 0.7mm. In the
simulation, the circuit board is made of a bisphenol-based epoxy resin. The
rectangular aluminum tube of 2.5 cm (width) x 0.9cm (height) and a length
of 15 cm surrounds the set-up (Figure 3.1 (f)). The wall thickness of the alu-
minum tube is 3mm for the bottom and top side and 10.3 mm for the other
sides. At a distance of about 15cm to the ECHo-1k chip, nine carbon-based
connectors with a density of 1gmol™ (in the simulation) are placed (Figure

3.1 (e)).
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The shorter the distance to the detector pixels, the more the energy threshold
of particle production is being reduced. The energy threshold is equivalent to
a minimum distance the particles have to pass before getting fully stopped.
These minimum ranges are shown in Table 3.1 for different volumes. The larger
volumes like the copper holder, aluminum shielding and the substrate of the
ECHo-1k chip, contain sub-volumes. The sub-volumes with their dimensions
and cut values are shown in Figure 3.2, which shows the profile of the set-up
around the ECHo-1k chip.

Volume Min range
MMCs 100 nm
Thermal baths 100 nm
(*)Substrate 1.0 pm
SQUID chips 1.0 um
Circuit board 10 pm
Plugs 1.0 mm
(*)Copper holder | 1.0mm
(*)Shielding 1.0mm

Table 3.1: The minimum ranges that the particles have to pass within different
volumes. If a particle has not enough energy to travel as far as the minimum
range, the particle will not be created in the simulation and its energy will
be deposited locally. Larger volumes, marked with (*), contains sub volumes
with smaller minimum range cuts (see Figure 3.2). Table taken from |[8].

3.2 Muons

In the following section, the simulation of muons, described in [8], is sum-
marized. Muons are simulated in a way that they have to travel through
the ECHo-1k chip. The energy and the angular distribution of the muons
follows [76]. The set-up is spatially placed, such that the pixels are parallel
to the ground. Mostly, energy is deposited directly in the detector pixels by
muons. The major part of secondary radiation depositing energy is due to -
rays generated in the surrounding. The distribution of the deposited energies
of the different contributing radiation is shown in Figure 3.3. The simulated
spectrum above 10 keV (Figure 3.3a) is in good agreement with the Landau dis-
tribution |78], which describes the energy loss of minimal ionization particles,
and for an absorber thickness of 10 ym (compare to Figure 1.2).
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Figure 3.2: Scheme of the ECHo-1k chip and its surrounding (not to scale).
The minimum ranges particles have to pass before getting fully stopped are
shown for different sub volumes of the larger volumes. The dimensions of these
sub volumes are shown, too. Picture taken from [§].

However, these energies corresponds to pulses with amplitudes higher than the
acquisition window and therefore, are not recorded (the maximum energies,
which can be measured corresponds to 5keV to 6keV). For smaller energies,
the spectrum differs, as expected from resonances with the atomic shell levels
(Figure 3.3b).

From the simulation, a count rate of approximately (2.240.1)-107° counts day
pixel ™! is expected in the last 10 eV below Q¢ due to muon induced events. In
the energy region of 0keV to 4keV, less than 1072 counts day ! pixel ™! are ex-
pected. For these calculations, a constant muon flux of 180 muonss™—!m™2
is assumed. However, the muon flux is not constant over time and loca-
tion. The flux can vary in orders of 10% [82]. To take this into account,
the event rate is also given for every muon passing the detector chip, which
leads to an expectation of about (2.1 £ 0.1) - 107° counts in the ROI or less
than 1072 counts in the first 4keV. Most of these events should, however, be
identified by the pulse shape analysis, since muons and muon-generated sec-
ondary radiation are mostly not stopped in the absorbers of the pixels and
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deposit energy in the substrate as well. Considering only events caused by
stopped particles, which can not be recognized with pulse shape analysis,
about (5 + 2) - 107" counts day ! pixel ™! or (5 £ 2) - 107® counts muon—' are
expected in the ROI. It has to be noted, that, with a coincidence window of
1ms, none of the pixel events due to particles stopped in the absorbers are
coincident to other pixels events.

The expected count rates of events caused by muons are about one order of
magnitude smaller than the unresolved pile-up rate with about 3- 107 counts
day~! pixel™!. The muonic background should be even smaller than the unre-
solved pile-up, if the muon flux is as high as two times 180 muonss~* m~2, and
thus, can be neglected.

Muons and secondary radiation can also deposit energy in the substrate next to
the detector pixels. The local substrate heating can furthermore cause signals
in the pixels. Such events are not included in the simulation, but could co-
incidentally occur with any other muon-generated events described above and
can also be recognized by operating a muon veto in parallel to the detector.

3.3 Natural Radionuclides

Radionuclides are simulated in |7] and discussed in the following. The simula-
tions of radionuclides in the detector materials are divided into two sets: The
simulation of bulk- and surface-distributed radionuclides. Bulk-distributed
nuclides are uniformly distributed in the volume materials and uniformly dis-
tributed on the volume surfaces, if they are surface-distributed. The full decay
chains of 28U, 232Th and °K are simulated, while being placed in different
parts of the ECHo-1k set-up. Upper limits of tolerable concentrations are ob-
tained by fitting an exponential distribution to the spectra of deposited ener-
gies and scaled, such that the count rate in the ROI caused by the radionuclides
is equal to the expected rate of unresolved pile-up of about 1076 counts day !
pixel 1.

The upper limits of tolerable concentrations are much larger compared to the
results of screening measurements, except for the circuit board. By assuming
that ‘9K is only surface-distributed, a total count rate of (6 + 1) - 107° counts
day ! pixel ™! is expected in the ROI, dominated by naturally occurring ra-
dionuclides in the circuit board (about 87 %). This count rate is in the same
order as the unresolved pile-up. The expected background spectrum caused
by radionuclides in the detector materials is shown in Figure 3.4. In future,
the circuit board will be made of polyimide based materials (Kapton), which
have lower levels of radioactivity.
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Figure 3.3: a) Simulated spectrum of the deposited energies in the detector
pixels caused by muons (blue histogram) and secondary radiation, mostly J-
rays (orange histogram). Above 10keV, the total energy distribution follows

the Landau distribution for muons passing detectors with thicknesses of 10 ym

(compare to Figure 1.2). b) The energy spectrum in the sensitive region of
the ECHo experiment is nearly flat. Pictures taken from [8].
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Figure 3.4: Simulated expected spectrum of deposited energies caused by nat-
ural occurring radionuclides in materials next to the detector arrays. The
only visible structure is caused by 1.486 keV aluminum X-rays. Picture taken
from [7].

For the first stage of the ECHo experiment, the background level of the order of
1079 count day ! pixel~! is within the sufficient range, because a count rate of
about 107° counts day ! pixel ™! in the energy range of Qrc4100 ¢V is expected
for concentrations as high as discussed. For an exposure of five months up to
one year and 64 pixels, only a number of background events in the order of
one is expected.
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Chapter 4

Measurements

Two independent measurements were performed to study muon induced events
[8] as well as background events [7].

Data set (1) A measurement including two channels with in total four
163Ho-loaded pixels was performed by additionally operating an active plas-
tic scintillator-based active muon veto. The measurement time was about
16 days, leading to an exposure of 64 pixel-days |[8].

Data set (2) Five asymmetric channels, consisting each of one '*Ho-loaded
pixel and one pixel without 1®3*Ho (called background pixels), were operated
between Dec 2019 and May 2020. Resulting, an exposure of about 241 pixel-
days of '%3Ho-loaded and background pixels are acquired |7].

4.1 Pulse Shape Analysis

In the following, the pulse shape analysis method is introduced. This analysis
is applied to both data sets and discussed in [8] and more detailed in [59].

The signals correspond to time traces with a length of about 2 ms. These traces
include two parts, the pre-trigger, which corresponds to the first quarter of a
trace, and the actual triggered signals. In the following, only the second quarter
of a signal will be considered as a pulse in order to shorten the pile-up window.

Template fitting

The template signal is obtained by averaging 1000 to 5000 signals with ampli-
tudes corresponding to energies of the 1%Ho-MI energy range. This is done for
each pixel and each measurement day. The template signal of a *3Ho loaded
pixel is also used as a template signal for the background pixel corresponding
to the same channel. An exemplary template signal is shown as the blue solid

21
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curve in Figure 4.1. The actual used part, the second quarter of the template
signal, is shown as the solid orange line. In the following, only this part will
be considered, when talking about the template pulse. The template pulse is
fitted to each pulse using the y? method of varying the amplitude of the tem-
plate. From this, the reduced x? (i.e. x?dof™!), which describes the similarity
of the template pulse and each signal pulse, is obtained. In addition, the tem-
plate’s tail, the last quarter of the template pulse (the green dotted part), is
also fitted to each pulse to recognize pile-up within the length of the template
pulse (6t ~ 500 ps) and results in the amplitude of the best fit Apempiate. This
method is sensitive to the overall pulse shape, but mainly to the falling edge
of the pulses.

Filtering

The first fraction of the template pulse (approx. 100 us) is used to built a new
time trace, called filter (red dotted line in Figure 4.1). This short length is
chosen to become insensitive to pile-up on the falling edge of the pulses. Each
pulse is correlated with this filter (so called matched filtering). The ampli-
tude of the response function Agje, describes mainly the area below the pulse
around the rising edge (red area). This method is sensitive to the overall pulse
shape around the rising edge.

Differentiation

The pulses are smoothed by using a moving average filter. The derivative of the
smoothed pulses is calculated and the maximum of the derivative Aperivative 1S
determined (compare to the red curve in Figure 4.1). This method is sensitive
to pile-up with short time differences and to other effects, which could change
the slope and rise time of the pulses, like energy transfer from the substrate
to the sensor.

Integrating

The area Apptegrai under the pulses is calculated. This method is sensitive to
pile-up with large time differences and to other effects which could change the
mean decay time (compare to the orange area in Figure 4.1).

Each of the four methods has a different sensitivity to the pulse shape. In
order to distinguish between signals caused by the ®3*Ho EC decay in the ab-
sorbers or by particles absorbed in the absorbers and signals caused by other
processes, the ratio of the pulse shape parameters are considered. These ratios
are the same for all energies for events caused by similar processes, but dif-
ferent for different processes. Meaning, the ratios are similar for single energy
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deposition in the absorber volume, but scatter to arbitrary values for more
complex energy depositions in the detector. For pulses due to the %*Ho EC
decay or similar, these ratios are set to one. Also, the reduced x? is about one
for these type of pulses.

first1/4 second 1/4

7001 . — Full pulse
Filter = Template: x2
approx. area Integral: Energy
600 - around rising edge | .. Template: Energy
== Derivative: Energy

E 500 - Filter: Energy
< 4001 Derivative
g jmax. gradient Second half of signal
S LU
S 3001 Integral

200
100
0 Pre-Trigger
o 500  10*  15x10*  2x10°

Time in us

Figure 4.1: An exemplary template signal. The different colors show the dif-
ferent parts of the time trace used in the different analysis methods. A full
template signal is shown as the blue solid line. The second quarter of the signal
(orange line) shows the template pulse and is fitted to each pulse to obtain
the reduced 2. The tail of the template pulse (the last quarter, green dotted
curve) is fitted to each pulse to obtain the amplitude of the fit. The first part
of the template around the rising edge (red dotted curve) is cross-correlated
with each pulse, resulting mainly in the area under the pulse around the ris-
ing edge (red area). The derivative of the smoothed pulses are calculated to
obtain the maximum gradient. Last, the area under the pulses (orange area)
is calculated.

Four methods are introduced, fitting of a Template, Filtering, Integrating
and Differentation, to describe the pulse shape. With these four energies, six
ratios can be defined, 4banative — DTR, Abeiwtve — DFR, Abaiauve — DIR,

’ ATemplate AFilter AIntegral
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% = TFR, %:;T TIR and ﬁ‘ilgﬂ = FIR. From these, sets of three
nonindependent parameters can be found. By calibration, these ratios are set
to one for events caused by the decay of '%Ho. Further, in the scatter plots
of these ratios, '%*Ho induced events are located inside of ellipses located at

ratio, ~ ratio, ~ 1 (compare to Figure 4.2).

FIR

Figure 4.2: FIR parameter against DTR parameter of events of 1%Ho-loaded
pixels. The contours of the density of events per bin are shown. The 63Ho
induced events are located in an ellipse around FIR ~ DTR ~ 1. The fitted
ellipse is shown in red.

Five level contour plots are generated to obtain the ellipses. For this, event
density plots in the ratio-ratio parameter spaces are generated. For instance
as shown in Figure 4.2 for the FIR-DTR parameter space. The ratio between
the major and minor axes, the rotation angle and position of each ellipse is
determined by fitting an ellipse to the innermost (red colored) contour. The
absolute lengths of the minor and major axes are determined by scaling the
ellipses in a way, that the spectrum of y? values of events inside the ellipses are
well described by a y? distribution. For this, the residuals obtained by fitting
a x? distribution to the x? spectrum for different ellipse scales are calculated
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(see Figure 4.3). Further, the residual distribution is fitted by a S-distribution

T(a+ bz (1—xz)"!
T'(a)C(b) ’

B(z,a,b) = (4.1)

with the gamma function I'(). The minimum of the fitted S-distribution de-

fines the ellipse scale, which means that the y? spectrum of events inside an
ellipse with this scale is best described by a x? distribution.

— Data
0.109 Fit

0.108 | /

0.1071

Sum of squared residuals

0.106-

0.1051

1 2 3 4 5
Ellipse scale in units of S,

Figure 4.3: Sum of squared residuals for different ellipse scales. The residuals
are determined by fitting a x? distribution to the spectrum of x? of events
inside ellipses with different scales. Sy is the diameter of the ellipse fitted
to the most dense (red) part of the ratio,-ratio, density plot. The fit is a
distribution.

4.2 Muonic Background — Data set (1)

The following section, in which the muon-induced events are discussed, is part
of [8]. Events coincident with the muon veto, called Pixel-Veto coincidences
in the following, are recognized by analyzing the spectrum of time differences
between the pixel event and veto event dt = ¢(pixel-event) - t(veto-event). This
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spectrum can be seen in Figure 4.4 showing the time differences of all mea-
sured pixel events to veto events with |dt] < 16 us (Pixel-Veto coincidences:
blue spectrum). The time window is chosen arbitrary large, with positive and
negative values allowed, since the response time of the veto system and MMC
detector system differ from each other. At 6t ~ 2.5 us a peak is visible, which
should include muon induced events. The same peak can be observed in the
spectrum of time differences of pixel events to veto events, which are in addi-
tion coincidental to other pixel events and which are called Pixel-Pixel-Veto
coincidences in the following (orange spectrum).

1.2 ] * Pixel-Veto coincidences

* Pixel-Pixel-Veto coincidences
== Gausian fit

—_
T I R

Muon induced
' coincidences

|
1
1

1””WlllTH"”[””” F[‘ ’|!'|‘1”|1'”ﬂw| |N !

0.2

o
o
|

Counts (100 ns)"day " pixel
o
o

-15 -10 -5 0 5 10 15
Time(Pixel-Event) - Time(Veto-Event) in us

Figure 4.4: Spectrum of time differences dt between the pixel events and muon
veto events 0t = t(pixel-event) - ¢(veto-event). In blue, pixel events coincidental
to the muon veto are shown. Events, also coincidental to other pixel events
are shown in orange. At 0t &~ 2.5 us a peak can be observed in both spectra
corresponding to muon induced events. The flat spectrum corresponds to
random coincidences between pixel events and muon veto. Taken from [8].

The peak of Pixel-Veto coincidences consists of N = 242 + 20 counts. This
number is obtained by summing the raw number of counts in the 30 range
(0 = (410£50) ns) after subtracting a flat background of (0.468+£0.005) counts
(100ns)~* day~! pixel™!. The background and o are determined by fitting a
Gaussian plus a constant background to the spectrum of time differences.
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The detection efficiency of the muon veto is estimated to about 56 %. Com-
bined with the detected number of muon induced events of N = 242420 counts,
a muon count rate of about (6.9+0.5) counts day ! pixel ™! is estimated, which
is about 14 times higher than 0.5 muons day ! pixel ™!, which is expected for

' m~2. Thus, this measure-

muons passing the pixels with a flux of 180 muonss™
ment suggests that each pixel can detected muons, which do not only hit the
pixels directly, but also the substrate next to them. Accordingly, an effective
area of about 14 times the pixel area can be identified, in which muons are
registered by the pixels. This kind of events can be registered by multiple pix-
els simultaneously. Such events could either be caused by muons or secondary
particles passing through an absorber, the corresponding sensor and the sub-
strate next to the pixels, or by muons and secondary radiation passing only
the substrate next to the pixels. In both cases, heat could diffuse to the pixels
through the substrate. These types of event classes are defined as substrate

events in the following.

The peak of the time difference spectrum of Pixel-Pixel-Veto coincidences
(compare to the orange spectrum of Figure 4.4), which include muon induced
substrate events, consists of 194 + 12counts. Thus, in this set-up, about
(80 £ 8) % of all muons generate coincidences among pixels. In this mea-
surement, four detector pixels, with distances of about 120 ym to each other,
were operated, which define the area of the active part of the detector chip.
Corrected by the multiplicity of muon events, about 10 muons day ! active de-

1

tector chip area™ were detected, which corresponds to a muon flux for an area

equal to 5 times the total pixel area (5 x 4 pixels x 0.5 muons day ! pixel™1).

As it can be seen in Figure 4.4, the signal to noise ratio of Pixel-Veto co-
incidences is about 0.3 in the 3o-range around the peak, while the signal to
noise ratio of Pixel-Pixel-Veto coincidences is about 6. Thus, in the follow-
ing, the Pixel-Pixel-Veto coincidences will be used as a sample of substrate
events in order to define a pulse shape analysis to cut substrate events from
all events. Figure 4.5 shows the density of all measured events in the pulse
shape parameter space FIR = % and DTR = IX;TV:;: The orange dots
in Figure 4.5 are visualizing the orange peak in the spectrum of Figure 4.4.
The density of events is highest in an ellipse around FIR ~ DTR = 1, because
these parameters are defined to be equal to one for events caused by the decay

of 1%3Ho. Muon induced substrate events are mostly located outside the ellipse.
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Figure 4.5: Density plot of events in the FIR vs. DTR parameter space.
Muon related events are marked as orange dots and are mostly located in the
surrounding of the ellipse defined by events due to the decay of ®3Ho in the
pixels. Picture taken from [§].

Pixel-Veto coincidences outside the ellipses are selected and the spectrum of
time differences of these events is investigated. The purple spectrum in Figure
4.6 shows these events. About 215 4 15 events are located in the peak in this
spectrum leading to a cut efficiency of about (88.8+£9.6) % of recognizing muon
induced (or substrate) events by their pulse shape.

In this data set, muon induced substrate events only result in energies of
less than 950 eV, as seen in Figure 4.7, which shows the spectrum of deposited
energies of muon induced events. The simulation of muons, which pass the
detector, results in an expected number of counts of less than 0.6 direct hits
of muons and secondary particles within 64 pixel-days in 0 keV to 4 keV. How-
ever, substrate events are not included in the simulation. Compared with
about 215 measured muon induced substrate events! in 64 pixel-days, which
can be caused by muons depositing energies in the substrate, it can be con-
cluded, that this kind of events occurs with a much higher frequency than
direct hits.

'With and without coincidences among pixels.
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Figure 4.6: Spectrum of time differences ot between pixel events and muon veto
events dt = t(pixel event) - t(veto event). The blue spectrum corresponds to
all pixel events. The fraction of these events, which are outside of the ellipses
is shown in purple. Taken from [8].

By extrapolating the observed muon induced spectrum by a flat distribution
to the ROI and by considering the veto efficiency, a count rate of about (7 4
2) - 1073 counts day ! pixel ™! is expected in the ROI due to muons. This is
much higher than the pile-up of the order of 107 countsday ! pixel~!. In
this conservative scenario, these events are not recognized by the coincidence
with the muon veto, nor by pulse shape analysis or coincidence among MMC
channels. The efficiency of the muon veto is assumed to be about 56 %, the
efficiency of the pulse shape analysis is about 89% and a muon generates
coincidences among pixels in about 80 % of all cases. Thus, the resulting count
rate after all these cuts in the ROI is about (74 7) - 107° counts day ! pixel .

4.3 Background Measurement - Data set (2)

The measured background spectrum, discussed in [7], is described in the fol-
lowing. Only unresolved pile-up and background events are expected above
3keV. Because of this, events corresponding to energies above 3keV are cho-
sen from data acquired with 1%Ho-loaded pixels. The pulse height is limited
to about HkeV through due to ADC settings. After pulse shape analysis, four
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events with energies between 3keV and 5keV were measured in 241 pixel-days
of 1%3Ho-loaded pixels. About 0.7 counts caused by unresolved pile-up events
are expected in the same energy range with an exposure of 241 pixel-days, a
163Ho activity of 1Bq per pixel and a time resolution of 7, = 500 ns. By com-
paring to the expected pile-up spectrum, the probability, that one count out
of these four events is due to pile-up is about 22 %. Further, with a maximum
likelihood analysis, the probability that two or more counts are caused by pile-
up is calculated to be less than 0.2 %.

| | | |
* Pixel-Veto coincidences in peak + inverse ellipse cut
* Pixel-Pixel-Veto coincidences in peak + inverse ellipse cut
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Figure 4.7: Spectrum of deposited energy of muon induced events. The highest
measured energy is about 950 eV. Picture taken from [8].

For comparison, the expected pile-up spectrum and the energies of the mea-
sured events are shown in Figure 4.8. These events are more likely caused by
different background sources. Assuming a flat background level, this results in
a background level of (8 +4)-107° counts pixel ™! day~! in the last 10 eV before
QEc, which is one order higher than the pile-up in the ECHo-1k phase.

After the pulse shape analysis of data acquired by the non-loaded background
pixels, no events with energies above 3keV remain. Still, this is not in contra-
diction to the measurement with ®*Ho-loaded pixels, since the 95 % confidence
intervals for the mean of the Poisson distribution are [0, 3.69) for no observa-
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tions and [1.09, 10.24) for four counts. The possibility for a contamination of
radionuclides implanted in the detector pixels in the'®3*Ho implantation process
is low. For example, '™Ho is considered as a critical co-implanted radionu-
clide. To achieve a background as high as 4 counts as described above, a
fraction of '%™Ho/'%¥Ho > 10~ would be needed [63]. In the ECHo exper-
iment a fraction of '%¢"Ho/!'%Ho < 107 is achieved, which is more than 4
orders of magnitudes smaller [61,62].
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Figure 4.8: Normalized energy spectra of unresolved pile-up and measured
events in 241 pixel-days. Taken from [7].

By combining the data acquired with the '3Ho-loaded and unloaded pixels,
the expected background level is about (442)-1075 counts pixel ™! day ™! in the
ROL. Figure 4.9 shows the energy spectrum recorded by the background pixels
after different analysis methods. Independently from the recorded background
pixel, a spectrum similar to a %3Ho EC spectrum is observed. Until know, this
spectrum can neither be described by any simulations of natural radionuclides
described in Section 3.3 or by muon caused events (compare to Section 3.2).
If this spectrum is caused due to a '%*Ho contamination in the background
pixels, the observed spectrum could correspond to an activity of about 30 uBq
of 153Ho per pixel or about 6 - 10° 1%3Ho atoms per pixel. An average activity
per pixel is given, since the spectra acquired by different background pixels
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look similar. The observed lines, which could represent the M lines around
2keV of the ®3Ho EC, are slightly shifted to lower energies compared to the
163Ho spectrum and the fraction of number of events of the N line (300eV
< E < 600¢V) to the number of events of the M line (1700eV < E < 2100eV)
of 5.3 £ 1.0 is larger than expected from theory with 2.3. Note, that here
an exponential background can be assumed, by fitting an exponential distri-
bution to the spectra for energies below 200eV, which however, is negligible
above 300eV. Both, the energy shift of the lines and the higher N/M-ratio,
could be explained by a surface contamination of '%*Ho. In this case multiple
particles could be emitted by the decay and not all have to deposit energy in
the pixel. However, the observed spectrum could also be caused by a yet un-
known background source. If the source of this spectrum has different origins,
a background level of about 8-107° counts pixel ! day~! can be assumed, since
one event was measured between 2.5 keV and 3keV in 241 pixel-days. The line
at 1.49keV could corresponds to aluminum X-rays.
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Figure 4.9: By background pixels recorded energy spectrum of non-coincidental
events. The blue spectrum shows all measured events. The orange spectrum
shows the actual background spectrum after applying the pulse shape analysis.
The black line shows the theoretical '**Ho EC spectrum. Figure taken from [7].



Chapter 5

Conclusion and Outlook

Different background sources in the ECHo experiment are studied in order
to achieve a background level of the order of 1076 counts day ! pixel !
in the last 10eV below Qgc, which should be dominated by unresolved pile-
up. This unresolved pile-up count rate corresponds to an unresolved pile-up
fraction of f,, =2-1Bq-500ns = 107°. Compared to [49] and by assuming a
vanishing background, this pile-up fraction leads to a sensitivity on the effective
electron neutrino mass of about 9e¢V at 90 % C.L. for the first phase of the
ECHo experiment and to about 0.7e¢V at 90 % C.L. for future stages of the
ECHo experiment. The effect of an additional background, which can not be
neglected, can now be estimated by increasing the pile-up rate, such that the
count rate in the ROI due to the unresolved pile-up is as high as the (measured)
background level.

Thus, the effect on the sensitivity of a background of 10~% counts day~?!
pixel™! in the ROI can be estimated by an unresolved pile-up fraction of
fou = 107%. With this pile-up fraction, the sensitivity decreases to about 11 eV
for the first phase of the ECHo experiment and to about 1€V for future stages
of the experiment.

Pulse shape analysis Pulse shape analysis methods are developed to study
the pulse shape of signals generated by the decay of 1%Ho in the pixel absorbers
and by muons. It is possible to identify events related to the decay of '3Ho
in the absorbers and therefore, to remove pulses, whose shapes are different,
like pulses caused by resolved pile-up, triggered noise or events, in which en-
ergy is deposited not (only) in the absorbers, but also in the sensor and in
the substrate. Parameters like the pulse amplitude, the maximal derivative of
the pulse, the integral of the pulse and response on filters are used to identify
different pulse families.
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The energy dependence of the pulse shape cuts need to be studied qualita-
tively in the future. To do this, pulses with different rise and decay times
could be simulated and added to noise of measured signals. Thus, the cut and
leakage efficiency depending on the pulse properties could be studied.

Unresolved pile-up In the first phase of the ECHo experiment, ECHo-
1k, a count rate of about 3 -107° countsday ! pixel™! is expected due to
unresolved pile-up. This includes a '%*Ho-activity of 1Bqpixel™! and a time
resolution of about 7. = 500ns. For future stages of the ECHo experiment,
with a '%3Ho-activity of 10 Bqpixel ™! and a time resolution of about 7, = 300 ns
for example, the pile-rate in the last 10eV below the ()-value is expected
to be about 107* countsday ! pixel ™!, while the signal count rate is about
6 - 10~* counts day ! pixel L.

Simualtion of radionuclides Simulations of naturally occurring radionu-
clides in the detector materials show that relatively large levels of radioactivity
of the order of 10 Bq kg~! or a few hundreds of uBqcm™2 are needed to result in
count rates in the ROI as high as the count rate due to the unresolved pile-up.
With upper limits of concentrations of naturally occurring radionuclides in ma-
terials used in the ECHo-1k phase, which result from screening measurements,
an expected energy spectrum recorded by the detector pixels is simulated and
results in a count rate of about (74 1)-107% counts day ! pixel™ in the
ROI, mainly due to radionuclides in the circuit board.

For the future stages of the ECHo experiment, different materials (Kapton)
are foreseen as material for circuit boards. This should reduce the background
due to natural radionuclides of about 90 %. Screening measurements of future
used materials should be performed and used as input for simulations of nat-
urally occurring radionulcides in the materials to determine the influence of
these materials in the next stages of the ECHo experiment.

Background measurement A measurement with %3Ho-loaded and
-unloaded (background) pixels was performed and analyzed by using pulse
shape discrimination methods. In 241 pixel-days, four events with energies
above 3keV are measured by '3Ho-loaded pixels resulting in a count rate of
(8 +4) - 1075 counts day ! pixel ! in the ROI. Most likely, these events are
not caused by unresolved pile-up. The background pixels did not measure
any events with energies above 3keV in 241 pixel-days, but recorded a %3Ho
EC-like spectrum, which could correspond to a '%*Ho contamination of about
30 uBq pixel 1.
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Future high statistics measurements (long measurement times) need to be an-
alyzed to gain a precise knowledge of the background spectrum. In addition,

the sensitive energy range will be extended to study possible structures above
5keV.

Simulation of muons Muons passing the detector chip are simulated and
predict a count rate in the ROI of about (2.2 +0.1)-10° counts day '
pixel~!. This rate only includes muons and secondary radiation passing di-
rectly the detector pixels and does not include substrate events. With pulse
shape analysis, this rate should be reduced by more than 90 %, since the par-
ticles are mostly not stopped in the pixels and can further be reduced by the
use a muon veto.

Measurement with muon veto A measurement including the operation
of an active muon veto recorded a count rate of (7 + 2) - 1072 counts day *
pixel! in the ROI due to muon induced substrate events. This background
should be reduced to (7 £ 7) - 107° counts day ! pixel ! with pulse shape
analysis, the use of a muon veto and the analysis of trigger time information.
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1 Pulse shape study

Data acquired in two independent measurements be-
tween Dec 2019 and May 2020 are analyzed and dis-
cussed here. This data is received by five pixels, each
loaded with about 1 Bq of *%3Ho resulting in about 241
pixel-days of data of 1%3Ho events. Actually, more pix-
els were operated within the measurements but will
not discussed here. However, the trigger time infor-
mation of events received by the others pixels will be
used. In order to separate events caused by particles,
which deposit their complete energies in the pixels, from
events caused by particles not fully stopped in the pix-
els, signals due to the decay of 13Ho are analyzed first.
The signal pulse shape can be described by several
parameters and are calibrated by using '%*Ho caused
events, which correspond to events due to particles fully
stopped in the pixels.

1.1 Pulse shape parameters

The pulse shape analysis is based on the analysis de-
veloped to recognize muon induced events [1]. Five pa-
rameters are obtained from each pulse, it’s integral, rise
time and amplitude on the one hand and on the other
hand the pulse is compared to an template and corre-
lated with the same template. The signals correspond
to time traces with a length of about 2 ms. These traces
include two parts, the pre-trigger, which corresponds to
the first quarter part of a trace, and the actual triggered
signals. In the following, only the second quarter of a
signal will be considered as a pulse in order to shorten
the pile-up window.

2e-mail: alexander.goeggelmann@uni-tuebingen.de

Template fitting

The template signal is obtained by averaging one thou-
sand to five thousand signals with amplitudes corre-
sponding to energies of the "3Ho-MI line. This is done
for each pixel and each measurement day. The tem-
plate signal of a '%3Ho loaded pixel is also used as a
template signal for the background pixel of the same
channel. An exemplary template signal is shown as the
blue solid curve in Figure 1. The actual used part, the
second quarter of the template signal, is shown as the
solid orange line. In the following, only this part will
be considered, when talking about the template pulse.
The template pulse is fitted to each pulse using the 2
method of varying the amplitude of the template. From
this, the reduced x?2 (i.e. x2dof 1), which describes the
similarity of the template pulse and each signal pulse, is
obtained. In order to recognize pile-up within the length
of the template pulse (6t ~ 500 us), the template’s tail,
the last quarter of the template pulse (the green dotted
part), is also fitted to each pulse resulting in the am-
plitude Aremplate Of the fit. This method is sensitive to
the overall pulse shape, but mainly to the falling edge
of the pulses.

Filtering

The beginning of the template pulse is used to built a
new time trace, called filter (red dotted line in Figure
1). This short length is chosen to become insensitive to
pile-up on the falling edge of the pulses. Each pulse is
correlated with this filter (so called matched filtering).
The amplitude of the response function Agjjter describes
mainly the area below the pulse around the rising edge
(red area). This method is sensitive to the overall pulse
shape around the rising edge.

Differentiation
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The derivative of the pulses smoothed by using a mov-
ing average filter results in the maximum of the deriva-
tive of the smoothed pulses Aperivative (compare to the
red curve in Figure 1). This method is sensitive to
pile-up with short time differences and to other effects,
which could change the rise time.

Integrating

The area Amptegral Under the pulses is calculated. This
method is sensitive to pile-up with large time differ-
ences and to other effects which could change the mean
decay time (compare to the orange area in Figure 1).
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Fig. 1: An exemplary template signal. The different col-
ors show the different parts of the time trace used in
the different analysis methods. A full template signal
is shown as the blue solid line. The second quarter of
the signal (orange line) shows the template pulse and is
fitted to each pulse to obtain the reduced 2. The tail
of the template pulse (the last quarter, green dotted
curve) is fitted to each pulse to obtain the amplitude of
the fit. The first part of the template around the rising
edge (red dotted curve) is correlated with each pulse,
resulting mainly in the area under the pulse around the
rising edge (red area). The derivative of the smoothed
pulses are calculated to obtain the maximum gradient.
Last, the area under the pulses (orange area) is calcu-
lated.

Each of the four methods is differently sensitive to the
pulse shape. In order to distinguish between signals
caused by the '%3Ho EC decay in the absorbers or by
particles absorbed in the absorbers and signals caused
by other processes, the ratio of the pulse shape parame-
ters are considered. These ratios are the same for all en-
ergies for events caused by similar processes, but differ-
ent for different processes. For pulses due to the 1%3Ho

EC decay or similar, these ratios are set to 1. Also, the
reduced x?2 is equal to 1 for these type of pulses.

1.2 Pulse shape cuts

Reduced x2

163Ho decays result in events with mostly y2dof ™' < 2
(compare to Figure 2). Thus, a x? range cut is the start-
ing point for the following pulse shape analysis. A cut
of x2dof 7! < 2 can be defined to describe events, which
are similar to events caused by the decay of 1%3Ho.

05 15 2 25
Energry in keV

Fig. 2: Reduced x? against the deposited energy of
events of 13Ho-loaded pixels. The '%3Ho lines can be
observed around y2dof ™! ~ 1.

Time differences

We observe that the spectrum of time differences be-
tween two pixel events decays exponential until 6t ~
2 us and is flat dor larger time differences (compare to
Figure 3). The spectrum includes events of the five men-
tioned pixels which can also be coincidental to other
pixel events of all other channels. These type of events
are most probably caused by electromagnetic radiation
coupling in the readout chain of the detectors as de-
scribed in the next chapter. A time difference condition
of 6t > 4 us can be defined to define non-coincidental
events. These events are shown as the orange spectrum
in Figure 4. Using this non-coincidence cut, most of the
events with y2dof ™' > 2 are reduced compared to all
events (see Figure 4).

Ellipses

Four methods are introduced in Chapter 1.3 , fitting
a Template, Filtering, Integrating and Differentation,
to reconstruct the deposited energy are introduced in
Chapter 1.3. With these four energies, six ratios can be
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Fig. 3: Distribution of time differences between two
pixel events for all pixels. The distribution is almost
constant for high time differences and increases strongly
for low time differences starting at around 1.5 us.
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Fig. 4: Distribution of the reduced x2 = x2dof ™! of
events of 193Ho-loaded pixels. The blue spectrum shows
all data, the orange spectrum data, which is not coin-
cidental (6t > 4 us) to other events and the fraction of
these events, which remain after the pulse shape anal-
ysis is shown in the green spectrum.

defined, 4perisative — DTR, ABarivative — DFR, Apesivative —

ATemplate AFilter Alntegral
ATemplate ATemplate i

DIR, “femplete — TRR, Slemelate — TR apd Ariter. =
AFllter AIntegral AIntegral

FIR. By calibration, these ratios are set to one for
events caused by the decay of 1%Ho (compare to Figure
5). Further, in the scatter plots of these ratios, *3Ho
induced events are located inside of ellipses located at
ratio, & ratio, ~ 1 (compare to Figure 6).

The contours of the densities are elliptical or symmet-
rical shaped for the innermost, densest contours (com-
pare to red region) and are oval or asymmetrical shaped
for less dense regions (orange to blue region). The asym-
metric shape is due to the presence of different families

1.5
Energry in keV

Fig. 5: DTR parameter against the deposited Energy of
events of 1%3Ho-loaded pixels. The '%3Ho lines can be
observed around DTR ~ 1.

Fig. 6: FIR parameter against DTR parameter of events
of 1%3Ho-loaded pixels. The contours of the density of
the events are shown. The '%3Ho induced events are
located in an ellipse around FIR ~ DTR =~ 1. The
fitted ellipse is shown in red.

of pulses. 193Ho caused events are mainly located in the
innermost region, thus The minor and major axis of the
ellipses can be obtained by fitting an ellipse to the con-
tour of the densest part of the scatter plots (red region).
The scale of the ellipses can be obtained by using the 2
distribution of the events corresponding to the energies
of 163Ho MI, MII, NI and OI lines located inside the
ellipses. For different scales a x? distribution is fitted
to the x? distribution of the data points and the sum of
the squared residuals is calculated each. The summed
squared residuals have a well defined minimum for a
certain scale (see Figure 7), which defines the scale for
the ellipse and is determined by fitting a § distribution.
This is done for 3 parameter space separately, DTR-
FIR, DFR-TIR and DIR-TFR. The condition that the
events have to be located in every of the three ellipses
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can be defined. The events fulfilling both conditions, the
non-coincidence and the ellipse condition are shown as
the green spectrum in Figure 4. Using the ellipse con-
ditions, the fraction of events with larger x? and the
bump on the right side of the peak is reduced.
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Fig. 7: The sum of squared residuals for different el-
lipse scales. Sg is the diameter of the ellipse fitted to
the densest part of the energy ratio - energy ratio pa-
rameter room. The shape is fitted by a 8 distribution
to determine the position of the minimum.

1.3 Event classification

With each set of cut conditions, different classes of
pulses can be chosen. The energy spectra of removed
events recognized by different combinations of cuts are
shown in Figure 8.

Phone signals

Most of the removed low energy pulses (E < 500eV)
are most likely caused by the 1.8 MHz frequency band
of Global System for Mobile Communications (GSM)
phone signals. Two pixels are readout by the same SQUID
and raise signals with inverted polarity in respect of
each other. Thus, if one of both pixels raises a signal
and the other pixel raises a signal after about 550 us ~
Wll\/mz triangular or rectangular pulse shapes result,
depending on the pulse height ratio of the two signals
(see Figure 9). These events are either cut exclusively
by the ellipse cut (red spectra of Figure 8a) or by the co-
incidence cut combined with at least one other cut (red
and orange spectra of Figure 8b). In case of events rec-
ognized exclusively by the ellipse cut, these pulses have
a triangular shape. The peak around the energy of the
163Ho N-lines could be caused by coincidences of the de-
cay 1%3Ho with a phone signal. For higher energies, the
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(b)

Fig. 8: Spectrum of deposited energies of removed data
of the 1%3Ho-loaded pixels. a) The blue spectrum corre-
sponds to events exclusively cut with the x? and ellipse
cuts. The orange spectrum corresponds to data exclu-
sively recognized by the x? cut. The red spectrum con-
sists data exclusively removed by the ellipse cut. b) The
blue spectrum corresponds to events exclusively cut by
the coincidence cut. The orange spectrum corresponds
to data exclusively recognized by the coincidence cut
and exactly by one of the other two cuts. The red spec-
trum consists data removed by all three cuts.

amplitude of the phone signal on top of the 153Ho signal
could be relatively low compared to the actually signal
amplitude. Thus, the variation of the pulse shape could
be minor affected at higher energies and could be un-
recognized. This type of energy dependency should be
negligible, since only 107 of all 1%*Ho N-line events are
cut by the ellipse cut exclusively. Further, no events in
the endpoint region of 1%3Ho EC decay of about 2.8 keV
are exclusively cut by the ellipse cut.

In case of GSM events recognized also by the coinci-
dence cut the distribution of the coincidence multiplic-
ity, the number of pixels raising simultaneously a signal,



51

I I
= Pulse: Energy = 110 eV
— Template

40+

N
o

Voltage in mV

o

-20+

Time in ms

Fig. 9: Pulse removed by the coincidence and exactly
one of the other cuts. About 550 us after the raise of
the pulse, the other pixel of the same read out channel
and with inverted polarity raises a signal.

is almost uniform distributed for multiplicities of three
to 13 and decreases to higher values (see Figure 10). A
multiplicity of z means that z events are coincidental
to the given event.

|
Energy range: 0.1keV to 0.5 keV
6001 i

5001

4001

Counts

200+

100

10
Multiplicity

Fig. 10: Distribution of coincidence multiplicities of
events recognized by the coincidence and by exclusive
one other cut. A value of x means that x + 1 pixels
raise simultaneously a signal.

Substrate heating

The distribution of multiplicities is different for pulses
corresponding to higher energies (E > 500eV). For
events cut by all three cuts (red spectrum of Figure 8b),
high multiplicity values are preferred (compare to Fig-
ure 11). These pulses have longer decay times compared
to events caused by the decay of '**Ho and roundings of
the maxima (Figure 12). The rise of the thermal pulses
is limited by the coupling of the conducting electron

system of the detector to the spin system of the sen-
sors [2]. However, for the discussed data the rise of the
time profile pulses are limited by the bandwidth of the
readout electronics [3]. The decay time of the pulses
is given in first order by the thermal coupling of the
sensors to the thermalization structures. Considering a
charged particles traveling through the absorber, sensor
and substrate, energy can be transferred to the spin sys-
tem on different time scales resulting in modifications
of the pulse shape compared to pulses caused by the de-
cay of 153Ho in the absorbers. Events with £ > 500 eV
and which are recognized by all three cuts show both,
a longer rise time and a longer decay time. Combined
with the high coincidence multiplicity, we can assume
that this type of events are caused due to heating of
the whole substrate.

35+ Energy range: 0.7 keV to 3.0 keV

0 5 10
Multiplicity

Fig. 11: Distribution of coincidence multiplicities of
events cut by all three cuts. A value of x means that
x + 1 pixels raise simultaneously a signal.

Particle generated signals

In case of events corresponding to energies £ > 500¢eV,
which are recognized by the coincidence cut and by ex-
actly one of the other two cuts (orange spectrum of Fig-
ure 8b), the spectrum of multiplicities does not peak at
high multiplicities, but at low (Figure 13). These pulses
have also longer decay times compared to the pulses
caused by the decay of %3Ho, but they have in addi-
tion a spiky maximum (Figure 14). These kind of events
could be caused by particle hitting a certain region of
the detector chip. With this, the substrate could be
heated only locally, what could explain the longer de-
cay time of the pulses. The rise time is shorter than
the rise time of pulses caused by the 193Ho decay. This
could be explained by particles passing through the ab-
sorber and sensor of a MMC. This could also explain
the spiky maximum of the pulses, which could be caused
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Fig. 12: Time trace of an event recognized by all three
cuts. The decay time of the pulse is longer compared to
the template pulse.

by energy deposited directly in the sensor and coupling
directly with the spin system. These events can also be
found in the spectrum of events cut exclusively by the
coincidence cut (blue spectrum of Figure 8b). But, these
events have multiplicities of about 10 and the energies
are mostly lower (E < 500eV).

Energy range: 0.5keV to 3.0 keV

0 10 15
Multiplicity

Fig. 13: Distribution of coincidence multiplicities of
events recognized by the coincidence at exactly one
other cut. A value of x means that = + 1 pixels raise
simultaneously a signal.

Pulses with spiky maximums and short rise times can
also be identified with the x? cut (orange spectrum of
Figure 8a). In contrast to the previous pulse family,
these pulses show the same decay time than pulses due
to the %3 Ho decay. If these pulses are caused by parti-
cles passing trough the absorbers, the particles could be
stopped in the sensors and thus, the decay time is not
affected. Moreover, with this explanation the absence

Fig. 14: Time trace of an event cut by the coincidence
and exactly one other cut. The decay time of the pulse
is longer compared to the template pulse. Also, a spike
is on top of the maximum of the pulse.

of coincidences could be explained, because no energy
is deposited in the substrate.

Miscellaneous

Pile-up events can be recognized by either the x2, el-
lipse or the combination of both cuts (all three spectra
of Figure8a).

Events, corresponding to the '93Ho lines, exclusively
recognized by the coincidence condition (blue spectrum
of Figure 8b) are random coincidences. The multiplic-
ity of these events is exactly one. Also, the intensities of
the lines are in good agreement with the expected spec-
trum of random coincidences for the given time window
and 0.3 Bq of %3Ho per pixel.

1.4 Energy dependency of cuts

The cut efficiency of the coincidence cut is by definition
energy independent for '53Ho induced events. Only the
trigger time is considered. In contrast, the reduced y?
is scattered for 1%3Ho induced events for the same ener-
gies (compare to Figure 2), but it is similar distributed
for different energies (E > 200eV). Thus, the cut effi-
ciency of the x? cut should also be the same for all en-
ergies for 1%3Ho induced events [4]. The ratios of the re-
constructed energies are different distributed for differ-
ent energies (see Figure 5). Thus, more *3Ho induced
events with low energies could be removed than events
with higher energies. However, it was shown in the pre-
vious Chapter 1.3 that only about 10™* of all events
with energies similar to the energy of the '3Ho N-line
were removed. These events show different pulse shape
than 1%3Ho induced events and are probably caused due
to pile-up of the 13 Ho decay and phone signals. We can
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assume that similar events occur also at higher energies
and are not recognized. But this should only be a very
tiny fraction (< 10~%) of all events. The events located
outside of at least one ellipse differ strongly from the
events located in all ellipses, by comparing the distribu-
tion of the decay times! of the pulses with y2dof ™! < 2
(Figure 15). Pulses inside the ellipses have mostly a de-
cay time of about 0.8 ms and pulses outside of at least
one ellipse less.
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Fig. 15: Spectrum of the decay times of pulses with
x2dof ™' < 2. The blue spectrum shows pulses located
inside all ellipses. The orange spectrum contains pulses,
which are at least outside of one ellipse. The pulses
inside the ellipses have mostly a decay time of 0.8 ms,
the other pulses less.

References

1. A. Goggelmann, et al., The European Physical Journal
C 81, 363 (2021). DOI 10.1140/epjc/s10052-021-09148-y.
URL https://doi.org/10.1140/epjc/s10052-021-09148-y

2. S.R. Bandler, et al., Journal of Low Temperature Physics
93(3), 709 (1993). DOI 10.1007/BF00693500. URL
https://doi.org/10.1007 /BF00693500

3. F. Mantegazzini, et al., Journal of Instrumentation 16(08),
P08003 (2021). DOI 10.1088/1748-0221/16/08/p08003.
URL http://dx.doi.org/10.1088,/1748-0221,/16 /08 /P08003

4. R. Hammann, et al. Data reduction for a calorimetri-
cally measured '%3Ho spectrum of the ECHo-1k experi-
ment (2021)

IThe decay of the pulses can be described by an exponential
function.



54



Danksagung

Ohne die tatkréftige Unterstiitzung einiger Personen wére ich nicht in der Lage
gewesen, diese Arbeit innerhalb einer endlichen Zeitspanne zu Ende zu brin-
gen. Diesen Personen mochte ich im Folgenden herzlichst danken.

Ohne meine beiden Betreuer Prof. Dr. Josef Jochum und JProf. Dr. Loredana
Gastaldo wére diese Arbeit gar nicht erst zustande gekommen, weshalb ich
mich bei beiden bedanken mdéchte, mir diese spannende Arbeit ermdglicht zu
haben. Im regen Austausch mit ihnen habe ich viel gelernt und eine dufierst
gute Betreuung erfahren.

Die freundschaftliche Atmosphére an der PIT kam dank der gesamten Gruppe
zustande, welche immer ein offenes Ohr fiir sdmtliche Problme hatte. Ins-
besondere danke ich Dr. Christian Strandhagen, auf welchen ich mich stets
verlassen konnte und der mir oft mit Rat zur Seite stand, wenn Fragen zur
Physik oder zur Programmierung auftauchten.

Dank der gesamten ECHo-Kollaboration konnte dieses spannende Experiment
erst durchgefiihrt werden. Insbesondere méchte ich mich hier bei meinen Kol-
legen aus Heidelberg bedanken, zu welchen ein reger Austausch bestand.

Die Arbeit an der Dissertation war teilweise zeitlich und geistig sehr fordernd.
Auf Stephanie, Isabella und Jonathan konnte ich mich stets verlassen, sie waren

und sind immer fiir mich da.

Der DFG gilt Dank, da sie die finanziellen Mittel fiir dieses Projekt bereit-
stellte.

95



	Introduction
	Neutrino Masses
	Neutrino Cosmology
	Direct neutrino mass measurement

	The ECHo Experiment
	Metallic Magnetic Calorimeters
	Experiment Set-Up

	Background Sources
	Unresolved pile-up
	Electromagnetic noise
	Co-implanted isotopes
	Natural occurring radionuclides
	Cosmogentic muons


	Objective
	Monte Carlo Simulations
	Set-Up
	Muons
	Natural Radionuclides

	Measurements
	Pulse Shape Analysis
	Muonic Background – Data set (1)
	Background Measurement - Data set (2)

	Conclusion and Outlook

