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At a percent m,, level, the present models still do not describe accurately the exper-
imental 1% Ho electron capture calorimetric spectrum. Hence, different experiments
to investigate the de-excitation processes in 193Dy are needed. This thesis reports
the study and experimental development of a new technique for the simultaneous
and distinct measurement of the radiative (fluorescence, internal Bremsstrahlung)
and non-radiative (Auger, Coster-Kronig transitions) components of the calorime-
tric energy spectrum of '%3Ho nuclear electron capture decay within the ECHo
experiment. A 13-days long measurement of the partially calorimetric energy spec-
trum was performed via the read-out of an '%3Ho-implanted MMC pixel operated
at 15 mK, which showed an activity of 0.5 Bq. An attempt to a radiative/non-
radiative event coincidence measurement was made using, in addition to the im-
planted detector, the maXs-30, a 64 MMC pixel matrix designed to measure X-rays
having energies up to 30 keV. The separate X-ray spectrum could not be measured
due to the low-activity of the '%3Ho source, but the measurement of the spectrum
of the embedded source proves the feasibility of such a measurement. The char-
acterization of the spectrum shows the expected difference between the data and
the full calorimetric spectrum predicted by the theory. Furthermore, due to very
good detector resolution, the OII line is visible. Although the 63Ho-implanted
detector showed a satisfactory performance, a source with at least an activity of
10 Bq would be required for a successful coincidence measurement. However, the
running of the whole experimental setup suggested this method is a promising way
to investigate the radiative component of the '3Ho calorimetric spectrum.

Entwicklung und erste Tests eines neuen
Detektoraufbaus, um die Abregungsprozesse von %Dy
nach Elektroneneinfang in '®*Ho zu untersuchen

In der vorliegenden Arbeit wurde im Rahmen des ECHo-Experiments der Elektron-
Einfang-Prozess des Isotops %3Ho hinsichtlich seiner radiativen (Réntgen-Floures-
zent und Interne Bremsstrahlung) und nicht-radiativen Anteile (Auger- und Coster-
Kronig-Ubergéinge) hin untersucht. Hiefiir wurde fiir 13 Tage das Spektrum der
Energieeintrige in einem magnetischen Mikrokalorimeters aufgezeichnet, das bei
15 Milli-Kelvin betrieben wurde, und so an einer Oberflache mit Atomen des Iso-
tops 13Ho mit einer Aktivitit von 0.5 Bq implantiert war, dass nach jedem EC-
Zerfall nur Fluoreszenzphotonen mit Energien zwischen 1.3 keV and 2 keV eine nen-
nenswerte Wahrscheinlichkeit fiir ein Entkommen besitzen. Zusétzlich wurde ver-
sucht, die entkommenden Fluoreszezsphotonen mit einem grofsflichigen Detektor
vom Typ maXs-30, einem 8x8-Pixel-Array von magnetischen Kalorimetern fiir den
Nachweis von Photonen bis 30 keV, koinzident nachzuweisen. Im diskutierten Ex-
periment konnte die prinzipielle Machbarkeit eines solchen Koinzidenz-Experiments
gezeigt werden, wenn auch der koinzidente Nachweis entkommender Fluoreszen-
zphotonen wegen der geringen Rate, ausfallender maXs-30 Detektorkandle und



schlechtem Signal-zu-Rauschen-Verhéaltnis nicht moglich war. Die Detektoren mit
implantiertem '%3Ho zeigten im Gegensatz hierzu sehr gutes Signal-zu-Rauschen-
Verhéltnis. Ein Energieeintragsspektrum mit ~ 50000 Ereignissen wird diskutiert.
Zum ersten Mal konnte hierbei auch die niederenergetische OII-Linie mit einer En-
ergie von nur 20 €V in einem kalorimetrischen Experiment beobachtet werden. Fiir
eine zukiinftige erfolgreiche Koinzidenzmessung sind eine 13Ho-Aktivitit von mehr
als 10 Bq und eine grofiere Zahl gut funktionierender externer Réntgendetektorpixel
empfehlenswert.
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Introduction

Neutrinos are elementary particles and appear in the Standard Model (SM)
of particle physics as the electrically neutral partners of the charged leptons
e,  and 7. Despite being included in the SM as massless particles, the
discovery of their flavor oscillations by Super-Kamiokande [1] and SNO [2]
collaborations implies a non-zero mass. This fact makes neutrinos a probe for
new physics. However, if on one hand the observation of neutrino oscillations
reveals their massive nature, on the other hand it does not provide any
knowledge about the absolute scale of their masses, for which a different
approach is needed. On this side, a lively research activity is in progress and
focused on what are nowadays considered the most promising techniques to
access information about neutrino masses: the study of the cosmic microwave
background, large scale structures and type-la supernovae, the search for
neutrinoless double-3-decay as well as neutrino time-of-flight measurements
and the study of the kinematics of weak decays involving the emission of a
neutrino, such as the f-decay or the nuclear electron capture (EC).

In particular, the study of the energy spectra of the [-decay and of the
nuclear EC is considered a “model independent” method, as it allows a direct
measurement of the effects related to a finite neutrino mass via the basic
application of energy and momentum conservation. This effect is particularly
evident when the energy of the emitted neutrino is minimal, as in this case,
at the end-point region of the measured decay energy, the maximum value
achieved would be reduced with respect to the Q-value by the energy needed
to create the neutrino minus the neutrino mass.

The ECHo experiment will be performed in several phases. The first phase,
ECHo-1k, is characterized by the use of 1 kBq '3Ho source. Within one
year of measuring time it will be possible to improve the present limit of
the neutrino mass m, < 225eV [3| by more than one order of magnitude.
This experiment will be performed using '*Ho-implanted metallic magnetic
calorimeters (MMCs). The aim of ECHo-1k is also to prove the scalability of
the whole experiment into its larger second phase, ECHo-1M, which would
allow to reach a sensitivity to the electron neutrino mass in the sub-eV range
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using a source activity of 1 MBq.

Among all the requirements needed to reach such a sensitivity, a precise
understanding of the structures appearing in the calorimetrically measured
spectrum of 1%Ho is of utmost importance. In fact, after EC occurs in *3Ho,
the daughter atom 93Dy is left in an excited state and de-excites to its ground
state via a number of radiative and non-radiative transitions, generating a
spectrum which is the result of the measurement of all these contributions.
An experiment in which the radiative and non-radiative components of the
163Dy de-excitation spectrum can be measured (separately and simultane-
ously) could significantly help understanding the way these two components
affect the energy spectrum.

This thesis is made in the context of the ECHo experiment and discusses
for the first time a new experimental approach to study the decay modes
of the excited '3Dy. The method studied in this work is based on the syn-
chronized measurement of the energy deposited in a suitable '*3Ho source
(mainly Auger and Coster-Kronig electrons) and the energy escaping the
detector (X-rays). A new experimental setup was designed and assembled.
First experimental tests were performed showing the feasibility on such an
experiment.

Chapter 1 gives an historical overview on neutrinos, and outlines the tech-
niques for the measurement of their mass, with particular emphasis to the
case of nuclear electron capture in '%Ho. Chapter 2 introduces the ECHo
experiment and gives an overview of the theoretical and experimental chal-
lenges. A summary of the measurements of the X-ray spectrum performed in
the past by other collaborations is also given here, followed by an introduc-
tion to the measurement principle studied and developed within this work.
Chapter 4 describes the first experimental tests. As source, 4 implanted
MMC pixels with %Ho present at the surface were used. As a large area
detector a 8 x 8 pixel array MaXs-30 [4], covering a 4 x 4mm? surface, was
positioned in a way that the source was located at a distance of 1.2 mm and
in correspondence to the center of the 2D array. For this thesis a 13-day long
data acquisition was performed during which one of the source pixels was
characterized. A very precise spectrum showing an energy resolution of the
line NI AEpwum = 9eV was required. For the first time the line OII was
resolved in a calorimetric measurement. Since not all the energy released
in the detector could be stopped, a study of the deviations of the spectrum
with respect to a fully calorimetric measurement was performed. Finally, a
summary of the results and some indications for the future experiments are
given in the Conclusions.



Chapter 1

Introduction to neutrinos

1.1 Historical overview

Neutrinos are elementary particles of the Standard Model of fundamental in-
teractions. They are neutral fermions with half-integer spin, obey the Fermi-
Dirac statistics and interact only via weak interaction and gravity. Since they
have been theorised for the first time, the study of neutrinos represented one
of the most challenging and engaging fields of fundamental physics. In fact,
due to their low mass and neutral charge, neutrinos usually travel through
matter undetected and unimpeded.

The existence of neutrinos was proposed in 1930 for the first time by W.
Pauli, in an open letter to his colleagues who were attending a physics con-
ference in Tiibingen. He discussed a still not completely developed idea
about the existence of an electrically neutral and weakly interacting fermion,
whose mass could be in the order of the one of the electron or smaller, which
could have solved the issues with the not expected continuous spectrum in
p-decay [5]. He named this particle neutron. It was later in 1932, when the
neutron as we know it nowadays was discovered by J. Chadwick [6], that
Fermi renamed as neutrino the particle proposed by Pauli. After one year,
in 1933, Fermi [7| and Perrin [8] argued, one independently from the other,
that neutrinos could be massless.

In the following years, a QED-like theory of the weak interactions was de-
veloped starting from the Fermi theory of the S-decay [9, 10]. Only in 1956,
with the observation of the anti-neutrino, the first detection of neutrinos was
achieved [11]. The existence of three neutrino families was only proved exper-
imentally later in 1989 at LEP by the ALEPH collaboration at CERN [12],
when the building blocks of the SM with three generations were completed.
The effort to describe the weak interaction culminated with the formulation
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of the Glashow-Weinberg-Salam Standard Model (SM) [13, 14] in 1967, based
on an SU(2) x U(1) model, which predicted the existence of weak neutral
currents and the Z-boson, and enclosed the Higgs mechanism for mass gen-
eration discovered in 1964 by P. W. Higgs [15], F. Englert and R. Brout [16].
In 2015 T. Kajita from the Super-Kamiokande collaboration and A. B. Mc-
Donald from the SNO collaboration were awarded the Nobel prize "for the
discovery of neutrinos oscillations, which shows that neutrinos have mass”.

1.2 Neutrinos and the Standard Model

Thanks to neutrino oscillations, we know that neutrinos are massive and
flavour-mixed, even though this is not expected in the SM framework. Neu-
trinos can then be considered as an open passage leading from the well ef-
fective yet incomplete SM theory to the new physics beyond the SM which
would possibly explain their masses and mixing mechanism.

In 1998 the Super-Kamiokande experiment clearly showed the effect of neu-
trino flavor oscillations by measuring neutrinos created in the Earth’s at-
mosphere by the interaction of cosmic rays with the atmosphere itself [17].
Neutrino oscillations were also the solution to the so called solar neutrino
problem, for which the detected solar neutrino flux was smaller than the one
predicted by the solar models [18]. The SNO experiment demonstrated that
the measured total solar neutrino flux was indeed the expected one and that
about 1/3 of just the electron neutrino component was missing. Differently
from the previous experiments, which were only capable of the detection of
electron neutrinos, SNO could instead detect all three types of neutrinos
and electron neutrinos separately, and showed that a strong component of
non-e-flavored neutrinos appeared in the flux [19, 20]. The explanation for
this event was found in the fact that neutrinos can change flavor in their
travel from the Sun to the Earth, this happening inside the Sun because
of the Mikheev-Smirnov-Wolfenstein (MSW) resonance conversion effect |21,
22, 23|.

1.2.1 Massive neutrinos

The main assumption is that the 3 orthogonal neutrino flavor (or weakly
interacting) eigenstates v, included in the SM!, with a = e, u, 7, do not

LA variety of models which take into account a larger number of possible eigenstates
currently exist. Several anomalies in the measurement of reactor neutrinos fluxes and
long-baseline experiments pointed out the possible existence of sterile neutrinos in the eV
scale, while the observations of matter distribution in the Universe might require for the
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correspond to the orthogonal neutrino mass eigenstates v;, with ¢« = 1,2, 3,
but they are related through a unitary matrix U which, in Natural Units
(h = c=1), has the expression:

[Va) = D Uai|14) (1.1)

The U matrix contains the fundamental parameters of neutrino mixing, and
reads explicitly:

—id

C12€13 512C13 S13€
_ 6 ;S
U = | —s12¢23 — C12523513€"  C12C23 — S12523513€" S93C13
is 6
512523 — €12€23513€ —C12523 — S12C23513€" C23C13 (1'2)

@31

x diag (1,ei% ,ei7>

where Cijj = COs Hij, Sij = sin 97;]', 91']' = [O,?T/Z], 0 = [0,27’(] is the Dirac CP-
violating phase while aw;, a3; are the Majorana CP-violating phases, only
present if neutrinos are Majorana particles.

Schrodinger’s equation gives the time evolution of the state |v,):

Ve (,t)) g U, ePi

where x, p; and E; are the position, momentum and energy of the neutrino
respectively. Assuming a relativistic energy

/ m2 m2

a neutrino emitted at x = 0 and using the inverse of eq. 1.1, for p; >> m;
and so E =~ p; as neutrino energy, and defining L. = x = t as the distance
between the neutrino source and the detector, eq. 1.3 becomes:

) (1.3)

|Va(z,t)) ZUM Ug; e etPiT

= ZUM Us e

existence of warm dark matter, for which a good candidate would be a keV-scale sterile
neutrino. Sterile neutrinos could be included in the minimal extension of the SM [24, 25].

(1.5)

m‘jw

i L
E |vg) .
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It is possible now to calculate the probability for the transition from the state
Vo to the state vg:

Pla — B) = | (vs|va(a.t)) |
- Amf; L (1.6)
— ZZJ:UQ Us; Us; Ug; exp <— ; J E) ,

which shows that the probability for a neutrino in the state o to undergo a
transition into the flavor state 5 does not only depend on its energy E and
traveled distance L, but also on the squared mass difference AmZ; between
the two eigenstates i,j and the corresponding matrix elements. Therefore,
for the neutrino oscillation to be possible, it must be Amfj = 0 for at least
one of the possible 7,7 combinations, which means that only one neutrino can
be massless.

Table 1.1 shows the current best-fit values for the 3-neutrino oscillation pa-
rameters, based on a global fit of the current neutrino oscillation data [26].
The values (in brackets) correspond to the mass ordering m; < my < mg

(mz < m; < my). The definition used for Am? is m3 — (m3 + m?)/2, thus

Am21 .
A — Am%l — Arij >0 %fml < my < ms (L.7)
Amjz, + 5ot <0 ifms < m; < my
Parameter ‘ Best fit ‘ 30
AmZ, [107°eV?] | 7.50 7.03 - 8.09
Am3Z, [107%eV?] | 2.524 2.407 - 2.643
sin? 05 0.306 0.271 - 0.345
sin? 63 0.441 0.385 - 0.635
sin® 0,3 0.02166 | 0.01934 - 0.02392
) 261 0 - 360

Table 1.1: The best-fit values of the 3-neutrino oscillation parameters [27] for the
normal mass ordering.

The determination of the nature of massive neutrinos (whether they are Dirac
or Majorana particles), the "neutrino mass ordering" (i. e. understanding
the sign of AmZ; or of Am2,), understanding their mass spectrum (is there
a precise hierarchy? are they quasi-degenerate?), determining the status
of CP violation in the lepton sector and many other aspects are still open
investigation fields for the future.
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The experimental observation of neutrino oscillations revealed that neutrinos
have masses. So far though, it is not possible to argue about the absolute
scale of their mass. Nevertheless, many experimental efforts were and still
are made in order to clarify the fundamental features of the neutrino mass
spectrum.

In the following, the different approaches employed up to now are discussed.

1.2.2 Cosmology

As far as we understand, neutrinos played an important role in the develop-
ment of the Universe the way we know it today. For example, the number of
neutrino families influenced the element composition of the Universe through
the primordial nucleosynthesis [28|, and later, massive neutrinos were in-
volved in the formation of large-scale structures (LSS) in the form of hot
dark matter. Anisotropies of the cosmic microwave background (CMB) are
also a probe for neutrino physics and can provide a constraint on the sum of
neutrino masses, defined as:

My = Zmy ) (1.8)

In fact, neutrinos in the low mass range (< 1 MeV) can contribute to my,
through the total energy density of the Universe, given by:

3
Pv = Mot Ny = —— gt Iy (19)
11
where the factor 3/11 gives the ratio of neutrino to photon number. Using
the critical energy density of the Universe p. and a photon number density
of n, = 412cm™? we get:

thz&_ Myt

pe  94eV’ (1.10)

therefore an upper limit of Q,h% < 0.12 for the matter density would con-
strain the sum of the neutrino masses to my,; < 11 €V [29]. A much more
stringent limit is obtained through the combination of the observations of
the CMB, LSS, distant type-Ia supernovae and a precise determination of
the Hubble constant, which leads to an upper limit of [30]:

My < 0.23eV. (111)
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1.2.3 Neutrinoless double beta-decay - Ov3j3

When an atomic nucleus decays via double S-decay, two of its neutrons simul-
taneously transform into two protons emitting two electrons and two electron
antineutrinos. This process, as the single $-decay, usually takes place in or-
der for the involved atom to get closer to a more stable neutron/proton ratio
configuration, and when the latter is energetically forbidden. The outlined
reaction is:

X = 55X +2e” + 27, (1.12)

Examples of isotopes for which double S-decay with emission of two antineu-
trinos was observed are *Ca, "*Ge, 1Mo and '*¢Xe, all of them having a
half-life in the order of ~ 102'y.

However, if neutrinos are their own antiparticles, as first suggested by Ma-
jorana [31], the process in eq. 1.12 can in principle happen via the exchange
of a virtual neutrino, and thus without the emission of the two neutrinos. A
typical spectrum for the sum of the energies of each of the two electrons is
shown in fig. 1.1. The black line shows the spectrum resulting from 2v/3-
decay events, in which the energy available for the decay was shared between
the emitted electrons and antineutrinos, which has a continuous trend up to
the end-point energy Qgs and a maximum at approximately Qgg/3. The red
peak is given by the Ov(33 events in which only electrons are emitted and
therefore the carry the full energy Qgs available for the process.

Apart from demonstrating that neutrinos are Majorana particles, the obser-
vation of the Ovf[5-decay would also allow the measurement of the Majorana
mass (mgg) = | >, U3 m;|. This can be obtained by measuring the half-life
life of the decay and thus its decay rate I'%/%8_ given by:

1—\01/56 — GOVﬁB(Qﬁﬁ,Z) |MOVBﬂ|2 <r?nf325>7 (113)
where m; are the neutrino mass eigenstates, m, is the electron mass, G%5%
is the integral over the phase space of the two emitted electrons and M®58
are the nuclear matrix elements. The last ones are strongly model dependent
and provide the largest uncertainty in the calculation of (mgpg).
Presently no experiment succeeded at identifying Ov/3( events, thus only
upper limits for the half-life and mgg were obtained so far. To mention
the most recent results in this field, in August 2016 the KamLAND-Zen
Collaboration published the results [32] of their last analysis on the search of
Ov3B3-decay with ¥%Xe, according to which the upper limits on the effective



1.2. NEUTRINOS AND THE STANDARD MODEL 9

Majorana neutrino mass are in the range

(mgg) < (61 — 165) meV. (1.14)

ANHE(E/ Q)
(]

Figure 1.1: Typical energy spectrum
of double -decay. In black are shown
the events in which both electrons
and antineutrinos are emitted. The
red peak at the end-point energy Qgg
represents the events without emission
of neutrinos. Picture source: [33].

1.2.4 Direct mass measurements

Even though they provide significant knowledge about the mass and the mass
spectrum of neutrinos, the methods involving Ov53-decay and cosmological
investigations, mentioned in sec. 1.2.3 and sec. 1.2.2 respectively, strongly
depend on theoretical models and assumptions implemented in the analy-
sis of the data. To have access to a more model independent measurement
of the neutrino mass, in fact, it is necessary to investigate the kinematics
of processes in which neutrinos are involved. In the following sections, ex-
perimental techniques concerning the measurement of the time-of-flight of
neutrinos and nuclear weak decays involving the emission of neutrinos are
discussed.

Time-of-Flight measurements

As a consequence of the fact that neutrinos have mass, they cannot travel
at the speed of light ¢. This means that the distance "d" covered by a
photon in a time t, = d/c is traveled by neutrinos in a time t, < t,. Based
on this simple principle, one can infer the neutrino mass by observing their
difference in time-of-flight with photons coming from the same source. Since
the neutrino masses are very small, the detectable difference would also be
very small, so that one needs to dramatically increase the sensitivity by a
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careful combination of a strong neutrino source placed at a long distance and
suitable detectors.

Cosmological sources as core-collapse supernovae suit this purpose. In fact,
from the detection of neutrinos produced in SN1987A in the Large Magellanic
Cloud it was possible to set un upper limit [34] of

m, < 5.8V (95%C.L.) (1.15)

for the neutrino mass. Long baseline experiments on Earth might be also
suitable for time-of-flight measurements, but in this case the achievable sen-
sitivity is rather lowered by the much shorter traveled distance and because
of the smaller intensity of the source. Nowadays neutrinos from supernovae
seem to be the only reasonable way to perform studies on the neutrino mass,
even though they are still strongly limited by the precision of the models
describing supernovae explosions.

Nuclear (-decay

The [-decay of an atomic nucleus is a process driven by the weak interaction
for which a neutron transforms into a proton via the emission of an electron
and an electron antineutrino?, according to the reaction:

OX =, X 4 e + 7. (1.16)

The total energy Qg released in the decay can range from a few keV up to tens
of MeV depending on the nuclide, and is usually almost completely shared
between the electron and the antineutrino, as the nucleus is too massive
with respect to the emitted particles and its recoil energy can be neglected.
Thus, a non-zero neutrino mass can be measured as missing energy in the
experimentally measured spectrum of the decay, when this is compared to
the expected spectrum one would obtain in case of massless neutrinos.

The energy spectrum of S-decay is given by the Fermi’s golden rule, as fol-
lows?:

dN?
e = aFp (B +m)(Qs — ) Y [Ual\/(Qs — B2 —m?, (117)
: G2 cos? ¢ )
with a= T|Mhad| and F=F(E,Z+1), (1.18)
T

2The 8% decay can also occur, in which a proton transforms into a neutron via the
emission of a positron and an electron neutrino.
3A detailed calculation is given in [35].
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where p., E. and m, are the momentum, energy and mass of the emitted
electron, U are the neutrino mixing matrix elements and m,, is the ¢-th
neutrino mass eigenstate. The factor "a" contains the Fermi constant G,
the Cabibbo angle 6 and the nuclear matrix element Mj,;. The Fermi
function F depends on the energy of the electron and the nuclear charge, and
takes into account the Coulomb interaction between the emitted electron and
the daughter nucleus.

Using the unitarity of the neutrino mixing matrix and defining an averaged
electron antineutrino mass as the incoherent mixing of the three mass eigen-
states (1. e. my, = >, |Ug|m,,), in case (Qg — E.) >> m,, it is possible to
apply the approximation

(Qs = E) Y 10l (Qs — Bo)? — w2 ~ (Qs — B~ mi,  (119)

from which it can be seen how the effect of a non-zero neutrino mass would
more strongly affect the energy region of the spectrum close to Qs (since
(Qs — E¢)* & mZ2 ). For this reason, most of the experimental efforts are
made with the aim of resolving the end-point of the energy spectrum, which
usually covers a range of 10 — 102 eV below Qj.

In order to select the most suitable nuclide to study the effects on the (-
spectrum of a finite neutrino mass, two parameters need to be considered:
the decay half-life 77/, and the decay Q-value Qg. The half-life determines
the needed amount of material source to be used and also reflects the kind
of transitions the nuclide undergoes, from super-allowed to third-order for-
bidden transitions, which in turn affect the shape of the energy spectrum.
Moreover, eq. 1.17 shows that the number of events in the region of interest
scales with Q;g, which means the choice of a low Qg is preferable.

The experiments Mainz and Troitsk, studying the -decay of molecular tri-
tium (®Hy), could set the presently most stringent limits on the electron
antineutrino mass [36, 37|, given by:

my, < 2.3eV(95%C.L)  my, <2.12eV(95%C.L.). (1.20)

The two groups joined the efforts for the next generation experiment KA-
TRIN (the KArlsruhe TRItium Neutrino experiment), a new international
collaboration with the aim of setting a new upper limit for the electron an-
tineutrino mass down to 0.2 eV (90% C. L.) [38].
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Nuclear electron capture

Electron capture (EC), sometimes also called "inverse [-decay", typically
takes place in proton rich nuclides where one electron in the inner shells of
an atom is captured by the nucleus, causing a proton to turn into a neutron
with the simultaneous emission of an electron neutrino. Nuclear EC, like
[-decay, is also due to weak interaction. The reaction for the process is

A A

X 4 B (1.21)
After the EC, the daughter atom is left in an excited state. The energy Qgc
released in the decay is shared between the excited atom and the emitted
neutrino. Therefore, if the Qgc of the decay is precisely known, measuring
the de-excitation energy Egc released by the excited daughter atom when
decaying to its ground state allows to gain information about the energy of
the escaped neutrino.

The de-excitation of the daughter atom happens through a number of transi-
tions following the EC which can be of two types: radiative and non-radiative
transitions. The energy Egc is given by the sum of the energies of all these
transitions.

In the radiative transitions, the hole left in the atomic shell by the captured
electron, at an energy E; (compared to the continuum energy), is filled by
an electron coming from one of the outer shells and having energy E;. The
energy of the transition is emitted in the form of an X-ray photon having,
in fact, an energy E, = E; — E;. However, it can also happen that a photon
is emitted by the electron when this is accelerated in the Coulomb field of
the atomic nucleus during the capture. This phenomenon, called Internal
Bremsstrahlung (IB), takes a role in the radiative component of the de-
excitation energy spectrum.

Non-radiative transitions are, instead, usually characterized by the emission
of Auger electrons. When an outer electron having an energy E; fills the hole
left after EC, the transition energy is employed for the emission of a more
weakly bound electron (that is an electron having an energy Eo < E;), which
in turn takes a kinetic energy E. = E;, — E; — Es. When the electron which
filled the hole comes from the same shell where the hole is (but different
sub-shell), the Auger transition takes the name of Coster-Kronig transition,
and, in the even more special case in which the emitted electron also belongs
to the same shell one has a so called super-Coster-Kronig transition. Apart
from this last one, the de-excitation transitions mentioned so far have been
outlined in fig. 1.2.
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Figure 1.2: Diagram of the main possible channels via which the de-excitation
of the daughter atom can take place, after the mother atom underwent electron
capture. In the radiative processes (fluorescence and internal Bremsstrahlung)
the yellow wavy arrow represents an emitted photon, and the hole left by the
captured electron is depicted as a small, empty circle, even in the diagrams for the
non-radiative processes (Auger and Coster-Kronig). The n; indicate the involved
electronic shells, and the atomic nucleus is indicated by a "N". This picture is
inspired to fig. 10 in [39].

Due to these different processes, the de-excitation spectrum following EC
can be measured using different techniques. Both X-rays and Auger elec-
trons emitted by an EC source can be separately detected with standard
spectroscopy methods for electrons and X-rays respectively. The main dis-
advantage in this case is represented by the impossibility of simultaneously
detecting the whole emitted energy. The interpretation of such spectra would
require a precise knowledge of the branching ratios into the different chan-
nels* and a precise estimation of self-absorption of the emitted radiation in
the source. In 1982 A. De Rujula and M. Lusignoli proposed to perform a
calorimetric measurement of the '®3*Ho EC spectrum in order to gain sen-
sitivity with respect to the electron neutrino mass [41]. In fact, in such
measurements the complete energy released in the de-excitation process of
the daughter atom as well as the recoil of the nucleus can be measured. Be-
sides the fact that this method removes the uncertainties due to a not precise
knowledge of the radiative/non-radiative de-excitation branching ratio and
to self-absorption in the source, the obtained spectrum is complementary
to the v, spectrum and therefore can be interpreted via the conservation of
energy.

In [41] the authors, considering only first order excitations where the daughter
atom is left with a hole in h, present the spectral shape as a sum of Breit-

4The e/ branching ratios for the M-lines for the elements ranging from calcium (Z
= 20) to thorium (Z = 90) and undergoing atomic de-excitations via fluorescence and
Auger/Coster-Kronig transitions are given in [40].
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Wigner shaped resonances modulated by the phase-space factor®:

dr’
FTomiats (Qec — Egc) \/(QEC — Egc)? —m2,
re ) (1.22)
X Z Bh ¢h 2 F2 Y
T (Epc — Ep)? +

From eq. 1.22 one can see that the energies of the electronic levels h of the
decaying atom are centered at E;, and have natural width I'j, for an excited
atomic state in the daughter atom having a hole in h. The sum runs over the
possible states from which an electron can be captured. The amplitude of the
resonance is given by By, ¢7(0), where ¢7(0) is the squared wave function of
the captured electron calculated at the nucleus position and By, is the atomic
exchange and overlap correction. The multiplicative constant x contains
the squared nuclear matrix elements and the Fermi coupling strength. The
neutrino mass m,, enters the decay rate in the neutrino phase space factor
preceding the decay resonances, so that a non-zero mass mostly affects the
end point of the spectrum, as already discussed for the case of [-decay.
For similar reasons, the lower Qg the more sensitive the spectrum is to the
neutrino missing energy. Furthermore, the resonance regions in the spectrum
around the energies E; contain indeed a larger number of counts, and in case
the condition E; ~ Qg is verified this would imply a large number of counts
in the region of interest just below the end-point of the spectrum. However,
a nuclide with such a property has not been found yet.

Presently, the best candidate to be used in experiments aiming at measuring
the electron neutrino mass via the study of the energy spectrum of its EC
decay is '3Ho, with a half-life [42] of

Tilg = 4570 £ 50y (1.23)

and a Q-value [43] of

Que = (2.833 £ 0.0307 £ 0.015*) keV, (1.24)

which is the lowest among the nuclides undergoing electron capture.

5Here the notation and structure of the formula were slightly changed from the original
ones in [41], for sake of consistency with the other contents. Also, the factor Bj was
included in the theoretical expression for the spectrum only later.
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1.2.5 Electron capture in '*Ho

In this section the electron capture in '%*Ho is discussed, with a focus on the
features of the energy spectrum which can mainly affect the sensitivity on
the measurement of the electron neutrino mass.

As already mentioned in sec. 1.2.4, after the EC occurs, the daughter atom
is left in an excited state and de-excites to its ground state via a number of
radiative and/or non-radiative transitions. In the specific case of 1®Ho the
process is described as:

Ho — '&Dy* + v,

— oDy + Epc

163
o7 (1.25)

where the nuclear spin transition is given by 'Ho(7/2)~ to '*Dy(5/2)".
Because of its low Q-value, only the electrons belonging to the MI shell
and outer ones can be captured and, according to the selection rules for the
angular momentum, the electrons having a total angular momentum j > 3/2
cannot be captured. A list of the transitions which fulfill the energy and
momentum conservation requirements is given in tab. 1.2.

Line h | Rel. amplitude | B, [T, [eV] | E,[eV]

MI 1 1.083 | 13.2 2046.9
MII 0.0526 1.031 6.0 1844.6
NI 0.233 1.151 5.4 420.4
NII 0.0119 1.108 2.3 340.6
Ol 0.0345 1.248 3.7 49.9

OII 0.0115 1.224 - 26.3

PI 0.0021 - - -

Table 1.2: Spectral lines of 193Dy following EC in '%3Ho , listed with their prop-
erties. The relative amplitude of the lines is normalized to the MI-line amplitude.
By, are the atomic exchange and overlap corrections, I'y, the line widths and E;, the
line energies. The X-ray notation (K, L, M, ...) is used, where e. g. the MI-line
corresponds to the 3S; /2 level in spectroscopic notation.

The spectral shape for 1%3¥Ho according to eq. 1.22 is shown in fig. 1.3, along
with a zoom of the end-point of the spectrum showing how the shape for
a massless neutrino differs from the shape calculated for a neutrino having
mass of m, = 10 eV.

This spectrum was calculated using the parameters given in [44], obtained
using a fully-relativistic approach for the calculation of the electron wave
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Figure 1.3: The calorimetric spectrum of '%3Ho electron capture decay. The full
plot on the left shows the electronic resonances down to the OlIl-line. The plot to
the right, instead, shows a zoom on the end-point of the spectrum, where it can
be seen how a non-zero neutrino mass would affect the count rate in this region.
A "large" neutrino mass of m, = 10 eV was chosen intentionally, to enhance the
visual effect.

functions of the electrons of the parent '*Ho and daughter 3Dy atoms.
Currently the spectrum does not describe the data completely, as one can
see from figure 1.4, where a comparison of experimental data (black line),
first- (blue dashed line) and second-order theory by Féssler (pink line) in the
NI region is shown.

An important aspect which still needs to be better understood, as pointed
out for the first time by Robertson [45], is the contribution to the energy
spectrum of the so called shake-up and shake-off processes, i.e. those events
in which the capture of the electron in the nucleus causes the shake-up of
another electron into an unoccupied higher level in the daughter atom (shake-
up) or into the continuum (shake-off ), due to the fact that the wave functions
of the spectator electrons in the mother and daughter atom are not identical.
At the moment, two main theories are being developed on this side, namely
the studies by De Rujila and Lusignoli [46] and the ones by Fassler and
Smikovic [44]. In both cases, the phenomenon is addressed as "two-hole
contribution" to the EC energy spectrum, as in both shake-up and shake-
off a second hole is created in addition to the one coming from the electron
capture.

On one hand, according to De Rujtla, the two-hole contributions in the EC
decay of 1%3Ho are expected to enhance the sensitivity at the end-point of the
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Figure 1.4: Comparison of experi-
mental data (black line), first- (blue
dashed line) and second-order the-
ory by Féssler (pink line) in the NI
region [47].

spectrum, on the other hand Fassler expects the statistics to be not strongly
modified by the same processes. For the sake of clearness, one must say that
the two theoretical approaches are quite different and still it is not possi-
ble to come to a common agreement on which is the most reliable one. In
particular, in [46] only the electrons generating the two holes are considered
as "active" electrons, while the others are seen as "spectators" and mainly
taken into account in the computation of the electrical charge of the system
or of the allowed/forbidden transitions. A non-relativistic, Coulombic ap-
proximation is used to describe the atomic system, in the framework of the
sudden approximation, with the electronic wave functions still being "crude
approximations" [sic|. In [44] instead, the '%3Ho and '*Dy* atomic states are
fully-antisymmetrically derived with a Slater determinant and a relativistic
approach. In the two atoms an orthonormal set of states describes all the or-
bitals, meaning that the electrons in %*Dy* are assumed to have had enough
time to readjust to the new environment after the EC has taken place, which
translates into exactly the opposite of the sudden approximation.

Moreover, the approximation that considers the intrinsic line shape of the
events coming from the same %Dy excited states, in a calorimetrically mea-
sured spectrum, as a Breit-Wigner function cannot be optimal to describe
the tails of the different lines. This problem was already deeply studied by
Riisager in [48|, where it was discussed how, for each excited state, a large
number of de-excitation modes take part into the daughter atom decay to
the ground state and the decay paths could be different for different captured
electrons. In [48], in order to describe this effect, an energy dependent fac-
tor was introduced in the formula describing the intrinsic line shape. This
additional factor introduces an asymmetry in the line shape in such a way
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that the low energy tail goes to zero more rapidly, while the high energy tail
shows a slightly enhanced intensity, and this approach was used to estimate
the intensity of the MI line.

In the next future, high resolution and high statistics calorimetrically mea-
sured %3Ho spectra with a total number of counts larger than 108 will provide
important knowledge for theorists. However, the nature of the calorimetric
measurement does not allow to study the different de-excitation modes of
163Dy. The possibility to independently study the radiative and non-radiative
parts of the de-excitation of 3Dy would provide new ways for better under-
standing the 1%Ho EC spectrum.

In this thesis a new approach to investigate the radiative de-excitations and,
to some extent, the non-radiative ones, is discussed. The method consists of
the simultaneous measurement of the energy deposited in a detector whose
surface is implanted with '®3Ho at a ~ 100 nm depth and the energy seen
by a large area detector positioned very close to the surface containing the
163Ho. This way, the X-rays emitted in the de-excitation of the '®3Dy and
exiting the source-detector can be measured by the large area detector in
coincidence with the energy released in the source itself. The design of such
experiment is discussed in sec. 3.4.



Chapter 2

The ECHo Experiment

2.1 v-mass sensitivity of '%Ho experiments

With the %3Ho source enclosed in the detector, all the decay energy is mea-
sured minus the energy of the neutrino, so that the measured energy spectrum
is complementary to the energy spectrum of the neutrino. The sensitivity on
m,, that can be reached depends on several parameters, in particular on the
number of events occurring in a suitable energy interval below Qgc, which
is in turn related to the total number of events in the full spectrum. For
example, in the region of the spectrum corresponding to the last eV below
Qrc = 2.833 keV, only a fraction of about 6 x 10712 of the total decays would
count. This already indicates that to reach a sub-eV sensitivity on m,_more
than 10'* EC decays of the '%3Ho source should be measured.

Anyway, having enough counts in a suitable region of the spectral end-point
is not the only requirement, since the energy of each event is measured with
detectors having a finite energy resolution and since events which are not
related to the '%3Ho decay or which originate from pile-up processes could
occur. For this reason, the detector energy resolution is needed to be better
than 5 eV (FWHM).

In order to understand the effects of background events it is important to
classify the background sources. If the ®3Ho source is enclosed in the detec-
tor every event is measured, leading to unresolved pile-up events due to the
finite response time of the detector. In fact, two events (with energies E;
and Ey) can happen in the same detector within a time interval A¢ smaller
than the finite time resolution of the detector itself so that they are seen as
a single event having an energy of about the sum of the energies of the two
single events E ~ E; + E,. The contribution of the pile-up events to the total

19
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spectrum takes the name of pile-up fraction f;,, and can be described as:

fpu = Adet Trise (21)
where A is the activity of the single detector and 7, is the shortest time
interval between two events and can be identified with the rise-time of the
detector signal.

Figure 2.1 shows the '%Ho spectrum calculated for 104 events (blue dashed
line). The pile-up spectrum (black line) is calculated convolving the calori-
metric spectrum with itself for a Q-value Qgc = 2.8 keV and results in a
pile-up fraction of f,, = 107%. In this case, a fraction of the total spectrum
of 7 x 10719 events fall into the last 10 eV below the end-point. The sum of
163Ho and pile-up spectra is also shown (red line). As one can notice, the
contribution of the pile-up spectrum for energies below 2 keV is marginal. In
order to estimate the background in the last eV of the '*3Ho spectrum, one
could apply eq. 2.1 to each detector, but it is also possible to analyze the
summed spectrum in the energy region above 3 keV.

The pile-up fraction at the end-point also sets the upper level for the amount
of acceptable external background. This can be either due to radioactive
contaminants in the detector volume (in the fabrication materials or in the
embedded source), or to natural radioactivity of the contaminants in the
materials surrounding the detector, or to detected muons from cosmic rays.
The external background also needs to be estimated and reduced to be well
below the intrinsic background.

Figure 2.1: The effect of the pile-up
events on the calorimetric spectrum
of '3Ho. The pile-up fraction here

is fou = 107%. The blue dashed line
shows the EC calorimetric spectrum
of 13Ho without pile-up, the black
line shows the pile-up contribution
and the red line shows the sum of the

two. Energy / keV

Counts/ 0.1 eV

Figure 2.2 shows the simulation of the statistical sensitivity to m,, as a
function of the pile-up fraction reachable with the measurement of the ca-
lorimetric energy of the EC decay of 1%Ho. Several values for the detector



2.1. v-MASS SENSITIVITY OF SHO EXPERIMENTS 21

resolution were considered, and for the calculation the independently mea-
sured Q-value Qpc = 2.833 keV was used. The data on the left was obtained
for a collected statistics of N, = 10'° events, while the data shown in the
plot on the right was obtained for N,, = 10'*. From these simulations one
can see that a pile-up fraction of f,, = 107 and a detector resolution of
AEpwmy = 5 €V could be already enough to fulfill the goal of 10 eV sensitiv-
ity to m,,, while to reach the sub-eV sensitivity a pile-up fraction f,, = 107°
and a detector resolution AErpwmy < 3 €V are needed.

A number of attempts of estimating m,, with the EC of 1%Ho has been per-
formed so far: a calorimetric measurement with a ion-implanted Si-detector
[49], a calorimetric measurement with a proportional counter [50|, a calori-
metric measurement with a NTD Ge detector [51] and an IBEC (Internal
Bremsstrahlung Electron Capture) spectrum measurement with a Si(Li) de-
tector [3]. In particular, the latter measurement was able to set the lowest
upper limit for the electron neutrino mass m,, reached with this technique
which is currently known, and which corresponds to

m,, <2256V (95% C.L.), (2.2)

for which a Q-value of Qe = 2.64 keV was used [52]. A further discussion
about the experiments which employed the measurement of the radiative
spectrum of '%Ho in the search for the electron neutrino mass can be found
in sec. 2.1.3.

Despite the lively interest around the potentiality of '®3Ho as a mean to
access the electron neutrino mass, the limited performance of the available
detectors was not suitable for the purpose of such a measurement, and led to
no further progress in this field until the present days. However, the recent
development of high resolution cryogenic detectors is making the research of
neutrino mass via the EC in '%Ho a valued and competitive task again. In
this context, two major collaborations were born in the last decade, namely
the Electron Capture with '%Ho experiment (ECHo) [53] and the Electron
Capture-decay of '®3Ho to Measure the Electron Neutrino Mass with sub-eV
Sensitivity (HOLMES) [54]. Besides this two main collaborations, an always
increasing number of institutions are showing their interest in the topic in
the last years, as e. g. LANL (Los Alamos National Laboratory) [55] and
NIST (the american National Institute for Standards and Technology) [56,
57|, which for example formed the NuMECS collaboration.
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Figure 2.2: Left: statistical sensitivity to the electron neutrino mass m,, of
a '3Ho electron capture-based experiment as a function of the pile-up fraction,
plotted for a detector resolution AEpwmun of 3, 5 and 10 eV and for a collected
statistics of N, = 10'. Right: statistical sensitivity to the electron neutrino
mass m,, of a 1%Ho electron capture-based experiment as a function of the pile-up
fraction, plotted for a detector resolution AEpwmm of 1, 2, 3, 5 and 10 eV and for
a collected statistics of N, = 10™. For both plots a Q-value Qrc = 2.8 keV was
considered.
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Figure 2.3: Statistical sensitivity for
the measurement of m,, as a function
of the acquired statistics, for a Q-
value of Qrpo = 2.8 keV, a pile-up
fraction of f,, = 1075 and a detector
resolution AEpwam < 3.
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2.1.1 ECHo - Electron Capture in '%Ho

The goal of the Electron Capture in '®3Ho experiment is to investigate the
electron neutrino mass by means of a high-statistics and high-sensitivity mea-
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surement of the calorimetric energy spectrum resulting from the (nuclear)
electron capture decay of '®3Ho. For this experiment a high-purity '*3Ho
source will be enclosed in a large number of low temperature detectors able
to measure the energy released in every EC event with extremely high preci-
sion. These detectors are Metallic Magnetic Calorimeters (MMCs) [58| and
will be discussed in sec. 3.1.

At its first stage, namely ECHo-1k, the project aims at improving the current
electron neutrino mass upper limit given in eq. 2.2 by more than one order
of magnitude. At the same time ECHo-1k will help in proving the scalability
of the experiment into its second phase, ECHo-1M, with which a sub-eV
sensitivity to the electron neutrino mass is aimed. ECHo-1k comes as a
medium-size experiment for which a sample activity of A = 1 kBq is planned.
If each detector has an activity of Az = 10 Bq, a number Ng; = 100 of
detectors is needed. In order to access m,, in the region below the 10 eV
a pile-up fraction of f,, < 10~° and a detector resolution AEpwmy < 5 €V
are also needed. For investigating the sub-eV range an activity of A = 10°
Bq is planned, for a total amount of detectors of about Ny, = 10°. The
required pile-up fraction and detector energy resolution would be f,, < 107°
and AEFWHM < 3eV.

To achieve the suitable conditions for the measurement of the electron neu-
trino mass, efforts are being made on both the theoretical and experimental
sides. The optimization of the single detector pixels and of the '*3Ho im-
plantation process, then the production and testing of pixel arrays and the
development of a low-noise, highly sensitive low-temperature read-out are
among the main tasks on the hardware side. Background studies, briefly
discussed in sec. 2.1, and the theoretical and experimental parametrization
of the calorimetric energy spectrum of EC in *Ho are also of major im-
portance, and in this context a first independent measurement of the decay
Q-value was already performed [43| (and more are planned [59]). Finally,
cryogenics is needed to test the detectors and the readout, and, last but not
least, to reach suitable temperatures for a high-precision measurement. An
overview of the experiment and its recent progress can be found in [60].
The planned milestones for the first stage of the ECHo experiment, namely
ECHo-1k, are summarized as follows:

e the ability to read out 100 MMCs with microwave SQUID multiplexing
while preserving the single pixel performance,

e the arrangement of an experimental cryogenic platform suitable for
both the ECHo-1k and the ECHo-1M phases of the experiment,

e the preparation of a high-purity '®*Ho source with a large activity of
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10 MBq,

e the identification of the background sources and reduction of the back-
ground to a level below the unresolved pile-up spectrum,

e an improved characterization of the 1%Ho EC calorimetric energy spec-
trum, including the study of the de-excitation processes of 3Dy*, for
the reduction of the systematic uncertainties,

e an even more precise determination of the '%Ho Qg value.

The know-how developed during this first stage will define the scalability of
the developed techniques for the realization of the second-phase experiment
ECHo-1M, as already mentioned above.

2.1.2 Recent results for the ECHo experiment

As explained in sec. 1.2.5, even though the higher order excitations in ®3Dy*
occur with a much lower probability than the first-order, one-hole excitations,
their contribution to the calorimetric spectrum of %3Ho cannot be neglected.
The theoretical calorimetric spectrum calculated for the Q-value given in
eq. 1.24 is shown in fig. 2.4, for which the parameters presented in A. Féssler’s
work [44] have been used. The first-order transitions MI, MII, NT and NII are
indicated together with the resonances due to second-hole excitations. Three-
hole excitations were not included in this calculation due to their negligible
contribution to the energy spectrum. For further details concerning this
aspect one can refer to [61].

In fig. 2.5 the EC spectrum of %Ho measured with a first 1%Ho-implanted
MMC detector prototype is shown [62], which had an activity per pixel of
1072 Bq, an energy resolution of AEpwmn =~ 7.6 €V at a working temperature
of 30 mK, and a rise-time of about 130 ns. The same detector operated at
a temperature of 20 mK, with an improved experimental setup and read-
out system, performed an energy resolution of AEpwmy = 2.4 €V with an
unchanged rise-time of 130 ns.

Two new chips were implanted at ISOLDE!-CERN in 2014. The implanted
detectors were designed for high-resolution spectroscopy of X-rays with en-
ergies up to 20 keV (namely, the maXs-20 detectors fabricated in the clean
room of the Kirchhoff Institute for Physics of the University of Heidelberg),
arranged in an 8-channel array, each channel consisting of two pixels in a
gradiometric configuration [60]. One of the two %3Ho-implanted chips was
used for this thesis work and is further described in sec. 3.2.1, while the
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Figure 2.5: '93Ho EC spectrum measured with MMC detectors. The data (black
line) is fitted using the convolution of the simulated experimental detector response
with the theoretically predicted spectrum (red line). The used parameters can be
found in [63]. Some structures due to contamination from *4Pm are also visible
in the energy region around 1.4 keV. The zoomed area on the right shows some
structures at the upper tail of the NI line which are still not well understood, and
might depend on higher-level excitations of 1%3Dy* or on condensed matter effects,
such as the shifting of the core-level binding energy of 13Dy in a gold environment.

second one was already used in several experiments. In fig. 2.6 one can see
two regions of interest of the first test '%Ho EC spectrum. The test was
performed with two of these implanted detectors (4 pixels in total), while
the full spectrum is obtained summing the data collected by two pixels in a
data-taking period of about one day at the Kirchhoff Institute for Physics
of the University of Heidelberg, for a total number of events of about 17500.
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Figure 2.6: Left: 03Ho EC spectrum in the energy region around 450 eV (N-
lines). The data (blue line) was taken in 2015 with an activity of about 10~! Bq
per pixel. Right: '%3Ho EC spectrum in the energy region around 2000 eV (M-
lines). Both data sets are compared to the convolution of the theoretical spectrum
with the gaussian response of the detector, assuming a detector energy resolution
AEpwum of 8 eV for the plot on the left and of 12 eV for the plot on the right.

Although an excess of counts is visible at the NI line, one can see there is
a good agreement of the NI, NII, MI and MII amplitudes with the theory.
The OI line was measured too, as shown in fig. 2.5. Nevertheless, to better
understand the structures of the spectrum different and parallel experiments
which allow to investigate the excited states in 3Dy are required.

2.1.3 Investigation of de-excitation processes in %Dy
after electron capture

In sec. 1.2.5 first- and second-order excited states in '%*Dy after EC were
discussed. The available data shows clear disagreement with the two theo-
ries by De Rujula [46] and Féssler [44]. A possible way to investigate the
states populated in %Dy after the EC is to analyze the X-ray spectrum upon
the de-excitation of the 3Dy daughter atoms. In the past, several groups
performed measurements of the X-rays after the EC in '*Ho. The idea of
using the internal Bremsstrahlung in electron capture (IBEC) for measur-
ing the electron neutrino mass was proposed by De Rujila and dates back
to 1981 [64]. In fact, in [64] it was pointed out how the end-point of the
IBEC spectrum depends on the three-body kinematics of the decay and it
is sensitive to m,, the same way as in a [-decay process. Even though the
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intensity of IBEC is quite low, the research in this direction was encouraged
by the fact that it is resonantly enhanced when the nuclear Q-value is close
to the binding energy of one of the atomic S-states [64, 65|, so that %*Ho
immediately became a favorite candidate for this search.

In light of this fact, three groups turned their efforts into the study of the
IBEC spectrum of '®3Ho for the measurement of m,,, namely a european
Aarhus-CERN collaboration, the Princeton-Livermore group in the US and
the Japanese group at KEK. From the european side, the partial M1-capture
half-life of '3Ho was measured using the EC rates and the number of active
atoms in the '3Ho source, along with an estimate of the Q-value based on
this result. Also, a direct measurement of the Q-value was performed by
nuclear reaction experiments [66]. Their results are summarized below:

Qpc =23+10keV 75 = (7+2)x10°y  m,, <13keV . (2.3)

Still on the european side, the validity of the IBEC theory proposed in [64]
was proved with a %Pt experiment, and led to a limit on the electron neu-
trino mass of [67, 68|

m,, <500eV (95%C.L.) . (2.4)

The american group started investigating m,, by measuring the relative cap-
ture ratio from different electron orbits in %*Ho [69]. They measured the
163Ho M X-rays with a Si(Li) detector [66] and its half-life by isotope-dilution
mass spectrometry [42], and using this last result they could also infer a Q-
value for the decay, getting the results

o — 4570 £50y  (95%C.L)  Qpe =~ 2.65keV (2.5)

from which it became clear that the Q-value was higher then expected from
its first measurements. This made them change their initial approach and
they also started measuring the IBEC spectrum of ®3*Ho [70]. They indeed
performed the measurement of the IBEC photon spectrum of 1%Ho in the
region 5p-3s with a Si(Li) detector in air, and what they got is a new upper
limit for the electron neutrino mass |70, 3|:

m,, <225eV (95%C.L.) . (2.6)

Today this value is still the lowest upper limit on the electron neutrino mass
obtained with experimental techniques based on the EC decay of 63Ho.
However, Riisager described this result [48] as questionable for a number
of reasons, among which the strong dependence of the measurement on the
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Q-value given in [52| was also listed, and in the following years he developed
the theoretical framework discussed in sec. 1.2.5.

The KEK-collaboration in Japan also decided to follow the approach pro-
posed in [64] for the measurement of the electron neutrino mass. Using a M
X-ray spectrum from EC in '*Ho combined with M X-ray fluorescence of
163Dy they could get the following results for Q-value and electron neutrino
mass [71]:

Qpe =2.710701%0keV ~ m,, =110"%0eV . (2.7)

With the presently available technology of low-temperature MMCs, it is fi-
nally possible to access the total energy of the EC decay process of 1®3Ho by
means of a calorimetric measurement. The main goal of this thesis work is
to present and show the feasibility of a novel method for the study of the
excited states and de-excitation processes of 93Dy* following the electron
capture decay of '%3Ho. This is pursued by performing a coincidence mea-
surement between the non-radiative and radiative events of the '%Ho decay,
which for the first time gives access to the radiative component of the spec-
trum while getting the non-radiative one at the same time, and allows so
to better characterize the structures of the calorimetric energy spectrum of
163Ho electron capture with the final aim of measuring the electron neutrino
mass.

At this purpose, %*Ho-implanted MMCs, discussed in further detail later in
sec. 3.1, are prepared in such a way that the non-radiative energy is measured
in the MMCs themselves, but the X-ray photons can, in principle, escape the
detectors and be measured by other nearby, non-implanted MMCs specifically
designed for this, having a high energy resolution AEgpwpuy < 10 eV. This can
happen thanks to the fact that on these implanted detectors, unlike the ones
described in sec. 3.1, an absorber layer of only 300 nm of Au was deposited
on top of the implanted '%*Ho atoms. This allows to measure simultaneously
the energy released in the source and the one escaping due to the photons,
which are then stopped in the designed high-resolution MMCs placed in front
of the source. The actual detection setup is described in sec. 3.4.

The difficulties of such a measurement mainly originate from the need for
building a reliable experimental setup and from the low branching ratio for
the emission of X-rays [40], even though a coincidence measurement per-
formed with high resolution detectors (from both the source and the X-ray
detection sides) will lead to a precise identification of the *Ho events.



Chapter 3

The experimental setup

In this chapter the working principles of low-temperature metallic magnetic
calorimeters and the SQUID read-out are discussed. Details about the detec-
tors employed for this work are given in sec. 3.2.1 and sec. 3.2.2, along with
a brief description of the used cryostat in sec. 3.3. The whole experimental
setup is shown and described in sec. 3.4, followed by a description of the data
acquisition system in sec. 3.5.

3.1 MDMCs - Metallic Magnetic Calorimeters

In order to reach the sub-eV sensitivity on m,, with 1®3Ho-based experiments
a detector energy resolution AFpwmy < 3 €V as well as a very good time
resolution are required, as explained in sec. 2.1.

In the context of the ECHo experiment, as well as for the measurements dis-
cussed in this thesis work, cryogenic Metallic Magnetic Calorimeters (MMCs)
[58], operated at temperatures in the mK range, are used. This choice is
based on the excellent energy resolution of AEpwpv = 1.6 €V [72| and an
unprecedented rise-time of 7., = 90 ns at 30 mK [73| achieved so far with
the MMCs!. A sketch of the general structure of an MMC is given in fig. 3.1
along with the typical signal shape.

The working principle of these thermal detectors is a calorimetric principle,
that means the energy AEgc deposited by the particles emitted in the de-
excitation process of 13Dy induces a rise in temperature AT in the detector

IMMCs showed such a performance in their main application field of detection of
soft X-rays. A similar performance can be expected for calorimetric electron capture
spectroscopy.

29
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which is proportional to this energy:

Epc oc AT AE, (3.1)

tot

where Cy,; is the total heat capacity of the detector. After the initial temper-
ature rise, the detector slowly relaxes back to the temperature of the thermal
bath, with a relaxation time 7,..; defined by the weak thermal link of thermal
conductance G according to:

(3.2)

For a paramagnetic sensor material, the fundamental energy resolution of the
detector is defined by the energy fluctuations between the thermal system
composing the detector and, under the assumption that the heat capacity
of the spin system Cjp;, equals the one of the electron system C, is given

by [74]:
AEFVVHM ~ 2.36 4k’B Cabs T2 (_Tm'se> : . (33)
T

3.1.1 Geometry of an MMC

To make sure that a calorimetric measurement is performed, i. e. all the
energy released in the EC decay of '®3Ho is measured in the detector inde-
pendently of the decay channel, the %Ho source is embedded in the detector
and surrounded by an amount of absorber material such that the absorption
efficiency is as close as possible to 100%. To realize this, the absorber thick-
ness should be enough to cover at least seven times the attenuation lenght A
of the least stopped de-excitation product. An absorber material commonly
employed in MMCs is gold, in which, for energies below Egc < 3 keV, the
least stopped radiation is photons having energies just below the MIV thresh-
old of gold, namely E{f}, = 2205.7 eV [75]. The corresponding attenuation
length for these photons is A = 0.56 pm.

A suitable geometry for such an absorber consists of a first planar layer of
about 5 um of gold, on whose surface the '%Ho source is deposited (taking
care of not covering the area along the borders, as shown in fig. 3.1), and
a second absorber layer on top having the same size of the first one, in a
so-called 41 geometry.

The thermal sensor that reads out the temperature rise in the absorber is a
dilute paramagnetic alloy of erbium in gold (a few hundred ppm), placed in
a stable magnetic field B (~ mT) which polarizes the spins in the sensor ma-
terial. An analysis of the properties of Au:Er is given in the appendix 4.1.1.
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Figure 3.1: Left: the schematics of an MMC for calorimetric measurements. The
absorber with the embedded radioactive source is closely connected to the Au:Er
sensor, in turn weakly connected to a thermal bath. The sensor is placed in a weak
magnetic field B and surrounded by a superconducting loop, which is connected
to the read-out SQUID. Left: the typical signal shape of an MMC.

The main reason for using Au:Er as a sensor material is that its magnetization
M shows a very marked dependence on temperature, when the operational
temperature is below T < 100 mK. The change in magnetization in the sensor
due to the change of temperature is in turn read-out by a closed supercon-
ducting pick-up coil put in the vicinity of the sensor. In fact, the change in
magnetization causes a change of magnetic flux in the superconducting loop,
and the resulting induced current is read out by a SQUID? whose input coil
is directly connected to the pick-up coil. This way, the signal resulting from
the change of flux in the SQUID is still proportional to the absorbed energy:

oM M AE e
A — AT~ —
59T 9T Cyo

(3.4)

MMCs can be reliably produced by micro-fabrication techniques, in a repro-
ducible way. A sketch design of a detector (or detector pixel pair), arranged
in a fully gradiometric set-up, and employed for this work, is given in fig. 3.2,
along with a schematics of the read-out principle. The picture on the left
shows a sketch of the main layers of two pixels: the read-out structures which
transfer the flux change to the SQUID, made out of Nb, are represented by
the black lines and grey round plane, and are fabricated in two different lay-
ers; the Au:Er sensor is depicted in orange; in yellow the gold stems, which
thermally connect the sensors to the absorbers, also shown in yellow.

2Superconducting QUantum Interference Device
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Read-out working principle

The magnetization of the sensor is detected as a change of flux in a supercon-
ducting pick-up coil, whose design exists in different possible geometries |76].
The geometry of the detectors used for this work has the so-colled sandwich
design, which is shown in fig. 3.2 (left). The black and blue arrows repre-
sent respectively the persistent current and a signal induced in the detector.
The layer with the Nb spiral is connected to the upper Nb plain surface in
such a way the sensor between this two layers is superconducting-screened
(and "sandwiched"). The Au:Er sensor material is deposited on top of the
spiral coils, which are connected in parallel to the input coil of a de-SQUID.
Au:Er can be deposited on one or both pick-up coils. If only one is covered
the detector is sensitive to absolute temperature changes of the substrate
and the magnetization of the sensor material can be measured to charac-
terize the detector. By covering both coils, the magnetization signal of one
sensor compensates the signal of the second sensor for a common tempera-
ture change. This makes the operation of the detector generally more stable
against temperature fluctuations of the substrate and doubles the detection
area at the cost of slightly increased noise, as the noise of both sensors couples
incoherently into the common read-out SQUID.

The sandwich-structure, which includes the pick-up coils, is not only used to
detect the change in magnetization in the sensor, but also serves to generate
the magnetic field that polarizes the sensor material. This is achieved by
feeding a persistent (or field) current I; of several mA into the strip/coils, as
shown in fig. 3.3. For graphic reasons, the meander design is used here, but
the working principle is analogue for the sandwich design.

An additional path is added to the meander which is not shown in fig. 3.2.
This part forms a nose which is positioned at a suitable distance from the
main meander structures forming the two nodes, and is put in close contact
to a resistive Au:Pd heater which works as a "switch" for the persistent
current. The field generating current I is first injected into the field current
leads, as shown in fig. 3.2 (a). Due to Kirchhoff’s law for superconducting
circuits the current is divided according to the inductances of the possible
paths. Therefore, most of the current goes through the shorter path of the
nose. A current of a few mA is then sent to the heater (fig. 3.2 (b)), so that
the power dissipated is enough to increase the temperature of the nearby
environment to a temperature larger than the superconducting transition
temperature (or critical temperature) of the meander material, typically Nb.
This way, the part being close to the heater becomes normal-conducting. The
superconducting loop is now open and the magnetic flux through the area
formed by the meander is now allowed to change. The new value is defined
by the injected field current. At this point the heater current is removed, so
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Figure 3.2: Left: diagram of a sandwich-designed MMC. The "sandwiched"
Au:Er sensor is shown in orange, the two Nb layers are depicted in black (pick-up
spiral coils and SQUID input coil) and grey (closed surface above the sensor), while
the gold '63Ho-implanted absorber and the stems are depicted in yellow. Right:
overview schematics of the detector read-out, with a cross-section of the sandwich
structure. The ® symbol shows the verse of the persistent current indicated in the
picture as Iy. The inductances of the two detectors, the SQUID input coil and the
SQUID are labeled as Lpy and Lps, L1 and Lg respectively.

that the meander path close to the heater becomes superconducting again
and the superconducting loop is closed again, as shown in fig. 3.2 (c).

The persistent current which is flowing through the meander at the end of
this procedure is:

2L,

Io=1,——m .
e, L, (3.5)

where L, and Lj are the inductances of the meanders and of the short path
to the heater respectively. Usually, L, < L,, and the assumption that I’f ~ Iy
can be made.
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Figure 3.3: The schematic of the injection of a persistent current into a meander-
shaped pick-up coil. The different steps are explained in the text.

3.1.2 SQUID read-out

The magnetization change AM in the paramagnetic sensor of the MMCs gen-
erates the screening currents in the superconducting loop, formed by the two
pick-up coils and the input coil of the de-SQUID. A SQUID (Superconducting
QUantum Interference Device) is a low-noise and low-temperature operating
superconducting magnetometer. It can be described as an extremely sen-
sitive magnetic flux-to-voltage converter. The very small currents induced
by the change of magnetization of the sensor flowing through the input coil
generate a flux in the SQUID loop which leads to a change of voltage across
the SQUID itself.

In fig. 3.4 the schematics of a de-SQUID (a) and its characteristic I-U (b)
and ®-U (c) curves are shown. A dc-SQUID consists of a superconducting
loop interrupted by two Josephson junctions, i.e. two weak links made of
a thin insulating layer (~ nm), usually a metal oxide, placed between two
superconducting leads. The SQUID has two identical Josephson junctions a
and b, having both a critical current I., the maximum super-current through
the device is shown to be I = 2I.., and is limited by the phase shifts of the
macroscopic wave function at each junction 9, and d, as follows:

[ =1.(sind, + sind,) = 21.cos <5a ; 5b) sin <5a ;— 51)) ) (3.6)

The first consequence of the coherent motion of Cooper pairs in closed super-

conducting loop is the quantization of the magnetic flux into integer multiples
of the magnetic flux quantum &y = % ~ 2.07 Wb. Cooper pairs can tunnel

through a Josephson junction without any voltage drop up to a critical cur-
rent I., and when this is exceeded a super-current I = I. flows in the loop
carried by tunneling quasiparticles, inducing a voltage drop over the junc-
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Figure 3.4: Left: schematics of a de-SQUID, mostly self-explaining. The super-
conducting loop is represented as a circle with the two "X" being the Josephson
junctions. The two resistances connected at the sides of the loop are shunt resis-
tors. The splitting of the super-current I entering the SQUID is also shown. Center
and right: I-U and ®-U characteristics of a dc-SQUID. The I-U characteristics is
shown for the two cases ® = n®y and & = (n + 1/2) &g, where Py is the magnetic
flux quantum. The ®-U characteristics is shown for three different bias currents I,
equal to multiples of the SQUID critical current I., and shows the sinusoidal trend
expected from eq. 3.10.

tion. Also, even though flux quanta can enter and leave the loop through
the junctions, the circular (or screening) current in the loop has to fulfill
the magnetic flux quantization condition on the phase difference (§, — dy),
which can be calculated through the integral of the vector potential A over
the closed path § along the SQUID loop:

2e - 2e d 0]
_ e Ads = = T— . .
(5. — ) = > ]f d5= 22— (3.7)

If now eq. 3.7 is inserted into eq. 3.6 one gets

0y + 0 ) W)
I =2I,sin ( ;r b) coS (Wao) = I,qz COS (W‘}To) , (3.8)

and defining the maximum super-current L., as

0g + 51,)

Lae == 21.sin ( (3.9)
one can find an expression for the flux dependence of I. Also, the phase
(04+0) changes the amplitude of I with changing magnetic field, even though
the effect of this dependence is much weaker than the one on the phase
difference (d,—d), and can thus be neglected for small flux variations (of a few
®y). This behavior is also called "quantum interference", as the dependence
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of I on the magnetic flux shows an interference pattern. The voltage drop of
a de-SQUID is generated due to quasi-particle tunneling, by feeding a bias
current I, > L4, into the SQUID so that it stays in a resistive operating
range. If a constant, normal-conducting resistance Rgq is assumed for the
SQUID, the corresponding voltage drop is:

U(®) = Rgo {Ib — Tpas COS (w%)} . (3.10)

In order to prevent hysteretic behaviors, a shunt resistor is connected in
parallel with each Josephson junction, as shown in fig. 3.4 (a).

Since the voltage response of the SQUID to a flux change is clearly non-linear
for flux changes larger than A® ~ & /4, the implementation of a linearization
circuit is crucial for a precise detection of variations in magnetic flux. This
is usually realized via a feedback circuit, also known as Flux Locked Loop
(FLL) circuit, which allows the SQUID to remain at the same working point
(or magnetic flux level) while the current flowing in the input coil generates
a different flux coupled to the de-SQUID.

Figure 3.5 shows a 2-stage SQUID setup in FLL configuration. The dc-
SQUID reads the change of flux induced by the change in magnetization in
the detector sensor, and the change of voltage across the front-end SQUID
is amplified by a second SQUID array. The voltage drop of the amplifier
SQUID is measured with a differential amplifier A where it is compared to
the bias voltage Uy previously adjusted to set the SQUID working point.
This is chosen in such a way that the voltage drop per flux change 0U/0®
is the largest one. The output signal of the amplifier goes through a volt-
age integrator, whose output U,,; across a feedback resistor Ry, leads to a
feedback current signal according to I, = Usut/r,,- The feedback current is
then sent to the feedback coil coupled to the SQUID to generate the com-
pensating flux. The output voltage U,,; represents the final read-out signal,
its proportionality to the feedback flux being:

My Uour
Ryp
where My, represents the mutual inductance between the feedback coil and

the SQUID.

The presence of the SQUID array reduces the effect of the noise due to the
room temperature electronics. A SQUID array essentially consists of n, in
principle, identical de-SQUIDs connected in series, represented in fig. 3.5 as
a single loop labeled as "SQ2". The number of de-SQUIDs in the array can
be 14 or 16. If all the SQUIDs in the array are set at the same working point
and exposed to the same flux (achievable with a common input coil), they

ADp, = = —AD (3.11)
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Figure 3.5: The circuitry of a 2-stage SQUID setup. In the actual experimental
setup a 16-SQUID array is used instead of the second-stage amplifier SQUID "SQ2"
included in this picture. The whole schematics are described in the text.

behave as a single SQUID yet showing a larger voltage oscillation in their
®-U characteristic. In this schematics, the flux change in the first stage (or
front-end) SQUID "SQ1" creates a voltage signal that is turned into a current
signal through the gain resistor Rg. This current then induces a flux signal
ADy = My, Algqr into the second stage (or amplifier) SQUID "SQ2" via
the input coil connected in series to SQ1 and in close contact with SQ2 itself.
An aspect to be taken into account is that, while the voltage drop at the ends
of the array scales with n as the input signal couples coherently, the total
noise instead only scales with y/n because of the noise of the single SQUID
adding incoherently to the noise of the others. In this work, for the read-
out of the two channels of the %Ho implanted D14E an integrated 2-stage
SQUID chip with two read-out channels was used, each channel consisting of
a second-order gradiometric front-end SQUID and a 14-SQUID array. The
32 pixels of the maXs-30 are read out by eight 4-channels front-end SQUID
chips which transfer their signal to sixteen 2-channels 16-SQUID array chips.

3.2 Setup for the X-ray coincidence measure-
ment

For the measurement discussed in this thesis, an array of 16 detector pixel was
employed (which from now on is addressed by the name of the corresponding



38 CHAPTER 3. THE EXPERIMENTAL SETUP

design "D14E"). It was specifically designed for the detection of soft X-rays
up to 20 keV, namely the maXs-20 detectors®, and it was ion-implanted with
163Ho at ISOLDE* (CERN) after the first gold absorber layer was deposited
and its performance was tested. For the detection of the X-rays coming from
the EC decay of '%3Ho a maXs-30 detector chip was employed, consisting of a
64 pixel matrix of 32 channels able to detect X-rays of energies up to 30 keV.
The project of development and optimization of the maXs-30 is still ongoing
and represents the main subject of Daniel Hengstler’s doctoral thesis work,
which will be published in 2017 [4]. Both the detector chips were designed
and microfabricated at the Kirchhoff Institute for Physics in Heidelberg.

3.2.1 The '*Ho-implanted D14E

Figure 3.6 (left) shows a sketch of the D14E chip, and a zoom on the last pixel
pair of the detector array (right). The 16 pixel array is labeled as a), where
the top yellow layer represents the upper gold absorber. The transparency
of the layers in fig. 3.6 (right) allows to see, below the 250 x 250 x 5 um gold
absorber b), the sensor ¢) and the superconducting pick-up coil.

Figure 3.6: Diagram of the '%*Ho-implanted D14E chip used for this thesis work.
The chip contains a 8-channels array, each channel consisting of two MMC detector
pixels. The dark area in the array is the one covered with the absorber mask, which
prevents X-rays to escape the unread channels. On the right a zoom on one detector
is shown. More details about the picture are given in the text.

3Microcalorimeter arrays for high-resolution X-ray spectroscopy up to 20 keV
4Isotope Separation OnLine DEvice
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The sensor is connected through a gold thermal link e) to the on-chip thermal
bath d). The heater is labeled as f) and the bonding pads for the introduction
of the field (+F,-F) and heater (+H,,-H,) currents and for the connection
to the SQUID read-out as g) and h) respectively. The upper Nb layer is
indicated as i), while j) is a Au:Pd resistor connecting two bonding pads
for the connection to the input coil of the SQUID, which together with the
inductivity of the pick-up coil and of the input-coil of the SQUID forms a low-
pass filter against high-frequency noise. This way one can reduce the eddy
currents induced by the de-SQUID in the sensor. The label k) instead indi-
cates a normal-conducting sensor contact, accessible from the bonding pads
g) (+7T,-T) through which it is possible to generate well-defined temperature
pulses without making use of the heater. The '*3Ho was then implanted on
top of each absorber on a reduced area, thanks to a precisely structured,
thick photoresist layer which also had the function to protect the chip sur-
face against the implantation. After the implantation, the chip was covered
with a 200 nm thick gold layer to protect the '3Ho ions against oxidation.
As discussed in sec. 3.1, this is not thick enough to stop the X-rays com-
ing from the de-excitation of the 19Dy*, therefore pixels processed until this
stage could be used as '®*Ho X-ray source. For this experiment two channels
(namely channel 5 and 6) corresponding to four implanted absorbers were
intentionally left at this stage in such a way the radiative component of the
EC decay of '3Ho could escape the detectors, but not the non-radiative one,
while the other twelve absorbers were covered with an additional 5 pm layer
of gold for future calorimetric measurements. Figure 3.6 shows the pixel ar-
ray partially covered by a dark layer, which represents the mask prepared
for structuring the second gold layer on the remaining absorbers. The best
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performance obtained by a D14E detector was a rise time of 300 ns, defined
by the thermal link between absorber and sensor, and a very good energy
resolution of AEpwpy = 1.6eV at the energy of 6 keV [73], corresponding to
the K, line of *Mn in fig. 3.7.

absorber
mask

Figure 3.8: The D14E arranged on its experimental holder. The Al-bonds to
the circuit board and to its read-out chip are also visible, as well as the thermal
Au-bonds connecting the thermal bath to the copper holder. On the left a close-up
of the active channels is shown. For clarity, one of the links thermally connecting
the sensor to the thermal bath is highlighted in red.

3.2.2 The maXs-30 for the detection of X-rays

Figure 3.9 (left) shows the maXs-30 design and detector (right) with a close-
up on the absorber pixels on the top-left corner. The 64-pixel matrix is
depicted in yellow, while the black structures along the four sides of the chip
are the bonding pads for the connections to the front-end SQUID read-out
and for the field- and heater-lines. The matrix can be ideally divided into four
quarters as shown in fig. 3.10. In each of these four quarters the detectors
share the connections for the field- and heater-currents.

Each pixel is (500 x 500) pym in surface, so that the side of the full square
matrix is ~ 4 mm. The basic structure of the single pixel is the same as
described in sec. 3.1 but, unlike the D14E, the maXs-30 read-out structure
was designed to have meander-shaped pick-up coils. The gold absorber is
30 um thick, for a quantum efficiency of ~ 100% for X-ray having energies of
20 keV and ~ 80% for X-rays of 30 keV. The best measured baseline energy
resolution of the maXs-30 is AEpwpv = 7.9€V [4].
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Figure 3.9: A diagram of the maXs-30 chip next to a microscope picture of the
real chip, with a close-up on the absorber pixels.
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Figure 3.10: A picture of the maXs-
30 on its experimental copper holder,
= surrounded by the read-out front-end
SQUIDs. The two black lines drown
¢/= on the pixel matrix divide it in four
#® quarters, according to the areas cov-
| ered by each of the four field- and
heater-lines.

3.3 The cryostat

The MMCs and their SQUID read-out need to be operated at cryogenic
temperatures, for measuring periods which can possibly range from days to
months. The D14E, the maXs-30 and their SQUIDs were operated in a dry
*He/ ‘He BlueFors dilution refrigerator, which has a base temperature of 10
mK at the mixing chamber. The main feature of this cryostat is a copper
arm connected to the mixing chamber, which provides at its front part an
experimental platform suited for the operation of 32 MMC channels. In
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addition, three more read-out channels are located directly at the mixing
chamber. The coincident X-ray measurement was set up at the front part of
this arm.

Exg

300K (1t - Metal) b)
50K (Copper)

3K (Aluminium)

Rontgen windows

Detector

Figure 3.11: Outline of the cryostat which hosted the experimental setup used
in this thesis work. In fig. a) a longitudinal cross-section of the whole cryostat,
showing the inner experimental platform, the shielding layers and the arm is given.
Fig. b) shows a zoom onto the front part of the copper arm and indicates the
temperatures corresponding to the volumes delimited by the different shields, and
the shield materials. Fig. ¢) is a close-up on the part of the cryostat where the arm
is mounted. More details about the pictures are given in the text.

The cooling of the cryostat to ~ 4 K is achieved by the use of a pulse-tube
cooler. Fig. 3.11 a) shows an outline of the cross-section of this cryostat. A
dilution unit cools the experimental platform down to mK. The zoom given
in fig. 3.11 b) shows the copper arm (in pink) inside its several shields (the
outer layers). The copper holder of the maXs-30, with a rough diagram for
the detector itself drown on top of it, and its read-out amplifier SQUIDs cir-
cuit boards are depicted in green, while the stripes connecting the detector to
its read-out and then the read-out to the connections inside the cryostat lead-
ing to the outer room-temperature electronics are shown in grey /brown. The
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arm is superconducting-shielded against external magnetic fields. The differ-
ent shields, corresponding to different temperature stages, are also shown in
fig. 3.11, and carefully arranged such that there is no contact among them.
Another aspect to be noticed is that the arm allows the use of external ra-
dioactive sources through its series of Rontgen windows placed at the front of
each shield. This turned out to be an important feature for this experiment,
as it allowed the calibration of the detectors, and their testing, in a cryogenic
environment with strong radioactive sources which could simply be removed
afterwards.

3.4 Setup geometry and measurement

In order to measure the X-ray component of the calorimetric energy spec-
trum of '*Ho EC decay, the D14E (i.e. the *Ho-implanted chip presented
in sec. 3.2.1) was glued to a copper platform, together with the 2-stage in-
tegrated SQUID read-out chip, as shown in fig. 3.12 b). Before the gluing,
the platform was covered with ~ 300 nm of Nb, in order to provide a super-
conducting shielding against magnetic Johnson noise due to the electrons in
copper. The copper platform for the D14E was designed to have the same
size and shape of the maXs-30 platform, in such a way that these two could
be put in a configuration with the two detectors facing each other. Two 1
mm wide slits were cut into the D14E platform, one separating the detector
from the read-out chip, the other one (the one below the detector) was in-
stead used for previous tests. The presence of the slit between the two chips
reduces the thermal contact between them. The circuit board was designed
in such a way that at least two of the holes for the screws were left free,
allowing the fastening of the two platforms. The wires needed to operate the
detectors were soldered on this circuit board and secured along the copper
arm, to make sure there was no contact to the thermal shielding once the
cryostat is closed.

The two "stripes" on the experimental platform to the sides of the detector,
were intentionally not covered with Nb to allow the connection between the
on-chip thermal bath and the copper of the platform through gold bonding
wires. Figure 3.12 a) shows the maXs-30 on its holder, at the extremity of the
arm. Besides the maXs-30 chip, other eight chips with four front-end SQUIDs
each are glued to the copper platform. The electrical connections are done
using aluminum bonding wires. The four green stripes drive the connections
from the front-end read-out to the amplifier SQUIDs circuit boards mounted
on the four sides of the arm, as shown in fig. 3.13 and in fig. 3.12 ¢), in which
the circuit boards are covered by their protective masks.
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D14E

holder

maxXs-30
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Figure 3.12: These photographies of the experimental setup show a) the maXs-30
on its holder, b) the D14E glued to a copper platform, together with the 2-stage
integrated SQUID read-out chip, c) the green stripes driving the connections from
the front-end read-out to the amplifier SQUIDs circuit boards, and d) a close-up
on the spacing between the maXs-30 and the D14E.

In fig. 3.12 ¢) and d) one can see the D14E holder mounted in front of the
maXs-30 holder. The screws and the separators/nuts, apart from fixing the
two platforms to each other, also act as thermal contacts for the D14E to the
cryostat arm. The position of the D14E on its platform was chosen in such a
way that the active channels could correspond to the center of the maXs-30
pixel matrix, in order to maximize the solid angle covered by the maXs-30.

A schematics of the two detector platforms put in front of each other is
given in fig. 3.14. The distance between the two detectors should be as small
as possible to maximize the solid angle, provided that there is no physical
contact. The two possible options shown in fig. 3.14 b) were defined by the
size of the spacers and the available space inside the cryostat arm, and from
the minimum achievable distance between the experimental holders, in order
for the bonding wires of the two detectors not to touch each other. Taking
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Figure 3.13: The amplifier SQUID read-out for the maXs-30. The SQUID array
chips are connected to the front-end read-out of the maXs-30 in a 2-stage SQUID
configuration, as described in sec. 3.1.2. On top, the arrays mounted on the cryostat
are shown. In the bottom picture the single circuit board can be seen.

into account these factors, it was possible to choose between 1.2 mm or 2.4
mm distance, namely the thickness or twice the thickness of the single spacer.
The solid angle covered by the maXs-30 for the detection of the X-rays coming
from the D14E '®3Ho-implanted absorbers depends on the distance between
the two detectors, according to

Ouaxs = 4 arctan ab , (3.12)
2d+/4d? + o2 + 52

where o = 3 are the sides of the maXs-30 pixel matrix, and d is the distance
between the two detectors, as shown in the sketch in fig. 3.15. With @ = 4
mm, d; = 1.2 mm and dy = 2.4 mm, defining €2 as the total solid angle,

one can find that the maXs-30 covers the following solid angles for the two
detector distances:

QmaXS(dl) ~ 263%Q QmaXS(d2) ~ 134% Q . (313)

If three weeks of data taking are assumed, and a branching ratio of ~ 1073 for
the X-ray emission is considered [40], about 500 X-rays events are expected
in case only one spacer is used, while about 250 events are expected in the
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Figure 3.14: Schematics of the positioning of the D14E and the maXs-30.

Figure 3.15: Sketch of the solid an-
gle covered by the maXs-30 pixel ma-
trix, as derived in eq. 3.13.

case of two spacers. For the present experimental setup it was finally possible
to place only one spacer between the detector holders.
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3.5 The Data Acquisition

Data was first collected in a 13 days cryostat run, during which a "long-
term" measurement of the source chip was taken. Afterwards, an attempt to
a coincidence measurement was made, during which several issues concerning
the maXs-30 arose: due to thermal stress, three of the four field- and heater-
lines connections were lost, leaving only half of the detector available for
a measurement; of the remaining eight channels, again, the connections of
only four of them survived the thermal stress, which is likely caused by small
adjustment movements of the connectors during the cooling down of the
cryostat; the noise level of these last channels only allowed trigger thresholds
at the edge (or slightly above) of the energy of the MI line of '*Ho.

The positive side about these aspects is that they can be improved in the
short-term, with the design of new, more stable connectors for the cryostat,
and with the production and testing of new maXs-30 chips and read-out,
other than further searches for the optimal read-out settings. The setup
placed at the end of the arm also suffered from temperature instabilities, for
which a deeper investigation is needed.

However, the acquisition time dedicated to the spectrum of '*Ho was fruitful.
After several trials, it was possible to freeze-in a 30 mA field current in one
of the four available pixels of the D14E, which for the M1 line showed pulses
of about 350 mV at a temperature of about 15 mK. The analysis of this data
is discussed in chap. 4.

The data acquisition system employed for the measurement, named PAQS
(Parallel AcQuisition System), was developed by D. Hengstler [4] and is
schematized in a simplified way in fig. 3.16. The voltage signals coming
from the SQUID electronics are given as input to and processed by two
16-channel Struck SIS 3316 ADC modules. The online access to the data
and the definition of the acquisition settings are available when the PAQS
Launcher is started, which in turn starts the three following programs: the
PAQS Acquisition Server, the PAQS Fitter and the PAQS GUI®.

The Acquisition Server (AS) includes the ADC Interface, a virtual class con-
taining all the ADC functions which were customized for the particular ADC
device used in this case. The data flows from the ADC to the Interface, which
can also get control input messages from the ADC itself, and get/send con-
trol messages from/to the GUIL. Through the AS the raw data is both stored
and sent to the Fitter.

The Fitter is started by the Launcher as many times as the number of read-
out detector pixels. It contains an Averager, for performing the average of

5Graphic User Interface
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a chosen set of good pulses and so to get an average sample pulse, in turn
used by the virtual Fitter for the online fitting of the data. A Fast Fourier
Transform (FFT) is also included in the Fitter, which allows a noise check
for each pixel. A Fit File with the online fit data is written at this stage and
stored by the Fitter, which also sends the data to the GUI Communication
port. The GUI finally allows the user to interact with the read-out hardware,
e.g. tuning the settings for the read-out, and to get an online preliminary
data processing.

The synchronization of the D14E with the maXs-30 channels is doable offline
thanks to a newly introduced high-resolution time-stamp assigned and stored
into the Fit File for each pulse. A time window of the order of the detec-
tor rise-time is chosen in order to evaluate during the offline data analysis
whether two events happened in coincidence or not.

ADC
Struck SIS 3316

Control messages

Raw Data Fit Results

Figure 3.16: Diagram of the data-flow and data acquisition system. Courtesy of
D. Hengstler [4].



Chapter 4

Results and discussion

4.1 Measurement of '®*Ho spectrum

The data discussed in this thesis was collected over 13 days within a cryostat
run of about one month. During this run, one of the four available pixels
with %3 Ho-implanted absorber was measured. The %3Ho-source activity was
0.5 Bq.

4.1.1 Analysis

A total of 9 data files were acquired during the run, each file containing 60000
raw pulses. One of these data sets was analyzed, with the main results of
the analysis discussed in the following.

A field current of Iy = 30 mA was frozen into the detector at an operating
temperature T,, ~ 15 mK. The temperature measured at the mixing cham-
ber was T,,;; ~ 12 mK. At this temperature and for the used field current a
pulse height of 360 mV was observed for the MI-line pulses. Only negative
pulses were observable, meaning that the current was probably frozen in only
one of the detector pixels.

Even though a pre-trigger offset (PTO) oscillation of about 1 mV was ob-
served due to temperature instability of the detector platform positoned in
front of the copper arm, the pulse shape was regular and did not change for
different PTO ranges, as shown in fig. 4.1. The pulse shape of the average
signal corresponding to an event of the NI-line was compared to the pulse
shape of the average signal corresponding to an event of the MI-line, within a
stable PTO range, and they also did not differ and showed an identical rise-
and decay-time, as one can see from fig. 4.2, where the two pulses are shown
for the two time windows of -4 - 8 and -0.6 - 0.6 us. Nevertheless, a PTO
cut was applied to the major jumps. A clear reason to explain the observed
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temperature oscillation could not be found yet, and further investigation in
this direction is planned for the near future.

From fig. 4.2 (right) it is possible to see that the rise-time of the detector
was < 100 ns, in agreement with what expected according to the thermal
link connecting the absorber to the sensor. The decay of a typical pulse is
also characterized by a nose, corresponding to the "short" decay time of the
pulse, due to the flow of the energy to the gold nuclei, and a "long" decay
time showing the time necessary to the thermodynamical systems composing
the MMC to reach the equilibrium base temperature.
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Figure 4.2: Left: comparison of the normalized average pulse shape for the MI
and NI lines. The two shapes perfectly overlap. Right: close-up of the picture on
the left, showing a zoom of the pulse shape into the rise-time interval. The pulse
polarity was inverted here for plotting the averaged pulses.

A basic cut to the x? was applied to the data, followed by a temperature-
instability correction based on a linear fit of the distribution of the pulse
amplitude of the MI-line pulses as a function of the PTO.
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Figure 4.3: Left: '3Ho spectrum obtained by the analysis of two of the collected
data sets (black line), showing a good agreement with the simulated calorimetric
spectrum theoretically predicted by Féssler (red line), for which a detector resolu-
tion of 7 eV was used. Right: logarithmic plot of the same spectrum. A peak at
~21 eV can be seen, which is likely to be the previously unobserved Oll-line.

The baseline resolution extracted with a gaussian fit of the distribution of the
amplitudes of the untriggered detector output, chosen in a region where the
PTO did not vary significantly, and shifted to 0 V for graphical convenience,
is shown in fig. 4.4 (left). The amplitude distribution of the baselines was then
fitted to a gaussian curve from which an energy resolution of AE.ymy = 1.1
eV was extracted. The energy scale was defined via the calibration based
on the analysis of the pulse amplitude for the different lines of the '®3Ho
spectrum. The energy resolution for the signal was estimated at the NI-
line, as shown in fig. 4.4 (right). The line shape is described by the Voigt
function, the convolution between a gaussian and a Lorentzian function. The
FWHM of the gaussian detector response can be extracted by knowing the
intrinsic line width of the NI-line from the FWHM of the experimental data.
From the fit, the FWHM of the measured NI-line is 11 eV and considering
an intrinsic width of the NI-line of 5.4 eV one obtains a FWHM for the
detector response of about 9 eV. The degradation of the energy resolution
of the detector with respect to the baseline resolution could be due to slow
temperature fluctuations of the experimental platform. More investigations
are still required to clarify this point.

Also, the detector response to the deposited energy was linear up to the
M-lines, as one can see from the linearity plot in fig. 4.5, where the the mea-
sured peak energies for each line are plotted against the theoretical energies,
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and the quadratic non-linearity of the detector (red dotted line) is barely
distinguishable from the plane bisector.

The spectrum of 1Ho obtained from the analyzed data is shown in fig. 4.3.
The linear (left) and the logarithmic (right) spectra are compared to the the-
oretical prediction of the spectral shape by Féssler [44], for which a detector
resolution of 7 €V was assumed, and both show a good agreement with the
first-order excitation lines. A deeper analysis of the collected data is cur-
rently ongoing, and it will shed light on these aspects. A further discussion
of this results is only possible after a proper evaluation of the background
level. The close-ups on the O-, N- and M-lines of the logarithmic plot of the
measured spectrum are shown in fig. 4.6, fig. 4.7 respectively. From this pic-
tures one can see how the theory can well reproduce the data at the one-hole
peaks. On one hand, the data and the theory do not match for higher-order
excitations, on the other hand, a peak with energy of 21 eV can be seen in
the energy interval below the Ol-line, which represents the first experimen-
tal observation of the Oll-line. An excess of counts can be seen above the
OI-line, maybe due to second order processes [45, 46, 44|, as for the Nl-line,
which presents an excess structure at its high energy tale, as already pointed
out in sec. 2.1.2.
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Figure 4.4: Left: amplitude distribution of the pulse baseline (black) fitted to
a gaussian curve (red), from which an energy resolution AE%WHM = 1.1 eV was
extracted. The PTO instability is here visible from the two separate peaks of
the distribution around zero. Right: detector energy resolution calculated from
the measured width of the NI line. The natural line shape is approximated to a
gaussian, in order to implement a gaussian fit to the line. This way, an energy
resolution of AEpwamMm = 9 €V was extracted.
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Figure 4.5: Linearity response
of the detector in the '3Ho spec-
trum energy range. The mea-
sured energies for the different
lines are plotted against the the-
oretical energies. The quadratic
fit (red) represents the non-linear
behavior of the detector and is
barely distinguishable from the
plane bisector (black line).

Figure 4.6: Zoom into the O-
line region of the EC decay en-
ergy spectrum of 1%3Ho . The
OIl-line might be here visible for
the first time.
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Figure 4.7: Zoom into the N-line region (left) and M-line region (right) of the
EC decay energy spectrum of '%3Ho .

The structure at the NI-line high energy

tail which is not understood yet, also appears here. The second-hole excitations
predicted by the theory are not visible. The origin of the small structure appearing
at the lower energy slope of the MI-line could not be understood, on the other hand
the expected excess of events at the MI peak is visible.
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Conclusions

This thesis discussed for the first time a novel experimental approach to study
the de-excitation modes of 3Dy after electron capture in '%Ho. The method
proposed in this thesis consists of a coincidence measurement between X-ray
events, emitted by a '®3Ho source placed about 100 nm below the surface of
a high energy resolution detector, and the events occurring in the detector
implanted with the '*3Ho source. The analysis of the two spectra as well as
the analysis, for the coincident events, of the spectrum showing event per
event the summed energy will provide theorists new interesting data which
might shed light on the de-excitation process of 1%Dy.

For the detectors with the '®3Ho source two MMCs of the design maXs-20
have been used. Each of these detectors has two gold absorbers connected
to a Au:Er paramagnetic sensor, in turn read out by a spiral-shaped pick-up
coil. On each absorber '®3Ho was implanted at ISOLDE. After the implan-
tation, 100 nm of Au were deposited on the absorber surface to protect the
163Ho. This gold layer allows with good probability the escape of photons
in the range between 1.3 keV and 2 keV where the emission due to fluores-
cence, as expected for the radiative de-excitation of 3Dy, is higher. For the
measurement, of the X-ray spectrum a 2D array of the design maXs-30 was
used. This array is characterized by 8 x 8 absorbers covering a surface of
4 x 4 mm?. For the experimental setup developed in this thesis, the solid
angle covered by the maXs-30 detector with respect to the position of the
source was ~ 26% of the total solid angle.

During the first tests the detector containing the source was characterized.
In particular, %3Ho spectra from one of the four pixels were measured. The
163Ho activity was 0.5 Bq. The detector was operated at 15 mK on a ex-
perimental platform positioned at the end of a copper arm connected to the
mixing chamber of a commercial dilution refrigerator. The experimental plat-
form for the source detector was designed to be coupled to the experimental
platform of the maXs-30, in a way that between the source detector and the
maXs-30 itself the distance resulted to be minimal.

A sub-set of the data acquired during 13 measuring days was analyzed in this
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thesis. The energy resolution of the source detector was AEpway ~ 8 €V.
This allowed for the first time to resolve, with a calorimetric measurement,
the Oll-line corresponding to the capture of 5p;/; electrons. The peak energy
of the line is Eorp = 21 eV, which is lower than the binding energy of the
5pl/2 electron in %Dy, as expected due to the presence of the one 4f electron
in 19Dy after the decay.

Due to the low activity of the source and to the fact that only a small frac-
tion of the 64 pixels of the maXs-30 were actually working, the coincidence
measurement was not possible. A %3Ho activity of the order of 10 Bq would
be required to perform such an experiment.

The success of the first measurement of the 3Ho spectrum from the source
detector positioned in front of the maXs-30 array demonstrated the suitabil-
ity of the developed detector setup to perform the coincidence measurement
of the X-ray spectrum following the electron capture process in '®3Ho. In
the next future MMC detectors with higher activity will be prepared. These
detectors could simply replace the present source detector and being used in
the developed detector setup. A better understanding of the de-excitation
processes in %Dy will be of great importance to reduce systematic uncer-
tainties in the analysis of the endpoint region of the '*3Ho spectrum in order
to search for deviations due to a finite neutrino mass at a sub-eV level.



Appendix: physical properties of
the sensor material Au:Er

This summary of the physical properties of the sensor material Au:Er is
primarily based upon and partly reproduced from the explanations in |77,
78, 58| and is added for the convenience of the reader. Other sources are
cited throughout the text.

Properties of Erbium in Gold

Erbium in low concentrations forms a solid solution with gold [79]. Erbium
in the 3+ state substitutes for Au at regular fcc lattice sites giving three of its
electrons to the conduction band. The Er** ion has the electron configuration
[Kr]4d'°4 f1155%5p%. The paramagnetic behavior results from the partially
filled 4f shell, having a radius of only about 0.3 A and located deep inside
the outer 5s and 5p shells. For comparison, the ionic radius of Er** is about
1A, as is depicted in figure 4.8. Because of this the influence of the crystal
field is greatly reduced and the magnetic moment can be calculated from
the orbital angular momentum L, the spin angular momentum S and the
total angular momentum J, which are derived according to Hund’s rules.
To a good approximation the admixture of excited electronic states can be
neglected and the magnetic moment g can be written as

m=gsJ (4.1)
with the Landé factor

JJ+1)+S(S+1)—-L(L+1)
2J(J+1) ’

For Er¥t, L =6, S = 3/,, J = /5 and g; = ®/5. In dilute Aw:Er sam-
ples the magnetization can indeed be characterized by (4.1) at temperatures
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EF"-ion Figure 4.8: Schematic of a lattice sec-
A tion of the Au:Er-alloy. The Er3*-ions
take regular sites within the Au-lattice.
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above about 100 K [80]. At lower temperatures it is necessary to include crys-
tal field effects in the description. The crystal field with fcc symmetry lifts
the sixteen-fold degeneracy of the Er** ground state, splitting it into a series
of multiplets (one I's and one I'; doublet and three I's quartets). The lowest
lying multiplet is a I'; Kramers doublet. At sufficiently low temperatures
and low magnetic fields the behavior of erbium in gold can be approximated
as a two level system with effective spin S = ! /o with an isotropic g fac-
tor of g = 3*/5. This theoretical value has been confirmed by several ESR
experiments (see, for example [81]). The magnitude of the energy splitting
between the ground state doublet and the first excited multiplet (I's quartet)
has been reported in different experiments [82, 83, 80, 84| to be between 11 K
and 19 K.

Figure 4.9 shows the magnetic susceptibility of Au doped with 600 ppm Er
in the temperature range between 100 uK and 300 K. The data have been
obtained in three different experiments [85, 78]. While the data at high
temperatures (7" > 100K) are in good agreement with the Curie law for
J = 15/, and g; = 9/5 there is an increasing deviation from the high tem-
perature approximation below 100 K. This is a result of the depopulation
of the multiplets with higher energies. At temperatures below about 1.5 K
the data follow a Curie law once again, but with a reduced Curie constant
in agreement with the effective spin S = * /2 and g factor g = 6.8 for the
ground state doublet. At temperatures below 50 mK and in low magnetic
fields such that saturation is unimportant (gugB < kgT'), the susceptibility
becomes much less temperature dependent. This is a result of the influence
of the exchange interaction between the magnetic moments. Finally, at a
temperature of about 0.9 mK a maximum in the magnetic susceptibility of
the 600 ppm sample is observed, which is the result of a transition to a spin
glass state.

o8



100

Au:Er

Figure 4.9: Paramagnetic con-
tribution to the magnetic suscep-
tibility of Au containing 600 ppm

Susceptibility x—yxqia [a-u.]

o1 i )
E/kaé Er as a function of temperature.
— The two straight lines represent
i <§ the Curie susceptibility assuming

10'4 16 K_| +3 .
T, Er™ ions in the I'7-groundstate

doublet and Ert? ions without

100pK 10mK 1K 100K crystal field splitting |78].
Temperature T

Thermodynamic characterization of non-inter-
acting magnetic moments

The magnetization of the Au:Er alloy, due to the properties of the Er®*-ions,
can be used as a temperature information. And since the magnetization is
a thermodynamic equilibrium property it can be accurately described the-
oretically. Starting from a suitable thermodynamic potential, like the free
energy, with its full differential

dF = —SdT — VMAB — pdV | (4.3)
S~~~

=0

and the volume change dV being negligibly small, the free energy F' in sta-
tistical physics can be found to be

F=—-NkgTlhz, (4.4)

being a function of the number of magnetic moments N, the Boltzmann
constant kg = 1.381-107237 /i and the canonical partition function:

E.

z = Ze_kBl , (4.5)

with FE; being the energy eigenstates available to one magnetic moment.
This preparatory work (eq. 4.3-4.5) can now be used to calculate the proper-
ties necessary to estimate the performance as a thermometer of our system,
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namely the heat capacity C', the magnetization M and its change with tem-
perature M /5

c= kéVTQ{<E2> —(zy}, (4.6)

e N (Y wr

a@]\; - v/g]ZT2{<Eg_§> - <E><g—g>} - (4.8)

This general theory on magnetic moments will now be applied to the case
of 3TEr ions in gold. In the previous section 4.1.1 it was shown that at low
temperatures only two alignments are possible for the magnetic moments of
the ions in an external magnetic field B. The matching energy eigenvalues
are

B,

S

with mg = +'/5 being the z-component of the quasi-spin, § = 6.8 the effec-
tive isotropic Landé factor of the I'; Kramers doublet, ug = 9.274 - 10724 Am?
the Bohr magneton and B the absolute value of the magnetic field. Now the
properties from eq. 4.6-4.8 can be calculated, leading to the well established
Schottky anomaly

b )2 ( i (4.10)

Cz = Nk
Z B (kBT eE/kBT + 1)2

for the heat capacity that is depicted in fig. 4.10 and shows a characteristic
maximum if the thermal energy kgT is about half the energy splitting AF =
gskeB.

Calculating the magnetization of the Au:Er alloy in a similar fashion results
in

N

M:
V

SgupBs(h) (4.11)
with the Brillouin function
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25 +1 2S+1)h| 1 h
Bs = S—f coth ( S+~ ) — — coth {—J (4.12)
25 25 25 25
and its argument
SgusB
h = : 4.1
T (4.13)

Fig. 4.11 depicts the Brillouin function in the appropriate case of S = ! /2
that shows the qualitative shape of the magnetization. The maximum value
is defined by the density of magnetic ions % /y and the maximum z compo-
nent of the magnetic moment Sgug. The field and temperature dependence
enters through the argument of the Brillouin function in the ratio Z /7. At
low temperatures and respectively high fields (h > 1) the magnetization
saturates because all magnetic moments are aligned with the external field,
while in the opposite case (h < 1) the magnetization enters a quasi linear
regime known as Curie’s law.

Thermodynamic characterization of interacting
magnetic moments

While the assumption of non-interacting spins is sufficient for a qualitative
description of the magnetic behavior of Au:Er, it is inadequate for a quantita-
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tive analysis. To calculate the magnetic response of Au:Er both the magnetic
dipole-dipole interaction and the indirect exchange interaction between the
spins must be taken into account.

Dipole-dipole interaction

The interaction of two paramagnetic ions at the positions 7; and r; through
their respective magnetic moment p,,; enters the system’s Hamiltonian with
the following additional term:

dipol po 1 . .
Hijpoe = A s {“i'/‘l’j _3(I'l’i'rij)(l'l’j'rij)} : (4.14)
ij
The quantity r;; represents the unit vector in the direction r; — 7; and r;
the distance between the magnetic moments.
Because of the isotropy of the I'; ground state doublet, the dipole-dipole
interaction can be expressed in terms of the effective spins S; and S

Hfjipde = Laipole m {gz .S, -3 (S‘Z : f“ij> (g'] f"”>} (4.15)

with prefactor Lgipole = (#°/4r) (guBf (2kp)? and kp = 1.2-101°m™! being
the Fermi wave vector of the gold conduction electrons!.

!The Fermi wave vector has been introduced artificially here to simplify the quantitative
comparison with the indirect exchange interaction discussed later.
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RKKY interaction

The exchange interaction of the localized 4 f electrons of the erbium ions with
the gold conduction electrons gives rise to an additional interaction between
the erbium ions, the indirect exchange or Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction. Expressed in terms of the effective spin, the RKKY
interaction between two erbium spins can be written as

HER®Y = Drigey (S, 8;) F(2keryy) (4.16)

with the function F'(2kgr;;) being

F(2kp7"w) =

sin(Qk:Frij) (417)

- - Qeer:.) —
(2]{51:7“@']')3 COS( FTU) QkFTij

and prefactor I'rxky given by

AVEmik (g5 — 1)
h?(2m)3 93

Triky = J° (4.18)
Here J denotes the coupling energy between the localized spins and the
conduction electrons, Vj is the volume of the elementary cell and m} is the
effective mass of the conduction electrons. The expression for the RKKY
interaction given above is derived under the assumption that the mean free
path of the electrons is larger than the mean distance between the localized
erbium ions. In principle, it is possible that the RKKY interaction is reduced
due to a finite coherence length \ of the spin polarization of the conduction
electrons. In this case an additional factor e~"/* would appear in (4.16).
However, for Au:Er with suitable erbium concentrations for its main applica-
tion in low temperature metallic magnetic calorimeters (MMCs), the mean
free path of the conduction electrons is always much larger than the mean
separation of the erbium ions?. The fact that both the dipole-dipole interac-
tion and the RKKY interaction are proportional to !/ v allows us to compare
their relative strength by a dimensionless parameter which is defined as the
ratio of the two pre-factors

r
o= KX (4.19)
1—‘dipole

°In measurements of the residual resistivity of dilute Au;_,Er, alloys 0 = 6.7 x
10~%Qm was found [86, 87|, and one can conclude that the mean free path of the conduc-
tion electrons is about 4000 A for an erbium concentration of z = 300 ppm.
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Using this parameter o the coupling energy J can be expressed as®

T ~ /a0.145 eV . (4.20)

Numerical calculation of the thermodynamical
properties

A determination of the heat capacity and magnetization of a system of ran-
domly distributed, interacting erbium spins requires a numerical calculation.
There is a number of ways to perform this kind of calculation in the frame-
work of a mean-field approximation. The method that requires the least
amount of CPU time assumes the specific form of the mean field distribution
that has been derived by Walker and Walstedt [88, 89| for magnetic moments
randomly distributed in a continuous medium. These authors showed that
this analytic representation of the mean field distribution agrees well with
numerically calculated mean field distributions.

An alternative approach is to write down the Hamiltonian for a cluster of in-
teracting, randomly distributed spins on the Au lattice and obtain the eigen-
values of the cluster. This process is repeated for a large number of configura-
tions of randomly positioned spins with the heat capacity and magnetization
obtained by averaging. Since this process delivers the more accurate results
and is currently used to determine the Au:Er behaviour theoretically it will
be explained in more detail in the following.

The basis for this approach is a cubic lattice segment of the gold fcc-lattice,
typically with an edge length of ten to twenty lattice constants, depending
on the simulated spin concentration. Additionally, quasi-periodic boundary
conditions are assumed, repeating the cube four times in every direction in
space. On this lattice segment n = const spins are randomly distributed.
For each configuration the Hamiltonian matrix is constructed. It includes
the interaction of the magnetic moments with the external magnetic field
(Zeeman interaction) and the dipole-dipole and RKKY interaction in between
Spin pairs.

In the basis | S1, S5, ..., Snu.. ) with the spin eigenvalues S; € {|1), |[{)} and

) MMmax

B = (0,0, B,), the Hamiltonian of two spins S; und S5 at positions r; und

3The value of J given by (4.20) refers to the definition of the exchange energy between
a localized spin S and a free electron s being H = Js-S. The definition H = 2Js- S is
often found in literature, leading to values of the parameter J smaller by a factor of two.
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T5 takes the following form:

H = %Zeeman + Hdipole + z},_[RKKY7 with

(4.21)
HZeeman _ —gl/JB(Szl + SZQ)Bz s
(4.22)
Hdipole _ @(guB)Q ( —(3 COSZQ - 1) ( Sz15z2 )
Ar % N 41 (3cos?0—1) ( Si1S_a 4+ S_1Sis )
—3/ sinf cos ( S.15:2 + S.28:1 )
—3/5 sinf cos 6 ( S.15.2 + S.2841 )
—3/4 sin2 0 ( S+ 1S+2 )
3/, sin¢ (S_1S_, )) ,
(4.23)
- 1
HUEEY = a Z—i(QMB)Q (Qk‘F)S(SzlSﬁ + 5 (Sh1S-z + 5—15+2)> F(p)
(4.24)
and
sin
F(p)=p3* (cos(p) - %) , p=2kpr . (4.25)
In this context 6 is the angle between B and r = 72—%.. S, and S_ are the
ra—r1]

usual raising and lowering operators. The Hamiltonian matrix has the rank
2" and therefore 22" elements. For reasons of clarity and comprehension the
shown Hamiltonian is limited to two interacting magnetic moments:

1) 1) 1) )
~Dy+iR+27 D, —D, —D;
H= —D; +D; — iR 4D+ iR +D;
—D +Ds+ 3R 4Dy — 1R +D;
— Dy +D +D —Dy+tR—2Z
(4.26)
with the variables
7= —Loun R = o X2 (gup)?(2kp)® d
=591 B, , = a —(9ps)"(2kp)"F(p) , an
Zegglan RI&(Y
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The parameters of the Monte-Carlo style simulation are chosen in the fol-
lowing way: n = 6 was chosen based on the minor improvement in accuracy
for n > 6 and the available computation time. The lattice size was adjusted
between 10 and 40 lattice constants to cover the usually used concentrations
below 5000 ppm. These n spins are then randomly distributed across the lat-
tice. Since the sensor material is normally available in a polycrystalline form
also the orientation of the magnetic field is not previously defined and is cho-
sen randomly and the angle 6 is calculated accordingly for each pair of spins.
Based on this randomly chosen configuration the Hamiltonian matrix is con-
structed for different values of the external magnetic field and the energy
eigenvalues are calculated by numerically diagonalizing the matrix. With
the energy eigenvalues the thermodynamic properties C, M, and %M /57 can
be calculated at any given temperature according to eq. 4.6-4.8. These cal-
culation is repeated a large number of times and the results then averaged to
get the final predictions for the thermodynamic properties. For the extreme
cases, namely temperatures below 20 mK and concentrations above 1000 ppm
the number of repetitions needs to be at least 10* to get stable results.

As an example we show in Fig. 4.12 the specific heat of an Au:Er sample
having a concentration of 300 ppm of 97.8% enriched %°Er. The temperature
of the maximum in the specific heat depends on the magnitude of the external
magnetic field as expected for a Schottky anomaly. However, the maximum is
about twice as wide as for a non-interacting spin system. Calculations based
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on averaging over spin clusters provide a quantitative agreement assuming an
interaction parameter o of 5. Although the calculated curves depend rather
strongly on the choice of «, the value of & = 5 should be viewed as an upper
bound for the following two reasons. Firstly, the presence of "Er in the
enriched sample leads to a slight additional broadening of the curve because
of the hyperfine contribution of this isotope. Secondly, additional broadening
results from a variation of the applied magnetic field, of about 10 to 15%,
over the sample due to the geometry of the field coil.

The magnetization is plotted as a function of '/7 in Fig. 4.13 at several
different magnetic fields for the 300 ppm sample. As in the case of the specific
heat, the magnetization deviates for the behavior of isolated spins. The
deviation is primarily due to the interaction between the magnetic moments,
but a small contribution is also present due to the two reasons discussed
above for the heat capacity. Again the data can be described satisfactorily
by assuming an interaction parameter of o = 5.

The magnetic properties of a weakly interacting spin system is perhaps most
easily characterized in terms of the temperature dependence of the suscep-
tibility given by the Curie-Weiss law, y = */ (7+6). The Curie constant A
is proportional to the concentration of the spins, as is the Weiss constant 6,
which is a measure of strength of the interactions. For the Au:Er system,
A=x53K and 0 = ax1.1K, where z is the concentration of erbium ions.

Response Time
Au:Er can be used as temperature sensor in several ways, one of which is
the use in low temperature detectors as proposed by Bandler et al. [91]. For

this application not only the resolving power in temperature is important,
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but also the response time since it directly influences the count rate of the
detector.

The rise time is influenced by two factors. Firstly the heat needs to get to
the temperature sensor and secondly the heat needs to influence the spins
and create the magnetic signal.

In a usual setup for soft X-ray detection the temperature sensor is connected
to a particle absorber made of electroplated pure gold with dimensions of
250 um x 250 pm x 5 wm with a residual resistivity ratio of fs00x /5~ 15.
In such an absorber the thermalization process is governed by the thermal
diffusion within the absorber since the down conversion to thermal energies
is completed on the order of ~ 0.5 ns within a volume of a few cubic microm-
eters [90, 92|. The time scale for the diffusion process is mainly determined
by the geometry of the absorber and the presence of defects such as grain
boundaries and dislocations. If we assume the before mentioned geometry,
the thermalization time, using the Wiedemann—Franz law, can be estimated
to be on the order of 10 ns.

The time for the heat to flow from the absorber into the sensor is more dif-
ficult to estimate since this depends very much on the nature of the thermal
connection between the two components. For sputter deposited or electro-
plated gold absorbers, as used in micro-fabricated detectors, the thermal
contact is sufficiently strong that no degradation of the response time of the
magnetic calorimeters due to the presence of the interface is observable.
Finally, the energy is shared with the magnetic moments in the sensor ma-
terial giving rise of the signal. The response time of the spins is determined
by the electron-spin relaxation time 7, which is described by the Korringa
relation 7 = */p, where k denotes the Korringa constant. For Au:Er the
Korringa constant has been determined in ESR measurements at 1K to be
k=T x 107" Ks [82]. This value of x yields a spin-electron relaxation time
of the order of 100 ns at the usual operation temperatures below 100 mK.
Therefore the electron-spin relaxation is the dominating factor in the response
time of metallic magnetic calorimeters based on the sensor material Au:Er.
This has successfully been shown in [76] where rise times as low as 7 = 90 ns
have been observed and is shown in fig. 4.14 reproduced from the same source.
While this balance between heat diffusion and electron-spin relaxation works
out well for small detectors for soft X-ray spectroscopy, it is off in case of
larger detectors for hard X-ray or v-ray spectroscopy. For detectors like
maXs-200, described in [93, 94|, with absorber dimensions of 2000 pm x
500 pm x 200 pm the heat diffusion within the absorber is the governing fac-
tor in the response time. Depending on the interaction site in the absorber
the heat can reach the sensor with different time patterns and create dif-
ferent detector responses [94]|. These different pulse shapes will complicate
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the analysis and degrade the detector resolution. Therefore it is helpful to
weaken the link between absorber and Au:Er sensor to allow the absorber
to thermalize internally before allowing the heat to flow to the sensor cre-
ating consistent pulse shapes independent of the interaction site within the
absorber.

Influence of Nuclear Spins

In the design of a magnetic calorimeter the possible influence of nuclear spins
has to be considered. In the case of Au:Er there are two ways in which nuclei
can affect the performance of the calorimeter. Firstly, the isotope *“Er with
nuclear spin I = 7/, influences the magnetization and the heat capacity
due to its hyperfine interaction with the 4f electrons. Secondly, and more
subtle, the 100% abundant "Au nuclei with small magnetic moment but
large quadrupole moment may contribute to the specific heat if the nuclei
reside at positions where the electric field gradient is of non-cubic symmetry.
The hyperfine contribution of the erbium isotope '¢"Er, if used in its nat-
ural abundance of 23 %, significantly reduces the magnetization signal and
increases the specific heat of the sensor material. But since presently all
metallic magnetic calorimeters use Au:Er that is depleted in %"Er, it has no
visible effect on the thermodynamic properties of the sensor material. The
influence of '®”Er has nonetheless been investigated in [82] and its effect on
metallic magnetic calorimeters has been summarized in e.g. [58].

Nuclei of the host metal can also influence the performance of an MMC.
The ®Au nuclei have spin I = 3/, a quadrupole moment of 0.547 barn
and a magnetic moment sufficiently small to be neglected. In pure gold
no contribution of the nuclear spins to the specific heat is expected at low
fields, since the electric field of cubic symmetry does not lift the degeneracy
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of the nuclear levels. However, for Au nuclei in the vicinity of an Er’** ion
the electric field gradient can be substantial and can split the nuclear levels.
This results in an additional heat capacity. Fig. 4.15 shows the measured
heat capacity of the Au nuclei as a function of temperatures for samples
with different erbium concentrations. The data below 10 mK for the sample
with 600 ppm is the total specific heat since at such low temperatures the
contribution of the Au nuclei is substantially larger than that of all other
degrees of freedom. The figure also shows a theoretical curve calculated
assuming a quadrupole splitting of 70 MHz for Au nuclei in the immediate
vicinity of erbium ions, the splitting decreasing for nuclei at larger distances
in a manner similar to that measured in other dilute alloys such as Cu:Pt
[95], Cu:Pd [96], and Gd:Au [97].

This unwanted contribution to the specific heat can only be eliminated by
using a host material which has a nuclear spin I < !/,. At first glance
it would appear desirable to use silver as a host material rather than gold
since the two isotopes of silver (1°7Ag and '“Ag) both have nuclear spin
I = 1/,. However, the exchange energy J is 1.6 larger in silver than in gold
as determined by ESR measurements[81]. Since the interaction parameter o
is quadratic in the exchange energy a oc J?, as shown in [98] where a = 15
was found, silver is not as attractive as a host material for a magnetic sensor.
Just recently the interest in Ag:Er as sensor material has increased regardless,
since MMCs have been used at even lower temperatures on the order of
T = 10 mK where the additional specific heat in Au:Er might outweigh the
stronger RKKY-interaction in Ag:Er.
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Excess /¢ -noise and AC-susceptibility

While investigating the noise behavior of metallic magnetic calorimeters with
Au:Er as sensor material an excess noise contribution has been observed. The
contribution was empirically found to be independent of temperature between
4.2K and 20mK and its noise power is proportional to the concentration of
erbium ions in the sensor. It can be described by attributing a fluctuating
magnetic moment with a spectral noise density of S,, ~ 0.1#& / to each
erbium ion, where pup is the Bohr magneton, f is the frequency and the
exponent 7 takes values between 0.8 and 1 [99, 76]. The same behavior was
also found in detectors based on the sensor material Ag:Er [98].

Similar behavior was found in several spin glasses (e.g. [100, 101]) and agreed
with the fluctuation-dissipation theorem [102, 103] by comparing ac-suscep-
tibility measurements with equilibrium magnetic noise of the same sample.
But the amplitude of the !/ -noise decreased quickly for T > T, where T is
the transition temperature to the spin glass state, until not distinguishable
from the background noise.

Au:Er also undergoes a transition to a spin glass but up to two orders of
magnitude below the temperatures metallic magnetic calorimeters are usually
operated at (see sec. 4.1.1). Therefore the '/, -noise should not be observable
if explained by the same underlying cause. Recent investigations [104, 105]
nonetheless found that the '/, -noise found in metallic magnetic calorimeters
is in fact caused by the fluctuation-dissipation theorem, also by comparing
the ac-susceptibility with equilibrium magnetic noise in a temperature range
between 20mK and 1K for two Au:Ersss ppm and Au:Ergss ppm samples.
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