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Neutrinos are the least understood particles within the Standard Model of particle physics
(SM), and their absolute mass scale, as well as the number of neutrino flavors, is still
unknown. Numerous experiments, such as the ECHo experiment utilizing metallic magnetic
calorimeters (MMCs) employed at mK temperatures, and the BeEST experiments using
superconducting tunnel junctions (STJs), seek to provide answers. Both experiments aim
to measure low-energy electron capture (EC) processes of the isotopes %Ho and "Be,
respectively. In this thesis, three developments have been made which will contribute
towards a better understanding of neutrinos. First, advancements have been achieved
towards a wafer-scale implantation of '%*Ho within the ECHo experiment needed to reach
the high statistics required for the ECHo-100k phase. Second, a Python library was
developed to offer versatile tools for measurements performed using MMCs. Lastly, a
30-day measurement of the "Be EC process was conducted using ECHo-100k detector chips,
selected for their high performance in previous experiments. This measurement revealed a
broadening of the K-GS and L-GS lines to 5.8eV and 8.4 eV, respectively, consistent with

observations from the BeEST experiment.

Hochauflésende MMC-Arrays fiir Studien von niederenergetischen
Eleketroneneinfangspektren

Neutrinos sind die am wenigsten verstandenen Teilchen innerhalb des Standardmodells der
Elementarteilchenphysik (SM), und ihre absolute Massenskala sowie die Anzahl der Neutrino-
Flavors sind noch unbekannt. Zahlreiche Experimente wie das ECHo-Experiment unter
Verwendung von metallischen magnetischen Kalorimetern (MMCs) bei mK-Temperaturen,
und das BeEST-Experiment unter Verwendung von supraleitenden Tunnelkontakten (STJs),
versuchen Antworten zu liefern. Beide Experimente zielen auf die Messung niederenergeti-
scher Elektroneneinfiange (EC) der Isotope '%3Ho und “Be ab. In dieser Arbeit wurden drei
Entwicklungen vorgenommen, die zu einem besseren Verstdndnis der Neutrinos beitragen
werden. Erstens wurden Fortschritte bei der Implantation von %310 auf Wafer-Skala im
Rahmen des ECHo-Experiments erzielt, die fiir die erforderliche hohe Statistik fiir die
ECHo-100k-Phase notwendig sind. Zweitens wurde eine Python-Bibliothek entwickelt, die
vielseitige Tools fiir Messungen mit MMCs bietet. SchliefSlich wurde eine 30-tdgige Messung
des "Be-ECs mit ECHo-100k-Detektorchips durchgefiihrt, die aufgrund ihrer hohen Leistung
in fritheren Experimenten ausgewéhlt wurden. Diese Messung ergab eine Verbreiterung
der K-GS- und L-GS-Linien auf 5.8 eV bzw. 8.4eV, was mit den Beobachtungen aus dem

BeEST-Experiment tibereinstimmt.
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1. Introduction

“AC said, ‘THERE IS AS YET INSUFFICIENT DATA FOR A MEANINGFUL
ANSWER.”” — The Last Question, by Isaac Asimov

Neutrinos persist as the most enigmatic particles within the Standard Model of
particle physics (SM). Their presence became apparent in 1914, when the continuous
beta spectrum of **Pb and *"*Bi seemed to violate energy conservation. More than
a hundred years later, physicists still do not know their mass and are uncertain about
the number of flavors, mainly due to their minuscule interaction cross-section of less
than 10~** cm®. This arises because they interact solely via the electroweak force,
making them extremely challenging to detect even with current methods. Probably
the greatest breakthrough in neutrino physics occurred with the discovery of neutrino
oscillations, revealing that a neutrino, initially of one flavor, can oscillate into another
over time. This implies that neutrinos must have mass, but the absolute mass scale
remains unknown. With regards to the amount of flavors of neutrinos, currently,
three flavors of neutrinos are known, corresponding to the three charged leptons
in the SM: electron neutrino ,, muon neutrino v,, and tau neutrino v,. While
this aligns with the three families present in the SM, there are some hints towards
the existence of additional, sterile neutrino eigenstates. These hypothetical states,
while not interacting via the electroweak force, would still participate in oscillatory

behavior.

There are numerous experiments dedicated to measuring the absolute neutrino
mass scale, which fall into three categories: indirect determination via cosmological
observables, search for neutrinoless double-beta decay, and direct measurements
based on f— or electron capture (EC) decay spectra. The first two categories are
model-dependent, tying their outcome to the accuracy of underlying theories. The
last category, however, is a completely model-independent approach based solely on
energy-momentum conservation. In such experiments, the finite mass of the neutrino
influences the spectral shape, particularly near the end-point region close to the
(Q-value. One notable experiment employing this approach is the electron capture in
'%Ho (ECHo) experiment, aiming to measure the '*Ho EC spectrum using detectors

based on metallic magnetic calorimeters (MMCs) with the source directly embedded.



On the other front, there are multiple experiments, designed to detect signatures of
sterile neutrinos, particularly those based on either short-baseline (SBL) neutrino
oscillations or on detecting signatures in the spectra of both nuclear -decay and
EC decays. In the latter case, the presence of a sterile neutrino would manifest
as an additional, slightly shifted spectrum. One such experiment is the Beryllium
Electron capture in Superconducting Tunnel junctions (BeEST) experiment, which
seeks to measure the ‘Be EC spectrum to detect signatures of sterile neutrinos in the
~100keV-range. To this end, it utilizes superconducting tunnel junctions (STJs),

high-rate quantum sensors, implanted with “Be.

This thesis provides developments for the ECHo experiment and investigations for
the BeEST experiment, which will contribute towards a higher sensitivity on the
neutrino mass scale and the possible existence of sterile neutrinos. Chapter 2 provides
an overview of neutrino physics, with a focus on massive neutrinos. It delves into
neutrino oscillations, the seesaw mechanism as a potential explanation for how
neutrinos acquire mass, with a byproduct being additional, sterile neutrinos. The
chapter also discusses methods for determining the absolute neutrino mass scale and
presents experimental evidence for sterile neutrinos, along with relevant experiments
at the eV and keV scales. Chapter 3 introduces low-energy electron capture processes,
with a focus on "Be and '®Ho. It details the BeEST and ECHo experiments utilizing
these processes. Chapter 4 examines the technology of MMCs able to resolve a broad
energy range with high precision. Chapter 5 offers details about the ECHo-100k
detector chip used for the measurements performed in this thesis, and its preparation
for implantation with "Be and '®Ho. Chapter 6 introduces the Python library Data
Analysis and Reduction for Quantum sensors (DARQ) developed in this thesis and
its application to reduce spurious signals. It also outlines the general data processing
scheme. In Chapter 7, experimental results from a measurement of the 'Be EC
spectrum using an ECHo-100k detector chip are discussed. The data processing steps
are explained, leading to the presentation of the first ‘Be EC spectrum measured with
MMC s, confirming results obtained by the BeEST collaboration. Finally, Chapter 8

provides a summary of the thesis and outlines future directions.



2. Neutrinos

In 1914, James Chadwick experimentally observed the continuous beta spectrum of
?1"Ph and *"Bi, which seemed to violate energy conservation [Chal4]. The solution
to this conundrum emerged in 1930 through the insights of Wolfgang Pauli, who
postulated that an electrically neutral particle would also be emitted, which he called
“neutron” [Pau77]. Later, this particle acquired the name “neutrino” (little neutron)
when Enrico Fermi formulated a theory for the 3-decay [Fer34|. Interestingly, Pauli
expressed some reservations about his own idea, describing it as a “desperate remedy.”
He even shared his concerns with his colleague, astronomer Walter Baade, stating,
“I have done a terrible thing, I have postulated a particle that cannot be detected.”
[Sut92] He would be proven wrong in 1956, when Clyde L. Cowan and Frederick
Reines directly observed the neutrino through an experiment. Their approach involved
a water tank as a detection volume, outfitted with scintillators positioned in front of

a nuclear reactor [Cow56].

2.1 Neutrino Oscillations

At the time, neutrinos were believed to have negligible (if any) mass and and were
thought to interact primarily through the weak nuclear force. Within the core of the
Sun, nuclear fusion processes occur, with the primary one being the production of
*He. This process begins with the fusion of four protons, ultimately resulting in the

emission of two electron neutrinos ,:
4p — He + 2™ + 2u,. (2.1)

The electron neutrinos produced in this proton-proton chain can have energies of up
to 590 keV. Other, less prevalent processes, e.g. "Be electron capture and the CNO
cycle also generate electron neutrinos with energies reaching up to 18 MeV. Since
their cross section with ordinary matter is so small, these electron neutrinos escape

the Sun and eventually arrive at Farth, where they can be detected.

Starting in the 1960s, a series of experiments aimed at quantifying the solar neutrino

flux were conducted, including the Homestake experiment in 1968 [Cle98|. This
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experiment utilized a tetrachlorethylene tank with a relatively low energy thresh-
old of 814keV to measure v, emissions from the Sun. This experiment spanned
almost three decades, ultimately yielding a measured electron neutrino flux of
(2.56 +0.16™" + O.lGSySt) SNU. In comparison to the theoretically anticipated value
of (7.5 4+ 0.1) SNU [Bah04, TC11], this outcome corresponds to merely about a third.
Consequently, this disparity gave rise to the solar neutrino problem, confirmed by
numerous other solar neutrino experiments such as GALLEX [Ham99], GNO [Alt05],
SAGE [Abd09], and Super-Kamiokande [Abell].

To address this discrepancy, the concept of neutrino oscillations was introduced, a
notion that had already been hypothesized in 1957 by Pontecorvo [Pon58b, Pon58a].
Oscillation indicates that the neutrino flavor is not fixed, but changes, depending on
the travelling distance. These neutrino oscillations were experimentally confirmed in
1998 by Super-Kamiokande, in particular by demonstrating an angular dependence
of the detection of v, /7, produced in the atmosphere [Fuk98]. Additionally, in 2001,
the SNO experiment demonstrated that neutrino oscillations are the reason for the
observed reduction of 1, flux originating from the Sun [Col01, Ahm02]. This pivotal
discovery resolved the long-standing solar neutrino problem and was subsequently

acknowledged with the Nobel Prize in physics in 2015.

Presently, in the Standard Model of particle physics (SM), it is postulated that there
exist three massless flavors of neutrinos (v,, v, v.), mirroring the three families
of quarks and charged leptons. The explanation for neutrino oscillations requires
to go beyond the SM, and giving neutrinos a mass. The quantum mechanical
formalism introduces N orthogonal mass eigenstates v, and N flavor eigenstates v,,.
These are distinct from one another and connected through the unitary Pontecorvo—

Maki-Nakagawa—Sakata (PMNS) mixing matrix U:
|Va> = Z eri |V7,> (22>

where it is assumed that N = 3 and hence o = e, u,7 and ¢ = 1,2,3. Notably,
neutrinos are always emitted, and also detected, with a defined flavor, as per weak
interaction. However, when a neutrino travels in vacuum, its time evolution can be

calculated with the Schrodinger equation to be

|Va(x7 t)) = Z Uaieipix_iEit Vi> : (23)



Here, E and p are the energy and momentum of the neutrino emitted at (¢, z) = (0, 0).

Assuming relativistic neutrinos p; > m,, their energy is given by

2 2
m; m;
By = \fmi+pi ~pit g -~ Bt op (2.4)

By combining the inverse of Equation (2.2) with Equation (2.3), the time evolution

of a flavor eigenstate of the (ultra-relativistic) neutrino at a distance v =t = L is

given by
v, (z,t)) = Z UaiUEieipixfiEit V5>
i,
x miL (2.5)
) ;Uai%i o (_1 2F ) V)

Thus, the probability for a flavor transition can be calculated to be

T(a — B) = [(v|va(z. 1)
=33 ULULURY, exp< iAm?jL> (26)
- aiY ajY Biv Bj -
- - J J 2E

2 2

) . 2
with the squared mass difference Am;; = m; — mj.

In the context of N = 3 neutrino flavors, the mixing matrix U is uniquely defined

by the mixing angles ¢;; and the CP-violating phase dcp. Together with the squared
2

179
involving solar neutrinos, atmospheric neutrinos, accelerator neutrinos, or reactor

neutrinos [Adal4, Anl5, Adal7, Col20].

mass differences Am;;, these parameters can be determined through experiments

The squared mass differences are determined to be Am3; = (7.42 4 0.21) x 10> eV
and Am3, = (2.51740.028) x 107 eV in the case of normal ordering [Est20]. Because
of matter effects, the sign of Am3; is known to be positive, indicating that m,; < m.
Consequently, two potential orderings of neutrino mass eigenstates emerge: the
normal ordering (m; < my < mg) and the inverted ordering (ms < m; < ms,). The
question of which of these orderings is correct is known as the hierarchy problem. In
either case, at least two neutrino masses must be larger than \/Am3, ~ 8 meV, and
at least one neutrino mass larger than /Am3, ~ 50meV. This establishes a lower
boundary for the sum of the three neutrino masses: > m, = 2?23 m; 2, 60meV in

the case of normal ordering, or Y m, 2 100meV for inverted ordering [DS18].



2.2 Seesaw Mechanism

The question of how neutrinos acquire mass is yet to be resolved. One plausible
explanation is offered by the seesaw mechanism. In the context of the SM, where
neutrinos are massless, all other fundamental particles derive their mass via a Yukawa

coupling to the Higgs field [Sla97], representatively’ written as:
Ey = y\I,\IIL(b\IJR + h.C. (27)

Here, yy signifies the Yukawa coupling associated with each particle, ¥; and Wy
represent the left- and right-handed particle field, ® is the Higgs field, and h.c. denotes
the Hermitian conjugate of the preceding term. Notably, neutrinos deviate from
this pattern and remain without mass within the SM, instead requiring a different
approach to be taken. This involves extending the SM through additional terms

specifically Majorana or Dirac mass terms.

The Majorana term is the simplest possible extension of the SM, achieved through
the introduction of a right-handed sterile neutrino vy, meaning it does not interact
weakly unlike the usual active neutrinos. Moreover, this approach requires neutrinos
to be their own antiparticle®. In the context of a single neutrino, the Majorana term

is mathematically represented as
‘CR = mRugéuR + h.C. (28)

with the charge conjugation operator C' that converts a particle into its antiparticle.
The question whether the neutrino is genuinely its own antiparticle remains an
active area of investigation. This is explored through methods like the search for the

neutrinoless double beta decay, as discussed in Section 2.3.2.

The Dirac term is introduced by coupling to the Higgs field analogous to Equation (2.7)

which is made possible with the newly introduced vy. Its exact form is

Ly, =y, v, Pry + hec. (2.9)

'The actual couplings are significantly more involved and are beyond the scope of this thesis.
2This also entails modifying the Higgs field to ensure weak isospin and hypercharge are still
conserved.



These two terms, when taken together, form the basis for the seesaw mechanism:

Lir = 4,01, Pvg + mprgCrg + hec. (2.10)

= mpV vy + MUy + h.c. (2.11)

where the Dirac mass mp = y,® has been identified. The initially mixed states are

decoupled by determining the eigenvalues of the neutrino mass matrix

< 0 mD). (2.12)
mp Mg

2

my =R MRy D (2.13)
SR m2

These are

The seesaw comes into play in the context of how the masses scale. Particularly, if
mg > mp, which would be the case if my originates from spontaneous symmetry
breaking at higher energy levels [Yan79], the two masses would take values of m ~ my
and m_ ~ m} /mg. Essentially, the presence of a significantly large Majorana mass
in the right-handed sterile neutrino forces the active left-handed neutrino to be very
light?.

2.3 Absolute Mass Scale

An important aspect of understanding particle physics beyond the SM is the determi-
nation of the absolute mass scale. Currently, There are three approaches aimed at

determining the absolute scale of the neutrino masses:

1. Cosmological observations: These observations set an upper bound on the sum

of the mass eigenstates masses, expressed as ), m, .
3

2. Search for Ovf33: These investigations focus on establishing an upper limit on

the effective neutrino Majorana mass mgp = ‘ZZ Ufim,,i}.

3. Direct measurements of - or electron capture (EC) decay spectra: These
measurements analyze the end-point region of such decays, aiming to ascertain

. . 2 2 2
the square of the effective electron neutrino mass m;, =5, }Uai‘m,,_.
[e3 K3

3As a tutor of mine once said: “this goes up, this goes down, it makes sense.”
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2.3.1 Cosmology

Neutrinos are the most abundant particles in the observable Universe and are fun-
damental particles in the SM. Therefore, they play an important role in cosmology,
influencing various facets of the early Universe, particularly around the era of matter-
radiation equality. Moreover, free-streaming neutrinos impact the structural formation
in the Universe’s later phases. Consequently, two primary observables emerge as chan-
nels for probing the effects of massive neutrinos: the cosmic microwave background
(CMB) and large scale structures (LSS), i.e. the distribution of matter within the

Universe.

The CMB experiences the influence of the early integrated Sachs-Wolfe (ISW) effect,
a phenomenon closely preceding photon decoupling at approximately T" ~ 260 meV.
During this period, the Universe is situated within the epoch of matter-radiation
equality at around 7' ~ 1eV. Due to these stages happening so closely, the grav-
itational potentials locally influence the photon energies. As a consequence, the
photon geodesics become highly nontrivial, leading to a distinct pattern observable
in today’s CMB anisotropies. Assuming neutrino masses are on the order of 1eV,
the transition from fully relativistic to nonrelativistic neutrinos would have occurred
around 1" ~ 1 eV, greatly contributing to the ISW effect. In this manner, it is possible
to constrain neutrino masses through the scale of CMB anisotropy as viewed today,

particularly via its first acoustic peak.

The LSS is influenced by two distinct phenomena. One is the aforementioned ISW
effect. The other one is attributed to neutrino free streaming: neutrinos are created
at large thermal velocities, making it difficult to confine them in potential wells, down
to a characteristic free streaming length [, which is dependent on their mass. On
scales smaller than this length, neutrinos can be captured and their gravitational
influence suppresses the formation of anisotropies. At present, a variety of surveys of
the LSS are available, with those based on galactic redshifts emerging as the most

powerful ones.

This type of probing the absolute neutrino mass scale is highly dependent on the
chosen cosmological model. The prevailing standard model of cosmology, Lambda
Cold Dark Matter (ACDM), can be extended by several parameters and constraints

motivated by recent measurements, not unlike the SM. As of now, the results for the

8



sum of the three neutrino mass eigenstates are given by [Plal8]

> m; <0.12eV. (2.14)

2.3.2 Neutrinoless Double Beta Decay (0vf3)

Figure 2.1: Feynman diagram showing the Ovff. The exchange of a (virtual) Majorana
neutrino is marked in red, the two electrons that can be measured are in cyan.

The double beta decay (2vf33) is a very rare nuclear process, foreseen and experi-
mentally verified in several nuclides. In this decay, essentially two 3-decays happen
at the same time within a single nucleus, leading to the emission of two electrons and

two electron antineutrinos:
2 XN — 740XNn_o +2€ + 27, (2.15)
7 AN Z+42AN-2 e .

Analogous to a single [3-decay, the energy spectrum of the emitted electrons in the
2vB is continuous, with a typical half-life of T} ;, = 10"® —10°* yr. The (hypothetical)

Ovf 3, which violates lepton number conservation [Giul2|, would be characterized by:
IXN — 7oXn o+ 2¢7. (2.16)

In order for this decay to be allowed, neutrinos have to be their own antiparticles,
referred to as Majorana particles. The theoretical framework for Majorana particles
was developed by Ettore Majorana [Maj37], and later refined for the Ovf33 by Wendell
H. Furry [Fur39]. Within this adapted framework, only a virtual, lightweight Majorana

neutrino is exchanged between the two simultaneous [3-decays, as illustrated in the

9



Feynman diagram in Figure 2.1. The signature of this process would manifest in the
measured energy spectrum of the two electrons, presenting as an additional peak
positioned at the end-point of the 2033 spectrum. Here, the two electrons would

share the total energy (Qgp available for the decay.

The half-life TIO/VQBB, or equivalently the decay rate FOVBB, would provide an upper

bound on the effective Majorana mass <mﬁﬁ>

(mpg) =

2
E Usim,
i

= Z |U3i‘miewi (2.17)
via the equation

() (2.18)

2
Me

1/2

TovBB _ (TOVBB>_1 _ OB (QBB’ Z) ‘MOVﬁﬁ

G represents the integration over the phase space of the two electrons, m,

Here,
is the mass of the electron, and (; are Majorana phases present in the PMNS matrix,
as introduced in the Majorana formalism. Currently, the largest uncertainty in the

computation of (mgg) are the nuclear matrix elements (NMEs) M OvBR,

In the quest for the elusive Ov33 decay, numerous experiments are underway, focusing
on different nuclides that participate in 2vBp processes. Some examples are °Ge for
the GERDA [Ago23] and MAJORANA [Arn23] experiments, "°Mo for the Cupid
[Grol15], AMORE [Kim22], and NEMO [Arnl4] experiments, and '**Xe for the
KamLAND-Zen [Ganl2] and EXO-200 [Leo08] experiments. The choice of which
nuclide is appropriate hinges on various factors, including a high Qg-value, substantial

natural abundance, and feasibility of enrichment.

The at present best limit on the Majorana mass mgg is established by the CUORE
collaboration, yielding mgp < 0.075 — 0.35¢V, depending on the NME used [Ada20].

2.3.3 Kinematic Measurement

The methods explained previously rely on intricate models, oftentimes requiring
fine-tuned assumptions during analysis. As a consequence, they exhibit a significant
model dependency. It is thus beneficial to contrast their results with methods that are
less model-reliant, like analysis based on purely kinematic assumptions. In this case,

the only assumptions a priori are energy and momentum conservation. Within this

10



context, the two main candidates for such measurements are time-of-flight analysis

and weak nuclear decays.

The principle behind a time-of-flight measurement involves measuring the travel time
L/c of a neutrino and comparing it with the baseline L. Due to their finite mass,
these values will deviate ever so slightly from the massless scenario of e.g. a photon.
To discern very low masses, a substantial baseline L as well as a high neutrino flux
are required. One viable approach involves observing a core-collapse supernova,
which serves as an intense source with a considerable baseline. This requires the
detection and telescopic observation of new-formed supernovae. To address this
need, the SuperNova Early Warning System (SNEWS) was established [Ant04].
Nevertheless, given the infrequency of supernova births, only a single successful
time-of-flight analysis has been conducted on the SN1987A supernova in the Large
Magellanic Cloud. This endeavor yielded a constraint of m, < 5.7eV(95% C.L.)
[Lor02]. Currently, significant systematic uncertainties in the theoretical model of
core-collapse supernovae impedes them from achieving sensitivities as low as other

kinematic measurements.

There are also experiments situated entirely on Earth aimed at assessing the neutrino
mass through time-of-flight analysis. In this setting, the source of neutrinos is
usually a particle accelerator as is the case in the MINOS and OPERA experiments
[Acq09]. However, due to possessing a notably shorter baseline of ~1000 km compared
to ~b0kpc, their sensitivity is not competitive when compared to time-of-flight

experiments observing supernovae.

Another category of kinematic measurements is grounded in weak nuclear decays,
most prominently (3-decay or decay through EC. In these decay processes, an v,
or 7, is emitted alongside other particles. By meticulously measuring the energy
distribution of the sister particles, while maintaining excellent energy resolution,
minimal background, and a substantial amount of statistical data, it becomes possible
to infer the (anti-)neutrino mass. This is possible because the finite mass of the
neutrino influences the spectral shape, most notably near the end-point region close to
the Q)-value. However, for this approach to be viable, a robust theoretical description

of the expected spectral shape is essential. The experimentally observable quantity
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of this approach is the effective electron (anti-)neutrino mass:

my, = [ Y |Us|m:, (2.19)
or
my, = /Z }U3,|m§ (2.20)

There are many options available for weak nuclear decays, with a lower Q-value
generally more preferable. Historically, the main focus has been placed on tritium
(°H) and '®Ho [For21].

The B-decay of *H is the most widely known contender, offering the best limit on the

electron antineutrino mass at present. Its decay channel is
H— "He + ¢ +¥,, (2.21)

which is a superallowed beta decay, meaning that the nucleus’ wave function experi-
ences almost no changes (Al = 0) and its spectral shape can be mainly described
by Fermi’s Golden rule. The half-life of this decay is T}/, = 12.3 yr and the Q-value
is Qg = 18.6keV. Additionally, °H can be acquired in sizeable amounts from nu-
clear fission reactors by extracting it from their heavy water tanks. Furthermore,
there already exists a decades-long experience regarding the handling of this highly

radioactive and reactive material.

The currently best limit on the effective electron antineutrino mass was achieved
by the Karlsruhe Tritium Neutrino (KATRIN) collaboration [Col22]. Their result
of m(7,) <0.8eV (90 % C.L.) [Col22] was accomplished in an experiment utilizing
a Magnetic Adiabatic Collimation with an Electrostatic Filter (MAC-E Filter) to
measure the (3-decay spectrum. This technique was originally developed by Kruit and
Read [Kru83| and subsequently tailored to accommodate higher energies, including
the end-point region of the *H spectrum at 18.6eV [Pic92]. In a MAC-E Filter,
electrons released during 3-decay are adiabatically guided through a magnetic field,
ultimately directed toward a counting detector, all the while their momentum is
gradually shifted to align with said detector. Moreover, the electrons encounter a
retarding potential, typically spanning multiple keV, which deflects electrons at lower

energies while permitting those with a higher energy to pass the filter and hit a
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spectrometer. By varying the potential, an integrated H spectrum can be measured,
up to the predicted limit of 0.2eV (90 % C.L.) [Ang05].

Another contender for establishing a new limit on the effective electron antineutrino
mass is Project 8 [Esf17]. This collaboration aims to confine atomic *H within a
magnetic bottle and simultaneously capturing any emitted electrons as well. Driven
by the external magnetic field B, these electrons travel along a circular trajectory,

characterized by the cyclotron frequency w

(2.22)

where e is the elementary charge, m, is the mass of the electron, and F is the energy of
the electron. The radiation released during this motion is then picked up by antennas.
In principle, the experiment is capable of achieving a sensitivity of m; =~ 40 meV
[Doel3], thereby putting it in the unique position of being able to potentially resolve

the hierarchy problem discussed in Section 2.1.

In the domain of EC-based experiments, '**Ho stands out as the best candidate
for determining the effective electron neutrino mass, since it has the lowest ()-value
among nuclides that undergo EC from ground state (GS) to GS. Unlike the (-
spectrum, the shape of the EC-spectrum is influenced by the quantized energies of
the electronic orbitals and thus characterized by a series of energy peaks useful for
detector calibration. By performing a calorimetric measurement, i.e. measuring the
total energy of the EC spectrum of '®*Ho deposited in a detector, one avoids all

uncertainties related to branching ratios and the self-absorption in '**Ho.

Current approaches all employ microfabricated cryogenic detectors with a high energy
resolution. Here, three main collaborations have come to the forefront: ECHo [Gas14],
HOLMES [Alp15], and NuMECS [Crol6]. The currently best limit on the effective
electron neutrino mass has been attained by the ECHo collaboration [Vel21] with a
value of

m,, <150eV  (95% C.L.). (2.23)

A more thorough description of the ECHo experiment will be given in Section 3.2.1.
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2.4 Sterile Neutrinos

As the seesaw mechanism illustrates, detecting sterile neutrinos would provide deeper
insights into how neutrinos acquire mass. However, there exist various other methods
for theorists to introducing sterile neutrinos to the SM. Some of these theories
were already developed earlier, when the Kamiokande experiment first observed
a deficiency in atmospheric neutrinos [Hir92, Fuk94|, as explained in Section 2.1.
Although these particular deviations have already been explained within the active
neutrino sector, some theoretical frameworks and experimental evidence persist that

suggest the existence of sterile neutrinos.

One of the principal motivations for these theories originates from the disparity
between neutrinos and other fermions. In the SM, all other fermions are described by
two Weyl spinors representing their left-handed and right-handed polarization states.
Neutrinos, conversely, require only a left-handed spinor since they only interact via
the electroweak force. To restore symmetry in the theory, a new right-handed sterile
Weyl fermion per family can be introduced. This theoretical framework is known as
the neutrino minimal Standard Model (vMSM) [Asa05], typically requiring masses
in the range of ~keV. Other theories, like sterile neutrinos as dark matter (DM)

candidates, require masses in the range of ~1 — 50keV [Tre79, Boy09b].

2.4.1 Experimental Evidence

There are numerous experiments suggesting the existence of sterile neutrinos. The
carliest evidence dates back to 1997, involving short-baseline (SBL) neutrino oscillation
experiments [Ath97]. As explained in Section 2.1, neutrinos exhibit oscillations where
they change flavor, a phenomenon that sterile neutrinos would also undergo. According
to Equation (2.6), due to their higher masses, the influence of a sterile neutrino would
be more pronounced at shorter distances. The Los Alamos National Laboratory
constructed the Liquid Scintillator Neutrino Detector (LSND) experiment [Ath97]
to investigate this influence. The experiment consists of a cylindrical detector filled
with ~100t of mineral oil (CH,), doped with a small amount of scintillating fluid.
This cylinder is encompassed by a veto system designed to suppress any potential
cosmogenic background. This cylinder receives a neutrino beam generated by directing
an 800 MeV proton beam into a water tank, followed by a copper beam stop. There,

the negative pions produced by the proton impacts are quickly absorbed without
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producing any neutrinos, whereas the positive pions are stopped and subsequently
decay via

™ — o+ (= e+ +7,). (2.24)

This process leads to an abundance of v,, 7,, and 1,, but an absence of 7; in the
neutrino beam. Any stray 7, that interact through p + 7, — n +e' are identified
due to the simultaneous generation of a positron and a slightly delayed neutron
capture signal. This feature makes the LSND an ideal detector for investigating
v, — 1, oscillations. The observed 7, flux exceeds the expected background by 3c.
This excess is most frequently attributed to neutrino oscillations occurring with mass
differences in the range of 0.2-10eV? [Agu01]. However, this interpretation does not

align perfectly with the limitations imposed by cosmological considerations.

In order to independently test whether the “LSND anomaly” could be attributed to
neutrino osculations, the Mini Booster Neutrino Experiment (MiniBooNE) experiment
was designed [AA09]. The experiment underwent a shift in its approach, transitioning
from using stopped pions to pions decaying in flight. These were created by the 8 GeV
Booster beam at Fermilab pointed towards a Be target. A toroidal electromagnet,
known as the “horn”, was employed to allow selecting pions of a specific charge. Also,
the horn’s polarity could be reversed to instead focus the pion with a different charge.
The pions that passed the selection then decay in a dedicated tunnel, generating a
beam composed of v, or 7, depending on the operational mode of the horn. The
challenge of potential contamination with decay remnants was effectively mitigated
by a beam stop constructed from steel and concrete. The neutrinos produced in the
beam are detected within a colossal sphere containing approximately 800t of mineral
oil. Within this sphere, the neutrinos interact with the medium, generating charged
particles that are subsequently detected via both Cherenkov and scintillation photons.
These photons are detected by a large array of photomultipliers, distributed over
the inner surface of the sphere. The acquired data from the MiniBooNE experiment
demonstrated an excess of 4.80 in the total flux of v, and 7, [AA21]. Notably, the
excess of events observed in both the MiniBooNE and LSND experiments has a

combined significance of 6.1¢ and remains unresolved.

Further evidence pointing towards the existence of sterile neutrinos comes from
nuclear reactor experiments, which, as mentioned at the outset of this chapter, have
long played a substantial role in neutrino physics. Up until 2011, SBL experiments
such as Chooz [Apo03] and KamLAND [Suz05] were in good agreement with the
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predictions of theoretical models of the 7, spectrum established by Schreckenbach et
al. [Sch85]. Still, as more intricate and refined models [Muell, Hub11] entered the
discourse, discrepancies at the level of about 30 began to emerge. These newer models,
although they followed different approaches, managed to reproduce good predictions
where the Schreckenbach model was deficient, thus the aforementioned disagreement
became known as the “reactor (anti-neutrino) anomaly” [Menll1]. Recent findings,
however, indicate that the neutrino fluxes can be attributed to an incomplete decay
model of the nuclear fuel [Giu22, Let23].

Yet another compelling piece of evidence comes about from high-intensity radioactive
source measurements, a pursuit that has been ongoing since the 1990s. While the
primary intent of these experiments initially was to showcase the effectiveness of
gallium in detecting solar neutrinos, they instead led to a different revelation. After
four measurement campaigns carried out within the GALLEX [Kael0] and SAGE
[Abd09] experiments, the observed number of events fell below the expected value
of 30 when combined. This inconsistency is called the “gallium anomaly” due to
the active material of these experiments. Importantly, unlike the reactor anomaly,
these results have not yet been consolidated with findings from other sterile neutrino

experiments.

2.4.2 Sterile Neutrinos at eV Scale

One possible explanation for these anomalies is the presence of one mass difference
Am3pp 21 eV? to describe oscillations on a short baseline. The value of AmZg;,
is several orders of magnitude greater than the squared mass differences observed
in solar and atmospheric neutrinos. To account for this, at least one additional
mass eigenstate v, and corresponding flavor eigenstate v, are introduced to the
framework, which then appear in Equation (2.2). In the so-called 3+1 scenario,
which involves the presence of only one additional, sterile neutrino, the mass of
v, must be chosen such that Amgp;, = |Amil{, regardless of normal or inverted
ordering [Gar16]. It is important to note that while the sign of Amj, is unknown, the
assumption my > m;, my, ms is strongly favored by both cosmological observations
(see Section 2.3.1) and experiments related to OvBf (see Section 2.3.2). Therefore,
my is assumed to be

mi ~ Am3, = Amagy, > 1eV2 (2.25)
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Figure 2.2: Exclusion plot from the STEREO analysis. The shaded grey area highlights
the region in parameter space which permits the sterile neutrino explanation for the reactor
anomaly, with the initial best-fit point indicated with a star. A large section of this
parameter space region is rejected with very high confidence level below 4eV? by exclusion
contours (blue, red), from: [Alm22].

This newly added massive neutrino must have small mixing with the active neutrinos

in order to remain compatible with Long-BaseLine (LBL) experiments, i.e.
|Upal < 1 for a=e, pu, 7. (2.26)

Thus, the 3+1 scenario can be seen as a simple perturbation of the 3 v case.

There are currently several experiments planned to investigate the existence of eV
sterile neutrinos, including new accelerator experiments that aim at SBL v, —
Ve/V, — 7, transitions like JSNS2 [Har16] and SBN [Accl5], v, /7, disappearance
experiments like KPipe [Axal5] and SBN [Accl5], high-precision investigations of
SBL neutrino oscillation to determine the disappearance of reactor 7, like DANSS
[Dan16], NEOS [Kim16], Neutrino-4 [Ser14], Prospect [Ash16], SoLid [Ryd15], and
STEREO [Hél16], and finally, experiments probing v, produced by high intensity
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radioactive sources like BEST [Barl6]. Additionally, there is increasing interest in
the effects invoked by light sterile neutrinos in Ovf3 decay experiments (see the
references in Section 2.3.2), LBL neutrino oscillation experiments (see Section 2.1),

cosmology (see Section 2.3.1), and solar neutrino experiments.

Figure 2.2 shows an exclusion plot illustrating the allowed squared mass difference for
a fourth neutrino mass flavor as a function of (the squared sine of) its mixing angle
from the up to date complete set of STEREO data. Notably, this analysis excludes a
significant portion of the parameter space region, compared to the parameter space

allowed to explain the reactor antineutrino anomaly, with 95 % C.L. or higher [Alm22].

Furthermore, the mixing of the v, mass eigenstate with the three light neutrino mass
eigenstates can give rise to signatures in the spectra of both nuclear 3-decay and
EC decays (see Section 2.3.3). More specifically, the presence of a sterile neutrino
would manifest as a kink in the respective spectra at an energy of £ = () — m, with
an amplitude closely related to the mixing angle |Ue4|. Consequently, experiments
designed to investigate the mass of the electron (anti-)neutrino have the potential to
establish constraints on the parameter space region available to active-sterile neutrino
mixing of SBL experiments. Currently, the KATRIN experiment has achieved a
sensitivity level of Amgg;, > 1.5eV? [Forll]. The ECHo experiment, in later stages
of the experiment and with a statistical dataset of 10'®, is projected to become
competitive with the results obtained by the KATRIN experiment [Gas16].

2.4.3 Sterile Neutrinos at keV Scale

The search on DM has been an ongoing project spanning several decades. However,
as of writing this thesis, there is still no clear understanding of its composition.
Nevertheless, the existence of DM seems almost impossible to disregard and is
supported by a wealth of astrophysical observations spanning a large range of physical
scales. These observations consistently reveal that the dynamics of cosmic structures
in the Universe and the gravitational distortions they induce cannot be explained by
the known laws of gravity and the observed matter distribution. For a comprehensive
overview of the effects and relevant literature, readers are directed to the detailed

summary provided in [Adh17].

Within the framework of the SM, the most viable candidate for DM is the neutrino.

However, active neutrinos are so exceptionally light such that even at the upper
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mass limit, they cannot account for the entirety of the observed energy density in
the Universe attributed to DM [Kol18]. Moreover, neutrinos in the early Universe
decouple at an energy of ~2.5 MeV. Because of their high velocities, they are classified
as hot DM. Therefore, neutrinos as sole DM candidate would impede the formation

of galaxies and galaxy clusters [Whi83].

Beyond the SM, numerous extensions have been proposed that generate a plethora of
different candidates for DM at higher energy scales. These candidates are collectively
referred to as weakly interacting massive particles (WIMPs). Due to what came to
be known as the WIMP miracle, these particles could have been produced in suitable
amounts in the early Universe through thermal freeze-out at low velocities, making
them cold DM [Gon91]. Nonetheless, recent developments have cast doubt on the
validity of the “miracle”, as various challenges have emerged in the description of
DM using WIMPs. It is possible that DM is not as cold as previously assumed and
instead, could instead be warm [Herl4] or in the least contain warm components
[Boy09a].

One of the candidates put forward for warm DM is the sterile neutrino with a mass
in the range of keV. Although the Majorana mass mg, as introduced in Section 2.2,
is essentially unconstrained observationally and experimentally, two key motivations
lead to its mass being in the keV-range when discussing sterile neutrino DM. Firstly,
fermionic DM cannot possess an arbitrarily small mass, which would violate the Pauli
exclusion principle in certain regions of the Universe where DM is densely packed
within an extremely small volume. This proposition establishes a lower bound on the
sterile neutrino DM mass, known as the Tremaine-Gunn bound [Tre79]. Secondly,
sterile neutrinos are assumed to exhibit at least a small mixing with the active
neutrinos. This mixing enables DM particles to potentially decay to any active
neutrino via

Vg —> U, + 7 (2.27)

with a mono-energetic photon energy F = m(v,)/2. The absence of observable X-ray
peaks at those energies imposes an upper limit on the mass of sterile neutrino DM
of a few tens of keV. These combined constraints effectively position the masses of
sterile neutrino DM to the keV scale. Figure 2.3 illustrates these boundaries alongside

the most recent findings from X-ray observations [Adh17].

Surprisingly, an unidentified X-ray emission line has been detected with an energy
E =~ 3.5keV by both the XMM-Newton [Bull4] and the Chandra [Boyl4] X-ray
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Figure 2.3: Current limits on the allowed parameter space region of the sterile neutrino
DM mass. Also shown are the exclusions from the Tremaine-Gunn bound (magenta), the
point of DM overproduction in the ACDM (black), and the sections excluded by several
X-ray observations (various colors), from: [Adhl7].

Space Telescopes. This intriguing line has been observed not only in the stacked
spectra of galaxy clusters [Bull4], but also in the individual spectra of nearby galaxy
clusters [Urb15], the Andromeda galaxy [Boy14], and even the Galactic Center [lak15].
When interpreted as originating from a two-body decay of a sterile neutrino DM
particle according to Equation (2.27), it implies a mass of my, ~ 7.1keV and a
lifetime of 7, ~ 10°"**%%5 [Boy14]. This corresponds to a sterile neutrino mixing
angle of sin® (20) ~ (2 — 20) x 10~'". The primary uncertainty of the observation of
the 3.5keV line comes from either two potassium lines of K XVIII at 3.47keV and
3.51keV, which, given the spectral resolution of the XMM-Newton could potentially
contribute to the observed flux, or from charge-exchange-induced X-rays [Shal7]. The
exact origin of the 3.5keV line remains a topic of ongoing debate and investigation
[Jell5, Carlb, Fral6].

At present, the limits on sterile neutrino mixing with the electron neutrino flavor
are on the order of }Ue4| ~ 107 for a mass my ~ 1 — 100 keV [Adh17]. Furthermore,
it is possible to prove the existence of keV-scale sterile neutrinos by measuring the
*HpB-decay, analogous to the discussion in Section 2.4.2. In this case, the p-decay

process is described by a superposition of the spectra corresponding to each mass
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eigenstate m(v,), weighted by the mixing amplitude }Uea| where o = e, j1, 7. Since
the mass differences among the three light mass eigenstates are exceedingly small,
they cannot be adequately resolved by current [3-decay experiments. Consequently,
these experiments detect what is known as the effective light neutrino mass instead
(see Equation (2.20)). However, if the 1, contains an admixture of neutrino mass
eigenstates with m, ~ keV, it would be possible to distinguish the sterile neutrino

spectrum separately.
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3. Low Energy Electron Capture

Electron capture (EC) describes a weak interaction process in which a proton-rich
nucleus of an (electrically neutral) atom captures its own atomic electron. This

capture follows the reaction pattern:
XN — 21 N1 Ve, (3.1)

whereby a proton and an electron react, resulting in the production of a neutron and
an electron neutrino. If the resultant daughter nuclide is in an excited state (ES),
further transitions towards the ground state (GS) typically occur, often accompanied
by the emission of a single y-ray photon. However, other processes such as the
emission of Auger electrons, are also possible. In such a scenario, an outer atomic
electron is ejected from its bound state by the energy transferred directly from
the nucleus. If, during the EC process, an inner atomic electron is captured, an
outer electron takes its place, often accompanied by the emission of one or more

characteristic X-ray photons or Auger electrons, as the system strives towards the

GS.

The @-value, which represents the maximum energy available for the EC decay, is
given by
Qec = m<%XN> - m(ijNH) - My, (3.2)

representing the difference in mass between the mother and daughter nucleus, with

the electron neutrino mass subtracted. This energy is split between three systems:
QEC = El/ + Eex + ER7 (33)

which are the neutrino with total the neutrino energy F, = 4/ m2 + p, any excitations

of the daughter atom FE,,, and the nuclear recoil energy Ej.

In nature, nuclei that solely undergo EC decay are uncommon due to the prevalence
of B*-decay. Only in the case of 12 nuclei, this decay route is suppressed as their
Q-value is below 2m,. These nuclei are ‘Be, *"Ar, *'Ca, *V, *'Cr, **Mn, *°Fe, *'Kr,
9Te, ¥'Cs, ¥ La, and "®*Ho [Fre19]. However, this thesis will focus on two specific

isotopes and their practical applications: 'Be and '®*Ho. Given its simpler decay
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Figure 3.1: Nuclear recoil energy of "Li as a function of neutrino mass m,, according to
Equation (3.5), from: [Frel9).

scheme, "Be will be discussed first, serving as an illustrative example of a typical EC

decay.

3.1 "Be

"Be is a trace isotope within the Be family characterized by a comparatively short
half-life of T}/, = (53.22 4 0.06) d [Til02]. It decays to its daughter nucleus Li via

an EC process according to
"Be; — iLiy + Eq + V.. (3.4)

The @Q-value of this decay is Qrc = (861.89 £ 0.07) keV [Kon17]|. Notably, almost the
entire energy released in this process is carried away by the neutrino emitted during

the EC process. Consequently, the nucleus experiences a recoil with an energy of

Ep = M’ (3.5)
2(Qrc + my)

where m,, is the mass of the neutrino and my, is the mass of the 'Li. The relationship

between Er and m, is visually depicted in Figure 3.1. Inserting the established
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Figure 3.2: "Be nuclear recoil spectrum in an ideal superconducting tunnel junction
(STJ) without sterile neutrino (blue) and with theoretical sterile neutrino (red). Also given
are the individual active (green) and sterile (yellow) spectrum. The sterile neutrino has
m, = 100keV and admixture of 10, from: [Fre19].

Q-value and the mass of "Li of my; = 7Da = 6.52GeV yields a nuclear recoil of
Er ~56.96eV at m, =0 and ER ~ 56.19eV at m, = 100keV.

The electron that is captured can originate from either the 1s shell (K-capture)
or the 2s shell (L-capture). In the former scenario, an additional Auger electron
from the 2s shell, with a binding energy of approximately 55eV, is emitted to attain
the atomic GS. The EC decay leads to the nuclear GS of 'Li. However, there is
a (10.44 4 0.04) % probability that 'Be initially decays to a very short-lived ES of
"Li, with a half-life of T} 2 = (72.8 £20.0) fs. The subsequent de-excitation involves
the emission of a (477.603 + 0.002) keV y-ray. This reduced @-value results in an
initial recoil energy of only Eg ~ 11.3eV at m, = 0 [Frel9]. The ES itself has a
half-life of T3, = 72fs. Due to the possibility that the "Li nucleus may not have
come to a full stop before the y-ray emission, the recoil energy is Doppler-broadened
to Br ~ 28.75¢V [Frel9).

In the context of a calorimetric measurement, since both nuclear decay and atomic

relaxation occur on short timescales, four distinct lines emerge:

o K-capture to the ground state (K-GS), where the energy arises solely from the
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nuclear recoil

o L-capture to the ground state (L-GS), where the atomic binding energy adds
to the decay signal

» K-capture to the excited state (K-ES), and

» L-capture to the excited state (L-ES), both followed by a subsequent decay to
the GS.

The idealized spectrum of these lines is depicted in Figure 3.2, which also includes
the spectrum for a 100 keV sterile neutrino for comparison. While the -GS signals
are theoretically sharp Lorentz peaks with an intrinsic width of just a few meV"', the
-ES signals are expected to be reduced in energy compared to their corresponding
-GS counterparts. This reduction arises from the previously mentioned reduction
in ()-value due to the emission of a y-ray. Importantly, this y-ray escapes the
calorimeter without fully depositing its energy, contributing to the broadening of the
-ES signals relative to the -GS signals. Furthermore, the overlap between the 1s and
2s shells with the nucleus leads to the K-capture as the dominant decay channel.
Measurements of the L/K-ratio vary between 0.040 4 0.006 — 0.070 + 0.007, largely
dependent on the implantation material [Voy01, Fre20].

It is precisely this relative simplicity of the "Be decay scheme that makes it an
appealing option for beyond Standard Model of particle physics (SM) physics searches.
One such experiment is the BeEST experiment, designed with the purpose of detecting

sterile neutrinos in the keV-range.

3.1.1 BeEST Experiment

The Beryllium Electron capture in Superconducting Tunnel junctions (BeEST) ex-
periment aims to accurately measure the eV-scale radiation following the radioactive
decay of "Be. The main goal is searching for sterile neutrinos, specifically in the keV
range. As previously discussed in Section 2.4.3, the existence of sterile neutrinos
could provide answers to a variety of unsolved mysteries at once. For this purpose,
"Be is directly implanted into highly sensitive superconducting tunnel junction (STJ)

quantum sensors. More details on the BeEST experiment can be found in [Fri21].

!This value, of course, is subject to broadening due to the finite energy resolution of the
calorimeter.
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The BeEST experiment operates independently of specific models, relying solely on
the principles of energy and momentum conservation of the weak nuclear decay (see
Section 2.3.3). The only requirement is the presence of heavy neutrinos mixed with
active neutrinos, with no further, model-dependent details on how this interaction
is manifested. "Be is the ideal candidate for this research due to its attributes: it
leads to a pure two-body final state post-decay, has a large decay energy, and in
general possesses a simple atomic and nuclear structure. Following the EC decay,
the quantum information of the v, and the recoiling ‘Li daughter atom is linked as
the v, flavor state exists in a superposition of mass eigenstates. This superposition
remains until the "Li nucleus is detected, at which point it collapsed into a single mass
state. Consequently, the recoiling kinetic energy of the atom varies depending on
the emitted particle’s mass. The fraction of events deviating from the SM prediction

determines the extent of the mixing fraction of new physics with the v,.

To successfully detect and characterize recoil energies within the 20-120eV range
resulting from the ‘Be EC decay, specific requirements must be met by the experiment.
For this purpose, the BeEST experiment employs STJs, high-rate quantum sensors
originally developed for high-resolution X-ray spectroscopy [Kur82]. An STJ is a
type of Josephson junction consisting of two superconducting electrodes separated by
a thin insulating tunnel barrier. When an X-ray photon is absorbed in one of the
electrodes, the absorbed energy E breaks up Cooper pairs of the superconducting GS,
consequently exciting free excess charge carriers above the superconducting energy
gap A, which is directly proportional to F. As these excess charges tunnel across the
barrier, they generate a temporary increase in current subsequently read out using a

field-effect transistor-based preamplifier at room temperature [Lea22].

The impressive high-resolution capability of STJs arises from the exceedingly low
energy required to excite an excess charge £ = 1.7A [Kur82]. In the case of
superconductors, the energy gap A on the order of 1 meV, a value roughly three
orders of magnitude smaller than the band gap typically found in semiconductors. This
aligns with the requirement of an energy resolution ~ 1eV within the relevant energy
range of the BeEST experiment [Ponl6]. In order to prevent thermal excitations
across these minuscule energy gaps, STJs must be operated at temperatures well
below the superconducting transition temperature 7,. Moreover, to ensure that all
decay products deposit their energy in the device, a pure, high-intensity radioactive
"Be source is directly implanted into the 6 STJs Ta-based detectors. In this manner,

an activity of ~ 800 Bq was achieved in the first phase. The project is currently
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Figure 3.3: EC spectrum of Ta-based STJ detectors. The inset demonstrates how
variations in the binding energies of the 1s (red) and 2s (blue) shells can broaden the EC
peaks, from: [Sam23].

scaling up to a 36- and 112-pixel detector array, while developing Al-based STJs in
parallel. These will lead to the final limit of the BeEST experiment owing to their

even smaller band gap [Lea22].

The graph presented in Figure 3.3 illustrates an early measurement of the ‘Be EC
spectrum in a Ta-based STJ detector (black). This measurement not only showcases
the exceptional energy resolution achievable as well as the feasibility of the BeEST
experiment, but also reveals that the K-GS and L-GS lines exhibit a width of 6.7eV
and 8.2 eV, respectively. However, a comparison with the expected detector resolution
of the pulsed calibration spectrum (grey) suggests an energy resolution of ~ 2eV
within the same energy range. Notably, the L-GS line appears even more broadened
than the K-GS line, hinting at the influence of solid-state-physics based effects on
the EC spectrum. Although several suggestions have been proposed, the exact causes
behind this deviation are still unknown and currently the subject of investigation
[Fri21]. Performing a measurement of the EC spectrum of "Be employing a different
detector, e.g. an metallic magnetic calorimeter (MMC), could offer valuable insights

in the nature of these effects. This was the motivation for parts of this thesis, and in
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Figure 3.4: Simple resonance scheme of the %o EC spectrum. The lines shown

correspond to the capture of an electron of the 3s (MI), 3p (MII), 4s (NI), and 4p (NII)
shell, from: [Vel20].

Section 7.3, some insight is offered.

3.2 1Mo

Unlike "Be, '®Ho possesses a sizeable half-life of TlE/g = (4570 + 50) yr [Bai83].
Furthermore, among the nuclides that exclusively undergo EC, it is the one with the

lowest Q-value (from GS to GS) of Qe = (2.833 £ 0.030°" £ 0.015%*") keV [Eli15].
Its daughter atom after the EC-decay

163

¢7HOgg —— 122Dy37 + Ve (3.6)
— %Dy + Eq + v, (3.7)

is the excited dysprosium '®*Dy*. This nucleus quickly de-excites over a multitude of
channels, e.g. X-ray emission, Auger electrons, and Koster-Kronig transitions. Insert-
ing the known mass of the daughter nucleus of my = 151.83 GeV into Equation (3.5)
yields a nuclear recoil energy of < ER ~ 26 peV.
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Initially, the predominant component of the energy spectrum is given by a non-
radioactive EC process. This process can be described by a straightforward series of
Lorentzian resonances with energies Fy and line widths 'y, as illustrated in Figure 3.4.
These energies correspond to the energy levels of the electrons captured during the
initial EC event, with amplitudes given by the squared electron wave function at the
position of the nucleus \II2H(O) This represents the probability of a specific electron
being captured. In total, the probability I' of observing an event with energy F is

given by

E — Ey)’ + 5 /4

dr )
15 *C ; By U3 (0) ( (38)

with a theory-dependent overlap and exchange correction By, along with the phase

space factor

G = (Quc — E) \/1_(@130—:]5)2. (3.9)

This phase space factor is the reason the spectral shape is dependent on the effective
electron neutrino mass, as explained in Section 2.3.3. Within the '**Ho atom, there
are a total of 67 electrons, 20 of which have a substantial overlap with the nucleus and,
consequently, contribute to the EC process. However, there are constraints on this
process from both directions: Firstly, due to the relatively low @, only electrons from
the 3s shell and higher can be captured. Secondly, due to the angular momentum
selection rules, electrons with a total angular momentum of J > 3/2 are forbidden
from being captured. As a result, a total of seven resonances are present in the EC
spectrum of '®*Ho: captures of electrons from the 3s to 6s shells, denoted by MI to

PI, and captures of electrons from the 3p, /5 to 5p;/, shells, denoted by MII to OIL

Nevertheless, it is important to note that this description is not entirely accurate, as
large deviations between this theoretical description and experimental measurements
have been observed [Gas17]. These deviations primarily manifest as smaller, additional
peaks near the main resonances, along with substantial discrepancies of the long tails
of these main resonances. Consequently, a more complex, ab initio calculation of
the '’Ho EC spectrum has been formulated by M. Brass et al. [Bral8, Bra20]. This
alternative approach begins by simply applying Fermi’s golden rule to the initial state

of 1%3Ho
dr

aE >

Dy*+v

| (Wpyr | T 9100 | "0 (Bt — Enyr — ), (3.10)

* —
y

where Wy, represents the many-body GS of the '®Ho atom, encompassing both the
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nucleus and electrons, and W, -, signifies the excited state of the 193Dy atom along
with one electron neutrino. Their respective energies are given by Ey, and E, + Ep~.
The transition operator T' removes an electron from the '**Ho atom, converts a proton

within its nucleus into a neutron, and also creates an electron neutrino.

Due to the weak interaction of neutrinos with matter, the wave function Wp, -,
can be factorized into a product of the nuclear wave function, the electronic wave
function, and the neutrino wave function. A similar factorization can be applied to

the transition operator T'. By explicitly summing over all neutrino momentum states,

)
(3.11)

where Qpc = Ey, — Ep, is the difference between the GSs of %Ho and '**Dy atoms,

and F., = Qpc — F, denotes the energy of the excited 193Dy atom. Equation (3.11)

one obtains

dr -
DD ‘ <\pr*
e,

Dy

2

T

6(Eex - EDy* - EDy) \/(QEC - Eex>2 - m37

involves a summation over all possible excited states, which constitutes an infinite
series. To handle this effectively, a numerical approximation is employed, specifically
through a Green’s function formalism in the Lehmann representation [Bral8]. This
formalism describes the time evolution of the state created during the EC event
in Fourier space. Within this framework, the primary challenge revolves around
providing an accurate description of the atomic GS of *®Ho and accurately modeling
the time evolution of the wave function after the EC event.Throughout this process,

several second-order effects are accounted for. An overview of these effects can be

found in [Bral8] and [Bra20].

As highlighted in Section 2.3.3, *®*Ho stands out as one of the best candidates for the
precise determination of the effective electron neutrino mass. Several key advantages
make it well-suited for this purpose. Firstly, as mentioned earlier, %30 has the
lowest Q-value (from GS to GS). Moreover, it possesses a very small separation
between its energetically highest main resonance of the EC-decay and the Q-value.
This close proximity results in a high total count of events close to the end-point
region, the region of interest (ROI), where the impact of a finite neutrino mass is
the most pronounced [DR81]. Furthermore, since all currently available detectors at
present have a relative resolving power, the low @)-value allows for a high absolute
energy resolution in the ROIL. One prominent experiment that utilizes ***Ho for the

determination of the effective electron neutrino mass is the ECHo experiment.
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3.2.1 ECHo Experiment

Since neutrinos are presumed to be massless in the SM, determining the absolute scale
of the neutrino masses stands as one of the established pathways to exploring physics
beyond the SM. The electron capture in "Ho (ECHo) experiment is specifically
designed to accomplish this goal by measuring the EC spectrum of '***Ho, with the aim
of reaching sub-eV sensitivity of the effective electron neutrino mass. The realization
of this endeavor requires two critical components: a high-resolution measurement of

the EC spectrum, with a high statistics of ~10"* events across the entire spectrum
[Gas17].

To fulfill the stringent energy resolution requirements, especially within the ROI, the
ECHo experiment employs low-temperature MMCs [Fle09], as elaborated in Chapter 4.
These MMCs deliver an exceptional energy resolution, typically in the range of
AEpwav < 5eV, which avoids smearing of the ROI features [Gall2]. Moreover,
they exhibit a rapid signal rise time 7, which helps minimize intrinsic background
noise arising from unresolved pile-up events. Additionally, MMCs demonstrate highly
linear behavior, which enabling a precise definition of the energy scale of the '**Ho
EC spectrum. To maintain a quantum efficiency close to 100 %, the '**Ho atoms
are directly implanted into the absorbers of the detectors. This is achieved by
constructing the absorber in two stages: the first part, known as the bottom absorber,
is implanted with '®*Ho, followed by the addition of the second part, referred to
as the top absorber. Furthermore, it is crucial that the source of '®*Ho exhibits a
high degree of purity. Given the complex nature of the '®*Ho EC spectrum, a close
interplay between theory and experiment is essential, and a precise knowledge of the
@-value is also imperative. According to sensitivity studies conducted within the
ECHo collaboration, achieving sub-eV sensitivity on the effective electron neutrino
mass, given a detector energy resolution of ~3eV, necessitates a total count of 10
1930 events [Gas17]. This corresponds to roughly three years of active measurements
at a '®Ho activity of A ~ 1 Bq. Calibration of the '**Ho EC spectrum measured with
MMC s is also critical. Given that MMCs have a highly linear response for energies
up to 10keV, deviations are typically below 1% and are accurately described by a
thermodynamic model of the detector [Sik20].

Achieving high sensitivity on the effective electron neutrino mass necessitates effective
background suppression, particularly within the ROI. Various sources contribute to

this background, including cosmic radiation, in particular muons, which can penetrate
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the detector substrate and deposit a portion of their energy. Another source of
background arises from radioactive contaminants within the material, resulting in
additional peaks dependent on the specific isotope. Both of these background sources
can either be maintained at low levels [Vel20] or identified within the data reduction
process, as detailed in Section 6.1.2. However, the most significant background
source originates from the intrinsic, irreducible phenomenon known as unresolved
pile-up. This spectrum encompasses all pile-up events that occur when two events
with energies F, and F5 are detected so closely in time that their respective signals
cannot be distinguished. Instead, these events appear as if they arise from a single
event with an energy of E,,, = E) + E;. The temporal window for unresolved pile-up
events is defined by the detector rise time 7,. Therefore, the fraction of unresolved
pile-up events is given by f,,, = A7y. Assuming pile-up fraction with a multiplicity
of two (i.e. exactly two events overlapping)2, the unresolved pile-up spectrum is
simply the auto-convolution of the '®*Ho EC spectrum. Given that the number
of events within the ROI is approximately ~10* times smaller than those around
the main resonances, the pile-up fraction should be at least an order of magnitude
smaller, specifically f,,, < 107°. The rise time of an MMC designed for the ECHo
experiment has been experimentally determined to be 75 ~ 1 nus [Man21]. Therefore,
the permissible activity per detector pixel can reach up to A,, ~ 10Bq while still
adhering to the allowed limit for the unresolved pile-up fraction. Other background
sources should be suppressed well below the level of the unresolved pile-up fraction,
i.€. fog < 107°. It is worth nothing that the activity per detector pixel Apy 1s also
constrained by the influence of '**Ho atoms on the thermodynamic properties of the
MMUC detectors. The most notable aspect of this is their contribution to the total
heat capacity of the detector, limiting the activity to A, < 37Bq [Vel20], which is a

less stringent constraint than the one imposed by the unresolved pile-up spectrum.

With each detector having an activity of approximately 10 Bq, a total of 10° detectors
are required to reach the desired total activity of 1 MBq. However, achieving this
solely through straightforward parallel readout techniques poses a significant challenge.
This arises from the fact that each readout line introduces thermal energy, which
is weakly coupled to the detectors maintained at mK temperatures. Attempting to
read out 10° detectors in parallel would result in excessive heating of the detectors,
leading to a decrease in their energy resolution. Consequently, a SQUID multiplexing

technique was developed [Matll, Kem14], and a successful proof of concept has

2Higher-order multiplicities are suppressed by a factor of fup, for each multiplicity beyond two.
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Figure 3.5: (a) '®*Ho EC spectrum with 3 x 10" counts (black). The energy resolution
of this measurement was AFEpwmy = 7eV. The theoretical description is overlaid in red.

(b) The same 183Ho EC spectrum, overlaid with the expected unresolved pile-up spectrum
(red), from [Vel20].

already been demonstrated on a test setup [Wegl8].

The first prototype of fully micro-fabricated MMCs implanted with '**Ho was mea-
sured in 2014 [Ran17]. With an energy resolution of A Epwy = 12 €V, this milestone
laid the foundation for the formation of the ECHo collaboration. At present, the
most comprehensive ECHo measurement with the highest cumulative statistics was
evaluated by C. Velte [Vel20]. The measurement encompasses 23 pixels each with
an activity of A, ~ 1Bq, amounting to a total of 3 x 10" '%*Ho events. This
measurement achieved an energy resolution of AFEpwv = 6.7€eV at the position of
the MI line. The result is shown in Figure 3.5 (left) in black, accompanied by the
theoretical description overlaid in red. While the general shape is explained well by
the theory, significant deviations are evident in this measurement, particularly in the
valley between the primary resonance lines. Currently, the ECHo collaboration is
investigating whether these deviations stem from experimental artifacts or limitations
in the theoretical description. One possible explanation could involve '**Ho events
occurring in close proximity to the stem connecting absorber and sensor of the MMC
(see Section 4.2.1 for details). These events might causes the temperature of the
sensor to rise before it has a chance to fully thermalize with the absorber. This would
subsequently lead to the emergence of high-energy tails in the lines of the '**Ho EC

spectrum.
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Utilizing the measured '®Ho EC spectrum, one can derive the value of the Q-value
to be
Quc = (2.837 £ 0.005"* £ 0.005"*") keV, (3.12)

as well as assess the sensitivity on the effective electron neutrino mass
m, <49eV  (95%C.L.). (3.13)

This represents the at present best constraint on the effective electron neutrino mass
[Vel20].
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4. Metallic Magnetic Calorimeters

Metallic magnetic calorimeters (MMCs) are cryogenic microcalorimeters that are
typically operated at temperatures of just a few mK. The working principle of MMCs
is based on the first law of thermodynamics. As the detectors employed in this work
are based on MMCs (refer to Chapter 5), in this chapter, the working principles of
MMCs will be presented, along with an examination of the thermodynamic properties
of their components. Furthermore, the detector geometry and details of the low

temperature readout will be introduced.

4.1 Working Principle

MMCs consist of a particle absorber placed atop a paramagnetic temperature sensor
within an external magnetic field B (see Figure 4.1). Being a paramagnet, the
temperature sensor has a temperature-dependent magnetization when exposed to
B. Both components are in good thermal contact with each other and are further
connected to a heat bath via a weak thermal bridge. When a particle hits the absorber,
it deposits its energy F, causing a corresponding increase in temperature according

to
dE - CtOth' (41)

Here, C,, = C, + C; is the heat capacity of the entire system of absorber C, and
sensor Cy. For a typical energy deposition of F = 3keV and a total heat capacity
of C, = 1pJK ™, the resulting temperature increase AT ~ 0.5mK is relatively
small and thus negligible compared to the typical operating temperature range of
MMCs, which is between T' = 10 — 20mK. As a result, the heat capacity can be

approximated as constant, and the temperature increase AT can be expressed as

E

AT ~ )
Ctot

(4.2)

As a result of the temperature increase, the magnetization of the sensor decreases

by AM. When the amount of energy deposited into the absorber is relatively small,
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Figure 4.1: Schematic view of an MMC.

AM can be approximated by

oM
AM = o AT, (4.3)

This change in magnetization AM can be detected as a corresponding change in
flux A® through a superconducting loop near the sensor. This flux change induces
screening currents that preserve the overall flux, resulting in a change in magnetic
flux Adg that is finally picked up by a Superconducting QUantum Interference
Device (SQUID). The SQUID then converts this change in magnetic flux into a
corresponding change in voltage AV. Overall, the resulting voltage change is directly

proportional to the amount of energy deposited into the absorber as

oM FE
AVO(A(I)So(A(I)O(AM_a—TCtOt.

(4.4)

As can be seen from Equation (4.4), the signal size can be increased by minimizing
the heat capacity Cy.; and maximizing the slope M /OT of the magnetization, which
represents the steepness of the magnetization-temperature curve. This optimization

strategy allows for a more sensitive detection of energy depositions in the absorber.
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4.2 Particle Absorber

The choice of the absorber material provides great flexibility in terms of adapting and
optimizing the detector with respect to stopping power, geometry, active area, and
material requirements. Additionally, in the case of an implanted source rather than
an external one, as is the case in this thesis, having a dedicated absorber ensures a

well-understood thermodynamic system.

4.2.1 Absorber Material

There are three interconnected main requirements that depend on the material
used for the particle absorber: high stopping power, low heat capacity, and fast
thermalization. Firstly, if the stopping power is insufficient, the signal size will not
accurately reflect signals from high-energy particles, but will instead look like energy
was lost. Secondly, if the heat capacity is too high, the signal size will be reduced,
as shown in Equation (4.4). Thirdly, if the internal thermalization of the absorber
material is slower than that of the temperature sensor, the detector response will have
position-dependent rise times, greatly reducing the energy resolution of the detector
[Kem18]. The choice of material significantly influences all of these aspects, and
there have been multiple different absorber materials depending on the application
[Piel2a, Kim22, Hen12]. However, for various reasons which will be described in the

following, the MMCs used in this thesis utilize gold as absorber material.

Gold Absorber

Au is a noble metal with a high atomic number Z, and it has multiple advantages
as an absorber material. Since the MMCs described in this thesis aim to detect
low-energy electrons and photons with energies ¥ < 3keV and the cross section at
these energies scales with Z%, where a > 1, gold with Z = 79 is a good candidate.
Additionally, being a normal metal, it has a very high thermal conductivity due to the
existence of conduction electrons. This allows the absorber to internally thermalize
quickly, completely, and homogeneously before the energy is transferred to the spin
system of the temperature sensor, and thus makes the shape of the signals very
predictable. The main disadvantage of Au is its high specific heat. The specific heat

¢ of a normal metal consists of two contributions: the electronic contribution ¢, and
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the phononic contribution c:
c:ce+cph:'yT+ﬁT3 (4.5)

with proportionality constant [ and ~, the Sommerfeld coefficient. In case of Au,
these coefficients are f = 0.729mJ mol ™" K~? and v = 0.4504 mJ mol " K™* [Isa65).
At sufficiently low temperatures, the phononic contribution dies out and only the

electronic contribution remains.

In addition to its favorable thermal properties, gold is chemically inert and has a
very low intrinsic activity, since '*"Au is the only stable isotope. A study [Leol7]
performed by a rare-event search collaboration determined (natural) Au to have
very low radioactive contaminants, the highest reported being a Th concentration of

40pgg~'. Au is also very easy to handle during microfabrication in a cleanroom.

Thermalization Behavior in Gold Absorbers

At photon energies below 500 keV, the photoelectric effect is the dominant scattering
process in Au, resulting in energetic electrons that lose energy through electron-
electron scattering. After about 100 fs, the mean energy of the electrons is already
around 100 meV. This process generates high-frequency phonons that interact with
the conduction electrons and thermalize, leading to the electronic and phononic
systems being in thermal equilibrium. Due to the high heat capacity of Au at
low temperatures, most of the energy is stored in the electronic system. Complete
thermalization occurs via thermal diffusion, which depends on the absorber geometry
and material quality. For a cuboid absorber with an area of 250 um x 250 um, a
thickness of 5 um, and a RRR = 3, the absorber thermalizes in approximately 100 ns
[Fle05].

Incomplete thermalization may occur due to the loss of athermal phonons that
can escape the absorber and pass through the sensor, thermalizing in the detector
substrate instead. This can result in low-energy tails in the spectrum, as a fraction of
the particle’s energy is undetected [Fle09, Koz13]. To reduce this effect, the contact
area between the absorber and sensor can be reduced by introducing stem structures,
which decreases the probability of an unimpeded crossover. In [F1e09], it was shown

that stems can be designed in such a way as not to limit the detector signal rise time.
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Figure 4.2: Schematic drawing of a single Er®t ion, occupying a regular site in the fcc
of the host material Ag. Also shown are the 4 f-orbital of the Er atom with an unpaired
electron, and the fully occupied larger 5s and 5p-orbitals.

4.3 Temperature Sensor

A paramagnetic temperature sensor is utilized to convert the temperature change
AT of the detector into a corresponding magnetization change AM. This sensor
possesses finite magnetic moments that obey a Curie-like law, meaning they align
with an applied magnetic field depending on temperature. The main thermodynamic
properties of the sensor, namely the specific heat and the temperature-dependent

magnetization, will be further explored in the subsequent discussion.

4.3.1 Sensor Material

The temperature sensors employed in this thesis are composed of a dilute paramagnetic
alloy consisting of the rare-earth metal erbium enriched in '*Er, which is embedded
within a host material of silver (Ag:Er). The use of silver as a host material is a
relatively new technology and has led to a significant improvement in detector energy
resolution [Kem18]. The concentration z of erbium in Ag:Er is fairly low, at only
several hundred ppm. As a result, the erbium atoms do not significantly influence
the crystal structure and occupy regular positions in the face-centered cubic (fcc)
lattice of Ag (see Figure 4.2).

The erbium atoms undergo a process where they donate three electrons to the
electron gas, resulting in the formation of Er*" ions with an electron configuration

of [Kr]4d104 H155*5p°. These ions possess a finite atomic magnetic moment due to
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the partially filled 4 f-shell. Importantly, their smaller diameter of 0.6 A shields them
from the crystal field effect exerted by the surrounding electrons from the electron

gas in the 5s and 5p-shells, which have a larger diameter of 2 A.

Assuming IS-coupling [Wil69], Hund’s rules can be used to determine the total
angular momentum J and Landé g-factor of the Er*" jons. According to Hund’s
first rule, the 4 f-electrons arrange themselves so that three electrons are unpaired,
resulting in a spin of S = 3/2. According to Hund’s second and third rules, both the
angular momentum L and total angular momentum .J are maximized, resulting in
L=6and J=L+ S =15/2. The Landé g-factor is given by [Abr70]

JJ+1)+SS+1)—L(L+1) 6

gr=1+ 27(J +1) 5 (4.6)

and gives rise to a magnetic moment of

H=—gshpd (4.7)

of the Er*" ion, where pug = 9.274 x 1072* J T~* denotes the Bohr magneton. With a
total angular momentum of J = 15/2, the ground state (GS) is 16-fold degenerate.

At temperatures above 100 K and for dilute Er-alloys, this theoretical description
works very well [Wil69]. At lower temperatures, however, the influence of the crystal
field causes the degeneracy of the Er*" ions to split, causing the 16-fold degeneracy to
split into several multiplets. The energetically most favorable state is the Kramers-y"
doublet which is separated from the next higher multiplet by an energy difference of
AFE = 25Kkg in the case of Ag:Er. At typical working temperatures of 7" < 100 mK,
only the lowest doublet is occupied, and the system behaves as a two-level system with
an effective spin of S = 1/2 and an effective Landé g-factor of §; = 6.8 [Tao71, Abr70].
Below 50-100 mK', interactions between magnetic moments increase and can no longer
be treated as non-interacting. At even lower temperatures, the system shows signs of

a spin-glass transition [FleOOb].

To obtain an accurate description of the system and express relevant thermodynamic
parameters such as heat capacity and magnetization, certain assumptions must be
made. Initially, the system is treated as consisting of non-interacting magnetic
moments. Then, the relevant interaction effects, namely the dipole-dipole interaction
and the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, must be taken into

!Depending on the Er-concentration and the magnetic field.
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account.

Thermodynamic Properties of non-interacting Magnetic Moments

As previously discussed in Section 4.3.1, the behavior of Er** ions at low concentrations
in a Ag host matrix can be predicted by modeling them as a collection of independent
magnetic moments with an effective spin of S = 1 /2 and an effective Landé g-factor
of g; = 6.8. When exposed to an external magnetic field B, the GS of this system
exhibits a Zeeman splitting into 25 4+ 1 = 2 energy levels. One can estimate the heat

capacity of this microcanonical ensemble by calculating its Helmholtz free energy F

PF AE\2 AE/kgT
CZ = —T—2 = NkB ¢ 2 (48)
oT kgT (eAE/kBT X 1)

via

where N is the number of Er*" ions, AE = §;upB is the energy splitting of the two
states, and kg = 1.381 x 107** JK™! is the Boltzmann constant. The heat capacity
of this system exhibits a characteristic Schottky anomaly, which is observed in any
two-level system with N particles. It has a maximum value of C; ~ 0.44Nkg at a
temperature of T~ 0.42AFkg . At low temperatures and high temperatures, this
equation simplifies to Cy, o< exp (—AE/kpT) and Cy o< B?/T?, respectively.

The magnetization of the system can be obtained from F' via

=——735 = 95usBs kg T (4.9)

10F N _. §;SupB
VoB V

with the Brillouin function Bg(z) = tanh (z) for S = 1/2. This expression follows the

expected Curie-like behavior for high 7', i.e. M oc B/T. As the temperature decreases,

more and more magnetic moments become aligned with the external magnetic field,

leading to a saturation of magnetization at M = N/2V g ug.

Thermodynamic Properties of Interacting Magnetic Moments

Although the description introduced in Section 4.3.1 adequately explains the overall
behavior of an MMC quite well, it falls short of painting a complete picture of the
system dynamics. To achieve a comprehensive description, it is essential to consider

finite interactions between the magnetic moments [Sch00]. Since the concentration of
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Er** ions is very low, the direct interaction between two overlapping 4 f-electrons can
be neglected. Instead, two major interaction mechanisms come into play, significantly
influencing both the heat capacity and the magnetization of the sensor material: the

dipole-dipole interaction and the RKKY interaction.

The dipole-dipole interaction between two paramagnetic ions with spins gl and Sj at

a distance r;; is given by

Hi§ =1 wh 3((22:) 2 (527 : (4.10)

where ' is the interaction strength and 7;; is the unit vector of r;;.

The RKKY interaction [Rud54, Kas56, Yosb7] describes the indirect interaction of
two paramagnetic ions via the electron spins of the surrounding metallic host material.

The Hamiltonian in question is
HEY = DY (8,8 ) F (2hery) (4.11)

with the Fermi wave vector (absolute) kp, the Kittel function

Flo) = & (cos:c - Si”). (4.12)

X x

The interaction strength is given by

[RKKY _ 72 (9~J(9J - 1)>24me:ké (4.13)

g7 h2(271')3 ’

where V}, is the volume of the primitive cell, m, is the effective mass of the conduction
electrons, Z is the exchange energy between conduction band and localized electrons,
and h = 1.055 x 107 Js is the reduced Planck constant.

The relative strength of the dipole-dipole interaction and the RKKY interaction
at any distance can be described by a scalar parameter o = TREEY / % as both
interactions scale as I o r[j?’. Whereas the dipole-dipole interaction is almost identical
for Ag and Au, the RKKY interaction changes by a factor of ~3. Therefore, a =5

for Au:Er [Fle03] and o &~ 12.5 for Ag:Er [Hen17].

In [Sch00, Fle03], a simulation of a Au:Er sensor was performed via a numerical
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Figure 4.3: (a) Magnetization and (b) specific heat of Au:Er as a function of (inverse)
temperature for different magnetic fields B.

diagonalization of the complete Hamiltonian, including both the dipole-dipole and the
RKKY interaction for up to 10 magnetic moments distributed on a finite cubic lattice,
with ~100 — 400 atoms. The results where compared to a mean field simulation as
well as measurement data. Figure 4.3 shows the agreement quite clearly. Including to
the previously mentioned interactions, this model was further expanded by the nuclear
quadrupole moments present in natural Au and in '*’Er. The latter has a nuclear
spin of 7/2 and introduces an additional contribution to the heat capacity between
30-100mK [Fle00a, Fle03]. In order to reduce this contribution, the temperature
sensors are fabricated from an erbium sample enriched in '®*Er, reducing the natural
abundance of "Er of 22.9% down to 1.2 %.

Measurements performed using Ag:Er sensors allowed to discover empirical scaling
laws relating the thermodynamic properties of Ag:Er to those of Au:Er [Hen17]. The
relevant scaling parameter is the relative strength a. These scaling laws allow to
predict the specific heat ¢y, and the magnetization My, of Ag:Er from the model of

Au:Er according to

cag(B, T, x,a) = aAucAu (B,T, %x,am> (4.14)
aAg Ay
Ay O'/Ag
May(B, T, z,a) = MAu<B,T, —x,aAu). (4.15)
aAg Uy
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superconducting loop

Figure 4.4: Schematic diagram illustrating a planar gradiometric setup featuring a
double meander readout geometry. Shown are the Ag:Er sensors atop meander-shaped
superconducting loops. The two meander-shaped loops are connected in parallel to a
SQUID via the input coil.

4.4 Detector Geometry and Sensor Readout

4.4.1 Sensor Readout Geometry

While various approaches exist for implementing the detection principle of MMCs,
as discussed in Section 4.1, this thesis adopts a double meander readout geometry,
illustrated in Figure 4.4. Further possible geometries are explored in [Fle05], all of
which use a planar geometry, as this makes it possible to fabricate the detectors in a

cleanroom environment via photolithography techniques.

The static magnetic field required for inducing the temperature-dependent magneti-
zation is produced by a superconducting I flowing through a meander-shaped coil
positioned closely beneath the sensor. This coil also functions as the signal pickup coil.
The combination of the sensor and meander coil forms a single pixel, with two such
pixels connected in parallel to a shared readout channel. By design, simultaneous
temperature changes in both sensors, e.g. caused by a change in temperature of the
substrate, effectively cancel out their contributions in the signal pickup coil. As a
result, this setup is only sensitive to temperature differences AT between the two

sensors, qualifying it as a first-order gradiometer.
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As the total flux in a superconducting loop is conserved, a change in flux A® =
AP, + Ad, created in the two pixels causes a superconducting screening current [
to flow which counteracts this change. A part of this current is split according to
Kirchhoff’s current law to the different inductances of the single meander L., the
SQUID input coil L;, as well as some parasitic inductances collectively written as L.
The latter is typically dominated by the aluminum bonding wires that connect the
double meander to the SQUID input coil. The change in flux A®q inside the SQUID

is thus given by
Ms

T Lo t2(Li+ L)
where Mg is the mutual inductance between the SQUID and the input coil.

Adg (AD, — AD,), (4.16)

4.4.2 Noise

As was previously stated, noise is a crucial factor affecting the energy resolution of
the detector. Various noise sources contribute to the total noise of the detector, which
encompass both intrinsic noise originating within the detector itself and extrinsic
noise introduced by the readout chain utilized. In the following, an overview of the

most important sources of noise will be provided.

Thermal Noise

Thermal noise is a fundamental form of noise that arises from the thermodynamic
fluctuations between the different subsystems of the detector. It can be characterized
by a frequency-independent noise source with a power spectral density S = 4kgT>G
which is proportional to the thermal conductivity G' between the different subsystems.
The resulting noise density can be calculated by introducing the two thermal noise
sources G, and G, in parallel to the thermal couplings as depicted in Figure 4.5.
This again leads to two coupled differential equations, and upon solving for the energy

fluctuations in the spin system, leads to

— 2 . 470 41
Su(f) =kpCu T ((1 5)1 - + 6 - (%Tlf)Q). (4.17)

Here, the approximations C, ~ C,, and 7, < 75 were used once again. Notably,
the power spectral density exhibits two plateaus with cut-off frequencies (27T7'0)_1

and (27r71)71. The typical flux noise in the superconducting pickup coil is &~ 2 x
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10* (p.CI>0)2 /Hz. For comparison, the flux change corresponding to a 10 keV photon in

such a detector would be 10 m®,,.

Magnetic Johnson Noise

The most influential sources of this type of noise are the particle absorber, the copper
of the cryogenic setup, as well as the temperature sensor itself. It is created by
randomly moving electrons in metals caused by the finite temperatures of the detector
when moving close to a superconducting coil. According to Maxwell’s equations, this
Brownian motion gives rise to small fluctuating magnetic fields that can couple into
the pickup coil or directly into the SQUID. The equation describing this noise, as
derived in [Pie08, Piel2b] based on a method previously outlined in [Har68, Ens00],

is expressed as

2376 ,

SJ(f) MokBTUAp(e_zﬂd/p — 6_2ﬂ(d+g)/p> . (418)

™

Here, it was assumed that the source of noise is a metallic cube with an edge length
g at a temperature 7" and an electrical conductivity o. This cube is positioned at a
distance d from a square meander-shaped pickup coil with a pitch p and an effective
overlap area A. p, represents the vacuum permeability. At first order, the typical flux
noise is frequency-independent®. A typical detector with 5 pum thick Au absorbers,
RRR = 2.2 at a working temperature of 20 mK located at a distance of 300 nm from a
300 um x 300 wm large detection coil with a pitch of 10 um shows a magnetic Johnson
noise of ~ 0.7 (u®,)*/Hz.

Paramagnetic Loss Noise

Within the temperature sensor, the Er’t ions are noise source themselves [Dan05].
This noise primarily shows up at lower frequencies and follows a power-law dependence
on frequency with ( = 0.8 — 1. The specific value of ( is influenced by the geometry
and fabrication of the temperature sensor. This Er noise is proportional to the
number of Er’*T-ions in the sensor material and is temperature-independent between
0.03 — 2K [Fle05]. The origin of this noise can be attributed to the finite and broadly

2The cutoff frequency caused by the skin-effect reduces the effective volume and can be observed
above 100 MHz, which is however far above the cutoff frequency of the readout chain of the detector
setup used in this thesis.
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distributed response times of the interacting clusters of magnetic moments to a

change of orientation, as evidenced by measurements of the imaginary part of the

susceptibility of Au:Er [Hof12, Wii13]. The resulting noise follows the empirical

formula Y )

_m{G)

=1
p

Ser Sw(f)N, (4.19)

where N is the number of Er*" ions, G is a geometry factor characterizing the
magnetic field distribution created by the persistent current in the temperature
sensor, and S, is the noise coming from a single Er** ion. A typical value for the

corresponding flux noise is ~ 5 x 10* (u®,)* /Hz.

Readout Noise

MMCs are usually read out using a 2-stage SQUID setup, which will be described in
Section 4.5.2. The SQUID readout scheme acts as a low temperature amplifier, and all
other noise contributions from the readout chain can be neglected in comparison. This
readout noise has a (frequency-independent) white noise plateau at Ssquip white S
1 (},L<I>0)2 /Hz, with a cutoff frequency defined by the readout electronics typically
situated at about 10 MHz. Additionally, SQUIDs exhibit a 1/f noise contribution

which becomes dominant at 1 kHz.

4.4.3 Energy Resolution
Signal Shape

To characterize the signal response of the detector to an energy deposition F into the
particle absorber, the detector is modeled as a thermodynamic system consisting of two
subsystems: the electronic and the spin subsystem (see Figure 4.5). A more complex
model with additional heat capacities, for example stemming from nuclear quadrupole
moments of the host material and the implanted radioactive source materials are
neglected for now, but could also be considered if necessary. Since the Au absorber
and the Ag:Er sensor are in good thermal contact, it is reasonable to assume that their
electronic and phononic systems reach thermal equilibrium across the entire detector
before the energy is transferred to the spin system. Consequently, they can be treated
as a single thermodynamic system with a joint heat capacity C, + Cp), which is

approximately C, at low working temperatures as the phononic contribution dies out.
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Figure 4.5: Schematic of the thermodynamic system composed of the electronic and
erbium subsystems and a thermal bath.

Within this model, the electronic subsystem is coupled to the subsystem of magnetic
moments of the Ag:Er sensor, characterized by the heat capacity C,. This coupling
can be described by a thermal conductivity G, /.. Moreover, the electronic subsystem
is further coupled to a thermal bath, assumed to be at a constant temperature T},

via another thermal link with thermal conductivity G ,.

The described thermodynamic system can be mathematically represented by a set of
two coupled differential equations. Solving for the temperature change AT, of the

spin system with an instant energy input Ed(t) yields

E
ATy =T =Ty = e (=7 e7/7). 4.20

er er b Oe + Cer ( )
Here, AT,, is the relevant form of temperature change, since only this induces spin
flips and thus a change of magnetization. This produces the expected signal shape of
a fast exponential rise in temperature with a rise time constant 7,. During the decay
with a decay time 7, heat is transferred from the system to the heat bath. The exact

forms of the two time constants are not relevant here, and can be found in [Fle05].

Assuming a weak thermal coupling to the heat bath compared to the thermal coupling
between the two subsystems G, < G, /e, the expression of the decay time can be

written as
(4.21)



This simplified form will be further explored in Section 4.4.2, where it will be shown

that the conditions maximize the expected energy resolution of the detector.

The rise time of the detector signal, on the other hand, depends on the coupling
strength between the electronic and spin subsystem of the Er*" ions, dictated by the

. . —1 . .
Korringa relation 7 o« T . Thus, the rise time can be expressed as

70 = (1 = B)7k, (4.22)

where 8 = C.,/C\ is the fraction of the heat capacity contributed by the Er’" ions

in relation to the total heat capacity.

Fundamental Limit of the Energy Resolution

By combining the signal shape discussed in Section 4.4.3 and the thermodynamic
energy fluctuations discussed in Section 4.4.2 it becomes possible to determine
the fundamental limit to the energy resolution related to the unavoidable energy
fluctuations between the thermodynamic systems of an MMC. By neglecting all
other noise contributions which have been described previously, one arrives at the
fundamental limit on the energy resolution. When the optimal filtering method
described in [Fle03] is employed, the detector response is broadened with a Gaussian

distribution, modelled by a full width at half maximum of

00 —1/2
ABpwinv = 2\/21n2( / SNR?(f)d f> , (4.23)
0

where SNR is the frequency-dependent signal-to-noise ratio defined as

SNR*(f) = |75(S{3’2. (4.24)

Here, p is the Fourier transform of the expected signal shape with rise and decay
times as calculated in Section 4.4.3. In [Fle03], it was demonstrated that the full

width at half maximum of the energy resolution can be approximated by

1 2
AEpwiv & 2V2 1n2\/4kBT2(Je(m:—?) 1/4 (4.25)
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Figure 4.6: (a) Schematic of a dc-SQUID in bias current mode (b) Voltage drop Vg across
a de-SQUID as a function of the (left) bias current [, and (right) the magnetic flux ®g.

assuming 7y < 7, and § &~ 1/2. This equation shows that the energy resolution is
optimized when § = 1/2, i.e. the heat capacities of particle absorber and temperature

sensor match.

4.5 Low Temperature Readout

The experimental setups employed in this thesis utilize a two-stage SQUID readout
scheme [Dru07]. SQUIDs are very sensitive magnetic flux sensors based on the
Josephson effect [Jos62]. Here, they serve to detect the magnetic flux change A®
created by the current /g flowing in the input coil induced by the temperature sensor
when a particle is detected. A comprehensive description of SQUIDs can be found
in [Cla04]. The two-stage SQUID readout comprises two stages: the first stage is a
single de-SQUID that is directly connected to the detector chip, the second stage
involves a series of N dc-SQUIDs that function as a low-temperature, low noise

voltage amplifier.

4.5.1 dc-SQUID

A de-SQUID is a superconducting loop which is interrupted by two Josephson
junctions (JJs). The junction area of JJs are typically on the order of only a few um?
and allow magnetic flux to enter or leave the loop. In order to prevent hysteretic
behavior of the SQUID, both JJs are shunted with resistors in parallel, as illustrated
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Figure 4.7: Schematic of the two-stage SQUID readout. The frontend SQUID circuit,
marked in blue, is operated in voltage-bias mode. The amplifier SQUID consists of an
N-SQUID series array operated in current-bias mode. The voltage drop generated by the
amplifier SQUID is read out by room temperature electronics marked in orange. A feedback
mechanism linearizes the signal by keeping the frontend SQUID at a constant working
point.

in Figure 4.6a. When a small bias current I, is applied to the SQUID, no voltage
drop is observed, since Cooper pairs can tunnel through the thin barriers formed by
the JJs. However, for bias currents greater than the critical current I, the current
can no longer be carried solely by Cooper pairs, and quasiparticles tunneling through
the barrier must also contribute to the current. This results in a voltage drop Vg
depending on the bias current [}, as shown in Figure 4.6b (left) for multiples of
the magnetic flux quantum ®; = h/2e ~ 2.07 x 107" Wb and (N + 1/2) x ®,.
Figure 4.6b (right) illustrates the periodic change in voltage drop Vg across the
SQUID as a function of magnetic flux ®g inside the SQUID. This highly nonlinear
behavior has to be linearized by a feedback loop.

4.5.2 Two-Stage Setup

A single stage SQUID setup as presented in the preceding section would be limited
by the noise of the room temperature electronics®. To overcome this limitation, it

is advantageous to amplify the detector signal at low temperatures. This can be

3XXF-1 from Magnicon GmbH, Barkhausenweg 11, 22339 Hamburg, Germany.
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achieved with a second stage, an N-SQUID array connected in series, acting as a
low-noise amplifier. The complete two-stage readout configuration is depicted in
Figure 4.7, consisting of three constituents: a low-temperature first stage, a second
stage, and the room temperature electronics, including all current sources necessary
to operate the SQUIDs.

The first stage comprises a frontend SQUID operated in voltage-bias by applying a
current [y, across the gain resistor with resistance R,. This gain resistor is situated
on the second stage in order to minimize heat load near the detector, and also to
match the low impedance input of the second-stage. If R, is much smaller than the
resistance of the frontend SQUID in the normal-conducting state, the bias current will
generate an almost constant voltage bias, with only a small current I < [,,; flowing
through the SQUID. As this current I is dependent on the magnetic flux in the
frontend SQUID, this configuration enables the conversion of a magnetic flux change
A®g in the frontend SQUID into a flux change in the second stage. Consequently,
the required power dissipation in the frontend SQUID is reduced by nearly one order
of magnitude. The signal coming from the MMC is coupled into the frontend SQUID

via the mutual inductance Mg.

The second stage consists of the amplifier SQUID operated in current-bias mode with
the current I, and the aforementioned resistor with resistance R,. The signal from
the frontend SQUID is received by the amplifier SQUID through its input coil with
the mutual inductance My . If the magnetic fluxes in the individual SQUID cells of
the array are the same, their V-®-characteristics combine coherently, resulting in
a collective behavior akin to that of a single SQUID. Thus, the amplifier SQUID
produces a voltage drop V), that is N times higher than that of an individual SQUID,
wheras the noise only increases by v/N.

Finally, the output from the second stage is amplified and, since the V-®-characteristics
of SQUIDs is highly nonlinear and non-monotonous, linearized by room temperature
electronics with a technique known as the flux-locked loop (FLL). In FLL mode, the
voltage drop V, is amplified relative to a bias voltage V}, by means of a differential
room temperature amplifier, then integrated and fed back to the frontend SQUID
via the feedback resistance Ry, as a current Iy,. This feedback current is coupled
through the feedback coil into the frontend SQUID with a mutual inductance My,
generating a flux My Iy, which exactly compensates the initial flux change A®g. In

this manner, the frontend SQUID is operated consistently at the same point, referred
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to as the working point, on the V-®-characteristics at all times. For an optimal
sensitivity of the frontend SQUID, the bias voltage 1}, of the room temperature
amplifier is carefully selected such that the steepness of the V-®-characteristics is
maximal. Additionally, the bias currents I,,; and I, of the frontend SQUID and the
amplifier SQUID are adjusted to maximize the voltage swings of both stages.

The entire process can be summarized as follows: an input current Ig in the input
coil of the frontend SQUID, caused by e.g. a temperature change of a connected
MMC as shown in Section 4.4, causes a flux change A®g in the frontend SQUID
which generates a voltage drop V5. Consequently, a current I, flows in the input
coil of the amplifier SQUID, which, in turn, leads to a voltage drop V,. Finally,
Vy is amplified, integrated, and fed back to the frontend SQUID as the current I,
effectively linearizing the signal. The overall behavior of the two-stage setup can be

summarized by the following equation:
V=——=-Adg, (4.26)

where the mutual inductances are given by

MX - G\/ LsLx. (427)

In these equations, GG is a geometric coupling factor, Ly denotes the inductance of
the SQUID loop, and Lx refers to the inductance of the corresponding coil coupling
to the SQUID.
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5. ECHo0-100k Detector and Implantation

In this chapter, the detector chips utilized in this thesis are introduced, along with
the preparations for implanting both single chips and complete wafers. All of these
chips are based on the ECHo-100k design [Man21]. The choice of this design was
driven by its exceptional energy resolution capabilities, which can reach as low as
3eV at 6keV [Man21]. The ECHo-100k design was conceived for the upscaling of
the ECHo experiment towards a simultaneous operation of about 100 chips or 6000
MMC channels, with the aim of measuring the **®*Ho EC spectrum with more than
10" events at a energy resolution below 5eV. With this upgrade, it is planned to
achieve a sensitivity on the effective electron neutrino mass of below 2eV. To this
end, numerous optimization steps were undertaken in comparison to the prior design,

ECHo-1k. A comprehensive overview of these changes is presented in [Man21].

5.1 Detector Design

The ECHo-100k chip consists of an array of 32 MMC channels, adopting the planar,
gradiometric geometry detailed in Section 4.4.1. Each channel consists of two pixels,
resulting in a total of 64 pixels. The readout of these channels is conducted either
through a 32-channel two-stage SQUID setup (see Section 4.5.2) or a multiplexed
readout [Wegl8]. Figure 5.1 shows a microscopic image of the ECHo-100k chip
following fabrication. The chip measures 5mm x 14 mm, with the length determined
by the space needed for the bonding pads for connecting the frontend SQUID chips
via aluminum wire bonds. Notably, the double-meander MMC detectors are divided
into four quarters, enabling the independent injection of a persistent current into each
quarter. This persistent current is required to produce the external magnetic field for
the operation of the MMCs. The MMC pixels are arranged along two lines with a gap
of about 90 um, giving it a combined width of ~450 um. This arrangement is smaller
than the '“Ho implantation beam spot of <1 mm [Kiel9b], which facilitates the
'%Ho implantation by simply scanning along the MMC array with the implantation
beam. Additionally, the close stacking pixels within this strip helps maintain a high

geometrical implantation efficiency.
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Figure 5.1: ECHo-100k chip with 32 detector channels, each comprised of two MMC
pixels. Highlighted are a regular channel, both channels for temperature monitoring (T),
thermal baths, and bond pad sections for injecting a persistent current for the readout and
enabling daisy-chaining ECHo-100k chips, from: [Man21].

Within the MMC array, there are two channels located at opposite corners desig-
nated for close temperature monitoring, referred to as temperature channels. In a
temperature channel, only one of the meander sides of the double meander is covered
with a sensor and possesses an absorber. This deliberate asymmetry ensures that
the channel’s output is sensitive to temperature fluctuations. These impact the
heat capacity, consequently affecting the signal height of the detector according to
Equation (4.4). In this manner, the output of the temperature channels can be
automatically recorded each time any of the channels of the chip cause a trigger
to happen. This data plays a crucial role in the subsequent data processing phase,

allowing to correct for temperature drifts of the chip (see Section 6.2).

Furthermore, specific individual pixels from selected channels are intentionally left non-
implanted. These pixels serve the purpose of providing continuous, in-situ monitoring
of the background within the experimental setup. This enables the development of a
comprehensive background model through Monte Carlo simulations, subsequently
quantifying the background present in the implanted pixels. Notably, the background
pixels are calibrated using the calibration of their implanted counterparts within the
same channel. This is precise at the level of a few %, as it is possible that these two

pixels are produced slightly asymmetric during the fabrication process.

The ECHo-100k chip incorporates two large golden areas as thermal baths, charac-
terized by a significantly higher heat capacity compared to the detector itself. These

thermal baths serve a critical function as intermediary heat sinks position between
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the detector and the cryostat, with the primary objective of simplifying the decay
time of the detector. Each pixel sensor is connected to the thermal bath through
small gold paths, forming the essential weak thermal link required for the operation
of an MMC. The thermal baths are guided above the readout lines of each channel
by air bridges, which are formed in the same fabrication step of the thermal bath
and the bottom absorbers. Both thermal baths are galvanically and thus thermally

connected to the copper support structure with gold wire bonds.

The chip’s long side features bond pads for readout, wire-bonded to the frontend
SQUID chips. These pads are strategically spaced according to the frontend SQUID
design, minimizing wire length to reduce readout line inductance. On the short sides
of the chip are the bond pads for injecting the persistent current on one end, and
the daisy chain bond pads on the other one. These can be either “bridge-bonded”,
connecting the persistent current lines of both halves of the chip and therefore
allowing a simultaneous current injection into all quarters of the chip at once. Or,
the daisy chain bond pads can be connected to the persistent current bond pads of a
second ECHo-100k detector chip, which enables a concurrent current injection into
two or more ECHo-100k detector chips. This step is essential for scaling up to the
ECHo-100k phase, preventing the number of current injection lines from increasing

with the number of chips.

Figure 5.2 shows an exploded-view schematic of a single detector pixel. The radioactive
isotopes (“Be or '®*Ho, blue) are implanted into a host material (white), which itself is
enclosed between the top and bottom absorber layers. The rationale for incorporating
a host material in the ECHo-100k chip lies in the fact that gold exhibits a nuclear
quadrupole moment, which lead to an additional contribution to the total heat
capacity if the cubic crystal structure symmetry of gold is broken, e.g. by the presence
of '%Ho atoms. This additional heat capacity is filled on longer time scales than
the rise time, and thus manifests as a rapid decay of the pulse. This fast reduction
of the signal leads to a degradation of the signal-to-noise ratio (see Section 4.4.3).
Additionally, in the case of "Be, the choice of host material could impact the EC
decay spectrum, enabling investigations into the mechanisms that broaden the widths
of the K-GS and L-GS lines (see Section 3.1.1). The bottom absorber rests on three
stems designed to minimize the amount of athermal phonons, produced in the EC
decay, diffusing into the substrate before the absorber and sensor reach a thermal
equilibrium (see Section 4.2.1). Notably, in the ECHo-100k design in contrast to the

ECHo-1k design, there is no implantation of the radioactive nuclides directly above
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Figure 5.2: Exploded-view schematic illustrating an implanted single detector pixel of
the ECHo-100k chip. The radioactive source material, "Be or 163H0, is implanted into a
host material. The absorber consists of a top part and a bottom part to ensure a quantum
efficiency close to 100 %.
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Figure 5.3: Microscopic image of a channel of a ECHo-100k chip. The left pixel has been
implanted, while the right pixel is non-implanted. The dark circles are the sections left out
by the implantation area, showing the absorber underneath.

the stems. In a similar fashion as the function of the stems, this avoids that any
EC decay occurs in a volume directly above the stems, thus reducing the amount
of athermal phonons diffusing into the substrate without a full thermalization. It is
possible this particular diffusive process is responsible for the low-energy tails seen in
the EC spectrum of '®*Ho when compared to the theoretical description, as discussed
in Section 3.2.1.

In Figure 5.3, a microscopic image of an ECHo-100k chip channel with both an
implanted an non-implanted pixel can be seen. Each bottom absorber measures
180 um x 180 pm X 3 um, with an area of 150 um x 150 um containing the host
material and implanted source, to ensure full enclosure. This bottom absorber is
connected to a sensor measuring 170 um x 170 um x 0.7 um via three stems with a
diameter of 16 um from underneath. The top absorber is slightly smaller, measuring
165 um x 165 um x 3 wm, ensuring that it fully rests atop the bottom absorber. The
total heat capacity of each pixel comprises three components: the heat capacity of
the two absorber layers combined C,, the heat capacity of the sensor C;, and the
heat capacity of the implanted '®*Ho or “Be atoms C.,4. The design values, assuming
a working temperature of " = 20mK, a Ag:Er concentration of 410 ppm, and a
persistent current of 35mA, are C, = 0.26pJ K™ ' and C, = 1.3pJ K '. In the case
of implanted '®*Ho, the heat capacity contributed is Cy, = 0.17pJ K~ ! at an activity
per pixel of A, = 10Bq [Man21]. The weak thermal link is made of a gold film with
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dimensions 50 pm X 5 pum x 0.5 pm.

With a non-implanted ECHo-100k chip, an impressive energy resolution of as high as
AEpwiv = 3€V at an energy of 6keV has been achieved [Man21]. Due to this good
performance, it was also chosen for the implantation with “Be, aimed at measuring
the "Be EC spectrum.

5.2 Detector Fabrication

The ECHo-100k chips were manufactured using microfabrication processes on 3”
silicon wafers, in the cleanroom facility at the Kirchhoff-Institute for Physics, Heidel-
berg University. A detailed overview of the entire fabrication process can be found in
[Man21]. Each ECHo-100k wafer comprises 40 identical chips. In the prior ECHo-1k
phase, the chips were diced after the microfabrication of the bottom absorber, and
were thus implanted with '®*Ho on an individual basis. However, in the ECHo-100k
phase, it is planned to implant '®*Ho into the chips while they are still part of the
same wafer. Conversely, in the case of 'Be implantation, the chips were diced first,

and then implanted on a chip-by-chip basis.

5.2.1 Single-chip Implantation

Implanting individual ECHo-100k chips involves several steps. The procedure em-
ployed is largely based on the one developed in [Vel20], which was originally designed
for a chip-wise implantation of '®*Ho. However, for the purposes of this thesis, slight
modifications were made to this process to accommodate the unique requirements for
implanting "Be into the absorbers, instead. During the process, the chips have to
be spin coated in photoresist and structured with the implantation mask. Prior to
this, they are affixed to a supporting glass substrate due to their small size. For the
implantations performed for this thesis, the glass substrate measured 20 mm x 12 mm.
The following procedures were performed on all the chips that were implanted with
"Be (see Section 5.2.1).

First, the glass substrate is spin coated with a highly viscous photoresist' that simply
serves as an adhesive. Promptly after coating, the ECHo-100k chip is carefully placed
onto the glass substrate, given that this type of photoresist dries relatively quickly.

TAZ nLOF 2070, Microchemicals GmbH, Nicolaus-Otto-Str. 39, 89079 Ulm.
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Figure 5.4: Schematic of the preparation of the ECHo-100k chip for the implantation
with "Be. Each chip is glued onto a separate glass substrate. The surrounding support
chips reduce the photoresist ramp on the detector chip.

Additionally, four support chips of approximately the same thickness as the ECHo-
100k chip are closely positioned around it. These help make sure that the photoresist
that is spin-coated on top in the next step is homogeneously distributed on the
detector itself, and accumulates only on the support chips. Furthermore, the chip’s
sides are manually coated with the same photoresist, so that the metallic film for
the host material, which will be subsequently sputter deposited, can smoothly follow
this photoresist ramp and cover the entire glass substrate. This way, the detector
chip is grounded, preventing the accumulation of charges during the implantation of
radioactive isotopes via ion beam, which would lead to a reflection of further incoming
ions. Subsequently, the assembled structure is baked at 60 °C in a pain oven overnight,
to ensure a complete adhesion of the chips to the glass substrate. Following this,
an appropriate photoresist? is spin coated on top of the detector and support chips
glued to the glass, which is then ready to be structured as per standard procedures.

A schematic representation of the final structure can be seen in Figure 5.4.

After these preparation steps, the actual implantation process can be performed, as
shown in Figure 5.5. Starting with the wafer already spin coated (1), a relatively
thin layer of host material is sputter deposited on top (2). As mentioned previously,

the choice of host material is expected to influence the EC spectrum of ‘Be. Then,

2AZ nLOF 2070 for the single chip processing, AZ 4562 for the wafer-scale implantation,
Microchemicals GmbH, Nicolaus-Otto-Str. 39, 89079 Ulm.
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Figure 5.5: Schematic (side view) of the implantation process of "Be in a ECHo-100k
detector. Further explanation of the steps is given in the text.
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Figure 5.6: (a) Schematic and (b) photo of the sample holder for implantation of
radioactive isotopes. Positions 0 and 9 are only marked for convenience and cannot be
moved to. The glass substrates with the chips are fixed to the sample holder with rectangular
washer plates. The section of the MMC array of the ECHo-Be chips (orange) that were
exposed to the "Be ion beam are tinted blue.

the "Be is implanted e.g. via an ion beam (3). Afterwards, a thin layer of gold is
deposited in order to protect the top layer of "Be and also to contain it (4). Finally,

after a liftoff process, the implantation process is finished (5).

Implantation of "Be

To explore potential variations in the EC spectrum of ‘Be depending on the sur-
rounding material, three distinct host materials were chosen: Ag, Au, and Al. These
materials were selected due to their widespread use in microfabrication processes
within the in-house cleanroom and had been previously examined as host materials

for '%*Ho implantation in the ECHo experiment [Man21]. For each host material, one

64



chip from the wafer ECHo-100k v1.1 wl was selected. Each chip received a layer of
its respective host material sputter deposited, with a thickness of 200 nm for Ag and
Au, and 300nm for Al. These chips, denoted as ECHo-Be?, were subsequently im-
planted at ISOLDE, CERN, with an assumed activity per pixel of 1 Bq on 2021-12-03.
Figure 5.6 illustrates a schematic of the sample holder used for the "Be implantation,
along with a corresponding photograph. The implantation of Be was performed
at ISOLDE, CERN. The three ECHo-Be chips were mounted on a single sample
holder in order to have them implanted in the same process. This sample holder
has dimensions 111 mm x 50 mm, and nominally hosts 10 positions where samples
can be held via clamps. Notably, since the homogeneity of the beam could not be
ensured from positions 0-9, it was decided to modify the implantation mask used
for ECHo-Be Au chip, such that only the bottom half of the MMC array would be
implanted with "Be. The glass substrate of the ECHo-Be Au chip was marked in

black to aid in aligning its rotation on the sample holder.

A schematic of the implantation masks used for each ECHo-Be chip is provided in
Figure 5.7. Notably, the implantation mask structured into the photoresist reflects
the previously stated choice: while mask for the ECHo-Be Ag and ECHo-Be Al
chips are symmetric under a 180° rotation, the mask of the ECHo-Be Au chip allows
only the top half of the detector array to be implanted with "Be. Also, not every
pixel was designated for "Be implantation. Given the relatively short half-life of
"Be, it was decided that all three chips would be measured at once. However, due
to the limitations in the number of parallel channels available on the cryostat (see
Section 5.3), only 15 pixels per chip were chosen for implantation, distributed across
11 channels per chip. According to a SRIM* simulation, ‘Be is implanted into the host
materials at a depth of 60-100 nm, assuming a beam energy of 30 keV. Nonetheless,
after implantation, a 100 nm thick layer of gold was applied to all ECHo-Be chips,
regardless of host material, to protect the "Be atoms and enclose them within the
absorbers. Lastly, the chips underwent a standard liftoff process with acetone and

isopropyl alcohol.

3Read “eh - kow - bee”.
4The Stopping and Range of Ions in Matter, Freeware, www.srim.org.
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Figure 5.7: Implantation masks of the ECHo-Be setups for Ag and Al, as well as for Au.
The entire chip, aside from the sections in blue, is covered in photoresist. The ECHo-Be
Au chip is only implanted with "Be in the bottom region due to the limitations of the
implantation setup highlighted in the text.
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5.2.2 Wafer-Scale Implantation

In order to scale up the amount of detectors for the ECHo collaboration, it is
imperative to transition from implanting *®*Ho on a chip-by-chip basis to executing the
process on an entire wafer. The methodology involved in this process is fundamentally
not much different than the one highlighted in Section 5.2.1. The main difference
being that the wafers are diced into chips only after the top absorber has been
microfabricated. In this thesis, a test wafer with a dummy layer was prepared for
autoradiography, to test the positioning of the beam across the different chips of a
3" wafer. Additionally, a fully microfabricated ECHo-100k wafer was produced for

the first test of a wafer-scale implantation of '**Ho.

Implantation of '**Ho

The '®Ho implantation process within the ECHo collaboration is performed at the
RISIKO facility at Mainz University [Kiel9b, Kiel9a]. Much like the single-chip
implantation elucidated earlier, the wafers are first covered with a photoresist mask,
and a thin layer of a host material. In terms of the choice of host material, a study
was undertaken during the ECHo-1k phase to examine the impact of various host
materials on the detector response. Ultimately, Ag was chosen due to its lack of
quadrupole moments compared to Au, which could potentially lead to an increase in
detector heat capacity [Man21]. In addition, the thin layer of Ag serves as a galvanic
contact, preventing the accumulation of charges during the implantation of **Ho

ions.

ECHo0-100k RadioTest

In order to test whether '“*Ho could be reliably implanted on a wafer-scale, two test
wafers were microfabricated. The structures on these test wafers consist mainly of
a few hundred nm thick absorbers for the implantation test and small alignment
crosses on the outside region of the wafer. Additionally, non-functional heat baths
were added as well, to mimic the actual ECHo-100k chips visually. These two test
wafers (ECHo-100k RadioTest wl and w2) were spin coated with photoresist and
structured with an implantation mask that would allow implanting all pixel absorbers.
This was done to increase the activity per pixel and make it easier to detect a signal.

Figure 5.8a shows an image of the wafer after production.
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Figure 5.8: (a) Image of one of the ECHo-100k RadioTest wafers before implantation
with '""Lu (b) heat map of the activity measured via autoradiography after implantation.
[Kne, Kiel9b].

At RISIKO, the ECHo-100k RadioTest wafers were implanted with *'Lu, which
undergoes B-decay to '""Hf. Due to its higher Q-value of Q = 498keV with a half-life
of T\p = 6.7d [Bé0§], a relatively small amount of implanted radioactive ions is
sufficient for a clear detection of the emitted radiation. Therefore, it is straightforward
to locate the position of where exactly the source was implanted on the wafer via
autoradiography. Figure 5.8b shows a qualitative heat map of the activity of one of
the wafers, overlaid on top of the design [Kne, Kiel9b|. This shows that the targeted

five chips of the wafer were implanted successfully.

ECHo-100k v2w1l

Following this promising initial result, a wafer of the ECHo-100k design, ECHo-100k
v2w1, was manufactured and readied for the implantation process. Unfortunately,
due to manufacturing errors in the earlier layer which went unnoticed until a later
stage, only nine chips were deemed good enough for operation. The other chips had
shorts between the lines for injecting a persistent current and therefore would likely
not work reliably. Nevertheless, the wafer was sent for implantation with instruction
of where these nine working chips are situated. All chips, except one, underwent
implantation with a nominal activity per pixel of A, ~ 1Bq of %3Ho. The exception,
chip 4B1, instead received an implantation with A, ~ 10 Bq.
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Figure 5.9: Images taken of ECHo-100k v2wl (a) before and (b) after the implantation
of '%*Ho with pulsed-laser deposition of silver. The underlying structure, previously barely
visible underneath the solid silver layer, becomes more pronounced.

In Figure 5.9a, an image of the ECHo-100k v2w1 wafer is shown prior to implantation
with '®Ho, with a 100nm thick layer of the host material Ag on top. After the
implantation with '**Ho, a 200 nm thick layer of Ag was supposed to be deposited,
with the wafer still inside the implantation chamber. Therefore, one would expect the
wafer to appear with a full metallic surface. However, as can be seen in Figure 5.9b,
it became evident that the Ag layer had become considerably thinner, with the
underlying structures becoming visible. The reason for this issue is still unclear, and
new tests are necessary. Despite this problem, it was still important to understand
how this degradation of the Ag layer of the ECHo-100k v2w1 wafer has affected the
activity in the implanted pixels. For this reason, four chips of the ECHo-100k v2w1
wafer have been prepared for testing as of writing this thesis, including chip 4B1 with

an elevated activity per pixel of nominally A, ~ 10 Bq [Kru24].

5.2.3 Etching of Air Bridges

In a previous evaluation of an ECHo-100k chip, critical shorts between the thermal-
ization layer and the field lines responsible for injecting the persistent current were

discovered [Pan24]. The problem arose from the air bridges, which as elaborated
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previously, are used to connect the thermal baths of two neighboring channels each.
These run across the readout lines, which are connected to the meander-shaped coils
and are not completely isolated. Therefore, if an air bridge were to collapse, this
could lead to shorts to ground of the superconducting readout lines. Additionally,
during the processing of the photoresist for the second absorber, a baking step is
necessary. This leads to the expansion of air, which was previously trapped under
the air bridges. The air escapes to the sides of the bridge, thinning the photoresist
on top of the readout line, which does not supply a reliable coverage. Because of
this, the gold from the second absorber layer ended up connecting the thermalization
with the readout lines. One solution to avoid these shorts was to completely remove
the air bridges, substituting them instead with Au bonding wires. A layer of resist
was spin-coated on top, which was structured with sections that covered everything
aside from the air bridges themselves. The chip was then put into an iodine solution,

which effectively eliminated the shorts.

To prevent a recurrence of this issue with the chips from the ECHo-100k v2w1 wafer,
all air bridges from the whole wafer underwent a similar etching process. This etching
step resulted in the complete isolation of both thermal baths into 17 individual baths
each. Furthermore, to assess whether the deviations from the theoretical description
(see Section 3.2.1) can be mitigated by avoiding implanting 1%3Ho directly on top of
the stems, the top absorber layer, with a thickness of 3 pum was microfabricated and

sputter deposited on top of the previous structure.

5.3 Detector Setup

The detector setup employed for both ECHo-Be chips and the “standard” ECHo-100k
chips is as follows: Each ECHo-100k chip is affixed to a copper support structure
[Vel20, Man21] that can be mounted on the mixing chamber plate of a dilution
refrigerator. The detector chip, as well as the frontend SQUID chips are glued
to the copper with a conventional adhesive. The sections that hold the frontend
SQUID chips consist of small, separate rectangular cuboids made of copper, which
are fixed to the larger copper support structure using screws. This deliberate design
minimizes thermal conductivity between the detector and the frontend SQUIDs,
effectively preventing the energy dissipated in the SQUIDs from flowing directly into
the detector. An improved thermalization of the detector chip is achieved through

gold wire bonds that connect the thermal baths directly to the copper support
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structure. This ensures that the detector chip maintains a temperature of 20 mK or
lower, creating optimal conditions for the performance of the MMCs. In the case of
the chips from the ECHo-100k v2w1 wafer, where air bridges are absent, additional
gold wire bonds between the isolated thermal baths are necessary to ensure complete

thermalization of the chip.

The frontend SQUIDs are connected to the detectors and to a dedicated circuit board
[Wic20] via aluminum wire bonds. This circuit board connects both the frontend
SQUIDs to the rest of the readout chain, as well as providing the connections for
the injection of the persistent current. To minimize parasitic inductance L, each
aluminum bond is kept as short as possible. An image of the complete assembly
can be seen in Figure 5.10a. In the case of the ECHo-Be chips, only four frontend
SQUID chips per setup, with four SQUIDs per chip each, were required to read out
all 45 implanted pixels. For chips from the ECHo-100k v2w1 wafer, a full set of eight
frontend SQUID chips were utilized. In the ECHo-Be Ag and ECHo-Be Al setups,
both temperature channels were connected, while in the ECHo-Be Au setups, only

the temperature channel closest to the implanted pixels was utilized.

To protect against magnetic interference, the copper support structure is encased in
an aluminum cup. Aluminum becomes superconducting below 1.2 K, a temperature
significantly higher than the working temperature of the detector and SQUIDs.
Furthermore, the copper support structure takes the shape of an elongated “T7,
characterized by a high ratio between the opening diameter of about 30 mm and
a length of about 150 mm. This design allows for an enhanced shielding against

external magnetic fields.

The amplifier module houses the second stage of the readout chain. Within each
module, there are three segments, each segment containing six amplifier SQUID
chips, with two SQUIDs per chip. One segment of the amplifier module is depicted
in Figure 5.10b. In total, there are 36 channels per amplifier module. Aluminum
wire bonds establish connections between these amplifier SQUIDs and the circuit
board of the detector setup. Furthermore, these amplifier modules are also shielded
against magnetic fields, through electroplating the copper with tin. Tin becomes
superconducting at a temperature of 3.7 K, higher than the operational temperature
of the amplifier SQUIDs. The amplifier modules are typically also mounted on the

mixing chamber plate.

Both the frontend SQUID, as well as the amplifier SQUID, are connected to SQUID
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Figure 5.10: (a) Copper support structures with ECHo-100k detector chip mounted (b)
Open segment of an amplifier SQUID module. The amplifier SQUIDs are protected from
external magnetic fields by tin-coated copper.

electronics” and managed via software control. The signal output from the SQUID
electronics is then transmitted to two 16-channel digitizer card®. On the card, the
MMC signals can be triggered and stored on disk at a maximum sampling rate of
125 MHz, boasting a resolution of 16 bit. The digitizer cards are managed using the
in-house acquisition software PAQS [Henl17].

The three completed ECHo-Be detector setups were mounted inside a *He/'He
dilution refrigerator of type BL-XLD" in two separate measurements: a calibration
run with an *°Fe source, and a full run. This cryostat is equipped with a total of
64 parallel SQUID readout channels. The results from these measurements can be
found in Chapter 7. The complete setups for the ECHo-Be measurement is depicted
in Figure 5.11. In case of the calibration run, both the ECHo-Be Al as well as the
ECHo-Be Au setups were equipped with an “’Fe-source for energy calibration (see

Section 6.3).

5213XXF-1, Magnicon GmbH, Barkhausenweg 11, 22339 Hamburg, Germany.
6SIS3316, Struck Innovative Systeme GmbH, Harksheider Str. 102, 22399 Hamburg, Germany.
"BlueFors Cryogenics Oy, Arinatie 10, 00370 Helsinki, Finland.
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Figure 5.11: Complete setup for the ECHo-Be measurement. The three setups of (a)
ECHo-Be Ag, (b) ECHo-Be Al, and (c) ECHo-Be Au were mounted all at once inside a
cryostat. ECHo-Be Al and ECHo-Be Au were equipped with an % Fe-source for energy
calibration.
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6. Data Processing

As previously mentioned, data generated by the detector chips is stored on disk
using PAQS. Each recorded trace consists of a total of 2'* = 16 384 voltage samples,
with the first quarter allocated to pre-trigger samples. These serve a dual purpose:
firstly, they are used to estimate the standard error within the template fit (refer to
Section 6.1.4), and secondly, they can be employed for temperature correction (see
Section 6.2). With a sampling rate of 125 MHz and an oversampling size of 16, the
time window saved for each trace amounts to 2.097 15ms. During this period, no
subsequent triggers from the same channel can occur. Each trace is accompanied by
recorded parameters, including the trigger timestamp ¢, temperature data from one
or more temperature channels Vi ¢, and an estimated signal height S,,,, measured
in V. The triggered traces are organized into the nested directory structure as
shown in Figure 6.1. ADC1, ..., ADC32 correspond to the 32 channels of the digitizer
card. The NEGP and POSP directories contain all traces that have been categorized
as positive or negative pulses by PAQS, based on the voltage slope following the
trigger. This corresponds to the signals originating from one or the other pixel within
the gradiometric channel. In addition, theBASE directory contains the baselines of
the channel, i.e. traces saved to infer the baseline energy resolution. Up to 1000
individual traces are bundled into ZIP files with names such as 1_1000.zip, with
each trace saved as S1.sraw etc. Furthermore, there are accompanying text files,
namely Summary.txt and ScopeSettings.txt, which provide supplementary details
about the measurements. This encompasses general settings such as the start and
end time of the measurement, as well as channel-specific settings like the sampling

rate and the oversampling size.

6.1 Python Package DARQ

While a substantial amount of scientific research has been performed with detectors
based on MMC, the data processing in previous works was not particularly streamlined.
Although PAQS is a powerful tool for fine-tuning measurement acquisition, the field
lacked a readily extendable tool for data analysis. Consequently, this thesis introduces

a code library named Data Analysis and Reduction for Quantum sensors (DARQ)
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Figure 6.1: Nested directory structure of data saved with PAQS. Details are given in the
text.
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to address this gap. The library is implemented in Python 3 [VR95], a widely-used
scripting language, chosen for its exceptional extendibility and ease of coding. While
still a work in progress, DARQ lays the foundation for future algorithm development
tailored to data generated by MMC-based detectors. Some of the concepts behind
DARQ were previously incorporated into a library and employed in a prior publication,

albeit without explicit mention of the name [Ham21].

In the following sections, the standard approach facilitated by the DARQ library
will be discussed. This approach involves a two-level filtering process. The first
level of filtering is based on the timestamp of the traces, allowing for the elimination
of a range of spurious traces. At the second level, filtering based on the pulse
shape of the traces is performed. This is feasible due to the well-understood signal
shape of pulses generated by MMCs (as detailed in Section 4.4.3). The next step
encompasses a template fit, which yields the respective relative amplitude for each
trace. Subsequently, these relative amplitudes undergo a temperature correction over
the measurement duration. Finally, individual resonance lines are identified and
utilized for the calibration of the relative amplitude spectrum, ultimately yielding an

energy spectrum.

6.1.1 Time-Based Reduction

While working with detectors based on MMCs, multiple artifacts, spurious traces,
as well as triggered noise, may arise. Identifying and discarding these signals in an
energy-independent way is of utmost importance. If left untreated, these signals
could cause a distortion of the spectrum, hindering the accurate extraction of e.g. the
effective electron neutrino mass in the context of the ECHo experiment. Fortunately,
for most measurements, the majority of triggered traces originate from genuine
physical events within the detector. These events exhibit an energy-independent pulse
shape and follow a statistically distributed time difference At = t, — t; between two
consecutive traces at timestamps ¢; and t,. The adherence to the usually Poissonian
distribution allows for the identification of outliers, which can be attributed to non-
physical events, i.e. distortions in the readout scheme, or signals originating from the
physical background. To facilitate this identification, two distinct time differences
are calculated for each trace: one at the channel level At and one at the level of

the entire setup At.

In previous works, various methods have been explored for filtering spurious events
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Figure 6.2: Visualization of a (a) POT event and a (b) PIT event. The blue shading
indicates which section of the event would be saved as a trace.

in microcalorimeters. These methods primarily aim to address the non-linearity of
the detector output, reconstructing single events from pile-up events, lowering the
threshold for unresolved pileup, and identify outliers. The majority of these approaches
rely on either optimal filtering techniques [Shal4, Wull6] or principal component
analysis [Bus16, Alp16, Fow15, Fow19, Bor21]. Although these methods have shown
promising results, the approach adopted in this thesis is aimed at a rapid online
implementation. These techniques were initially evaluated offline [Ham21], where
the entire dataset could be processed as a whole. However, with some modifications,
these filters can also be executed online at a computation speed suitable for high rate

measurements.

Signal Pileup

The pulse shape of a signal can become distorted when a second event occurs in the
same detectors within a relatively short time interval. If the time difference between
events exceeds the time window, individual traces are triggered and recorded for each
pulse. In these circumstances, the shape of the second trace is altered by the tail of the
preceding one. If the time difference falls below a specific threshold, dependent on the
time constants of the detector, this distortion can lead to an inaccurate reconstruction
of the energy deposited in the detector. These events are known as pileup-on-tail

outside the time window (POT) events, as visualized in Figure 6.2a. Conversely, if
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Figure 6.3: A (a) GSM and a (b) triggered noise event. Examples of traces acquired
with an ECHo-1k array [Ham21].

the time difference is less than 3/4 of the time window', there is no second trace
saved, and the tail of the first pulse deviates considerably from the typical pulse
shape. Such events are referred to as pileup-on-tail inside the time window (PIT)
events, and an example is shown in Figure 6.2b. In situations where two events with
energies F), F/y occur in a pixel within a time period shorter than the rise time 7, of
the thermal pulse, it is impossible to distinguish the resulting trace from that of a
single event with an energy of F ~ F; + F,. This scenario is referred to as unresolved

pileup.

Particle Background

Cosmic muons and natural radioactivity can generate events spanning the entire
energy spectrum of the detector. Since they release energy in the detector, it is not
always possible to differentiate them from true signal events, based on their pulse shape
alone. For this reason, the ECHo collaboration has worked on background suppression
measures and a background model for the ECHo-1k setup [G6g21]. Coincident signals
may arise from secondary particles generated by muons interacting with surrounding
materials, or from muons traversing a pixel or the substrate. Therefore, exploring

coincident events across different detector channels is essential to identify events

!The pre-trigger samples are being excluded.
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associated with muons.

Mobile Phone Signal

It was observed that mobile phone signals transmitted with the Global System for
Mobile communication (GSM) [Fol96] can couple into the readout chain, resulting
in the generation of triggered traces. An example trace is depicted in Figure 6.3a.
The specific point of entry into the readout chain remains unknown at the time of
writing this thesis. A few tests revealed it might be related to the GSM signals
coupling directly into the cables, as the signals appear in both the frontend SQUID
and the array SQUID output, separately. A GSM signal is systematically divided
into time division multiple access (TDMA) frames, each having a defined duration
of 120ms/26 ~ 4.615ms. These frames consist of eight equally spaced time slots,
each capable of containing a data burst. To facilitate communication, a regular user
is assigned to one of these specific time slots, leading to repeating signals triggered
with a periodicity of 4.615ms. Accounting for guard periods, a normal burst, i.e.
digitized voice data, is expected to endure for 0.5465 ms, while an access burst, i.e. a

communication attempt to the base station, is expected to last 0.3210 ms.

Triggered Noise

In addition to the sources mentioned earlier, a wide range of electromagnetic signals
can introduce interference into the readout chain, potentially leading to the generation
of false triggered traces. An illustrative example of this is the presence of small
fluctuations in the local power grid. These specific signals are often identified by their
rapidly repeating time signature and an unusual shape of the trace. One example of

such an anomalous trace is presented in Figure 6.3b.

6.1.2 Time-Info Filter

On the first level of the two-level filter, the time-info filter, only the timestamp ¢ of
each event, and derived quantities, are used. This approach allows for the elimination
of POT events and external unwanted signals in an energy-independent way [Ham21].
The time-info filter itself comprises four distinct sub-filters: the holdoff filter, burst
filter, coincidence filter, and the GSM filter. These sub-filters function independently,
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and any trace flagged by at least one of them is subsequently eliminated by the

complete time-info filter.

Holdoff Filter

The purpose of the holdoff filter is to discard POT events, and it is applied channel-

wise. A trace is marked as flagged if it satisfies
Aty < thola- (6.1)

The holdoff time ¢4 is a fixed parameter determined by the characteristic decay
of the detector. This value needs to be determined in a dedicated characterization
measurement, conducted prior to the actual measurement. For an ECHo-1k chip with
roughly the same decay time as an ECHo-100k chip, a value of ¢, = 15ms has

yielded favorable results.

Burst Filter

The burst filter is designed to detect time intervals with an unusually high trigger
rate, flagging traces of rapidly repeating triggered noise. Similar to the holdoftf filter,
it is also applied channel-wise, as noise does not affect all channel readout chains
in the same way. For each channel, the channel-wise timestamps ¢, of each trace
are grouped into bins with a bin width of Af,;, (in s). The expectation value of the

number of events N, originating from genuine signals is then given by
<NC > = AChAtbinv (62)

where A, is the signal activity in the corresponding channel known from detector
characterization. On the flip side, a bin that contains rapidly repeating triggered
noise will exhibit a count much higher than the expected value. The level of deviation
from the expected value can be expressed in terms of the statistical uncertainty of
(Ng,), which, in the case of a Poisson distribution, is given by o = \/(N—Ch> . Therefore,
a burst filter flags all traces within a bin if the count surpasses (Ng,) + 40. If a bin
meets this criterion, it is labeled as a seed bin, and its preceding and subsequent bins
are checked with a slightly lower threshold of (Ng,) + 20. This approach guarantees

that no part of a burst is overlooked due to the binning process.

81



The complete burst filter comprises two complementary burst subfilters, one designed
for faster bursts and the other for slower ones. Only one of these filters needs to flag
a trace for the full burst filter to discard it. For faster bursts, the bin size is chosen
such that (Ng) =1, i.e.

Aty = Azl (6.3)

This is also the smallest bin width that can be reasonably defined. The slower bursts
can be triggered with a frequency as low as f,,. Hence, the bin width for the second

burst subfilter is chosen such that

fslowAtbin = 4o (64)
A

Aty = 1652, (6.5)
slow

where the definition of o and Equation (6.2) was utilized in the second step.

Coincidence Filter

With the activity per channel A, seen in most MM C-based experiments, the likelihood
of a coincidence among different detector channels on a ps-scale is generally low for
signal events. However, physical background events and triggered noise frequently
give rise to triggered signals in multiple channels simultaneously. Consequently,
completely eliminating coincident events entirely proves to be an effective strategy

for reducing spurious events. In the coincidence filter, traces that satisfy

At <t (6.6)

coinc»

and their corresponding preceding traces, are flagged. The choice of the coincidence
time ¢,y is derived from the response time of the signal. For ECHo-1k and ECHo-
100k detectors measured in the ECHo cryostat, the response time is primarily
determined by the gain-bandwidth product (GBP) of the FLL circuit of the second
stage of the two-stage setup (see Section 4.5.2). Typically, this results in an effective
response time of a few hundred ns for a GBP of ~1 GHz. For muon-related events,
At < 1y would be sufficient. However, for substrate events, or electromagnetic events
that couple into the readout chain of multiple channels, time differences of up to
several us have been observed. As a conservative first approximation, previously used

in the ECHo experiment, is ., = 8 us [Ham21].
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GSM Filter

This subfilter was developed specifically to eliminate triggered GSM phone signals, as
detailed in Section 6.1.1. To achieve this, characteristic time differences At associated
with GSM signals are chosen. These characteristic At values encompass not only
integer multiples of the duration of a time division multiple access (TDMA) frame
but also the burst duration of both normal bursts and access bursts. However, it is
important to note that burst durations can manifest in the data stream as a rising edge
of a burst in one channel and a falling edge in another channel. Consequently, traces
with a relative At within a 420 ps tolerance interval around of these characteristic
At values are flagged. In principle, there are an infinite number of such characteristic
At values. Nevertheless, in practice, a maximum value of At is defined based on the
total activity on the chip such that the probability of two triggered GSM signals
being separated by At without interruption® by a true signal is 10 %.

6.1.3 Pulse-Shape Based Reduction

The goal of the second level of data reduction is to identify and flag PIT events, along
with time-uncorrelated spurious traces. Since the pulse shape of traces resulting from
a standard, single energy deposition in the detector is almost completely energy-
independent, a discrimination scheme can be constructed utilizing the general shape.
For this purpose, a mean trace called template is generated for each pixel individually.
All traces that were not previously flagged by the first filter then undergo a linear
template fit with the acquired template. A goodness-of-fit parameter y24 is computed
to assess how effectively each trace can be represented by the template. y24 is then
utilized to establish the criteria for the second level filter. Given that these algorithms
were designed with the ECHo-1k phase and its fairly large amount of pixels in mind,
an automated procedure for template generation was created. The pulse-shape filter

is only weakly energy-dependent, and this dependence is well understood [Ham21].

Template Generation

Generating an average signal shape for detectors based on MMCs is not inherently
difficult. However, to avoid introducing systematic errors, it is crucial that the

template signal closely resembles the general shape of any signal, regardless of energy.

2Tt is of course the GSM signal that is the true interruption here.
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A suitable figure-of-merit FOM is the ratio of the height of the template signal T" to
the standard deviation of the noise of the samples. This standard deviation can be
approximated by using pre-trigger noise opeig, that is, the standard deviation of
the noise of the pre-trigger samples. This choice should give a good measure of the
sample resolution of the combination of the detector and the entire readout chain,
independent of the signal shape. Therefore, in order to employ the pulse-shape filter
effectively, a template with a high FOM

T
FOM =

(6.7)
apretrig
is necessary. To optimize speed, T is simply calculated as the average of the 10

samples following® the peak of the given template.

By averaging N traces sharing the same signal height S,,.., the pre-trigger noise is
diminished by a factor of N “2o hus, an effective strategy for creating a template
with a high FOM is to identify a region in the available energy spectrum with a high
density of signal events at high energies. Even though the energy region for template
generation is theoretically flexible, it can be advantageous to select a region known
to be relatively free from background signals. Additionally, choosing a region with
roughly the same S, massively simplifies calculating the difference matrix D,;, as
defined later.

In the experimental setups used in this thesis, multiple resonances are available for
template generation. To ensure the highest degree of generality as per the beginning
of this section, an algorithm was developed that is able to maximize FOM for any
given spectrum measurement. The process commences with the generation of a
histogram of signal heights in V, as provided by PAQS. For this histogram, only the
first few traces, typically ~10000, are utilized. Then, the brightness B of each bin is
calculated as defined by

B=8,..VI, (6.8)

where [ represents the count number within each bin. By summing all traces in the
bin with the maximum B, the highest FOM is achieved. In Figure 6.4, such a B
histogram is depicted. It is clear that the MI line stands out as the brightest, and is

thus the best choice for template generation for a '**Ho EC spectrum.

Determining the signal height of the brightest peak involves the use of a peak detection

3Taking samples before the peak would result in an underestimation of the signal height.
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Figure 6.4: Visual representations of the signal heights from the first 10000 traces of a
single pixel. Left: Histogram of the signal heights, Right: brightness of the traces computed
using Equation (6.8). The brightest line is the MI line. Additionally, the 1-count limit is
also indicated, marking the point at which a single count would appear to be the brightest
peak.
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algorithm. Specifically, a continuous wavelet transform, as implemented in the Python
package SciPy [Vir20], is performed at various wavelet lengths on the brightness
histogram. In the algorithm, a peak is identified if a maximum appears for a sufficient
number of length scales and with a sufficient SNR. The brightest peak among these
is then selected as the ideal candidate for template generation. It is worth noting that
at a sufficiently high voltage, even a single event would appear to be the brightest
peak, with a brightness of B = V. However, in the data utilized for the histogram
in Figure 6.4, this would occur at a signal height of Vo = 3V. Thus, the 1-count

limit usually exceeds the maximum voltage supported by the digitizer card.

In the final step, traces with a signal height within a 1% tolerance of the brightest
peak are read iteratively in small batches, e.g. 200 in the case of the ECHo-1k chip.
Assuming a sufficiently high rate of signal events, these traces s;,s; can be filtered by

calculating their pairwise quadratic difference matrix D;;
2
and comparing the median of each column

J

to the global median

m=>Y Dy=> m, (6.11)
i, i

Only traces with an m; within a 10% tolerance of m are employed for template
generation. This process ensures that the template is defect-free. Through this

iterative process, a template with a FOM~10000 is generated for each pixel.

Template Fit Method

Using the template generated in the prior step, a template fit is performed on all
traces that have not been flagged by the first-level filter. The template is adjusted by
scaling it with an amplitude At and shifting it with an offset O by minimizing the

reduced chi-square, defined as

2
Xred =

~ |

f
Z (Si — ATQZ — OT)2' (612)
i=1
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X2.q serves as a metric for assessing the degree to which the shape of the trace s

aligns with the template 8. The sum runs over the f elements of s and 6.

In the interest of maximizing efficiency, the minimization process is carried out using
the average values of the signal s, the template 8, the standard deviation of the
template or, and the element-wise projection of the signal onto the template (s - 6).

As a result, the expressions for Ar and O are

pp— (56150 6.13)

0, - BLE) -~ (0)-6) 010

By inserting a Reynolds decomposition s = A + s’ + O, where a symmetric noise
contribution s’ is assumed, into Equation (6.13), one can validate the accurate recovery

of the amplitude:
/ A 0
dp— Ay 300 (6.15)

2 )
or

with a small but constant contribution from the noise. This contribution is slightly

skewed towards positive values due to the incorporation of the expectation value.

In a similar fashion, by solving Equation (6.13) for (s-@) and inserting it into
Equation (6.14), the result is

Op = (s) — A(0), (6.16)

which also correctly retrieves the offset

0r=0- 10 (6.17

or

with another small contribution originating from the noise term. Notably, this
noise contribution is inversely correlated with the one present in Equation (6.15), in

accordance with the behavior of any linear fit.

6.1.4 Pulse-Shape Filter

Xfed(s, 0), as generated by the template fit, adheres to a chi-squared distribution.

The inclusion of the normalization factor 1/f in Equation (6.12) ensures that this
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distribution is centered around 1. Consequently, assuming that the template was
well-generated, any correct signal should have exhibit %4 ~ 1. This insight is used
for establishing the criterion for the pulse-shape filter: a histogram of all y24 values
is generated, and a skewed* Gaussian distribution is fitted to it. The pulse-shape
filter is then defined in a manner such that all traces lying outside the 99.73 %-region®
of the skewed Gaussian are flagged. In a typical measurement of an ECHo-1k chip,
~ 99.5% of all traces are inside the region of 0 < x2q < 5 [Ham21].

6.1.5 Classes of DARQ

With the aim of maximizing modularity and ensuring widespread applicability, DARQ
has been predominantly developed using an OOP model. Within the codebase, there
exist several classes, some of which are intended for internal purposes, while others
are tailored to specific usage cases. Here, the three most important classes will be

motivated and their designs explained.

PulseReader Class

As previously explained at the very start of this chapter, the traces saved with PAQS
are saved adhering to a strict hierarchy of directories. The PulseReader class is
designed to abstract away this hierarchy, simplifying the user experience by offering
straightforward methods for reading traces, quickly plotting them, and streamlined
handling of faulty data or entire directories. Each instance of PulseReader is
initialized with a directory path to the measurement, in addition to specifying the
channel and polarity: pr = PulseReader(path, channel, polarity). Following
initialization, a set of user-friendly methods are provided to enable trace retrieval in

various ways.

The frequently used method is PulseReader.readNextPulse, which returns an in-
stance of a RawPulse object. This instance encapsulates all the information contained
in the corresponding .sraw-file of the trace. Specifically, the actual trace can be
accessed via the RawPulse.signalData attribute whereas all additional information,
e.g. the timestamp of the trace, is retained in the RawPulse.headerData attribute.

For added convenience, RawPulse.voltage and RawPulse.time are properties that

4Due to the noise contributions, as highlighted in the previous section.
5This would be the 3o-region of a regular Gaussian distribution.
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perform the necessary calculations and return the trace in V, and the time associated
with each sample in the complete trace in ms. The relevant conversion factors are
retrieved from the ScopeSettings.txt file accessible to PulseReader. Furthermore,
RawPulse supports most numeric operations and retains class consistency throughout
them. Finally, in addition to straightforward readout and conversion, it is also possible

to swiftly plot the trace using the RawPulse.plot () method.

PulseReader is capable of three reading modes: signal, header, and al1%. The
header-mode is specifically designed to enhance the efficiency of PulseReader when
the sole requirement is to read RawPulse.headerData. This mode is frequently
employed internally, such as during template generation in order to decide whether a
trace falls within a 1% tolerance of the target S,,,.. Furthermore, it is anticipated to
prove invaluable in the later stages of the ECHo-100k project once the activity per
pixel and number of channels is significantly increased. In such scenarios, saving the
complete traces may no longer be feasible, and instead, an online fit will be conducted,

the results of which will simply be stored in RawPulse.headerData.

PulseReader is coded in a highly versatile and makes use of several Python exception
checks. This approach guarantees that any faulty .sraw-files, .zip-files, or any other
potential errors are identified and dealt with, enabling the operation to resume while

skipping over these specific problematic files.

Detector and Pixel Class

Although the PulseReader class already streamlines many processes, it is confined to
the level of individual pixels. To address this, a container class called Detector was
conceived. Detector is initialized only with a directory path to the measurement:
detector = Detector(path). Within Detector, there exist an instance of Pixel for
each pixel of the measurement. Pixel itself serves as a wrapper class for PulseReader.
Users can call methods, e.g. generating a template, on the level of Detector, which are
simply passed to each Pixel. Pixel houses all the code for dealing with the necessary
computations while reading in traces via its respective PulseReader instance. In this

manner, it is possible to perform operations on the whole measurement at once.

In addition to the methods carried over from PulseReader, e.g. Pixel.readNextPulse,

Pixel offers a diverse set of methods designed for swiftly evaluating measurements

6By default, everything is read in the all mode.
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and performing the previously mentioned analysis steps. For example, Pixel.
getPrelimHist and Pixel.detectPeaks are employed to generate a histogram and
identify the brightest peak within the measurement. This brightest peak is then used
for the generation of the template as detailed in Section 6.1.3, which is invoked by
Pixel.findCandidate. The template fit (see Section 6.1.3) is initiated through the
method Pixel.startFit. Moreover, this method is adaptable and can be used to

define various other fitting methods in the future.

The Pixel class is also equipped with a method for the automatic application of filters
during the loading of traces via Pixel.loadFilter. While it is typically employed
for time-info filter, as outlined in Section 6.1.2, this method can also be used for
more specialized filters, depending on the detector utilized for the measurement. For
instance, this method could be adapted for built-in coincidence or veto detectors, or

separating the measurement each time an external source was exchanged.

Finally, the Pixel class has a designated instance of the internal class TemplateFit
used for the template fit. At initialization with a given template, the parameters
present in Equation (6.13) and Equation (6.14) that only depend on the template are

calculated and stored to decrease the computation time.

6.2 Temperature Correction

Due to temperature fluctuations affecting the entire chip, according to Equation (4.4),
the AV observed at the end of the readout chain may differ for two events with an
equivalent energy E deposited into the absorber. This phenomenon also applies to the
gradiometric setup discussed in Section 4.4, as fluctuations of the chip temperature
cause a change in the heat capacity of the detector. Without correcting for this
temperature fluctuation in the data, the energy resolution becomes predominantly
influenced by them. In a simplified model, the relative amplitude A can be expressed
as:

A(E) = Ex' (1 + w(T))E. (6.18)

In this context, Ep is the energy that corresponds to the region of template. Typically,
for the ECHo-100k chip, this region is around the MI line at 2.04 keV.

Even though the data has not yet been calibrated to energies at this stage, determining

the region of the template in relative amplitudes can be estimated via a simple scaling
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factor. The energy calibration is performed at a later stage (see Section 6.3). k is a
dimensionless parameter that encompasses all non-linearities present, 7.e. changes in
the slope of magnetization or heat capacity due to temperature fluctuations. Ideally,
one would determine the factor (1 + £(7")) and divide all recorded A values by it to
obtain a perfectly linear version of Equation (6.18). Two primary approaches are
employed for temperature correction: one via temperature information (or pre-trigger

offset) [Vel21], and the other via amplitude variation.

6.2.1 Temperature Correction via Temperature Information

Since the temperature channel is a non-gradiometric channel, it is highly sensitive
to variation of the chip temperature. This features makes it highly effective for
correcting temperature fluctuations across the entire chip. By co-triggering the
output of the temperature channel whenever a signal in another channel is triggered,
the corresponding average voltage Vi, of the temperature channel readout chain
is recorded, and subsequently added to the header information of the signal trace
by PAQS. To execute the temperature correction, a correlation plot is generated
between the relative amplitude A and the voltage of the temperature channel Vi, for
a specific line of the spectrum. Typically, the brightest peak is chosen for simplicity.
Assuming only minor fluctuations in the chip temperature, the two variables are

approximately linearly correlated. Therefore, Equation (6.18) is transformed into
A(E) = E’fl(av;nfo + b)7 (619)

with @ and b serving as the free parameters of the fit. By dividing each relative

amplitude by this fit function, the temperature fluctuation can be corrected.

Another method to correct for the changes in temperature of the chip can be employed”
using the pre-trigger offset, the average voltage in the pre-trigger region of each trace.
However, due to the channels never being perfectly gradiometric, the pre-trigger
region is also subject to temperature fluctuations. Nevertheless, the degree to which
the fluctuations affect the pre-trigger region is less pronounced than when using the
temperature information, due to the complete asymmetry of the temperature channel.
Consequently, using this method should be avoided if possible. In cases where no

temperature information was recorded, for instance, if the temperature channel was

"Only for dc-coupled events.
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found to be faulty, it is still possible to correct for temperature fluctuations via

amplitude variation.

6.2.2 Temperature Correction via Amplitude Variation

In addition to utilizing the direct correlation between chip temperature and variations
in relative amplitude, it is also possible to indirectly infer the temperature fluctuation
T'(t) by observing the changes in relative amplitude over time A(t¢). However, this
approach is only viable when the event rate is significantly higher than the rate of
temperature fluctuations. If the fluctuations are occurring too fast relatively, they
will dominate the detector resolution and cannot be corrected through this method.
More specifically, the changes in relative amplitude A around a single resonance with
sufficient statistical data are plotted against the time of measurement t. This region

is then fitted with a spline function® with a specified width w:
A(E,t) = Ex's(t,w). (6.20)

The temperature fluctuations are then corrected by simply dividing each relative

amplitude at a given timestamp A(t) by the value of this spline s(¢) at that timestamp.

Notably, this spline s is susceptible to overfitting or underfitting. Overfitting occurs
when w is chosen too small, causing the spline to essentially jump from one data point
to another without effectively capturing the correlation with temperature. Conversely,
underfitting arises when w is excessively large, resulting in the spline barely following
the temperature fluctuations. To determine the optimal width w for the spline,
several spline fits are performed with different w values. Subsequently, the relative
amplitudes around a different, single resonance are divided by the spline, and the
standard deviation is computed. Because the temperature fluctuations affect all
regions of the spectrum in the same manner, the optimal w is the one at which this

standard deviation is minimized.

As one can deduce from the above description, this method is more intricate than the
one relying on the temperature information provided by the temperature channels
of the chip. As a result, it was primarily used in this thesis when the temperature
channel was found to be faulty. Furthermore, it is advisable to use a spline of

sufficiently high order, to avoid kinks in the transfer function.

8 Alternatively, a running average can be used.
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6.3 Energy Calibration

The final step of data processing revolves around energy calibration. While, until this
point, only the relative amplitude of the signal A with respect to the template was
considered, the ultimate goal is to accurately determine the actual energy deposited
in the detector. Although it is theoretically possible to track the energy deposition
across the different links of the readout chain (as extensively discussed in Chapter 4),
uncertainties in the persistent current, chip temperature, and other factors make this
approach less reliable. Conversely, using a well-established calibration source is a
more prevalent and accurate method. For detectors based on MMCs optimized for
energies up to 20keV, an *°Fe source is commonly employed. This source includes
Fe behind a beryllium window and mainly emits X-rays with energies corresponding
to the X-ray resonance lines K, ; with an energy of 5.898keV, K, , with an energy
of 5.887eV, and K with an energy of 6.490keV. Additionally, there a few Auger

electrons and photons are present, which introduce a low-energy background.

As mentioned earlier, MMCs are highly linear, but they exhibit some non-linear
behavior at larger energies. Specifically, the signal heights tend to be systematically
smaller at higher energies. For small systematic deviations, this behavior can be

approximated with a Taylor expansion:
AE) =pVE +p®P E* + O(E?). (6.21)

Historically, in the ECHo collaboration, the Taylor expansion was taken up to the
second order [Ranl4, Vel20, Man21], while other MMC-based detectors have used up
to a third-order expansion for their description [Gei20]. In all cases, the deviation

from linear behavior rarely exceeds 1% at a few keV.

To perform the energy calibration using an external source, first, the approximate
amplitudes corresponding to the distinct peaks are identified in the spectrum. Thanks
to the template fit method, at least one peak, usually the brightest one, is located
at A ~ 1. In the case of the *Fe-source spectrum, this corresponds to the K, line”.
The locations of all the peaks from the calibration spectrum can be estimated by

inserting p; = Er, py = 0 into Equation (6.21).

For each peak, a histogram around the estimated amplitudes is generated. Assuming

the line shapes are roughly symmetric, a Gaussian distribution can be used to fit

9At this point in the analysis, resolving the K1 and K4 2 line is usually not possible.
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their positions. In some rare cases where the line shape deviates significantly from a
Gaussian, the natural linewidth has to be considered as well, which usually entails

fitting one or more Lorentzian lines, convolved with the Gaussian detector response.

Then, the positions of the peaks from the calibration spectrum are fit using Equa-
tion (6.21). By calculating the radical of the polynomial, the corresponding energy

for each amplitude can be calculated.
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7. Experimental Results: ECHo-Be

Though initially designed for the second phase of the ECHo experiment, the ECHo-
100k chip has achieved an energy resolution as high as A Fpwiy = 3eV at an energy
of 6keV [Man21]. Consequently, it was selected for implantation with "Be to measure
the "Be EC spectrum. The aim was to shed light on the origins of line broadening
observed by the BeEST experiment by comparing the results achieved with two
different types of detector technologies: MMCs and ST Js.

With this goal in mind, three ECHo-100k chips were implanted with "Be at ISOLDE,
CERN, on 2021-12-03, as outlined in Section 5.2.1. Due to the partial restrictions
on travel and workspace entry during the COVID-19 pandemic, the first calibration
measurement with the ECHo-Be chips took place on 2022-06-17. This already reduced
the activity to be expected by a factor of ~16, considering that around ~4 half-lives
had already passed. Nonetheless, data collection proceeded for all three ECHo-Be
chips. Notably, only ECHo-Be Al and ECHo-Be Au were equipped with an **Fe-
source for calibration, while for ECHo-Be Ag, the intention was to use the polynomial

fit (see Section 6.3) from the energy calibration of one of the other detectors.

The three chips were assembled on setups as explained in Section 5.3. A persistent
current was frozen in all quarters of all three ECHo-Be chips, with a heat-switch
current of I;; = 2.5mA and a field-generating current of Iy = 40 mA. Unfortunately,
freezing the persistent current proved challenging for both the ECHo-Be Al and the
ECHo-Be Ag setups. The exact cause of this difficulty is unknown, considering there
were no shorts present, and that previous ECHo-100k chips had operated successfully
within the same cryostat, utilizing the identical readout chain. Due to the low
half-life of "Be, the measurement proceeded with the persistent currents as they were.
Following an initial calibration run lasting about 5d, the cryostat was warmed up,
and the “°Fe-sources were removed. Subsequently, the full run, spanning 30d, was
conducted. Since both measurement runs for all ECHo-Be setups were read out the
same two 16-channel digitizer cards, the resulting measurement files were merged
in one single directory. Data was acquired in AC mode, except for the temperature

channels which were acquired in DC mode.
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7.1 Data Processing

The data acquired from both measurement runs was reduced following the steps

outlined in Chapter 6:

1. Time-info filter

2. Template fit

3. Pulse-shape filter

4. Temperature correction

5. Energy calibration.

Following this, the recorded spectra were reconstructed. In the following, additional
information is supplied for each step of the data processing. Afterwards, an analysis

of the energy resolution and the measured ‘Be EC spectrum is presented.

7.1.1 Application of Time-Info Filter

In the first step, the data was reduced with the time-info filter (see Section 6.1.2).
For both the GSM filter and burst filter, the default settings were maintained, as
outlined in Section 6.1.2. The main difference here is that the At for the GSM filter
was calculated between all channels, ignoring the relation to a specific setup. This
way, more spurious traces generated by GSM signals could be identified and filtered,
as these also do not differentiate between setups. The trigger rate of each pixel
was determined by creating a histogram of At and fitting it with an exponential
function, excluding the first 15ms, as per holdoff filter. The resulting values were
used to define the time constants of the burst filter. During the calibration run, the
trigger rate of ECHo-Be Al was ~1Hz, and for ECHo-Be Au, it was ~0.7 Hz, with
most events originating from the *’Fe-source. The trigger rate of ECHo-Be Ag was
~0.15Hz due to lack of an **Fe-source. In the full run, the trigger rate was estimated
to be 0.05Hz. The holdoff time for the holdoff filter was chosen as t,,4 = 15ms
for both runs, which is a typical value for ECHo-1k and ECHo-100k setups. The
coincidence filter was applied to each detector setup individually, with a coincidence

time set to 8 ps.
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Pixel after Time-Info Filter
Holdoff Burst Coincidence GSM‘ all
25+ 92.1% 981% 83% 991% ]| 7.9%
25— 91.8% 98.1% 82% 98.9% | 7.8%
26+ 68.4% T7.3% 08% 97.5% | 0.1%
26— 97.0% 75.0% 1.0% 99.0% | 01%
27+ 92.2% 98.2% 79% 99.0% | 7.5%
= | 27— 92.2% 98.2% 79% 99.0% | 7.5%
& | 28+ 75.6% 87.3% 0.6% 98.9% | 0.1%
mc': 28— 99.0% 86.4% 0.6% 98.9% | 0.1%
O | 30+ 98.4% 80.0% 1.4% 99.0% | 05%
Fls0— | 986% 80.7% 12% 98.9% | 0.5%
31+ 98.5% 78.0% 43% 98.9% | 3.3%
31— 98.2% 78.4% 36% 99.0% | 2.6%
32T+ | 98.9% 87.4% 08% 98.8% | 0.4%
32T— | 98.3% 80.8% 1.1% 989% | 02%
1T+ | 692% 289% 35.7% 993% | 17.8%
1T— | 61.7% 11.7% 28.6% 99.6% | 7.4%
|2 63.8% 18.0% 28.8% 99.6% | 95%
= | 2— 64.4% 17.8% 20.0% 99.6% | 9.3%
& | 3+ 71.2% 34.7% 20.0% 995% | 13.2%
S 3— 71.3% 33.1% 205% 99.6% | 12.9%
SRRt 78.9% 48.9% 2%.7% 99.9% | 14.3%
M| 5— 79.4% 49.7% 27.7% 99.8% | 15.1%
6+ 63.6% 17.1% 27.9% 99.4% | 81%
6— 64.2% 15.8% 273% 99.4% | 7.0%
10+ 794% 13.7% 345% 912% | 2.0%
10— 80.7% 14.4% 445% 89.2% | 2.0%
11+ 89.8% 63.7% 72.3% 945% | 58.6%
|- 91.2% 59.7% 57.0% 94.7% | 39.9%
Z | 13+ 188% 15.1% 93.0% 985% | 12.7%
& | 13— 76.2% 70.9% 79.7% 94.7% | 52.4%
S| 25+ 78.6% 58.4% 64.3% 90.2% | 39.7%
= | 25— 69.9% 59.8% 526% 91.8% | 18.8%
M| 26+ 66.5% 51.5% 458% 91.0% | 12.0%
26— 71.7% 50.0% 62.0% 925% | 27.1%
31+ 67.6% 56.6% 79.0% 95.4% | 38.8%
31— 77.9% 59.1% 80.6% 94.4% | 48.8%

Table 7.1: Overview of the results from the time-info filter of the calibration run. The
percentages given are the amount of traces left after the corresponding subfilter, and do
not include any overlap between these.
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Pixel after Time-Info Filter
Holdoff Burst Coincidence GSM\ all
25+ 99.6% 1.0% 26% 991% ] 0.0%
25— | 99.7% 1.2% 2.7% 99.0% | 0.0%
26+ | 99.8% 83.9% 28% 99.6% | 0.6%
26— | 98.3% 84.6% 41% 992% | 1.2%
27+ 99.9% 80.1% 34% 991% | 1.5%
< 27— 99.7% 80.7% 38% 99.0% | 1.8%
E 128+ | 99.7% 53.1% 30% 991% | 07%
mc': 28— | 99.8% 53.1% 27% 992% | 0.7%
O |30+ | 982% 86.1% 6.9% 971% | 53%
M130— | 984% 86.3% 6.3% 97.5% | 4.9%
31+ 99.8% 60.1% 24% 991% | 0.3%
31— 99.7% 59.9% 24% 992% | 0.3%
32T+ | 98.6% 0.0% 01% 99.8% | 0.0%
32T— | 985% 0.0% 01% 99.8% | 0.0%
1T+ | 962% 00% 90.4% 996% | 0.0%
1T— | 962% 0.0% 90.7% 99.5% | 0.0%
|2t 99.8% 82.6% 12.7% 99.6% | 8.9%
= | 2— 93.2% 79.7% 151% 99.6% | 10.8%
& | 3+ 99.8% 82.7% 16.9% 99.7% | 13.4%
s | 3— 98.8% 83.2% 18.4% 99.6% | 14.7%
SRR 99.8% 53.0% 6.9% 992% | 31%
Sl [ 99.7% 51.6% 33% 99.1% | 0.6%
6+ 99.9% 85.6% 102% 992% | 6.9%
6— 99.3% 85.4% 122% 99.6% | 85%
10+ 978% 12.3% 35% 987%| 02%
10— 97.7% 8.0% 36% 985% | 0.1%
11+ | 96.4% 90.8% 6.8% 98.6% | 5.0%
| 1= | 944% 87.1% 6.5% 97.5% | 2.9%
2113+ | 91.1% 77.4% 6.5% 98.5% | 1.6%
& 13— | 87.5% 69.2% 104% 978% | 1.7%
S 125+ | 86.2% 67.6% 106% 96.6% | 1.1%
Slos— | 884% 709% 122% 972% | 1.0%
M| 26+ 711% 43.4% 108% 97.1% | 2.0%
26— 72.8% 47.6% 111% 97.2% | 2.5%
31+ 94.4% 30.6% 78% 982% | 0.9%
31— 94.3% 26.9% 25.8% 982% | 4.6%

Table 7.2: Overview of the results from the time-info filter of the full run. The percentages
given are the amount of traces left after the corresponding subfilter, and do not include any
overlap between these.
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The results of the data processing produced by the time-info filter are displayed in
Table 7.1 for the calibration run and in Table 7.2 for the full run. In the calibration
run, the GSM filter flagged the least number of traces, accounting for approximately
~1—10 % of all traces. Although it identified a few characteristic lines, there appear to
be more miscellaneous distortions present than GSM signals, which were not identified
by the GSM filter. The limited presence of GSM signals is likely justified, given that
the cryostat is located in a remote area of the Kirchhoff-Institute for Physics, where
minimal foot traffic, with mobile phones, is anticipated. The holdoff filter exhibits a
very low flagging ratio for the ECHo-Be Al setup but plays a more significant role for
the ECHo-Be Ag and ECHo-Be Au setups. For the ECHo-Be Ag setup, the digitizer
card was set to very low trigger threshold for fear of missing a signal due to the
absence of an external source to gauge an adequate value. Additionally, the noise
floor was slightly higher for this setup compared to ECHo-Be Al. The same holds true
for the ECHo-Be Au setup, where the holdoff filter discarded a considerable amount
of noise. In the case of the burst filter, numerous traces were flagged around the 30 h
mark of the measurement for multiple channels across all three setups. his could
be attributed to heavy machinery being activated in the nearby in-house workshop.
A substantial number of signals were produced in the channels of the ECHo-Be Ag
setup, causing a noticeable rejection rate of up to 90 % due to its otherwise low
activity. The elevated noise levels of the ECHo-Be Au setup also contribute to higher
burst filter results compared to the ECHo-Be Al setup.

When comparing these results to the full run, the rejection rates of each filter remain
roughly the same, except for the coincidence filter. In the full run, the coincidence
filter now flags approximately 85% of all traces, mainly because the trigger rate
is exceptionally low due to the absence of an external source in all three setups.
Consequently, the probability of a coincidence between two physical events is further
reduced. The burst filter now filters between 10-70 % of the traces for the implanted
pixels, compared to sometimes 100 % for the non-implanted pixels. As a result, some
channels are left completely empty after the complete time-info filter is applied. This
mainly concerns the temperature channels that have an expected activity per pixel of
A, = 0. Unfortunately, the signals from ECHo-Be Al channel 25 are also discarded
by the application of the time-info filter. Although this was expected for one of
the pixels in channel 25, which was not implanted with "Be, the other one should
have been implanted. The reason for this channel ending up empty is attributed to

the appearance of a fast signal reset in the two-stage setup, which will be further
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ECHo-Be Au Pixel 25 —
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Figure 7.1: Representation of the signal heights of the first 10 000 traces for the calibration
run, for pixel 25— of the ECHo-Be Au detector setup. Left: Preliminary histogram and
Right: brightness spectrum. The brightest peak selected (green star) is the K, line of the
®"Fe-source. Also shown are the 1% tolerance range (green, dashed) from which the traces
for template generation are selected, as well as the 1-count limit (red).

discussed in the following section.

7.1.2 Template Fit

Given the expected low "Be activity in the full run, the strategy for the template fit
and pulse-shape filter involved obtaining a template during the calibration run. The
pulse-shape filter was then calculated based on acceptable Xfed values. Subsequently,
this template, and the defined region of Y24, were employed for both fitting and
filtering the data from the full run.

To identify the brightest peak of each pixel, a histogram of the first ~10 000 signal
heights was created. Using this histogram, the brightest peak could be automatically
detected via the method outlined in Section 6.1.3. An example of the entire process
is depicted in Figure 7.1. Here, both the preliminary histogram and the brightness
spectrum are plotted for a specific pixel of the ECHo-Be Au setup, 25—. From the
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ECHo-Be Au Pixel 25 —
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Figure 7.2: Template of ECHo-Be Au pixel 25—, generated by averaging 110 pulses. The
figure-or-merit FOM = 13 585 is quite high.

brightest peak, the template can be generated for each pixel of the three setups. The
templates produced in this step reached FOM,; ~ 8000 for the ECHo-Be Al setup
and FOM,, > 10000 for the ECHo-Be Au setup. Due to the absence of a bright
peak, all pixels from the ECHo-Be Ag setup received a surrogate template from either
pixel of ECHo-Be Au channel 11, with their respective polarity. ECHo-Be Au channel
10 exhibited very low signals, and thus both pixels were also supplied with the same

surrogate templates. An example of a well-generated template is shown in Figure 7.2.

Following template generation, all traces undergo the template fit process (refer to
Section 6.1.3). Non-implanted pixels of asymmetrically implanted channels, as well
as baselines saved periodically for each channel, are also fitted with the templates
corresponding to the non-empty pixels. An overview of all the successfully fitted
pixels of the ECHo-Be setups is presented in Figure 7.3. Some channels could not be
fitted well due to their low persistent current', while others suffered from disconnected

frontend SQUID lines®. For most channels of the ECHo-Be Au setup, triggering on

'ECHo-Be Al channels 1T-4, 6, 8, ECHo-Be Au 10.
2ECHo-Be Al pixels 5, 7, 29, ECHo-Be Ag channels 4, 7, 8, 25-29, 31, 32T, and ECHo-Be Au
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HREBEODDEO HEREBEODBDEO 10
(a) ECHo-Be Al (b) ECHo-Be Ag (c) ECHo-Be Au

Pixel | FOMy Pixel | FOMy Pixel | FOMy
25+ | - 1T+ |- *10+ | -

25— | 8200 1T— |- *10— | -

26+ | - 24 - 114+ | 11000
26— | 7600 2— - 11— | 11000
27+ | 10000 3+ - 13+ |-

27— 19300 3— - 13— | 13000
28+ | - 5+ - 25+ | -

28— | 9700 5— - 25— | 13000
304+ | 7400 6+ - 26+ | -

30— | 7700 6— - 26— | 11000
31+ | 7300 31+ | -

31— | 7400 31— | 11000
32T+ | 7000

32T— | -

Figure 7.3: Overview of the pixels of each ECHo-Be setup that were read out successfully.
Also provided are the FOM of their respective templates. The pixels of ECHo-Be Ag, as
well as the pixels marked with *, received a surrogate template from the respective pixel of
ECHo-Be Au channel 11.
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Pulse-Shape Filter (ECHo-Be Au Pixel 25 —)
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Figure 7.4: Pulse-shape filter applied to ECHo-Be Au pixel 25—. Data shown in blue
passes the filter. The pulse-shape filter discards data that lies outside of the 99.73 %-region
shown in grey (written as 4o for the equivalent value if it were a Gaussian distribution).
The skewed Gaussian fit to the data (red) slightly undershoots for higher values of X?ed'
This is because of the higher noise levels present in all data of ECHo-Be Au.

the positive edge was not possible due to the appearance of a fast signal reset in
the two-stage setup whenever a positive signal was detected. Consequently, only the
negative signals were saved for these channels. The exact origin of this problem has

not been identified yet.

7.1.3 Application of Pulse-Shape Filter

After the traces had been fit, the data from each pixel was individually processed
with the pulse-shape filter (refer to Section 6.1.4). Figure 7.4 shows the calculation of
the pulse-shape filter parameters for ECHo-Be Au pixel 25—. For this, a histogram is
generated from the y24 values of all traces. The orange region encompasses all traces
that pass this filter, while the blue traces represent those flagged by the filter. The

skewed Gaussian (red) slightly undershoots for higher values of X2.q for the channels

channels 9, 30.
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Amplitude Variation (ECHo-Be Au Pixel 25 —)
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Figure 7.5: An example of temperature correction via amplitude variation, as performed
on ECHo-Be Au pixel 25—. Left: Relative amplitude as a function of time. The full data
(included in blue, removed in grey) is fitted with a spline of third order and width of 200
(red). Right: Histogram of the relative amplitudes corresponding to the section shown on
the left. The “°Fe K, lines appear heavily distorted.

of ECHo-Be Au. This is likely attributed to the higher noise levels in this setup. To
address this issue, the filter region of ECHo-Be Au was extended to 0 < 24 < 3 for

both the calibration run and full run.

7.1.4 Temperature Correction

Since reading the temperature information with the temperature channels did not
work correctly, the temperature correction was conducted through amplitude variation
(refer to Section 6.2.2). The *°Fe K, lines served as the reference for the calibration
run, with the expectation that this issue would be resolved in the full run. However,
due to the clear presence of a ‘Be EC line in the calibration run, this line was used for
temperature correction via amplitude variation for the full run, instead. To determine
the appropriate width w of the spline fit, sections with fast amplitude variations were

excluded in advance in both runs.
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Amplitude Variation of Al and Au Setup
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Figure 7.6: Amplitude variation over time for all pixels of ECHo-Be Al and ECHo-Be
Au. The fluctuations follow along the same trend. The curves of ECHo-Be Au have been
magnified by a factor of 2 to make the correlation more apparent. The exception present in
ECHo-Be Al pixel 25— happens during a time that was excluded from the analysis due to
its fast fluctuations.

Figure 7.5 shows a plot a plot of relative amplitude as a function of time for ECHo-
Be Au pixel 25— on the left, with the overlaid fitted spline. The spline comprises
segments of 200 data points, fitted with third-order polynomials. On the right side,
a histogram of the relative amplitudes in the chosen window is presented. Due to
temperature fluctuations, this *’Fe spectrum is significantly distorted. In addition to
excluding sections of fast amplitude variation, segments with a considerably lower

level of activity were also removed (both shown in grey).

Notably, the sections of fast amplitude variations are simultaneously detectable on
all three detector setups. A visualization of this correlation is presented in Figure 7.6.
Here, The amplitude variation over time is plotted for all pixels of the ECHo-Be
Al and ECHo-Be Au setups. To better illustrate this correlation, the curves of all
ECHo-Be Au pixels are magnified by a factor of 2. Given that the variations in
relative amplitude exhibit the same general trend, it is reasonable to assume that
these variations reflect temperature fluctuations over time across the entire mixing

chamber platform, rather than being limited to each detector setup locally.

To showcase the effectiveness of temperature correction, in particular via amplitude

variation, Figure 7.7 shows two histograms of the relative amplitude of ECHo-Be Au
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35Fe K, Lines (ECHo-Be Au Pixel 25 —)
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Figure 7.7: An example of the effect of the temperature correction on the % Fe spectrum
of ECHo-Be Au pixel 25—. After correcting, the K, ; and K 5 lines are clearly visible.

pixel 25— data, overlaid. The blue histogram represents the data before temperature
correction, mostly appearing as a singular peak. In contrast, the orange histogram
displays the data after correcting for temperature fluctuations via amplitude variation,
revealing the clear presence of Fe K, lines. As a visual aid, the *°Fe spectrum
is superimposed in red, calculated with an energy resolution of AFpwuy = 5€V.
Additionally, the peak at A ~ 1.0038 has vanished. This disappearance is not a
result of exclusion, but due to the fact that is was an artifact caused by a decrease in

temperature over time.

7.2 Energy Calibration with *’Fe-Source

In order to make the switch from relative amplitudes A to energy deposited in
the detector F, an energy calibration curve was constructed from the data of the
calibration run. This was achieved by fitting the positions of the K, and Kj lines of
the *Fe-source, as outlined in Section 6.3. Figure 7.8 presents the relative amplitude
of ECHo-Be Au pixel 25— for the three lines, K, 1, Ky, and K (depicted in blue),
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Energy Calibration (ECHo-Be Au Pixel 25 —)
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Figure 7.8: Energy calibration curve for ECHo-Be Au pixel 25—. Details are given in the
text.

as a function of their energies from literature [H6197]. A second-order polynomial
(illustrated in red) was fitted to the three points, with the position of the K, ; line
fixed. The linear component of the polynomial (shown in grey) is also plotted to
emphasize the small deviation. The bottom plot displays the same as above, with

the linear component subtracted.

The polynomial that transforms between energies and relative amplitudes is given by

E E\?
An(E) = (1.720040.0057) x 10—4W—(3.96io.94) x 10717 (W) +O(E?) (1.1)

for ECHo-Be Al and

E EY’
Apu(E) = (1.710£0.001) x 107* ~ —(292£0.18) x 1071 (W) +0(E) (7.2)

for ECHo-Be Au during the calibration run. The provided uncertainties represent
the deviation across the specific detector chip. The non-linearity of the detectors was
computed using Equations (7.1) and (7.2) to be <1.5% at 6keV. The precision of
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. A'EFWHM
Pixel | 5 ov) (6keV)
25— 920  34.0
26— 950 123
= |27+ 950 108
o lo7— 970  30.0
T 28— 9.30 11.0
= | 30— 9.90  31.0
S 31+ 11.8 120

31— 120 30.0

39T+ | 990  12.7
= 11+ 5.9 18
T 13- 43 5.0
A 25— 3.4 4.4
= | 26— 3.0 45
S| 31— 1.6 3.3

Table 7.3: Energy resolution of the pixels of ECHo-Be Al and ECHo-Be Au.

the linear term is a testament to how accurately and reproducibly the peak detection
is able to pick out the *’Fe K, line from the preliminary histogram. As the same
persistent current was injected into the detectors in both runs, and furthermore the
relative amplitude corresponding to the K-GS line of ‘Be was also the same, this
polynomial was utilized for the energy calibration of the data from the full run as

well.

With this, the energy resolution A Epww achieved with each pixel was determined.
The baseline resolution, i.e., the energy resolution at 0eV, was derived from the full
width at half maximum (FWHM) of the Gaussian produced from the “energies” of
the baselines, as fitted by the template fit and transformed using Equations (7.1)
and (7.2). To find the energy resolution at higher energies, a fit of the *’Fe spectrum
was performed using results from Holzer et al. [H6197] with modifications provided
by one of the authors [For]. The results of this fit are provided in Table 7.3.

The pixels of ECHo-Be Al exhibit a baseline energy resolution of A Epwiy = (10.1 £
1.1) eV, which is not ideal. This is most likely due to a lower persistent current inside
the setup, which in turn produces smaller pulse heights and thus also the signal-to-
noise ratio. Furthermore, some pixels displayed an artifact on the high-energy tail of
the *Fe K, lines, systematically increasing the energy resolution at 6keV to >20¢eV.
Excluding these faulty pixels, the energy resolution of the ECHo-Be Al pixels at
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Determination of Threshold (ECHo-Be Au Pixel 25 —)
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Figure 7.9: Zoom of the Xfed plot for energies below 100eV and X?ed lower than 3 of
ECHo-Be Au pixel 25— during the calibration run. The peak at 12eV lies outside of the
regular scatter clouds belonging to the spectrum and baselines. The data in grey lies below
the threshold energy of Ey, = 16eV (red) and is excluded.

6keV is AFpwum = (11.75 £ 0.84) eV, much closer to the baseline energy resolution.
However, among the ECHo-Be Al pixels with higher energy resolution, none appear

. 7 .
to contain any ‘Be lines.

Conversely, the pixels of ECHo-Be Au exhibited more promising results, with a
baseline energy resolution of AEpwmy = (3.6 & 1.6) eV and an energy resolution at
6keV of AFEpwayv = (4.40 + 0.66) eV. However, the pixel with the highest energy
resolution, 1.6 eV, namely pixel 31—, also did not show any signatures of Be. In
contrast, an energy histogram of the signals from pixel 25— and pixel 11+ revealed a

distinct peak at around F ~ 110eV, which will be analyzed in the following.

7.3 "Be EC Spectrum

Using the energy resolution as a first basis, the threshold of the measurements was
estimated to be roughly E,, = 3 X AEpwum = 11eV for the pixels of ECHo-Be Au.
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Overview Spectrum (ECHo-Be Au Pixel 25 —)
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Figure 7.10: Overview energy spectrum of ECHo-Be Au pixel 25—, with the various lines
assigned.

However, during the calibration run, there was an additional peak present at around
12eV for all pixels of ECHo-Be Au. Figure 7.9 displays a scatter plot of y%4 and
energy of ECHo-Be Au pixel 25— at low energies, with marginal histograms added. As
can be seen from the scatter plot, the peak at 12eV is clearly separated from the rest
of the measured spectrum and the baseline peak at 0eV. To exclude this artifact, the
threshold was increased to Ey, = 16eV. Additionally, the x%4-distribution appears
much closer to a Gaussian distribution after removing the data below E,, further

cementing this choice in threshold.

Figure 7.10 provides an overview of the complete energy spectrum of ECHo-Be Au
pixel 25— measured during the calibration run. The *’Fe EC lines are marked in
the outer plot. In the inlay plot, a zoom into the low energy region is shown. Here,
the "Be K-GS line is visible. Since the presence of the *Fe source introduces a
low-energy background, resolving the rest of the ‘Be EC spectrum is not possible
within the calibration run. Fitting the ‘Be K-GS line with a Gaussian reveals
a FWHM of Fyx_gg = 6.3eV. Similar to the result established by the BeEST

experiment (see Section 3.1.1), this is considerably wider than the energy resolution
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of AEpwam = 3.4¢V at this energy range.

The analysis of the first 5 days of the full run is consistent with this result, producing
a FWHM of AE,_qg = 5eV. Therefore, the results of a broadening of the K-GS and
L-GS lines previously produced by the BeEST experiment with STJs were reproduced
using a very different detector technology, MMCs. As STJs rely on superconducting
absorbers and MMCs instead utilize normal conducting absorbers, the reproduction
of the result should help narrow down the mechanism underlying the broadening
itself.

7.3.1 Activity Estimation

The "Be activity was estimated by dividing the number of "Be events by the total
measurement time. To eliminate systematic errors, the background needed to be
subtracted from the number of events, and the dead time of the measurement had
to be calculated. The background in the region 50-180eV was approximated by a
single exponential function. Figure 7.11a displays the "Be K-GS line (blue), fitted
with a model of a single Gaussian and an exponential background (green) using
the data within the dashed lines. The exponential background was then subtracted
from the histogram, with the result shown in orange. The ‘Be events are calculated
from the integral of the single Gaussian (red). In total, there are 3353 events in the
region of the "Be K-GS line. For the estimation of the dead time, the time difference
between all traces is plotted as a function of time, as shown in Figure 7.11b. A
time segment was designated as "dead" if more than t4.,q4 = 6 min passed without a
single event®. Therefore, the dead time is given by the integral of all time differences
with At > t4..q, totaling a dead time of ~68 h out of a total measurement time of
120h. Taking into account the various branching ratios of the “Be EC spectrum
as laid out in Section 3.1, the K-GS line amounts to between 83.3-86 % of all "Be
EC decays. Therefore, the "Be activity in ECHo-Be Au pixel 25— was estimated as
Ap, = (16.05 + 0.25) mBq during the calibration run. This value is lower than the
activity per pixel of A, = 1/16 Bq expected at implantation, even after taking into
account 4 half-lives having passed, but within the same order of magnitude. While
the exact reason for this is unknown, there are multiple possible causes, such as the

. . 7 . T
presence of contaminants in the ‘Be ion beam such as ‘Li.

3After both time info filter and pulse-shape filter.
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’Be K-GS Line (ECHo-Be Au Pixel 25 —)
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Figure 7.11: Estimation of the "Be activity of ECHo-Be Au pixel 25—. (a) number of
events in ‘Be K-GS line (b) calculation of dead time of the measurement.
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Overview Spectrum (ECHo-Be Au Pixel 25 —, 30d)
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Figure 7.12: Overview energy spectrum of ECHo-Be Au pixel 25— from the full run,
including all 30d of measurement. In addition to the "Be K-GS line, further features are
visible.

7.3.2 Reconstruction of Spectrum

By performing the data processing steps as laid out previously on the full run, the
results were be used to generate a full spectrum over the entire 30 d measurement
span. The overview spectrum of the full 30d of the full run is shown for ECHo-Be
Au pixel 25— in Figure 7.12, containing a total number of 25859 events. Like the
overview spectrum shown for the calibration run, the inlay shows a zoom into the
"Be EC spectrum, where the "Be K-GS line is present. However, previously hidden

features are now visible, with the low energy background from the “°Fe source absent.

The spectrum between 16-175¢V was fitted with a rudimentary model of the "Be
EC spectrum: each of the following, K-GS, K-ES, L-GS, and L-ES lines, was
approximated with a Gaussian distribution. Additionally, a simple exponential
background was assumed in the model. The result of this fit, as well as the residuals,
is shown in Figure 7.13. From the residuals, one can infer that the fit works out quite

accurately. There are, however, some regions with higher residuals present. First,
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’Be Spectrum (ECHo-Be Au Pixel 25 —)
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Figure 7.13: Fit of "Be EC spectrum of ECHo-Be Au pixel 25— from the full run (30d).
The total fit (black) consists of four Gaussian distributions corresponding to the four lines,
and a single exponential background.

the region around the L-ES first over- and then underestimates the data slightly.
Therefore, the FWHM of this particular line is not to be taken at face value. Second,
there is a large deviation present at the low-energy tail of the K-GS line. Qualitatively,
there is a strong resemblance to the spectrum measured by the BeEST collaboration,

as previously depicted in Figure 3.3.

The widths of the K-GS line and L-GS from the fit are AEg_gg = 5.8eV and
AFE;_qs = 8.4¢€V, respectively. This agrees well with the results AE;_qg = 6.7eV
and AE;_qg = 8.2¢eV from the BeEST experiment [Sam23] mentioned in Section 3.1.1.

This further confirms the the results posed by the BeEST experiment regarding a
broadening of the "Be EC K-GS and L-GS lines.

By subtracting the background from the K-GS and L-GS lines, the L/K-ratio could
be calculated. However, because of their significant overlap with the K-ES line, the
Gaussian distributions used to fit both lines were used for the calculation, instead.

Dividing their maxima yields a value of L/ K ~ 0.033. By dividing their integrals®, the

4Any region of the Gaussian integrated over produces the same number, if symmetrical.
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value is changed slightly to L/K ~ 0.047. These values fall within the same ballpark
as previous measurements [Voy01, Fre20]. However, as mentioned in Section 3.1, the

exact L/K-ratio depends significantly on the specific implantation material [Fre20].
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8. Summary and Outlook

Neutrinos persist as the least understood particles within the Standard Model of
particle physics (SM). The observation of neutrino oscillations between different flavor
states has established they possess mass. However, the absolute neutrino mass scale
remains unknown. Moreover, the question remains whether there exist additional,
sterile neutrino eigenstates. These states, unlike active neutrinos, would not interact
via the electroweak force, but would still participate in neutrino oscillations. Numerous
experiments, such as the electron capture in '**Ho (ECHo) experiment of the Beryllium
Electron capture in Superconducting Tunnel junctions (BeEST) experiment, seek to

unveil the answers to these fundamental questions.

The ECHo collaboration aims to measure the ***Ho EC spectrum, with the ultimate
goal of determining the absolute neutrino mass scale. To accomplish this, it employs
detectors based on metallic magnetic calorimeters (MMCs) featuring an embedded
source of '®Ho, operated at mK temperatures. MMCs are low temperature detectors
known for providing high spectral resolution across a broad range, extending down to
a few eV. Currently, the ECHo collaboration is progressing towards the next phase
of the ECHo experiment, ECHo-100k. In order to achieve the high statistics of 10"

events required for the ECHo-100k phase, several aspects have to be scaled up.

On the flip side of endeavors to understand neutrinos, the BeEST collaboration
aims to measure the Be EC spectrum to look for potential signatures of sterile
neutrinos. The detectors for the BeEST experiment are based on superconducting
tunnel junctions (STJs), which are high-rate quantum sensors also operated at mK
temperatures. With these detectors, the BeEST experiment successfully measured
the ‘Be EC spectrum, revealing that the ‘Be K-capture to the ground state (K-GS)
and L-capture to the ground state (L-GS) lines exhibit unexpected broadening, with
a width of 6.7eV and 8.2V, respectively. The cause behind this broadening remains

unknown, which complicates the search for signatures of sterile neutrinos.

This thesis contributes advancements toward addressing these efforts in three ways.
Firstly, a scheme for a wafer-scale implantation of '**Ho was developed. A test wafer
for the wafer-scale implantation, ECHo-100k RadioTest, was fabricated and implanted

with a short-lived nuclide during an initial test successfully. Afterwards, a complete
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ECHo-100k wafer, ECHo-100k v2w1, was fabricated as well, and subsequently used
for testing the first wafer-scale implantation of '**Ho. Unfortunately, this very first
test was not completely successful, as the activity was well below an activity per
pixel of 1 Bq, which was aimed for. Besides the reduction in activity, the overall host
material layer was degraded during the implantation process. The exact reason for

this issue is not yet fully understood.

Secondly, a Python library was developed to offer a variety of tools for a streamlined
analysis of measurements conducted using MMCs. The algorithms supplied in the
library are suitable for the increasing demands of the ECHo collaboration towards
higher statistics. This encompasses a two-stage filtering system, composed of an
energy-independent filter based on the time of measurement, and another filter based
on the shape of the events. Additionally, an automatic template generation algorithm
was formulated to identify the optimal line in a given spectrum for generating a
template. This template is needed for the template fit, allowing the extraction
of energy information from events measured with an MMC. Lastly, an alternative
algorithm for correcting the impact of temperature fluctuations on the detector output

was developed, which is able to perform without a dedicated temperature channel.

The third contribution came from the first calorimetric measurement of the 'Be EC
spectrum using MMCs. To achieve this, three chips of the ECHo-100k design, devel-
oped within the ECHo collaboration and previously demonstrating high performance,
were implanted with "Be. To assess the impact of the surrounding material on the
"Be EC spectrum, the isotopes were implanted into three chips with distinct host
materials: Al, Ag, and Au. The measurement itself comprised a calibration run to
determine the position of the "Be K-GS line spanning approximately 5 days, with
an *Fe-source applied to the ECHo-Be Al and ECHo-Be Au setups, followed by the
full run extending over 30 days. The data processing of the measurement followed
the steps established in this thesis, aiming for an energy spectrum with minimal
background. The application of the time-info filter proved to be a most valuable
tool, removing in the ballpark of 20-95 % of traces which were faulty in various ways.
Using the template generation algorithm, a suitable template was established for each
pixel from the K, line of the Fe source used in the calibration run, and then applied
to the full run. This run was performed without the *’Fe-source present, significantly
reducing the low energy background. Almost all of the templates exhibited a suf-
ficiently high FOM , with a few pixels requiring a donation from another channel.

The pulse-shape filter successfully eliminated pileup-on-tail outside the time window
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(POT) signals and other artifacts from the traces of the events. The amplitude varia-
tion algorithm was applied successfully, allowing the recovery of the expected shape of
the *’Fe K, line. Using the K, and K lines of the Fe-source, an energy calibration
was performed with data from the calibration run, and subsequently applied to the
full run as well. This approach resulted in an average baseline energy resolution of
AFpwum = (10.14+1.1) eV for the ECHo-Be Al setup and AFEpwuy = (3.6 £1.6) eV
for the ECHo-Be Au setup. While the average energy resolution of the ECHo-Be
Al pixels at 6keV was only (11.75 4+ 0.84) eV, the average energy resolution of the
ECHo-Be Au pixels at 6keV was (4.40+0.66) eV. The activity during the calibration
run was estimated to be around Ag, = (16.05 £ 0.25) mBq after subtracting the
background, taking into account the dead time of ~68 h and the branching ratio of
the K-GS line from literature. One of the pixels, ECHo-Be Au pixel 25—, displayed
a clear signature of the K-GS line of the "Be EC spectrum at around E ~ 110¢V,
prompting further analysis. Due to an artifact at around 12eV, the threshold was
estimated to be 16eV, to exclude this part. A fit of the K-GS line revealed a full
width at half maximum (FWHM) of Ex_qg = 6.3eV in the calibration run and
Ex_qs = eV from the first 5d of the full run. Finally, the "Be EC spectrum was
reconstructed from data encompassing the entire 30d of the full run. The widths of
the K-GS and L-GS lines are AEg_qg = 5.8eV and AFE;_gg = 8.4eV, respectively,
aligning well with the results of the BeEST experiment of AEy_¢g = 6.7e¢V and
AFE;_gs = 8.2¢eV [Sam23|. This confirms the reported broadening of the K-GS and
L-GS lines compared to the energy resolution, as measured by the BeEST experiment.
The L/K-ratio obtained from the fit is approximately L/K ~ 0.047, consistent with
previous measurements [Voy01l, Fre20]. However, this is highly dependent on the

implantation material used [Fre20].

Future plans involve conducting measurements of the ‘Be EC spectrum once again.
Given that this experiment yielded favorable results even with reduced activity levels
per pixel of ~100 mBq, there is potential for ECHo-Be to generate a ‘Be EC spectrum
with even higher precision. Furthermore, the plan to investigate how the host material
affects the EC spectrum was hindered by challenges in injecting a persistent current
into the setups. A repeat of the measurement could yield valuable data into the
reasons why the K-GS and L-GS lines experience a broadening in both the BeEST
experiment and ECHo-Be setups. Concerning the efforts of the ECHo collaboration
towards the ECHo-100k phase, further implantation tests will be carried out to obtain

a reliable implantation process of ***Ho.
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