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Abstract. Neutrinos, and in particular their tiny but non-vanishing
masses, can be considered one of the doors towards physics beyond the
Standard Model. Precision measurements of the kinematics of weak
interactions, in particular of the 3H S-decay and the '%*Ho electron
capture (EC), represent the only model independent approach to de-
termine the absolute scale of neutrino masses. The electron capture in
163Ho experiment, ECHo, is designed to reach sub-eV sensitivity on
the electron neutrino mass by means of the analysis of the calorimet-
rically measured electron capture spectrum of the nuclide **Ho. The
maximum energy available for this decay, about 2.8 keV, constrains the
type of detectors that can be used. Arrays of low temperature metal-
lic magnetic calorimeters (MMCs) are being developed to measure the
1630 EC spectrum with energy resolution below 3eV FWHM and
with a time resolution below 1 us. To achieve the sub-eV sensitivity on
the electron neutrino mass, together with the detector optimization,
the availability of large ultra-pure '%*Ho samples, the identification
and suppression of background sources as well as the precise parame-
trization of the '®3Ho EC spectrum are of utmost importance. The
high-energy resolution '%*Ho spectra measured with the first MMC
prototypes with ion-implanted °3Ho set the basis for the ECHo exper-
iment. We describe the conceptual design of ECHo and motivate the
strategies we have adopted to carry on the present medium scale exper-
iment, ECHo-1K. In this experiment, the use of 1kBq ***Ho will allow
to reach a neutrino mass sensitivity below 10eV/c?. We then discuss
how the results being achieved in ECHo-1k will guide the design of the
next stage of the ECHo experiment, ECHo-1M, where a source of the
order of 1MBq '®*Ho embedded in large MMCs arrays will allow to
reach sub-eV sensitivity on the electron neutrino mass.

1 Introduction

Although the current Standard Model (SM) is a very successful and accurate de-
scription of particle physics, we know it is incomplete and an extension is needed to
understand the structure of the universe, the hierarchy of masses and to achieve a
grand unification. At the Large Hadron Collider (LHC) so far experimental hints to
physics beyond the SM are missing and the favored supersymmetric extension of the
SM seems to be less likely. The observation of neutrino oscillations [1,2] about 20
years ago, establishing that neutrinos must be massive, gives a clear hint of physics
beyond the SM. To guide the development of theories beyond the SM, one of the most
interesting open questions is therefore the absolute scale of neutrino masses.

From neutrino oscillations, only the differences of the masses squared can be ex-
tracted [3], but not the absolute values. The determination of the neutrino mass scale
is a challenging task due to the smallness of the masses and to the weak interaction
with other standard model particles. There exist several approaches which can po-
tentially yield this result: the analysis of the visible structures in the universe [4], the
observation of neutrinoless double beta decay [5,6] and resonantly enhanced double
electron capture [7], the measurement of the time of flight of neutrinos emitted in
supernova explosions [8] and the analysis of the kinematics of low energy beta decays
and electron capture (EC) processes [9]. In particular, direct kinematical methods
allow to perform a model-independent measurement of the electron neutrino and an-
tineutrino mass with high sensitivity and low systematic uncertainties. In the past this
approach was mainly driven by the investigation of the *H beta spectrum. KATRIN,
the KArlsruhe TRItium Neutrino experiment [10], is designed to either measure the
electron-antineutrino mass down to 0.3eV/c? or alternatively give an upper limit of
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0.2eV/c? with 95% C.L. [9]. These values are approximately a factor of ten smaller
than the 95% C.L. upper limits of 2.12 and 2.30eV/c? that the two precursor
experiments, “Troitsk neutrino mass experiment” and “The Mainz Neutrino mass
experiment” respectively, determined [11-13]. Together with KATRIN, two other ex-
periments are designed to improve the limit on the electron anti-neutrino mass ana-
lyzing the *H beta-spectrum, these are Project8 [14] and PTOLEMY [15]. The most
stringent limit for the electron neutrino mass is m,, < 225eV/c?(95% C.L.) obtained
by the analysis of the Internal Bremsstrahlung in Electron Capture (IBEC) spec-
trum of '3Ho [16]. The Electron Capture in 1%*Ho experiment, ECHo, is designed
to investigate the electron neutrino mass in the sub-eV region by the analysis of the
calorimetrically measured electron capture spectrum of '%3Ho.

2 Electron capture in ®*Ho and neutrino mass

Given the present knowledge, 193Ho is the best candidate to perform an experiment
to investigate the neutrino mass in the sub-eV region. The half-life of '%3Ho is T} /o =
4570 +50 y [17,18]. According to the last release of the Atomic-Mass Evaluation
by Audi et al. [19], the recommended value for the energy available to the decay
of 193Ho is Qrc = 2.555 £ 0.016 keV obtained by combining several measurements
whose results actually span over a larger range, from Qrpc = 2.3 + 1keV [20] to
Qrc ~ 2.8keV [21,22]. In all these measurements the Qgc-value was determined by
the analysis of the energy spectrum of '®3Ho, measured with different techniques. In
order to remove any systematic error in the interpretation of the measured spectra,
which could have led to the large discrepancies, the ECHo collaboration has recently
determined the energy available to the decay of '®3Ho by directly measuring the
mass difference between 53Ho and 93Dy using the Penning-trap mass spectrometry
technique (PTMS). The result is Qrc = 2.833 £ 0.030stat £ 0.0154y4; keV [23]. The
experimental technique and the challenges to reduce the uncertainties on the Qgc-
value to 1eV will be described in Section 9.

In the EC process, a %3 Ho nucleus (J¥ = 7/27) decays to a 83Dy nucleus (J¥ =
5/27) by capturing an electron from an inner atomic shell and emitting an electron
neutrino. A tiny fraction of energy, less than 1 meV, is taken by the nuclear recoil due
to the emission of the neutrino. The rest of the energy is shared between the emitted
electron neutrino and the atomic excitations of the daughter atom '%3Dy. The small
Qrc-value energetically limits the capture processes to electrons occupying the third
and higher shells. Among those, only electrons from s-levels and p, /p-levels can be
captured due to angular momentum conservation and to the finite overlap of their
wave function with the nucleus.

The excited state in which the daughter atom %Dy is left after the EC in 1%3Ho
is characterized, for first order transitions, by a hole in an inner shell, corresponding
to the captured electron, and an additional electron in the 4 f-shell. Higher order
excited states with more than one hole in the atomic shells, due to shake-up or shake-
off processes, have a much smaller probability to be created [24]. As discussed in
Section 10 only the second order excitations, with two holes in the atomic shells, are
expected to give a non-negligible contribution to the spectral shape.

The atomic de-excitation includes cascades of both X-rays and electrons (Auger
electrons and those from Coster-Kronig transitions). The corresponding spectrum is
slightly influenced by a non-zero neutrino mass, since this reduces the energy available
to the decay. For the EC process, as for the beta decay, the largest effect of a non-zero
neutrino mass on the spectral shape is close to the end-point of the spectrum itself.
Therefore, also in this case, a small energy available for the decay, Qgc, will lead to
a larger fraction of events in the interesting region close to the end-point, rendering
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isotopes with low @Q-values as the most favorable for neutrino mass determination by
electron capture and beta decay.

The interest in '%3Ho as a candidate to be used in an experiment investigating
the electron neutrino mass started more than thirty years ago at the Department of
Physics and Chemistry of Princeton University [25]. In early experiments only the
emitted photons were measured. Two different strategies were used to constrain the
neutrino mass: the analysis of the X-ray spectrum and the analysis of the Internal
Bremstrahlung in Electron Capture, IBEC spectrum. In the early phase the first ap-
proach was used by several groups [20,25,26] and led eventually to an upper limit
for the electron neutrino mass of m,, < 490eV/c? (68% C.L.) [27] obtained by an-
alyzing the M-lines and N-lines of the '93Ho X-ray spectrum. The second method,
the analysis of the inner Bremsstrahlung photons, led to an even more stringent limit
of m,, < 225eV/c? (95% C.L.) [16], which is still today the best upper limit on the
electron neutrino mass.

In 1982 De Rujula and Lusignoli pointed out for the first time that by performing
a calorimetric measurement of the '*Ho de-excitation spectrum, i.e. by measuring for
each event the sum of the energies of all emitted photons, electrons and nuclear recoil
with one single detector, the sensitivity to the neutrino mass is significantly increased
[28,29]. This can be achieved when the source is completely contained within the
detector itself, ensuring a quantum efficiency for the emitted particles, besides the
electron neutrino, of practically 100 %. In this case all the energy emitted in the EC
process minus the energy taken away by the neutrino is measured. The interpretation
of the spectrum is therefore not affected by possible systematic errors due to the
imperfect knowledge of branching ratios for the different de-excitation modes as well
as to the necessary correction for energy self-absorption in the source, typical for
X-ray measurements.

Following this idea, new kinds of experiments were developed. The first calori-
metric measurement of the '93Ho spectrum was performed by the collaboration of a
group of Aarhus University and the ISOLDE group [30]. In this experiment the 13Ho
ions have been implanted into a Si(Li) detector. A second calorimetric spectrum of
163Ho was measured by a group from Princeton University [31]. They used a gas
proportional counter in which the '%3Ho ions where bound in the volatile compound
Ho(fod)s, where “fod” stands for fluoro-octanedione. A third measurement, the first
using a low temperature microcalorimeter, was performed by a group of Genoa Uni-
versity (Italy) [21]. In this experiment, a small drop of a few micro-liters containing
163Ho in an organic solution (2-Hydroxyisobutyric acid, a-HIBA) was put on a tin foil
(about 1 mm?), dried and then covered by a second tin foil to form the absorber of the
detector ensuring a quantum efficiency close to 100 %. The results of this experiment
already indicated the larger potential of a low temperature calorimetric measurement
over conventional detectors such as Si(Li) and proportional counters. However the de-
velopment of suitable low temperature detectors was still in its infancy and more than
a decade had to pass before it was possible to show that cryogenic microcalorimeters,
optimized for the calorimetric measurement of the '63Ho EC spectrum, can reach the
performance required for a competitive neutrino mass experiment.

The first measurement with a fully micro-fabricated metallic magnetic calorime-
ter having '%3Ho ions implanted in a gold absorber (the detectors are described in
Sect. 4) and having an energy resolution of AEpwmy of 12eV, resulted in a ®*Ho
EC spectrum with unmatched precision, opening the path to a promising neutrino
mass experiment using this isotope [22,32]. As a result of this, the international
ECHo collaboration was formed and the design of the large scale ECHo experiment,
which we discuss in this volume, was started [33]. Meanwhile two further large col-
laborations have established with the aim to develop large scale experiments based
on cryogenic detectors to reach sub-eV sensitivity on the electron neutrino mass
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using '%*Ho: the “Electron Capture Decay of %3Ho to Measure the Electron Neu-
trino Mass with sub-eV Sensitivity” (HOLMES) [34] and the “Neutrino Mass via
Electron Capture Spectroscopy” (NuMECS) [35,36].

3 Neutrino mass sensitivity of '**Ho-based experiments
3.1 163Ho electron capture spectrum

As discussed above, in a well-designed calorimetric measurement, all of the energy
released in the decay of '®3Ho, except that taken away by the electron neutrino,
contributes to the signal. The measured total energy includes all of the photons and
electrons emitted in the atomic de-excitation as well as the tiny nuclear recoil. This
last contribution, the nuclear recoil, which is vanishing near the endpoint of the
spectrum, where the neutrino is not relativistic, will be neglected in the following. In
this approximation, the '%3Ho spectrum is identical to the de-excitation spectrum of
the daughter atom '63Dy. Considering only first order excitations with one hole in
the level H, corresponding to the eigenstate of the electron that has been captured,
and one additional electron in the 4 f shell, the shape of the spectrum is:

AN ) m2 2 Ly /27
aBg ~ Qe BN\ 1 (gr o 2.0 B o)ty i
(1)

Equation (1) shows Breit-Wigner resonances centered at the energies Ep, given, to
a first approximation, by the difference between the energy of the electron that has
been captured, with respect to the daughter atom and the energy of the extra-electron
in the 4f-shell, with respect to the holmium atom. The resonances have an intrinsic
width I'y related to the half-life of the excited states. The intensities of these lines
are given mainly by the squared wave-function of the captured electron calculated
at the '®3Ho nucleus, ¢%(R), with a small correction, By, due to exchange and
overlap. These factors are then multiplied by the nuclear shape factors Cy which in
the following are considered to be constant, and the fractions of occupancy ny of the
atomic shells H, which are considered to be 1 for each shell involved in the process.
The Breit-Wigner resonances are then weighted by the phase space factor, which
depends on the square of the electron neutrino mass m,%e and the energy available to
the decay, Qgc.

Due to the low Qgc-value and considering only first order transitions, the 13Ho
spectrum consists of the following lines: MI (3s electrons), MII (3p,, electrons), NI
(4s electrons), NII (4p; /o electrons), OI (5s electrons), OII (5p;/; electrons) and PI

(65 electrons). The binding energies of these electrons, EPi®| related to the dysprosium
atom, and the intrinsic linewidths I'y of the transition are given in Table 1 for all
the lines that have been measured with the calorimetric technique. As expected,
the measured peak energies for the lines in the spectrum, stated in column 2 of
Table 1, are slightly smaller with respect to the binding energies. In addition, higher
order transitions modify the spectral shape by adding a number of resonances with
capture probabilities smaller than 1% with respect to the probability to capture
3s electrons, according to [24]. Different theoretical calculations have already been
performed in order to model the influence of higher order transitions [24,37-40] and
will be discussed in Section 10. Since contributions of the higher order processes are
rather small and the theoretical description is presently not fully clear, the estimation
of the neutrino mass sensitivity of ECHo is evaluated by considering only the first
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Table 1. Binding energies Fit,

of the electrons in Dy and linewidths I'};
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as reported in [46]

and the corresponding experimental values as derived from the analysis of the calorimetri-

cally measured spectra with enclosed '®*Ho [22], Ef:P and T'5, respectively.

Level El (eV) [42] EP (eV) [62] ' (eV) [44] S [eV] [62]

M 2046.9 2040 13.2 13.4

Ml 1844.6 1836 6.0 4.8

NI 420.3 411 5.4 4.7

N1 340.6 333 5.3 13.0

Ol 49.9 [43] 48 3.7 [45] 5.6
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Fig. 1. Calculated '%*Ho EC spectrum for a total number of 10'* events using the Qec =
2.833keV [23], considering only first order excitations for the daughter **Dy atom using
the parameters given in [41], and assuming zero neutrino mass (left). Shape of the spectrum
near the endpoint calculated for neutrino masses of 0, 2 and 5eV/ ¢?, respectively, showing
the effect of a finite electron neutrino mass on a linear scale (right).

order excitations. Higher order processes would have the effect, in proximity of the
end-point, of increasing the number of counts, therefore the estimated neutrino mass
limit has to be seen as an upper limit, meaning as a worst case scenario.

Figure 1 (left) shows the calculated EC spectrum of '®3Ho for a total number
of 10" events plotted on a logarithmic scale. In this calculation Qrc = 2.833keV
[23] and massless neutrinos have been assumed. All other parameters used in this
calculation are taken from [41]. Several Breit-Wigner resonances, corresponding to
capture processes originating from the different atomic levels, are clearly visible.

A magnification of the endpoint region of the '°3Ho spectra calculated assuming
different neutrino masses m(v.) = 0eV/c?,2eV/c* and 5eV/c? is shown in Figure 1
(right). Note that the spectrum is plotted on a linear scale here. This very small part
of the 1%3Ho spectrum is most affected by a finite electron neutrino mass. The shape of
the spectrum near the endpoint differs remarkably for these three different cases. It is
interesting to quantify the fraction of counts expected in the case of m(v,) = 0eV/c?,
in a small energy interval AFE ending at Qgc, since this gives an idea of the fraction of
counts that can actually be used to obtain information on the neutrino mass. Figure 2
shows how rapid this fraction decreases with the interval becoming smaller. In the
last eV below Qpc = 2.833keV the fraction of counts is only about 6 x 10~!3. This
number already indicates that reaching sub-eV sensitivity on the electron neutrino
mass requires more than 104 events in the full energy spectrum. For acquiring such
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Fig. 2. Fraction of events at the endpoint region as a function of the energy interval AFE
below the endpoint calculated for m(ve) = 0eV/c?. Solid line is a guide for the eye.

a large number of events within a measuring time of at most a few years, a '%3Ho
activity of the order of MBq is needed. The methods to produce large quantities of
163Ho for ECHo with extremely high purity will be discussed in Section 7.

3.2 Detector properties influencing the neutrino mass sensitivity

In a calorimetric measurement, each event is detected by a device with a well-defined
response, which is characterized by a finite time resolution and an instrumental re-
sponse function, typically a Gaussian characterized by its full-width at half maximum
(FWHM). In a cryogenic calorimeter, the signal is a pulse described by its rise time,
which, in first approximation, can be considered as the time resolution of the detector,
its amplitude, which is proportional to the energy deposited in the detector, and its
decay time, which depends on the link to the thermal bath to which the detector is
coupled. In the following we will discuss important aspects in terms of detector per-
formance that have to be considered to build a competitive experiment for neutrino
mass determination based on '%3Ho.

The fact that each '®3Ho decay in the detector generates a signal with finite time
resolution leads to the presence of an intrinsic source of background in the measured
spectrum, namely the unresolved pile-up. An unresolved pile-up event occurs when
two or more individual decays happen within a time interval that is shorter than the
time resolution of the detector. In this case, the measured pulse looks like a signal
corresponding to a single event with an energy approximately given by the sum of the
energies of the two (or more) individual decays. Considering the case of unresolved
pile-up due to only two events, the shape of the pile-up spectrum is given by the
auto-convolution of the '%3Ho spectrum. The fraction of events leading to unresolved
pile-up, fpu, is given in first approximation by fou = A - Tres, where A is the activity
of the source contained in the detector and 7, the time resolution of the detector.

A pile-up spectrum calculated with the parameters used for the spectrum in
Figure 1, assuming an unresolved pile-up fraction fp, = 1075 and considering a de-
tector response with AEpwmay = 3€V is shown in Figure 3 (left) as solid red line.
For comparison the 3Ho spectrum, without considering any pile-up contribution, is
shown as solid blue line in Figure 3 (left). The resulting total spectrum is given by
the sum of the single event spectrum and the pile-up spectrum. The most interesting
part near the endpoint is shown in Figure 3 (right) for neutrino masses of 0eV/c?
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Fig. 3. (Left) Calculated ***Ho EC pile-up spectrum (solid red line) assuming an unresolved
pile-up fraction of 10~% and the corresponding **Ho EC spectrum (solid blue line) without
pile-up using the same parameters as in Figure 1. (Right) Sum of both contributions shown
for the endpoint region calculated for two different values of the neutrino mass 0eV/c? and
2eV/c?.

and 2eV/c? plotted with a linear y-scale. For a given detector, with a well defined
rise time 7, which, at this stage, is assumed to be the time resolution of the detector,
the requirements on the unresolved pile-up fraction constrain the maximum '%3Ho
activity which can be enclosed in a single detector. In turn, this defines the number
of detectors which needs to be used in the experiment aiming at a given total activity.

Cryogenic detectors with a rise-time as short as possible are favorable for this
experiment. As discussed in more detail in Section 4, the detectors that are used for
the ECHo experiment, metallic magnetic calorimeters (MMCs) [47,48], have already
demonstrated an intrinsic rise time shorter than 100ns at 30 mK [49]. This makes
MMCs today by far the fastest microcalorimeter technology available at temperatures
below 100mK and therefore these constitute the best possible choice for the ECHo
experiment in this respect. Despite the fast signal rise time of MMCs the total activity
per detector should be kept below a few tens of Bq in order to keep the unresolved
pile-up fraction below 10~?, as will be discussed in the following.

Given the need of having a total '%*Ho activity of the order of MBq to reach a
neutrino mass sensitivity in the sub-eV region, a number of the order of 10° single
pixels is required. The availability of a multiplexed readout scheme for thousands
of detectors is essential. Therefore a second very important property of the detector
technology is its compatibility with multiplexed readout schemes able on one hand to
preserve the performance of the single pixel readout and on the other hand to keep the
total number of readout channels reasonably small. For MMCs, microwave SQUID
multiplexing [50] is currently being developed and has already yielded promising
results. This aspect will be discussed in more detail in Section 6.

The third property which can strongly affect the achievable neutrino mass sen-
sitivity is the energy resolution, defined as the full width at half maximum of the
Gaussian detector response, AFEpwpn- In particular, at the endpoint region of the
spectrum, a very good energy resolution reduces the smearing of the data and in-
creases the possibility to resolve the shape of the spectrum and to better distinguish
between '®*Ho events and background. A FWHM of the order of a few eV enables all
the structures present in the '3Ho spectrum to be resolved, thus reducing possible
systematic errors. MMCs developed for X-ray spectroscopy have already shown an
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Fig. 4. Achievable sensitivity at 90% C.L. for an experiment collecting a total statistics
of 10'° events as a function of the unresolved pile-up fraction for three different energy
resolutions (left). Achievable sensitivity at 90% C.L. for an experiment collecting a total
statistics of 10'* events as a function of the unresolved pile-up fraction for five different energy
resolutions (right). For all the curves, Qec = 2.833keV was used and the only considered
background source was the unresolved pile-up.

energy resolution of 1.6 eV FWHM at 5.9keV [51], which is comparable with the best
energy resolution achieved by any kind of cryogenic detector at this energy. There-
fore the MMC detector technology also appears to be well suited also in this respect
for the ECHo experiment. Further details regarding this point will be discussed in
Section 4.1.

The role of the unresolved pile-up fraction and of the energy resolution of the
detectors with respect to the achievable sensitivity on the electron neutrino mass is
shown in Figure 4 (left and right). Figure 4 (left) shows the sensitivity at 90% C.L.
that can be achieved in an experiment measuring 10'° events in the full spectrum as a
function of the unresolved pile-up fraction for three different detector responses, char-
acterized by the their energy resolutions AErpwuym = 3eV, AEpwum = 5eV and
AEpwnm = 10eV. Due to the relatively small statistics of 10'° counts, improve-
ments on the unresolved pile-up fraction to fp, < 107° lead to almost negligible
improvements in the sensitivity. In fact, only one event is expected in the energy
region between Qpc — 5eV and Qpc. For the same reason, improving the energy
resolution to value better than AFpwam = 5eV does not lead to a better limit on
the electron neutrino mass. It is important to mention that these curves have been
calculated considering the only background source to be the unresolved pile-up events.
The reason behind this approximation is that we aim to push the external background
level at the endpoint region of the spectrum to be smaller than the intrinsic back-
ground level due to unresolved pile-up events. As a consequence, we could set a limit
on the unresolved pile-up fraction of f,, < 107°. This scenario is expected to be
reached in the first phase of ECHo, ECHo-1k (see Sect. 11.1), where 100 pixels, each
with about 10 Bq of 3Ho will be measured for about one year. In this case the
requirement on the unresolved pile-up leads to a limit for the external background
of the order of 107> counts/eV/det/day. The challenges and methods to characterize
and suppress the background in ECHo-1k and in general for the future ECHo phases
are described in Section 8.

Figure 4 (right) shows the achievable sensitivity as a function of the unresolved
pile-up fraction for an experiment with 10'4 events in the full '3Ho spectrum. The
availability of increased statistics at the endpoint region of the spectrum enhances the
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Fig. 5. Neutrino mass sensitivity as function of the total number of events for Qrc =
2.833keV assuming a detector energy resolution of 3eV and an unresolved pile-up fraction
of 107°. The region bordered by the grey lines reflects the achievable sensitivity for Qgc
lying between 2.7keV and 2.9 keV.

effects of the unresolved pile-up fraction and of the energy resolution on the achievable
sensitivity. It is remarkable how, for an unresolved pile-up fraction of fp, = 1075,
a large improvement on the achievable sensitivity to small neutrino masses can be
obtained by increasing the energy resolution of the detectors from A Fpwpyv = 10 eV
to AEpwum = 1 eV. In this analysis, the effect vanishes by increasing the unresolved
pile-up fraction. Already for f,, = 1077, the achievable sensitivity is dominated by
the background due to the unresolved pile-up events. At this point an important con-
sideration should be done: an unresolved pile-up fraction fp, = 108 in combination
with a rise time of the detectors of 7, = 10~7 s would lead to a maximum activity
in a detector of A = 0.1 Bq, which, in turn, would require a larger number of single
detectors, making any experiment more demanding. In a second phase of the ECHo
experiment, ECHo-1M (see Sect. 11.2), we plan to reach a number of measured %*Ho
decays of the order of 10*. For this experiment, we aim to reduce the unresolved
pile-up fraction to f,, < 10~5 which would require the allowed external background
level to be smaller than 1075 counts/eV /det/day.

Another key property of the detector technology, used for the calorimetric mea-
surement of the '3Ho spectrum, is the availability of a reliable calibration function
which allows for the precise definition of the energy scale. Uncertainties in the calibra-
tion function result in uncertainties in the position of the endpoint of the spectrum
which will then increase the systematic errors. For X-ray measurements, MMCs have
demonstrated a stable and reliable calibration function with an unmatched small non-
linearity of less than 1% for X-ray energies up to about 10keV, which can be well
described by the thermodynamical properties of the detector [51]. This point will be
discussed in more detail in Section 4.1.

Figure 5 shows the achievable sensitivity of the electron neutrino mass at 90%
C.L. as a function of the total number of counts in the spectrum. The dark-blue
curve is calculated for Qrc = 2.833keV [23] while the two light-grey curves define
the region of the achievable sensitivity in case of Qgc between 2.7keV and 2.9keV.
The calculations are performed using an unresolved pile-up fraction and an energy
resolution that are conservatively chosen to be fo, = 107% and AEpwnam = 3eV.
Given the state of the MMC development and the potential for further improvements,
it appears likely that these numbers will be reduced in the ECHo-1M experiment.
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As already mentioned, the ECHo experiment will be divided into several phases.
The first phase, ECHo-1k, is presently ongoing and will last until 2018. Detail on
ECHo-1k will be given in the following Sections and summarized in Section 11.1.
This experiment is characterized by the use of a %3Ho activity of 1 kBq which will
be divided into about 100 single detectors. The total number of events of the order of
1019 which will be measured in ECHo-1k will allow for a limit on the electron neutrino
mass smaller than 10 eV /c?. The second phase, ECHo-1M, is under study and will
start at the end of ECHo-1k. ECHo-1M, as the name says, will be characterized by a
163Ho activity of 1 MBq. More details on this second phase of the ECHo experiment
are described in Section 11.2. A total number of events in the full spectrum of the
order of 10'# is expected to be acquired in the ECHo-1M experiment. The analysis
of such a high statistics spectrum will allow to reach a sensitivity on the electron
neutrino mass below 1eV/c?.

3.3 Other uncertainties influencing the neutrino mass sensitivity

The value of the energy available to the %3Ho decay, Qgc, strongly influences the
sensitivity that can be reached. The recent direct and high-precision measurement of
the mass difference of 13Ho and '%®Dy has remarkably reduced the indetermination
of Qgc, as discussed in Section 2. This allows for a precise design of the experiment
by knowing which fraction of events is expected in the region of interest, given Qgc.
Nevertheless a further reduction of the uncertainties on Qgc to about 1eV is required
to reduce systematic errors in the analysis of the 1%3Ho spectrum to achieve sub-eV
neutrino mass sensitivity. In Section 9 the method used for the current best direct
determination of the '3Ho Qgrc will be discussed as well as the prospects for a direct
measurement reaching the required level of precision of about 1eV.

The sensitivity plot shown in Figure 5 has been obtained by considering only first
order transitions in the decay of '3Ho and no uncertainties in the parameters de-
scribing the related spectral shape. Adding uncertainties in these parameters induces
slightly larger uncertainties in the evaluation of the sensitivity to neutrino mass, in
particular in the case of the description of the line MI. More important is the present
lack of a precise description of the structures which appear in the spectrum in case
of higher order excitations in '®*Dy. To reduce the uncertainties in the parameters
describing the shape of the structures in the %3Ho spectrum related to higher order
excitations, not only an experimental characterization, which can be obtained by high
statistics and high resolution calorimetrically measured spectra, but also a solid the-
oretical model able to describe even the smallest structures at the endpoint region of
the spectrum needs to be developed. A complete description of the theoretical meth-
ods used to investigate the spectral shape of the electron capture process in %3Ho
and the current results are described in Section 10.

4 Detector technology used for ECHo

For the reasons already mentioned in Section 3.2, ECHo has chosen MMCs as detector
technology. MMCs are thermal equilibrium detectors that are operated as cryogenic
microcalorimeters. In a simplified picture, cryogenic calorimeters consist of an energy
absorber having a heat capacity C' that is connected via a weak thermal link to a
thermal bath kept at constant temperature T'. The weak thermal link is characterized
by its thermal conductance G. The absorption of a particle of energy E in the absorber
results in an increase of its temperature given by AT ~ E/C. The energy deposited
in the absorber will then flow to the thermal bath with a time constant = C/G
and the detector will cool to the initial temperature. To give the order of magnitude
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Fig. 6. Schematic illustration of a metallic magnetic calorimeter. Figure reproduced
from [178]. (This figure is subject to copyright protection and is not covered by a Creative
Commons license.)

for a typical temperature rise, 10keV absorbed in a detector having a heat capacity
of 1pJ/K leads to an increase of temperature of about 1 mK. This small change of
temperature can be measured with high precision only by very sensitive thermometers
which are the heart of the microcalorimeters.

Different solutions are applied for transducing the temperature change result-
ing from the absorbed energy into a voltage pulse. The state-of-the-art of temper-
ature transducers for low temperature microcalorimeters is summarized in [52,53].
Presently, the best performances in terms of energy resolution achieved by cryogenic
detectors developed for soft X-ray spectroscopy is obtained by MMCs and Transi-
tion Edge Sensors (TESs)[54]. Both detectors have reached an energy resolution of
AFEpwnam = 1.6eV [51,55], which is presently the record in terms of energy resolution
achieved by any energy dispersive detector for X-ray spectroscopy at the benchmark
energy of 6keV. In the following we will describe the function and performance of
MMC based detectors for soft X-ray spectroscopy which is the relevant energy scale
for ECHo. In addition, we will discuss MMC prototype detectors used to obtain high
resolution %3Ho spectra.

4.1 Function and performance of MMC detectors

MMCs use as temperature sensor a metallic paramagnetic material located in a con-
stant weak magnetic field [47,48]. The magnetization of the sensor has a strong de-
pendency on temperature, following roughly a Curie law M oc T~!. Figure 6 shows a
schematic picture of a MMC detector with particle absorber and paramagnetic sen-
sor connected to a thermal bath via a weak thermal link. The change of the detector
temperature, upon the interaction with a particle in the absorber leads to a change
of magnetization of the paramagnetic sensor and, in turn, to a change of flux A® in
a pick-up coil: 5 5 5
M M E M FE
Abo G A~ o G = AT G v G @)
Here, the total heat capacity C' of the detector is the sum of the heat capacity C,
and Cy of the absorber and the sensor, respectively. As we will discuss in more detail
in Section 6, the change of magnetic flux A® is typically read out by an inductively
matched low-noise dc-SQUID transducing a change of magnetic flux into a voltage
signal.
The presently mostly used sensor material is a dilute alloy of erbium in gold,
Au:Er, with an erbium concentration between about 200 ppm, for detectors developed
for soft X-rays spectroscopy, and about 800 ppm, for detectors developed for hard
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Fig. 7. Schematic illustration of two different MMC geometries. (a) MMC with two pla-
nar meander-shaped gradiometric pick-up coils. (b) MMC with one planar meander shaped
pick-up coil, where the paramagnetic material is sandwiched between two superconducting
layers [48].

X-rays spectroscopy. The typical absorber material is gold due to its chemical stability
and high stopping power for X-rays, but also other materials have been used for
special applications [56]. The electro-thermal behavior of MMCs can be confidently
calculated by standard statistical physics. This allows for designing detectors with
optimized properties for a large variety of applications [57].

There are many possible ways to design the pick-up coils for the flux coupling
to the readout SQUID. Figure 7 shows the two geometries which presently are most
commonly used, the so called meander-shape geometry and the sandwich geometry.
Both of these design are based on planar temperature sensor to make possible the
microfabrication of large and dense-packed arrays [49]. Scheme (a) is based on two
planar meander-shaped pickup-coils, each having inductance L connected in parallel
to the input coil of the front-end SQUID, with inductance L;. The front-end SQUID
is a current-sensor dc-SQUID with inductance Lg. Each meander is covered with a
planar paramagnetic sensor. The necessary bias field for the sensor is produced by
a persistent current of some tens of mA in the circuit formed by the two meanders.
The bias-field as well as the magnetic response of the sensor is a multipole field
of high order, reducing magnetic cross-talk between neighboring pixels. The planar
superconducting pick-up coils are covered or “filled” with a few pm thick Au:Er
film. For obvious reasons in this geometry the filling factor of the coil can reach
maximally F' = 0.5. In practice for numerically optimized meander-based detectors
we find F' ~ 0.4, where the Au:Er thickness equals about one third of the meander
pitch. In scheme (b) the sensor material is sandwiched between two superconducting
stripes of the pick-up coil, which carries a persistent current in opposite direction to
produce a nearly homogeneous bias field in the sensor volume. With this geometry a
higher filling factor of F' ~ 0.8 is reached. All MMCs presently studied in Heidelberg
are fabricated on 3 inch sapphire or thermally oxidized Si wafers. The microfabrication
of MMCs is performed through a number of well-established processes which lead to
a yield of about 99 %. Further details on different design concepts as well as on
microfabrication techniques can be found in [48].

The typical energy resolution of fully micro-fabricated MMCs developed for soft
X-rays, having a quantum efficiency of about 99 % at 6keV, is AEpwam < 2 eV [51].
The intrinsic pulse rise-time of such a MMC detector is 7, ~ 90 ns which is determined
by the strength of the electron-spin coupling [58]. Figure 8a shows the measurement
of the K, lines from an external *Fe calibration source taken by a MMC detector
optimized for soft X-rays. The spectral shape is perfectly described by the natural line
shape, as determined with crystal spectrometers [59], and the instrumental resolution
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Fig. 8. (Left) The upper part of the plot shows the K, lines from an external *Fe calibration
source acquired with a MMC (histogram), the red line indicates the natural line shape
convolved with a Gaussian taking into account the instrumental resolution of AFEpwum =
1.6 eV. The lower part of the plot shows the difference between fit and data. (Right) The
upper part of the plot shows a typical calibration function for MMCs, indicated by the red
solid line in a plane where on the y-axis the signal sizes measured as magnetic flux coupled
to the front-end SQUID and on the x-axis the expected energy are shown. The points in
the plot indicate the experimental values related to events stemming from three different
nuclear transitions of a 2** Am source. The corresponding energy spectrum is plotted at the
right margin. For comparison the dashed line displays a linear dependence expected for an
ideal detector. The lower part of the plot shows the difference between the expected ideal
detector results and the calibration function. The solid line represents a polynomial function
of second order.

of the MMC of AErwanm = 1.6eV. The difference between fit and data is depicted
in the bottom part of the figure.

The linearity of this detector has been investigated for energies up to 60 keV using
an 24! Am source [51]. The corresponding results are shown in Figure 8b where only the
sharp gamma lines of this source were considered. For comparison the 4! Am spectrum
is shown on the left side of the calibration plot. The relative non-linearity A®/® at
6keV is about 0.6 % while at 60keV it is about 6 %. The energy calibration function
is in very good approximation a polynomial of second order which is well understood
by the thermodynamical properties of the involved materials. The energy calibration
for spectra acquired with MMCs can therefore be defined with high precision and
will, at a fixed base temperature, not vary over time.

4.2 MMCs with embedded 1%3Ho

To perform a calorimetric total activity measurement with MMCs, the nuclide of
interest needs to be surrounded by enough absorber material so that the stopping
power for the emitted particles, electrons and photons is 100 %. A possibility to reach
this goal is to perform an ion-implantation of the interesting nuclides directly into
the active part of the detectors.
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a)

b)

Fig. 9. Schematic illustration and SEM picture of the MMC detector chip used for %3Ho
implantation in 2009. (a) Layout of the four double-meander pickup coils, (b) schematic
of the absorber cross-section, and (c) SEM picture of the central part of the fully micro-
fabricated MMC with the four pixels (A, B, C and D) prepared to be irradiated. Figure
reproduced from [32]. (This figure is subject to copyright protection and is not covered by a
Creative Commons license.)

A first prototype of a MMC detector (MMC-ECHo-0) suited for 1%*Ho implan-
tation was designed and fabricated using the clean room facilities at the Kirchhoff
Institute for Physics of Heidelberg University. The ion implantation was performed
at ISOLDE-CERN [60] in 2009. The '5®Ho ions were produced using a spallation
process where a high-energy proton beam (1.4 GeV) was hitting a Ta target kept at
1800-1900 °C. After ionization of the released atoms a mass selected beam with par-
ticles having mass number A =163 was accelerated at 30keV and collimated onto
the surface of the detector chip. Figure 9a shows a schematic of the first detector
chip developed for the ion-implantation test, which is equipped with four detectors
positioned close to each other so that the implantation could be performed in each of
them at the same time. The detector design is based on the niobium double-meander
pick-up coil geometry that is depicted in Figure 7a. The leads used to inject the per-
sistent current in the pick-up coils are labeled with f1 and f2. With the help of an
on-chip persistent current switch, a current I is injected. In order to heat up the
switch, a current of a few mA runs through the resistive AuPd film heater switch via
the contacts labeled with hl and h2. Finally, the leads connecting the double-meander
structure to the input coil of the de-SQUID are labeled SQ1 and SQ2. Only one of
the two wings of the meander-shaped pick-up coil is equipped with Au:Er sensor
and Au absorber for a better characterization of the performance. The erbium con-
centration of about 210 ppm and the geometry of the sensor are optimized to reach
high energy resolution when combined with a gold absorber having the dimension of
190 x 190 x 10 ym?.

Figure 9b shows the cross-section of one of the detectors. A red line between the
two parts of the gold absorber, Aul and Au2, indicates the position of the implanted
ions. To obtain this 47-geometry, the ions are implanted after the production of the
first half of the absorber, Aul, consisting of a 5pum thick gold film, over an area
of 160 x 160 um?. The second part of the absorber, Au2, again a 5pum thick gold
film, is structured in a following step over the full absorber area, 190 x 190 um?. The
detector was designed to achieve an energy resolution at AEpwpn = 4eV at 30 mK
under ideal conditions.
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Figure 9c shows a Scanning Electron Microscope (SEM) picture of the central
part of the detector chip. At this point the absorber was processed only until the first
gold layer and the microfabrication prior implantation was completed. For the actual
implantation process the detector chip was glued onto a glass support and covered
with a protective layer of photoresist. Subsequently, four squared openings with an
area of 160 x 160 um? centered on top of each of the four absorbers were structured
into the photoresist film to enable the implantation. After the ion-implantation at
ISOLDE-CERN and an initial cooling time of about two months, the chip was covered
with about 100nm of gold before removing the photoresist. After that, a second
(thick) photoresist layer was spinned over the entire chip and four holes, each with
the same surface as the first gold absorbers Aul were structured. Finally the second
part of the absorber Au2, a gold layer 5 um thick was deposited and the photo resist
was removed. A detailed description of the detector design and of the ion-implantation
process can be found in [32].

This first prototype of a MMC detector with implanted %3Ho has been character-
ized in detail and its performance will be described in Section 5. Since 2009 the MMC
detector technology for soft X-ray has advanced in many ways. One aspect that has
been improved for the second generation of ECHo detectors is a design that allows for
minimizing the loss of athermal phonons into the substrate. These hot phonons are
generated in the initial phase of the thermalization process [61], after a particle has
interacted in the absorber, and have a small but finite probability to escape to the
substrate before thermalizing in the absorber. This unwanted effect can be reduced
by minimizing the contact area between the gold absorber and the Au:Er sensor.
Such a MMC detector design has been successfully developed and it was used to
prepare a 1x16 array based on the maXs-20 sandwich design [49] for a second 63Ho
ion-implantation (MMC-ECHo-1). The implantation onto the MMC-ECHo-1 detec-
tor array was performed at ISOLDE-CERN in an off-line process using a chemically
purified 1%3Ho source. Details on the source production will be given in Section 7.

5 Performance of MMCs with embedded *3*Ho

Both MMC detector chips, which have been mentioned in the previous section, have
been characterized in several measurement campaigns. After the first ion implantation
and completion of the absorbers in 2009, the first prototype detector chip MMC-
ECHo-0 has been investigated using different experimental setups. A full account
of the results obtained in these experiments has been reported in [22,32,62]. Here
we summarize the relevant results that will guide the further optimization of MMC
detectors for the ECHo experiment.

The detector response has been characterized, as well as the performance, in terms
of energy resolution and time profile of the signals. A double stage SQUID circuit
[63] has been used for the read out of the detector. More details about the readout
of MMCs will be given in Section 6. Figure 10 (left) shows a histogram correspond-
ing to the Ko and Ko lines acquired using an external °°Fe calibration source at
an operating temperature of 30 mK. The red curve represents a fit obtained by the
convolution of the expected intrinsic line shapes and a Gaussian detector response
with AEpwnm = 7.6eV [33]. The slight degradation of the instrumental resolution
with respect to the expected value is caused mainly by an insufficient stabilization of
the base temperature of the cryostat.

Figure 10 (right) shows the first 3 us of two different pulses originating from the
decay of '®3Ho and corresponding to the 3s and 4s capture respectively. A rise-time
of about 7 = 130 ns was extracted by fitting the pulses in this time interval to an
exponential function. The non-linear contribution of the second order polynomial
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Fig. 10. (Left) Histogram corresponding to the Ko1 and Kq2 lines acquired with the MMC-
ECHo-0 prototype detector with implanted ***Ho using an external **Fe calibration source.
The solid red line represents a fit based on the convolution of the natural line widths of
the two lines and a Gaussian detector response with AFpwum = 7.6 eV [33]. (Right) Signal
shape in the first 3 us of two different pulses corresponding to events due to the capture of a
3s electron (MI line) and 4s electron (NI line), respectively. The solid red lines correspond
to exponential functions of the signal rise with a rise time of 7 = 134 ns [33].

calibration function at 6keV is about 0.8 %, as expected from the thermodynami-
cal properties. While the rise-time and the well understood calibration function are
already suitable for the ECHo experiment, further improvements of the energy res-
olution for detectors with embedded '®3Ho are necessary to meet the requirements
which allow to reach sub-eV sensitivity on the neutrino mass. These improvements
go along with an optimization of the detector geometry, to reduce unnecessary heat
capacity, an improved stabilization and a lowering of the working temperature of the
detector.

Figure 11 (left) shows a histogram corresponding to the M lines superimposed with
a curve obtained by convolving the intrinsic line shapes with the Gaussian detector
response having A Epwuy = 8 €V. Obviously, the measured spectral shape is different
from the theoretical prediction. At the low energy side of both peaks, a significant
broadening is visible. These low energy tails are caused by events for which a fraction
of the total energy escapes from the absorber, in form of athermal phonons, into the
substrate before complete thermalization within the absorber is reached. As pointed
out before, this effect can be reduced by minimizing the contact area between absorber
and sensor. In the detector design used for the second implantation (MMC-ECHo-1)
performed within ECHo-1k, such a reduced contact area is realized by using just five
thin gold stems to connect sensor and absorber [64]. The resulting improvement in the
shape of the M lines can be seen in Figure 11 (right). Evidently, the loss of athermal
phonons is greatly reduced and no significant asymmetric broadening is observed.
Note that the Gaussian detector response is AFEpwum = 12¢eV in this case due to a
slightly higher operation temperature.

The activity per pixel in the first two detector prototypes was rather small, about
0.02Bq for MMC-ECHo-0 and about 0.1 Bq for MMC-ECHo-1 compared to the
presently targeted design value of the ECHo experiment of a few tens of Bq. Ways to
increase the activity in future detectors are related to the optimization of the phys-
ical separation of the 1%3Ho ions from the rest of the source materials, namely the
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Fig. 11. Histogram of the ‘®*Ho spectrum in the energy range between 1.7 and 2.2keV as
acquired with MMC-ECHo-0 [62] (left) and MMC-ECHo-1 [64] (right) showing the M| and
M Il lines together with the superimposed curve obtained by the convolution of the natural
line shape and a Gaussian detector response (solid magenta line).

development of a high efficiency ion source and the creation of a pure mass selected
beam at the mass separator facilities. These aspects will be discussed in Section 7.

The optimal activity is still a matter of investigation. Not only the allowed un-
resolved pile-up fraction is limiting the maximum activity per detector, but also the
fact that the heat capacity contribution of the Ho ions embedded in the absorber
could be not negligible with respect to the heat capacity of the other thermodynam-
ical systems of the detector. Therefore the number of allowed Ho ions in the detector
will be selected in a way that the corresponding heat capacity does not degrade the
signal to noise ratio of the detector. First investigations about the effect of 63Ho
ions enclosed in gold thin films have recently been performed within the HOLMES
collaboration [65]. According to the authors, for all studied samples, the contribution
due to the heat capacity of the holmium atoms was below the detectable limit.

In order to prove this somehow unexpected result, within the first phase of ECHo,
ECHo-1k, we have started a series of measurements in which '®°Ho, the naturally
occurring holmium isotope, has been implanted in MMC absorbers at the RISIKO
facility at Mainz University (the facility will be introduced in Sect. 7.4), following the
procedures developed for 1%3Ho ions. The isotope '%°Ho has the same nuclear spin
and angular momentum, I = 7/2 and J = 15/2, respectively, as 1%Ho and may serve
as a model system for '3Ho. The knowledge of the heat capacity contribution per
ion will be one of the main ingredients to define the optimal activity per pixel.

5.1 163Ho spectra obtained with MMC prototype detectors

Let us now turn to the '63Ho spectra obtained with the two different prototype
detectors. Figure 12 (left) shows the 3Ho spectrum as measured with the MMC-
ECHo-0 prototype detector plotted on a logarithmic y-scale over an energy range up
to 2.5keV. Besides the structures related to the electron capture in '%3Ho, also other
clear peaks are present around 1.4 keV. These peaks are related to the electron capture
in 4Pm. This nuclide (together with several other radioactive nuclides with shorter
halflife) has been implanted as ionized molecule with mass number A =163 (PmF™)
[32]. Although the presence of this background has not prevented the characterization
of the detector, this relatively large contamination is not acceptable in an experiment
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Fig. 12. Histogram of the '®3Ho spectrum for energies up to 2.5keV as acquired by the
prototype detectors MMC-ECHo-0 [62] (left) and MMC-ECHo-1 [64] (right). The solid ma-
genta line in both plots represents a fit obtained by the convolution of the natural line shape,
with the parameters given in [38], and a Gaussian detector response.

aiming to reach sub-eV sensitivity on the electron neutrino mass. Because of that the
ECHo collaboration has developed dedicated processes which ensure the production of
large amounts of high purity 1%3Ho (see Sect. 7). A fraction of one of such sources has
already been used for an offline 1*Ho implantation at ISOLDE [64]. A preliminary
measurement of the '3Ho spectrum obtained by measuring just one pixel for about
two days is shown in Figure 12 (right). As expected, it does not show any evidence
of the presence of radioactive nuclides other than 3Ho, indicating that any strong
radioactive contamination in the implantation beam can be ruled out.

With the first detector prototypes containing implanted '63Ho, the presently most
precise 1%3Ho spectra have been obtained. We have measured five lines of the 1%3Ho
EC spectrum and characterized their peak energies and intrinsic widths. Note that
the good energy resolution of these detectors allowed for the first time, using the first
detector prototype MMC-ECHo-0, to trigger events corresponding to the capture of
55 electrons in '%*Ho leading to the first calorimetric measurement of the OI line
[62]. Table 1 summarizes the experimental values for the peak energies and intrinsic
widths for all five capture lines. The measured peak energies are shifted, as expected,
towards slightly lower values with respect to the corresponding binding energies of the
dysprosium atom due to the presence of the additional 4f electron. The de-excitation
energy of 193Dy after the electron capture in '%*Ho is in first approximation given by
the difference between the binding energy of the captured electron and the binding
energy of the 4f electron. The linewidths, besides the one of the NII line, agree
well with literature values. The reason why the measured width of the NII line,
'GP = 13eV, is so different from the expected one, th = 5.3¢eV, is still a matter
of investigation within ECHo-1k both from the experimental point of view as well as
from theoretical models.

From the analysis of the spectrum, in particular by comparing the amplitude of the
lines with the expected ones it is possible to extract the value of the energy available
to the decay, Qrc. We have performed the analysis using the parameters reported
in [41] for the case of massless neutrinos. The value we obtain is Qrc = (2.858 +
0.010stat £ 0.054ys) keV. A detailed description of this analysis can be found in [62].
The systematic error is dominated by the uncertainties on the capture probabilities,
as given by different theoretical calculation [41,66], which can be estimated to be 5%.
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Fig. 13. Histogram of the '*Ho spectrum in the energy range between 0.2 and 0.6keV as
acquired with MMC-Echo-0 [62] (left) and MMC-Echo-1 [64] (right) showing the NI and NII
lines together with a fit (dashed blue line) obtained by considering only first order processes
and a Gaussian detector response having FWHM = 8 eV. The solid magenta line corresponds
to the convolution of a theoretical spectrum including second order processes as discussed
in [38] and a Gaussian detector response having FWHM = 8 eV.

The Qgc-value obtained by the analysis of the calorimetrically measured spectrum
agrees very well with the one obtained as difference between the '93Ho and the 63Dy
atomic masses [23]. The reduction of the systematic error is one of the aims of the
ECHo-1k phase.

5.2 Evidence for the contribution of higher order processes

Figure 13 (left) shows the 1%®Ho spectrum in the energy region around the NI and
NII lines as obtained with the first detector prototype MMC-ECHo-0. The dark blue
dashed line is a curve calculated considering only first order transitions and assuming
the natural line shape convolved with a Gaussian detector response of AFEpwum =
8 eV. While the low-energy tail of the NI line, as discussed before, can be explained
by the loss of athermal phonons for this detector type, the large excess of counts on
the high-energy side of the NI line must have other reasons. Figure 13 (right) shows
the histogram of the '%3Ho spectrum in the same energy range as acquired using one
pixel from the new implanted MMC array MMC-ECHo-1 in which the '%3Ho ions
were produced and purified according to the procedures discussed in Section 7. By
comparing the two histograms in Figure 13 (left) and (right) it is evident that the
excess of counts above the NI line does not depend on either the particular detector
type nor on the contamination present in the source. Therefore one has to conclude
that the additional counts at the high-energy side of the NI line are most likely
intrinsic to the %3 Ho spectrum and not an experimental artifact. This observation
has already triggered several theoretical investigations [24,37-40] in which higher
order excited states in the daughter dysprosium atoms are considered to describe the
spectrum. The idea is that at the moment of the capture of the electron in the Ho
atom, another hole (or several other holes) is created in the electronic shells due to
the promotion of the corresponding electron to an upper shell or to the continuum,
referred to as shake-up and shake-off processes, respectively. These processes give rise
to additional peaks or, as pointed out in [39,40], in case of shake-off processes to
continuous structures.
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Fig. 14. Histogram of the %3Ho spectrum acquired with the first detector prototype as
in [32] in the energy range between 0.2keV and 0.7keV compared to a fit obtained by the
convolution of the expected spectrum according to [39] and a Gaussian detector response
with AEpwam = 8.4 eV. (Left) The theoretical model for the '*Ho spectrum includes
shake-up and shake-off transitions for the N101 and N1N4/5 excitations calculated using
the simplified model described in [39]. (Right) The theoretical model for the *®*Ho spectrum
includes shake-up and shake-off transitions for the N101 and N1N4/5 excitations with a free
amplitude to fit the data [39].

In both plots shown in Figure 13 the solid magenta line represents the convolution
between the theoretical '®*Ho spectrum, including second order shake-up excitations
where two holes are present in the excited **Dy atom, calculated using the parame-
ters given in [38], and a Gaussian detector response. The difference between the first
order and second order description is clearly visible on the high-energy side of the NI
line. It is also evident, that the theoretical description in this form, while predicting
new structures in the spectrum at the energy where the excess of events is seen, is
not able to fit the experimental data satisfactorily.

A better description of the measured spectrum is possible, as discussed in [39,40],
by considering that, in case of shake-off processes, the electron can be promoted to
the continuum having a finite kinetic energy. In fact during the electron capture,
when one electron from the shell H’ is shaken-off to the continuum, the process can
be described as:

1635Ho — 18Dy[H, H'] + e~ + re. (3)

This is a typical three bodies decay process and therefore both the electron and the
neutrino have a continuous energy spectrum which fulfils:

E, +T. = Qec — By — Ew. (4)

In a calorimetric measurement all the energy released in the EC process, besides the
one taken away by the electron neutrino is measured. In this case the measured energy
can then be written as:

E.=1T.+ Eyg + Ew. (5)

A first attempt to give a theoretical prediction of the spectrum including the con-
tinuum structures of shake-off electrons has been described in [39]. Figure 14 (left)
shows a reproduction of Figure 3 showed in [39]. The theoretical model used for the
fit includes the excited states with two holes corresponding to the 4s and 5s electron
for both shake-up and shake-off processes and with two holes corresponding to the 4s



1644 The European Physical Journal Special Topics

and 4d (3/2 and 5/2) electrons for both shake-up and shake-off processes. The fit is
done on the data described in [22] which have been obtained using the detector MMC-
ECHo-0. The agreement is still not perfect, but the model seems to better describe
the general shape of the measured spectrum. In particular, Figure 14 (right) shows
that if one allows more freedom for the amplitude of each transition, the agreement
between data and fit in the energy range between 200 eV and 700 eV is astonishing
(the excess of counts between 200 eV and 300 eV are due to the EC in 1*4Pm, see
Sect. 5.1). Unfortunately the statistics in the present spectra is too poor to allow for
a more fine investigation of these structures.

Spectra with much higher statistics as well as further refinements of the theoretical
description are among of foci of the first phase of ECHo experiment, ECHo-1k, with
the aim to fully clarify the role of higher order excited states on the %3Ho spectrum.

6 Readout technology used for ECHo

Superconducting quantum interference devices (SQUIDs) are sensitive superconduct-
ing electronics devices converting a change of magnetic flux into a voltage or current
signal [67]. They provide very large system bandwidth, quantum limited noise perfor-
mance and are intrinsically compatible with operation temperatures well below 1 K.
SQUIDs are therefore very well suited for the readout of MMCs. Typically, the input
coil of a current-sensing SQUID is connected to the pickup coil of an MMC to form a
superconducting flux transformer transducing the magnetization change of the tem-
perature sensor into a change of magnetic flux threading the SQUID loop [47,68]. In
this case, a magnetic flux change §® in the pickup coil with inductance L (see Fig. 7)
causes a magnetic flux change §®; in the SQUID:

koL

5By = Vs
Li+ Ly + 1L

3. (6)

Here Ly denotes the SQUID inductance, L; the inductance of the input coil, k the
magnetic coupling factor between the SQUID and its input coil, and L., is the sum
of all parasitic inductances within the flux transformer.

6.1 Single-channel readout of metallic magnetic calorimeters

To achieve very good noise performance as well as to ensure that the system band-
width is large enough to retain the fast signal rise time of MMCs, both properties that
are essential for the ECHo experiment (see Sect. 3.2), two de-SQUIDs are very often
arranged in a two-stage SQUID setup [69]. As depicted in Figure 15, the detector
is connected to the first-stage SQUID (SQ1) that is located in direct vicinity of the
detector and is therefore operated at mK temperatures. SQ1 is usually voltage-biased
by injecting a bias current through a bias resistor Ry, which is connected in parallel
to SQ1 and whose value is smaller than the dynamic SQUID resistance, Rayn. In
this configuration, a change of magnetic flux threading the first-stage SQUID loop
is converted into an output current change of SQ1. The output current is running
through the input coil with inductance Lay,, of the second-stage SQUID (SQ2), that
can be an N-SQUID series array [69], creating magnetic flux inside the SQUID(s)
loop. SQ2 is current-biased and can be operated either at the same temperature as
the detector and SQ1 or at higher temperatures to minimize the heat load to the
cryogenic platform. Using this scheme, the initial flux change in SQ1, §®;, is boosted
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Fig. 15. Schematic of a two-stage SQUID setup consisting of a first-stage SQUID (SQ1)
reading out the detector and a subsequent secondary SQUID (SQ2) boosting the output
signal of the front-end SQUID. A room-temperature electronics is used to provide negative
flux feedback to SQ1. For clarity, the detector is depicted as a yellow box that is coupled to
a pickup coil with inductance L.

into flux change §®5 threading SQ2, where the small-signal flux gain is given by

84)2 Mamp

Gp=222_  Mamp
* T 09, Mayn + R/ Vs

(7)

Here, Mmp denotes the mutual inductance between SQ2 and its input coil, Vi is the
flux-to-voltage transfer coefficient of SQ1 and Mayn = Rayn/Va is the intrinsic current
sensitivity of SQ1. The output voltage of SQ2 is amplified using a low-noise amplifier
at room-temperature and fed into a voltage integrator. The output voltage Voyu; of
the integrator is, on one hand, the signal to be acquired and, on the other hand,
is converted into a feedback current using the feedback resistor Rg,. The feedback
current runs through a feedback coil that is mutually coupled via Mg, to SQ1 to
create a negative flux feedback signal compensating the initial flux change in SQ1 in
order to have a linear relation between applied flux and output voltage [69].

The implementation of a two-stage SQUID setup requires a first-stage SQUID,
an amplifier SQUID, a room-temperature feedback electronics as well as about ten
electrical wires that are routed from room-temperature to the SQUID setup. The
power load to the cryogenic platform is of the order of some nW [63] and is therefore
acceptable for modern dilution refrigerators. However, the readout of large MMC
detector arrays as required for the ECHo experiment is hardly possible by simply
multiplying the single-channel detector readout since the number of SQUIDs, feedback
electronics and electrical wires scales linearly with the number of detectors. This
demands the use of a suitable multiplexing technique.

6.2 Multiplexed readout of metallic magnetic calorimeters

Currently, two kinds of multiplexers are being developed for the readout of MMC
detector arrays. The first kind operates in the time-domain and is based on low-0r,
dc-SQUID arrays (where B, = 2mLgI./®o with &5 = 2.07 x 1071° Vs being the mag-
netic flux quantum) acting as flux-actuated superconducting-to-normal-conducting
switches [70-72]. This gives the possibility to measure the signals from N detectors
with only one physical output channel by interleaving different detector signals in
time. For this, each channel is repeatedly turned on and off, one after the other.
During the time period, when a channel is switched on, the output signal of the
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transmission line
resonators

Fig. 16. Schematic circuit diagram of the microwave SQUID multiplexer. For clarity, the
detectors are depicted as yellow boxes that are coupled to a coil L and the superconducting
A/4 GHz transmission line resonators are shown as short coaxial cables.

corresponding detector is sampled. A very basic requirement of this approach is the
possibility to switch rapidly between different channels. This requires a high open-
loop system bandwidth, f,, to allow the signals to settle before sampling. At the
same time, the bandwidth per pixel fpixel is reduced to fpixel = fo1/N due to sequen-
tial sampling. Therefore, the Nyquist-Shannon sampling theorem is not fulfilled and
wideband noise contributions are aliased. Hence, the overall noise will increase com-
pared to the single-channel detector readout. In addition, the bandwidth per pixel
gets smaller with increasing number of pixels such that the fast signal rise time of
MMCs cannot be retained anymore.

The second kind of multiplexer is depicted in Figure 16. It is based on the mi-
crowave SQUID multiplexer (uMUX) that was originally introduced in the context
of the readout of detector arrays based on superconducting transition edge sensors
(TESs) [50,73,74]. It relies on the use of non-hysteretic rf-SQUIDs that are induc-
tively coupled to microwave resonators. More precisely, each detector is inductively
coupled to a non-hysteretic, un-shunted rf-SQUID consisting of a closed supercon-
ducting loop with inductance Lg that is interrupted by a Josephson tunnel junction
with critical current I.. For g, < 1, the SQUID is non-hysteretic and behaves purely
reactive. It therefore can be modeled as a non-linear inductor whose value depends
on the magnetic flux ® threading the SQUID loop [75-77]. In this readout scheme,
the SQUID is inductively coupled to a load inductor L, terminating a high-quality
superconducting A\/4 GHz transmission line resonator that is capacitively coupled to
a transmission line common to each resonator. Since the load inductor is screened by
the SQUID, its self-inductance depends on the magnetic flux ® threading the SQUID
loop, thus leading to a magnetic flux dependence of the resonance frequency of the
associated resonator. For this reason, the circuit’s resonance frequency gets shifted
as the detector signal changes. To measure this frequency shift standard homodyne
or heterodyne detection techniques are used. Due to the capacitive coupling, many
resonators, each having a unique resonance frequency, can be coupled to a common
transmission line. This allows for simultaneously measuring hundreds or thousands of
detectors by injecting a microwave frequency comb and continuously monitoring the
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Fig. 17. Schematic of a software defined radio-based digital readout scheme for the operation
of a microwave SQUID multiplexer. The meaning of the different devices is explained in the
text.

amplitude and phase of each carrier signal. This requires only one cryogenic high elec-
tron mobility transistor (HEMT) amplifier and two coaxial cables routed from room
temperature to the multiplexer. More precisely, the total number of detectors that
can be simultaneously readout depends on the available HEMT amplifier bandwidth,
the required signal rise-time, the level of tolerable crosstalk as well as the fabrication
accuracy of the multiplexer. In contrast to any time-domain multiplexing technique,
the noise performance of an individual readout channel of a pMUX does not depend
on the total number of channels being multiplexed [78]. The total number of detectors
in a multiplexer therefore does not affect the performance of single pixels. In addi-
tion, the bandwidth per pixel is given by the loaded quality factor of the microwave
resonator which can be adjusted by changing the coupling capacitor C.. This allows
to maintain the intrinsic fast signal rise time of MMCs.

During the superconducting transition of the film forming the SQUID loop mag-
netic flux can be randomly trapped inside the superconducting structures. Therefore,
the SQUID performance might suffer from a random flux offset that shifts away the
SQUID characteristics from the optimal bias point [50,79]. While this offset can be
easily compensated using a flux bias coil, an individual flux bias for all SQUIDs of a
uMUX is hardly possible due to the number of required electrical wires. The proba-
bly most suited solution for this problem is to couple a common flux bias coil to all
SQUIDs within the pMUX (see Fig. 16) and to apply a modulation technique, such as
flux-ramp modulation [79]. Even though this decreases the signal-to-noise ratio, a flux
modulation technique also reduces the effect of low-frequency noise that is introduced
after the SQUID, e.g. phase noise due to atomic tunnel systems [74,79].

A big challenge that has to be met when using a uMUX is the generation of the
GHz frequency comb and the real-time determination of the amplitude or phase of
each transmitted carrier signal. A straightforward solution is to use a software de-
fined radio (SDR) technique (see Fig. 17) such as for microwave kinetic inductance
detectors [80-82]. Two digital-to-analog converters (DACs) create two MHz frequency
combs that are 7/2-phase-shifted with respect to each other. The frequency spac-
ing between the individual carriers is adjusted according to the frequency spacing
of the microwave resonators. The frequency combs are then up-converted using an
I/Q-up-converter to match the resonance frequencies of the resonators and are in-
jected into the transmission line. The use of an I/Q-up-converter in combination with
two 7/2-phase-shifted frequency combs instead of a standard single-sideband mixer
in combination with a single frequency comb effectively doubles the usable band-
width of the ADCs. After passing the uMUX, the signal is down-converted using an
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Fig. 18. (a) Design of the first ukMUX developed within the framework of the ECHo experi-
ment. (b) Optical photograph of the current-sensing rf-SQUID showing the slotted washers,
the sephson junction, the modulation coil as well as the connections to the CPW resonator
and the detector. (c) Optical photograph of one two-pixel detector showing the two absorbers
connected via five Au stems to the temperature sensor, the persistent current switch as well
as the thermal link to the on-chip heat bath.

I/Q-down-converter and digitized by two fast analog-to-digital converters (ADCs).
The subsequent signal processing, i.e. the separation of the combined signal into the
different carriers as well as the determination of amplitude and phase of each carrier,
is done by using a field programmable gate array (FPGA). The FPGA is also used
for real-time raw data processing, i.e. for triggering and pulse height determination.

6.3 Prototype multiplexer device

Figure 18a shows the first uMUX developed at the Kirchhoff-Institute for Physics
that was designed within the framework of the ECHo experiment. It is described in
detail in [83]. This first multiplexer allowed to test the integration of a pMUX and
a detector array on the same chip and to specifically demonstrate the compatibility
of the fabrication processes for SQUIDs and MMCs respectively. The detector array
consists of 32 two-pixel detectors (see Fig. 1c) that are arranged in a 2 x 16 linear
configuration. This arrangement of detectors allows for implantation of '3Ho ions
by scanning along the detector line. Each detector consists of two electroplated ab-
sorbers made of Au, each covering an area of 170 um x 170 um and having a total
thickness of 10 um. In between the two Au layers, *3Ho can be implanted within a
slightly reduced area resulting in a 47 geometry with a quantum efficiency of more
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Fig. 19. (a) Transmission measurement of one of the resonators of the uMUX prototype
for different currents running through the modulation coil but without the detectors to be
biased. (b) Output signal of one of the detectors when a 6 keV photon hits the absorber after
demodulation of the microwave carrier.

than 99.9% for particles emitted during the '®*Ho decay, using similar methods as
described in Sections 4 and 7.4. Each absorber is connected via five stems made of
Au to the underlying planar Au:Er temperature sensor covering the same area as the
absorber. Underneath both sensors, superconducting meander-shaped pickup coils
are placed. They are gradiometrically connected in parallel with the input coil of the
current-sensing rf-SQUID reading out the detector. The rf-SQUID, which is shown in
Figure 18b, is a second order parallel gradiometer. It is formed by four slotted octag-
onal washers that are connected in parallel. In addition to the input coil, the SQUID
is equipped with a common flux modulation coil that runs through all SQUIDs. The
coplanar transmission line resonators have a resonance frequency f, between 4 GHz
and 6 GHz which is set by their geometrical length. The coupling capacitance C. is
chosen to achieve a loaded quality factor @ = 5000 and is implemented by running
a part of each resonator in parallel to the common transmission line.

Figure 19a shows a transmission measurement of one of the resonators of the
multiplexer device for different currents running through the modulation coil but
without the detectors to be biased. It is clearly visible that the resonance frequency
of the resonators shifts as the magnetic flux threading the SQUID loop changes. This
proves that the device is fully operational. To further characterize the multiplexer,
the detectors was biased by injecting a persistent current into the pickup coils of the
detectors and monitored the time evolution of the resonance frequency by means of
a standard homodyne detection technique. Figure 19b shows the measured output
signal of one of the detectors when a 5.9 keV photon hits the absorber. The measured
signal size as well as the noise level are consistent with the design parameters, the
measured noise temperature of the non-optimized microwave setup and the value of
the injected persistent current. This proves that our initial design goal of achieving
an energy resolution below 5eV can be met within ECHo-1k using an optimized
microwave setup. Moreover, this is the very first demonstration of a uMUX-based
MMC readout.

6.4 Current status and developments for ECHo-1k

Based on the results obtained with the first integrated pMUX MMC array, an opti-
mized detector array with integrated pMUX for ECHo-1k has been developed [84]. In
order to enhance the implantation efficiency, the geometrical arrangement of the de-
tector array has been changed. First, the distances between two neighboring detectors
as well as between the two absorbers of a detector are significantly reduced to less than
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10 pm. Second, a different technique is used to heat sink the detectors, which allows
to place detector lines closer to each other. More precisely, each temperature sensor
is connected to an island made of sputtered Au using well-defined thermal links. For
connecting these islands to the thermal bath, i.e. the sample holder, a part of the
substrate underneath the islands is etched away using a cryogenic SFg-based deep
reactive ion etching process. The resulting holes are then filled up with electroplated
Au forming low-ohmic posts through the Si substrate. These posts are thermally an-
chored by a continuous Au layer to the backside of the wafer, which will be pressed
to the sample holder.

For ECHo-1k, two 64 pixel detector arrays with integrated pMUX will be used.
The pMUX is optimized according to the readout requirements of the ECHo exper-
iment, i.e. the degradation of the intrinsic detector energy resolution as well as the
slowing down of the signal rise-time will be kept as low as possible. For this, we
have thoroughly adjusted the resonator bandwidth, the SQUID-resonator-coupling,
the SQUID input circuit as well as the overall SQUID gain. Each uMUX will be
then read out by an individual physical readout channel, i.e. one HEMT amplifier
and two coaxial cables. For the operation of the uMUXs, i.e. the generation of the
baseband frequency comb and the real-time monitoring of the amplitude or phase of
each resonator, commercial SDR systems with customizing capabilities will be used.
State-of-the-art SDR systems provide a bandwidth of several 100 MHz which directly
corresponds to the size of the frequency bands in which the resonance frequencies of
all the resonators can be placed.

7 '*Ho source: production and separation

The production of suitably large amounts of radionuclides in high-purity form is of
interest for different applications. Examples include radiopharmaceutical use, where
the most stringent quality assurance measures are implemented as the radionuclide
samples are applied to humans. Other applications include radionuclide source pro-
duction for industrial radiography (a non-destructive materials testing method) [85]
or radioisotope batteries [86]. Several basic research fields also depend on a reliable
supply of significant amounts of high-purity radioisotopes, e. g., to be used as target
material in nuclear reaction studies, see [87] for an example. The %3Ho is an arti-
ficial, long-lived isotope with a half-life, T} 5, of (4570 & 50)a [18] and decays via
EC. In many respects, its behavior is similar to that of a stable isotope as it does
not emit a-, 3- or y-rays. Therefore production of pure '3Ho and its quantification
is a challenge, while use of high purity '93Ho, free from any co-produced long-lived
radionuclides or from stable lanthanides, is a prerequisite for neutrino mass measure-
ments. Production of '%Ho may be approached either by charged particle reactions
using an accelerator or neutron activation in a reactor. Both pathways lead to the
co-production of unwanted radionuclides in significant amounts, which must be re-
moved to obtain '93Ho samples suitable for the determination of the neutrino mass.
As it will be shown, chemical as well as mass separation play an important role both
before and after the irradiation to obtain ultrapure '%*Ho free from the bulk target
matrix and other coproduced radionuclides. Figure 20 shows a cut-out from the chart
of nuclides of the relevant region.

While a first experiment within the ECHo project exploited spallation as the
nuclear reaction to produce '%*Ho (see Sects. 5 and 7.2), more typical pathways for
the production of significant amounts of radionuclides include neutron irradiation of
a suitable target at high-flux reactors and charged-particle irradiation at accelerator
facilities. Both production pathways were evaluated within the ECHo collaboration
and also elsewhere, see [89].
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Fig. 20. Chart of nuclides in the region around '%*Ho [88] showing relevant isotopes.
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Within the ECHo collaboration, ultrapure '53Ho samples need to be produced for
two different applications: (i) calorimetric measurements of the spectrum following
165Ho EC decay (see Sect. 4.2), and (ii) Penning-trap mass spectrometry (PTMS)
for measurements of the Qgc-value populating 163Dy (cf. Sect. 9). The requirements
for the corresponding samples differ: the MMC-based calorimetric measurements re-
quire radiochemically and radioisotopically ultrapure samples, as any nuclear decay
unrelated to that of '3Ho will generate background in the acquired spectra, hence
limiting the sensitivity of the measurement. For proper handling of the background,
measurements of the radio-chemical purity of the samples are performed, e.g., in the
Felsenkeller low-level underground laboratory at the TU Dresden [90]. This is located
beneath an overburden of 125 m water equivalent of rock, which provides significantly
reduced background conditions, see [91]. In contrast, in Penning trap mass spectrom-
etry, ions of mass numbers other than 163 will generally not reach the measurement
trap (unless they are abundantly present in molecular form with mass 163). However,
the Qgc-value measurement needs '93Ho samples where the contamination with 153Dy
(stable, 24.9 % natural abundance), which is the only stable isobar, is below ~0.2 %.
To avoid overloading of the purification traps with ions, the ratio of *3Ho to the total
holmium amount should not be less than 1/10.

To achieve the necessary radio-purity (for the MMC measurements) and suf-
ficiently small amounts of 93Dy (for the PTMS measurements) chemical separa-
tion schemes based on ion-chromatography [92] optimized to separate neighboring
lanthanides are required, and developments towards the 1%3Ho separation for neu-
trino mass measurement projects have been described [93]. The presence of 56™Ho
(Ty/2 = 1200 a) in the sample poses a special problem, as chemical approaches can-
not provide any elimination of this byproduct, which is especially problematic in
calorimetric measurements. Thus, electromagnetic separation is necessary for pro-
ducing radiochemically ultrapure %3Ho samples without significant traces of 1™ Ho.
A detailed analysis of different production pathways [89] indicates that the ratio of
163H0:166m o differs significantly among the available options, but ultimately a final
isotope separation step appears necessary in all the cases where sufficient 1%3Ho can
be produced within a reasonable time.

7.1 Production pathways for 193Ho

Different pathways offer access to significant amounts of ***Ho. Besides '%*Ho, un-
wanted nuclides are inevitably coproduced, at a level depending on the amount of
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impurities present in the target and the chosen production pathway [89]. In the case
of 153Ho production, where a lanthanide target is irradiated (Er in case of reactor pro-
duction, Dy in the accelerator pathway, see below), it is worthwhile pointing out that
commercially available samples of any lanthanide element generally contain significant
impurities of other lanthanides. Aiming at high radiochemical purity, an inspection
of the chart of nuclides immediately reveals that both pathways thus lead to signifi-
cantly contaminated samples. In the case of reactor production, long-lived neutron-
rich isotopes like *'Sm (T}, = 93a), "**Eu (T}, = 8.8a), 'Tb (T} ,, = 72.34d),
166mHo (T2 = 1200a), 'Tm (T}, = 128.6d), or *"™Lu (T}, = 160.1d) are the
most prominent problematic isotopes. Accelerator production yields samples contain-
ing proton-rich nuclei like 3°Ce (T} /2 = 137.6d), several long-lived Pm, Eu, and Lu
(T1/2 > 1a) isotopes and '%*Tm (T}, = 93.1d). On the positive side, detection via
~y-spectrometry is possible in most cases, as y-rays of suitable energy and intensity are
emitted by these nuclides. Thus, after the samples have been chemically and physi-
cally separated, a characterization with respect to radioactive contamination can be
performed via low-level v spectrometry, if desirable also in a low-background environ-
ment, as in an underground laboratory, where detection limits of few tens of mBq/kg
are reached [90].

7.2 Accelerator production of 1%3Ho

In the 1980s '®3Ho was produced and separated at CERN, Switzerland [20,94,95].
At KEK (Tsukuba, Japan), an enriched Dy target (14Dy,03) was irradiated with a
20 MeV proton beam to produce 3Ho via the 4Dy(p,2n)'%3Ho reaction. Holmium
was separated from the Dy matrix using an ion-exchange technique where Ho was
eluted by alpha-hydroxyisobutyric acid (a-HIBA) from the cation-exchange resin
AG 50W-X8 [95]. Katsube et al. measured the excitation function of the residues
1640, 162Ho and 15'Ho from the %4Dy(p,zn) reaction and compared the results
with predictions of the ALICE code [96]. The measured cross sections agreed well
with the available theoretical estimations [97]. However in [98] it is discussed how
theoretical estimations could be 30-50% higher than the experimentally detected
cross-sections. It is thus reasonable to assume that the estimate of ~1000 mb for the
production cross sections of '®*Ho provided by this method should be considered an
upper limit. This means one should consider a 30-50% extra irradiation time when
we want to produce 1%*Ho via the 1%4Dy(p,2n) reaction.

Spallation At CERN, another effort to produce '*Ho was undertaken by bom-
barding a tantalum target with a 600 MeV proton beam of 2.4 A current from the
CERN-synchrocyclotron (SC). Rare-earth elements effused from the hot target were
surface ionized and then passed through the mass separator at the ISOLDE facility.
The fraction of mass 163 contained '3Ho. Due to molecular sidebands, the mass
163 fraction was contaminated with 7Gd and, due to tails of heavier masses, with
traces of '7Tm, '%°Yb, etc. Therefore, further purification was done by wet chem-
istry [20,94,95,99]. A very first source of **3Ho embedded in MMCs for the ECHo
project was produced in 2009 [32] in the 1.4 GeV proton-induced spallation of a
natTy target at CERN-ISOLDE. Reaction products leaving the ~ 1800-1900 °C hot
target were ionized on a hot tungsten surface, accelerated in a 30kV electrostatic field
and separated in ISOLDE’s General Purpose Separator (GPS) [60], which provided
a mass resolving power of m/Am ~ 1000. Spallation reactions populate a substantial
fraction of the chart of nuclides, especially on the neutron-deficient side. Some un-
desired products form molecular ions with mass 163 and were present in the beam
delivered by the GPS. The implantation of !3Ho into four MMCs (about 10° each)
was performed and a first calorimetric spectrum was acquired (see Fig. 12). Besides
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‘Eégns of '®3Ho obtained from TALYS [100] for proton- and deuteron- induced reactions on
Dy.

lines from '%3Ho, most pronouncedly, lines originating from **Pm also appear in the
spectrum, due to contamination of the A = 163 beams with a molecular sideband of
144Pm (as PmF*) and A = 147 oxides. The latter had decayed at the time of the
measurement. Due to the comparatively small amounts of 193Ho that can be produced
by this approach and the poor purity of the delivered beam, online production and
implantation of 1%3Ho via spallation and subsequent mass separation do not appear
promising for the requirements of the ECHo project.

In order to reduce the background in the low energy measurements, it is important
to maintain the purity of the source with respect to the radioactive contaminants. In
view of this, some theoretical and experimental investigations carried out within the
ECHo collaborations are discussed below.

Direct reactions Using the nuclear model codes ALICE [96] and TALYS [100], the
cross sections for proton- and deuteron-induced reactions on natural or enriched Dy
(193Dy, %4Dy) have been estimated. The %*Dy(p,n)'%3Ho reaction offers ~ 300 mb
cross section at 10 MeV projectile energy, whereas an approximately four times larger
cross section, ~1200mb at 19MeV, is estimated for the %4Dy(p,2n)'%¥Ho reaction.
Using "Dy targets, about 350 mb at 19 MeV are obtained, resulting from the two
above mentioned reactions [101,102]. Ho isotopes other than %*Ho will also be pro-
duced at energies below 25MeV, namely 1697162.164Hg as shown in Figure 21 (left).
For an enriched 63Dy target, the 15°Dy(d,2n)!%*Ho reaction is found to be superior
compared to the 15Dy (p,n)'%3Ho reaction, as it provides a three times higher cross
section of ~ 900 mb at 13MeV (Fig. 21 (right)) [101,103].

In addition, several long-lived radio-lanthanide contaminants may be co-produced,
as shown in Table 2. Some 151 Th might also be present because of the (p, ) reaction
on 94Dy, though the cross section of this reaction is smaller than 5mb. Ideally, highly
enriched %Dy is used to suppress co-production of contaminants in reactions on other
Dy isotopes.

The main disadvantage of direct reactions is the reduced size of the produced
163Ho samples. Moreover, similarly to neutron-induced reactions, a difficulty lies in
separation of adjacent lanthanides, particularly as the target element (Dy) is present



1654 The European Physical Journal Special Topics

Table 2. Unwanted side-reactions occuring in the p-induced irradiation of Dy targets.

58Dy (p,2n)*"Ho — "Dy — *"Tb  (99a)

19Dy (p,2n)'"*Ho — 159Dy (144.44d)

19Dy (p,pn)***Dy 19Dy (144.44d)

1567 (p,3 )154HO N 154Dy (3. 106 a)

51Dy (p,a) 5 Th 158Th  (180a)

163Dy (p,a)'°Tb 160TH  (72.34d) (0 ~5mb up to 50 MeV)
161Dy (p,a) ' Th 11ThH  (6.9d) (0 =~5mb up to 50 MeV)

in mg-size quantity and the amount of '3Ho will be of the order of micrograms only.
Therefore, indirect reactions were also studied.

Indirect reactions The exploration of the production of pure '®3Ho in an indirect
production route is reported in [101,104]. Here, we will discuss mainly the follow-
ing reactions "at/enriched Dy (o 1) 163Er 163 Ho and %9Th(7Li, 3n)%3Er(EC) "’ Ho.
The desired pathway of the a-particle induced reaction on a Dy target is
nat/e“riChedDy(a,xn)163Er — 163Ho. Specific aspects to this production route when
compared to the direct one include:

(i) the activity of 1%3Er through the above nuclear reaction will be very high due to
its short half-life (75 minutes). However, in terms of the number of atoms, both
proton and a-particle induced reactions offer ~ 1 x 10! atoms/uA-h of *®*Ho
for a target thickness of 10 mg/cm?. As the half-life of 153Er is only 75 min, the
maximum activity will be available after about 6.5h. Therefore, production-
separation cycles for large '®>Ho amounts need to be repeated many times. To
avoid high exposure due to the high '53Er activity and the many production-
separation cycles, all steps will ideally be performed by remote operation.

(ii) to avoid the many separation cycles, the separation of the 1®*Ho daughter at
the end of a long production cycle might be worthwhile.

(iii) on the other hand, it might be easier to separate '%*Er from the Dy target
rather than the separation of Dy-Ho, as the former introduces between the
target and the product a two atomic number increment.

For both approaches, the separation of '®*Er or '93Ho from the Dy target,
suitable tracers exist — co-produced '°'Er (3.21h) in the former case, and '%¢Ho
(26.80 h), which can be produced without simultaneous production of undesired
166mHo (1200a) in double-neutron capture on 4Dy in a research reactor with a
reasonably high neutron-flux, in the latter — which will allow tracing the desired
fraction in the chemical separation procedure.

Production cross sections of ®3Er from each abundant isotope of Dy in a-induced
reactions, i.e., 1907164Dy(a,2n)'3Er have been estimated using the ALICE code [96].
The most attractive °3Er production pathway appears to be from %Dy (~ 600 mb
at 26 MeV), 12Dy (>1000mb at 35 MeV), and ®3Dy (~ 1000 mb at 45 MeV) below
50 MeV a-particle energy (see Fig. 22).

Such a comparatively low a-particle energy (< 50 MeV) suppresses the production
of long-lived radioactive impurities like 1°°Dy (144.4d), "Tb (99a), *8Tb (180a),
154Dy (3 x 105a) in any of the above enriched matrices. Since the 100 % enrich-
ment of a Dy isotope is a difficult and expensive task, the co-production from a
natural Dy target of 9Er (28.6h), 15'Er (10.3h), 3Er (75 min), and %°Er (10.3h),
along with '®3Ho were also studied. The maximum cross section (> 500 mb) for ®3Er
was obtained at ~38MeV energy. It was also evident that production of '59Er
and 'Ho, which eventually decay to the long-lived Dy, is mostly coming from
156Dy (an)%9Er (~200mb at 20 MeV), %8Dy(q,3n)%Er (~1150mb at 40 MeV),
160Dy (a,5n)1%9Er, 158Dy (a,p2n)!59Ho reactions. The production of 1**Dy (144.4d)
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Fig. 22. Excitation functions of *®3*Er from a-induced reactions on various Dy-targets [103]
calculated using ALICE [96].

is possible mainly from the two least abundant isotopes, '°Dy and '®®Dy, below
40 MeV. Therefore, using a natural Dy target may introduce minute amounts of long-
lived impurities in the target matrix.

The ALICE code was also used to study the use of Terbium targets (which are
monoisotopic) to produce '3Ho through the 59Th("Li,3n)!%3Er(EC)'%*Ho reaction.
The '9%Er is produced with ¢ =~ 300mb at 30 MeV via **Th("Li,3n)'%*Er. Short-
lived '63Er (75 min) decays to the long-lived 153Ho [105]. Even if the cross-section for
this reaction is smaller with respect to the cross-sections for 13 Er production using
dysprosium isotopes, this process does not lead to the production of long-lived impu-
rities and the chemical separation of the Ho-Tb pair might be much easier compared
to the Er-Dy and Ho-Dy pairs. On the other hand it is important to consider that
the available "Li beam intensity is less than 1 pA. Therefore, this production route
may be suitable if comparatively small amounts of '3Ho are needed, and additional
purification is not feasible.

Another indirect production route is the p-induced reaction on %*Er, leading to
163Ho via the 154Er(p,2n)'®Tm (1.8h) — 63Er (75min) — '%*Ho path. The main
disadvantage of this route is the low natural isotopic abundance of '%*Er, which is
only 1.6 %.

Chemistry In order to reduce the amount of other (radioactive or stable) lan-
thanides in a '®3Ho sample, we developed a chemical separation technique of
erbium from bulk dysprosium, details of which are available in reference [103]. A non-
hygroscopic natural dysprosium oxide (Dy203) target of (12 + 0.5) mg/cm? thickness
on a 1.5mg/cm?-thick aluminum backing was bombarded by 40 MeV a-particles for
5.5h up to a total dose of 4.4 x 10* xC. The presence of '®1Er in the matrix was
assured by ~-spectrometry. No holmium radioisotopes were observed above detection
limit in the irradiated target matrix. Since the use of di-(2-ethylhexyl)phosphoric acid
(HDEHP) in liquid-liquid extraction (LLX) is established in the separation of lan-
thanides [104,105], the same reagent was used to separate no-carrier-added erbium
radioisotopes from bulk dysprosium target. The study shows that at lower acidity
(< 0.01M HCI), both the lanthanides are extracted to the HDEHP phase while both
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stay in the acid phase at 1 M HCI concentration. The variation of HCI concentration
(0.1 M-0.4 M) was studied against two HDEHP concentrations, 1% and 0.5 %. The
extraction of both metals was reduced at 0.5% HDEHP compared to that of 1%
HDEHP. Optimum separation was achieved at 0.2M HCIl and 1% HDEHP where
~ 80 % erbium and ~40% dysprosium were extracted into the HDEHP phase. The
dysprosium fraction was back extracted quantitatively from the 1% HDEHP to the
aqueous phase with the help of 0.5 M HCI phase along with ~ 25 % erbium. The rest
of the erbium was brought back to the aqueous phase using 6 M HCI [103].

7.3 Reactor production of 3Ho

Well before production using particle accelerators, '93Ho had already been prepared
and identified by a three month reactor irradiation of enriched '2Er, followed by
chemical separation via cation exchange chromatography and electromagnetic mass
separation [106]. After renewed interest in '®*Ho, the same production route was
again followed in the 1980s [18,30].

If compared to charged-particle irradiation at accelerator facilities, neutron irra-
diation profits from large cross sections for neutron-induced reactions. Hence, large
amounts can be produced comparatively quickly. In addition, a multitude of samples
can be irradiated simultaneously in a reactor, in contrast to needing dedicated ac-
celerator operation, thus facilitating easier access to a facility for irradiation time.
Sufficient '%*Ho for the ECHo project can be produced via thermal neutron activa-
tion of '2Er and the subsequent EC decay of the resulting 53Er (Tyj2 = 75 min),
see Figure 20. The cross section for the reaction %2Er(n,v)®3Er is 19b [107]. Erbium
oxide with an isotopic enrichment of '®2Er up to about 40 % is currently commer-
cially available. With such samples, some 108 to 10'? atoms of the long-lived %3Ho
can easily produced by steady-state irradiation of several tens of mg large Er targets
for several weeks in high flux research reactors (such as the reactor at the Insti-
tut Laue-Langevin in Grenoble, France or the HFIR-reactor operated at the Oak
Ridge National Laboratory in Oak Ridge, USA) at a thermal neutron flux exceeding
10*° em 2571 [108].

Within the ECHo collaboration, the Institute for Nuclear Chemistry at the
Johannes Gutenberg University Mainz, which has decade-long experience with
high-performance chemical separation of substantial amounts of radionuclides, see,
e.g., [L09-111], performs the chemical separation. The mass separation is performed
at the RISIKO mass separator [112,113] operated at the Institute of Physics at the
Johannes Gutenberg University Mainz or at the General Purpose Separator at the
ISOLDE facility at CERN [60] to further purify the initial '*Ho samples by an
efficient and selective suppression of the 9™ Ho contamination.

Chemical separation procedure After the production of a small amount of '3Ho
by proton-induced Ta-spallation at ISOLDE-CERN (see Sect. 7.1), further samples
were produced, so far exclusively in the reactor production pathway. In the following,
the development and implementation of the strategy of the ECHo collaboration to
obtain radiochemically pure 1%3Ho samples is described; for details see [114].

An exploratory neutron irradiation of 5mg ~ 30 % enriched '?Er was performed
for 11 days at the BER II research reactor of the Helmholtz-Zentrum Berlin, at a
thermal neutron flux of 1.2 x 10 cm~2s~!. A calculation of the number of **Ho
atoms produced in this irradiation, based on the number of target atoms, neutron
flux, irradiation time, and '%2Er(n,y) cross section suggests that 1.5 x 106 63Ho
atoms should have been produced. However, this calculation should be regarded as
the most optimistic value for two reasons: first, it neglects burn-up of '93Ho during the
irradiation due to neutron capture. Second, a substantial fraction of the irradiated Er
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consisted of 1"Er, which has a high neutron capture cross section of 650 b, thus acting
as a neutron poison. As long as '"Er is present in substantial amounts, this leads
to a reduced local neutron flux, thus reducing the production of '63Ho. How strongly
these two factors influence the final yield of 1%3Ho is uncertain. As expected, multiple
long-lived contaminants (e.g., °Sc, 110Ag, 1698Yh, 170Tm, 192.194]1) were identified in
significant quantities in the sample. Ion-chromatographic separation using standard
Dowex AG1X8 resin material and a-HIBA as eluting agent was applied to separate
the micro-quantities of 13Ho from the Er bulk material and from impurities due to
other lanthanides. The resulting chromatogram revealed only a minor fraction of Ho to
be Er-free. In later separations, the decontamination factors of neighboring elements
have been significantly improved by the use of advanced resin material compared to
standard resins that have been used in the past.

To minimize the content of unwanted products from other elements, the following
scheme was applied for the production of the next **3Ho samples. For details, see [114].

(i) Commercially available enriched 62Er [isotopic composition: 62Er: (20.4 +
0.1) %; 1%Er: (3.94+0.05) %; '%°Er: (33.540.1)%; °"Er: (17.6 £0.1) %;
168Fr: (17.3 £0.1) %; Er: (7.29 +0.05) %]) was chemically purified prior to
irradiation employing the new ion-chromatographic resin material. All lan-
thanide elements lighter than Er were removed quantitatively, thus preventing
the production of undesired radioisotopes of elements lighter than Er during
the subsequent irradiation.

(ii) Two samples of the purified Er were irradiated for 54 and 56 days respectively
at the high-flux reactor of ILL Grenoble in fluxes between 1.2 x 105 and 1.5 x
10'° em 2571, yielding an amount of 1%3Ho atoms of the order of 10'®. A more
precise quantification is currently ongoing.

(iii) Both samples were chemically separated using an advanced chemical separation
scheme similar to that used for the purification prior to irradiation, but tailored
to yield the lighter lanthanides before the heavier ones.

The position of holmium during chemical separation can be determined by adding,
after the irradiation, carrier-free pure ground-state '%Ho (T} /o = 26.80 h) which can
be separated from neutron irradiated 94Dy, which has been previously purified from
Ho. This method allows to monitor the separation from all heavier lanthanides, in-
cluding the erbium target material and thulium byproducts (especially the long-lived
170Tm and "' Tm, which were formed in GBq amounts from heavy Er-isotopes during
irradiation).

The radiochemical purity of the obtained Ho fraction was analyzed by ~-
spectroscopic measurements. These demonstrate that 1%™Ho is the only detectable
~-emitting contaminant, as shown in Figure 23. Any other contaminant is present
at most at a significantly smaller activity level. Decontamination factors > 500 for
erbium and > 10° for thulium have been achieved by the chemical processing of the
target with ~95% yield for Ho.

7.4 Mass separation

For the MMC-based calorimetric measurements, the "™ Ho content of the samples is
substantially too large. Therefore, a mass separation step of the obtained Ho fraction
is required. For ECHo, the acceptable level of contamination with radionuclides other
than 153Ho depends on their half-lives and the energy their decay deposits in the
MMCGCs. For '6™Ho, a maximum atom content up to a few units in 10~ relative to
163Ho appears acceptable for the ECHo project. Within ECHo, the mass separation
has so far been carried out at two mass separators which have very similar properties.
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Fig. 23. Gamma spectrum of the Ho fraction, isolated from one of the erbium targets. Peaks
labeled with an asterisk originate from '5®™Ho.

One is the ISOLDE GPS in off-line mode, where first implantations of **Ho into
MMCs were performed using a sample that was chemically processed as described in
Section 7.3 [64]. 1%*Ho-implanted MMCs produced in this run have been employed
to obtain the calorimetric spectrum shown in Figure 12. A second attractive option
for performing this final separation step is to employ the RISIKO mass separator
in Mainz (see Fig. 24), which is installed in close proximity to the labs employed
for the chemical separation procedure. RISIKO is a 30kV high transmission mass
separator that has been set up specifically for elemental ultra-trace determination
using resonance ionization mass spectrometric (RIMS) techniques with lasers [115].
As one of the leading development facilities for on-line laser ion sources worldwide, it is
equipped with a number of tunable solid-state laser systems for resonance ionization.
This combination of laser spectroscopic and mass spectrometric selection ensures
both, high overall ionization and retrieval efficiency for the analyte, in combination
with optimum suppression of the contaminating isotope or isobar by many orders of
magnitude [116]. Efficient resonance ionization schemes for Ho were developed by the
Mainz group at the Holifield Radioactive Ion Beam Facility at Oak Ridge National
Laboratory [117], showing specifically high ionization efficiency of up to 40%. In
preparatory experiments with stable 19°Ho with calibrated atom amounts in the range
of 10'* to 10, reproducible efficiencies in the range of (32 & 5) % independent of the
sample size were reached at RISIKO [113].

In addition to the yield measurement, the relative suppression of neighboring
masses was studied by analyzing the shape of a single isotope peak in the mass
spectrum. As shown in Figure 25, the peak exhibits long tails below the Gaussian
part, which dominate the achievable suppression of neighboring masses. For the
166m o /163Ho separation, the relative ion current at Am = —3 is important, which
is around 3 x 107°. With an expected '%™Ho content of about 1 x 10~ in the re-
actor produced '93Ho after chemical separation, a ratio of 1%™Ho atoms per atom
163Ho in the MMC detectors of a few units in 10~ could be reached. As described
in Section 8.4, this would be at the edge of the allowed values. Therefore, upgrade
work in the ion source region of RISIKO has been implemented and served to improve
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Fig. 25. Mass spectrum of stable *®*Ho recorded at the focal plane of RISIKO. The peak
features extended tails, especially towards lower ion energies. The dashed line marks the
position of Am = —3, from which the expected suppression for °"Ho in the implantation
is extracted.

both the separation and the ion trajectories [118]. Furthermore, the use of 152Er with
higher enrichment will lead in the future to lower 1™ Ho initial concentrations.

The spatial distribution of implanted ions was visualized by radiographic imag-
ing [119] of the radiation emitted after neutron activation of the implanted 6°Ho.
The beam spot is elliptical with a FWHM of 3.5 mm in the horizontal direction and
1.5 mm in the vertical direction. This is significantly larger than the size of the individ-
ual MMCs. Consequently, the efficiency for implanting an available number of 163Ho
atoms using RISIKO can be significantly improved by the installation of astigmatic
focusing optics in front of the separator magnet as well as further focusing optics
between the focal plane and the position at which the beam is implanted. These up-
grade measures have led to a circularly shaped beam spot with a FWHM of 0.7 mm,
much better suited to the size of the MMC detectors [118].

For calorimetric measurements with MMCs, the '63Ho atoms need to be implanted
in the center of a 5-pum thick absorber, ensuring that no radiation is escaping the
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absorber. Therefore, with RISIKO (or ISOLDE-GPS), implantation into a half-thick
layer, followed by covering with an additional 5-pym thick Au layer is an ideal solution
to combine mass separation of '3Ho with preparation of samples suitable for calori-
metric measurements. While losses of '®3Ho initially were substantial - almost 90 %
of the '93Ho atoms reaching the focal plane were not transmitted to the detectors -
the implemented upgrade measures at RISIKO as well as the design of further MMC
arrays, where the detectors are more densely packed and arranged in a way ideally
adapted to the ion beam profile, allowed the overcoming of these issues.

7.5 Preparation of samples for ECHo and their characterization

Samples for microcalorimetric measurements So far, implantations of '%3Ho
for the measurement of the calorimetric spectrum have been performed at ISOLDE
GPS [32,64] and at RISIKO [113,118] as described above. Further implantations for
the study of all relevant aspects of the '3Ho EC, for the optimization of detectors,
and for the production of the ECHo-1k detector array for the measurement of the
high-statistics spectrum are ongoing.

Samples for Penning trap mass spectrometry For the direct determination of
the mass difference between '%*Ho and 93Dy by Penning trap mass spectrometry, sep-
arate samples are needed for each isotope. Both the Penning traps used in preparatory
studies (TRIGA-TRAP, Institute for Nuclear Chemistry, Mainz University [120]) and
the first direct high precision measurements (SHIPTRAP, GSI Darmstadt [23]) em-
ploy a laser ablation ion source and a dedicated Penning trap in which the produced
ion ensemble is separated by mass. Although the laser ablation ion source produces
ions from the sample not only of the elementary species but of monoxide, dioxide or
hydroxide species as well, the mass resolving power of m/Am > 10° of the purification
Penning trap is typically able to select a specific isotope, even eliminating possible
isobaric molecular sidebands. But in the case of the tiny mass difference between
163Ho and 153Dy, a separation is not possible, therefore both ion species would enter
the measurement trap and make the measurement impossible.

The sample for 93Dy was made from either commercially available dysprosium
nitrate pentahydrate dissolved in nitric acid (TRIGA-TRAP) or from a single ele-
ment standard for ICP-MS (inductively coupled plasma mass spectrometry) analysis
of dysprosium (1000 ppm) in 4 % nitric acid (SHIPTRAP). For each measurement
run, at TRIGA-TRAP and SHIPTRAP, 4 x 10'® to 10'6 atoms of Dy, i.e., about
(1.0 — 2.5) x 10'® atoms 193Dy, in 10 ul solvent were dried on a 2mm spot on a glassy
carbon SIGRADUR substrate for TRIGA-TRAP and 5 mm x 5mm Ti foil for SHIP-
TRAP, respectively. The 13Ho samples were taken from the chemically purified sam-
ple and a similar amount was dried on a second spot on the same substrates. Both
Penning trap experiments were successful and did not indicate a 193Dy contamination
in the original solution or cross-contamination of the two samples due to the laser
ablation.

In addition, samples will be prepared for commissioning and future exploitation
of the PENTATRAP facility [121] (see Sect. 9). The ion production mechanism for
PENTATRAP will differ significantly from that for TRIGA-TRAP and SHIPTRAP,
mainly because PENTATRAP will make use of highly charged ions, in contrast to
the singly charged ions employed by the other two facilities. First preparatory work
involves the preparation of samples with stable 65Ho. Currently, electrochemical
deposition of Ho on thin titanium wires appears ideally suited for this. Later on,
163Ho samples will be produced, facilitating the measurement of the 13Ho Qgc-value
with ultra-high precision of the order of 1eV.
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7.6 Sample characterization

Along the process of chemical and physical separation to the final samples, knowledge
of the sample constitution is crucial for characterizing and minimizing systematic
uncertainties, excluding mistakes as well as optimizing the process at each step. The
dominant radioactive species can be identified and quantified by y-spectrometry. After
chemical separation, only peaks belonging to '®™Ho appear in the spectra, as 13Ho
does not emit any radiation beyond 2.8 keV energy. For further characterization of the
samples, ICP-MS, RIMS and NAA (neutron activation analysis) are used. Whereas
ICP-MS offers a quick and reliable way to determine relative and absolute contents,
it is limited by isobaric systems. In this case, the application of resonance ionization
in RIMS can easily enhance the ion currents from one element to another by two
orders of magnitude. Here, a more detailed determination of the dysprosium isotope
composition in the '%3Ho sample after chemical separation is foreseen. After mass
separation, no stable co-implants above 107° are expected. Concerning '66™Ho, the
expected relative concentration of 102 may be not too far from becoming critical.
Therefore, its direct quantification, e.g., by -spectrometry, is ongoing.

8 Background identification and reduction

In order to achieve the designed sensitivity for the ECHo experiment, the different
sources of background have to be analyzed and reduced. In the first phase of the ECHo
experiment, ECHo-1k, in one year of measuring time, a statistics of about 10'° 163Ho
electron capture events in the full spectrum will be collected. In this phase, MMC
arrays with a total number of about 100 detectors, each detector being loaded with
an activity of the order of 10 Bq of 1%3Ho, will be employed. For the determination of
the neutrino mass, the interval of the spectrum around the endpoint, which is defined
by the total energy available to the decay Qrc = 2.833 £ 0.030s¢a¢ £ 0.0154ys keV
[23], will be analyzed. Only a small fraction of all 1%3Ho EC events of about 5 x 10710
is expected within the last 10eV below Qgc. In ECHo-1k, this corresponds to a sig-
nal rate of ~1 x 10~* counts/eV /det/day. Due to the low number of expected signal
counts, the fluctuations are governed by Poissonian statistics, thus a simple subtrac-
tion of the expected background from the observed number of events in the region of
interest is not possible. To reduce the statistical weight of background events in the
analysis, the sum of all background sources must be reduced below the level of the
signal rate. In the following we discuss how to identify background sources affecting
the energy region below 6keV, how we model their contribution in the calorimetri-
cally measured spectrum using Monte Carlo simulations and which strategies can be
adopted to reduce the effect of those events to a negligible level. Furthermore, we
show how the developed Monte Carlo simulations can be checked against dedicated
test measurements to verify and improve the accuracy of the simulations.

8.1 Study background sources

The background for the ECHo experiment can be classified in mainly five categories:

(1) irreducible background from the unresolved pile—up of 3Ho EC events which
is related to the '®>Ho activity per pixel and to the time resolution of the
detector;

(2) bulk contaminations of the detectors which are assumed to be dominated by
radioisotopes which could be implanted together with the 63Ho, in particular
166mH0;
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(3) ambient radioactivity due to natural occurring a-, §-, EC and ~- unstable
nuclides;

(4) cosmogenic muons as well as the hadronic part of cosmic rays, in case the
experiment is performed above ground, and the cascades of secondary particles;

(5) radionuclides produced by neutron interaction (interesting are the case of pro-
duction of '62Ho and '%“Ho).

In Section 3.2 the sensitivity on the electron neutrino mass was discussed assuming
that the unresolved pile-up is the dominant component of the background at the end
point region of the '®3Ho spectrum. For the presently planned two phases of ECHo,
this assumption defines the allowed background level. For ECHo-1k the background
level should be b < 10~° counts/eV /det/day while for ECHo-1M the goal is to im-
prove by at least one order of magnitude and reach b < 10~¢ counts/eV/det/day.
To reach these goals, several investigation lines have been started.

The most sensitive parts of the ECHo detectors are the absorber and the sensor,
while other parts of the detector chip are either insensitive or energy depositions into
such parts can be discriminated from events in the absorber by pulse shape discrim-
ination [32]. Radioactive contaminants are present in the raw materials and may be
further accumulated during the storage and the assembly of the experimental setup
due to cosmogenic activation and exposure to radon contaminated air and dust par-
ticles. The screening of the different materials used for the detector fabrication and
assembly with low background gamma spectrometers will be used to select radiop-
ure components as well as to define an upper limit for the presence of dangerous
radioactive nuclides.

For the ECHo experiment a detailed model of background in the calorimetrically
measured spectrum through Monte Carlo simulation will be developed. In many cases,
this will consist in studying the low energy emissions in typical natural radioactive
nuclides, in particular cases the decay of more exotic radioisotopes will be modeled
and included in the simulations. In the following, we want to discuss a few specific
radionuclides which have been studied through Monte Carlo simulation: the effect of
166mp,  which could be co-implanted with %3Ho, of 21°Pb and “°K, both natural
occurring nuclides which could be present nearby the sensitive part of the detectors.

Finally plans to reduce the effect of cosmic radiation will be discussed. ECHo-1k
is foreseen to be installed above ground and in this case we consider to reduce this
background by synchronizing the signal of the detectors containing the 3Ho with
signals from a specifically designed muon veto.

8.2 Material screening

The material screening of the components used in the construction of the ECHo
experiment is required to control the level of radioactive contaminants in the exper-
imental setup. Two facilities with a high purity germanium (HP-Ge) detector are
available for the screening of materials to be used in the fabrication and installation
of the detectors as well as for a local shielding:

— the underground laboratory (UGL) at Eberhard—Karls—Universitdt Tiibingen
with a shielding of 16 meters of water equivalent (mwe) respect to cosmic muons
[122];

— the Felsenkeller underground laboratory near Dresden with an overburden of
rock of 47m which corresponds to a muon shielding of 125 mwe [123].

Due to the small size of the different components of the detector setup, it is not
possible to define the contamination for each of them. For the material screening,
therefore, sputtering targets, used in the microfabrication of the detectors, as well
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as samples of the order of 102 g to 10% g from which parts of the detector can be
machined or selected will be analyzed through gamma spectroscopy.

Of particular interest for the ECHo experiment is to set a limit on the traces
of 166mHo with respect to '93Ho which could be present in the implanted beam.
The goal for the ECHo experiment is to reduce the ratio ™ Ho/1%*Ho to less than
a few units in 1079. According to what discussed in Section 7, first tests on the
chemical purification of '3Ho sources indicate a contamination level 166™Ho /163Ho
~ 10~* which, combined with the precise mass separation between *3Ho and 6™ Ho
(separated by 3 mass units) the presence of ®*™Ho in the '®3Ho beam could be
reduced more than four orders of magnitude. The left 9™ Ho contamination would
then be very close to the allowed value. Nevertheless, for each implantation cycle,
the presence of 196™Ho will be tested with respect to the amount of the implanted
163Ho. Such an expected small contamination level in the implanted atoms will make
the identification of 1%™Ho in single detectors impossible. Because of that, a precise
Monte Carlo code, able to simulate the effect of such a source in the calorimetric
measurement, is of outmost importance to define systematic uncertainties.

8.3 Monte Carlo simulations

Monte Carlo simulations are an important tool for the investigation of the detec-
tor performance and background effects on the measured spectrum. The high energy
physics standard Monte Carlo simulation framework GEANT4.10.0.1 [124,125] and
the ROOT framework for data processing and analysis are used as basis for the sim-
ulations discussed here. Due to the particular requirements of the ECHo experiment
GEANT4 simulations have to take into account the following peculiarities:

— the energy range which is interesting for the ECHo experiment, 06 keV, is very
low with respect to the energy ranges used in other GEANT4 applications;

— the typical particle absorber geometry of about 200 yum x 200 um x 10 gm is
tiny compared to standard sizes in high energy physics experiments;

— the decay scheme of natural occurring radioactive nuclides (already very pre-
cisely characterized for energies larger that 100keV for experiments searching
for direct dark matter interactions or neutrinoless double beta decay [126]) is
still not so well defined for the atomic de-excitation components;

— the correct creation and propagation of secondary low energy particles produced
in processes like fluorescence, ion sputtering and other decay modes must be en-
sured in the simulation and these models must be validated against appropriate
measurements;

— nuclides such as '%3Ho, with forbidden K- and L-shell capture, and the long-
lived isomer 1%6™Ho are quite exotic in the context of standard applications in
GEANT4.

It is therefore important to test if the models used in the simulations reflect the
physical process well enough. This requires to perform dedicated measurements to
benchmark the simulation.

For a large fraction of typical background sources such as cosmic radiation, gamma
and alpha particles, a direct hit of the primary radiation on the detector generally
deposits too much energy to interfere with the small region of interest below the end-
point of the spectrum around 2.8 keV. However, these particles could deposit just a
fraction of their energy in the interaction with the detector material or create sec-
ondary radiation at lower energy and even sputtered nuclei with rather low energies.
In all these cases, structures in the '®3Ho spectrum could appear. In the same way,
atomic de-excitations following the decay of unstable nuclides, where X-rays and low
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Fig. 26. The test setup in the simulation is composed by a large “detector” volume
(400 pm x 400 pum %20 pm) made out of gold beneath a very thin manganese target
(600 pm x 400 pum x 10 pm) located at the distance of 1 mm above the gold volume.

energy electrons are emitted, contribute to the background. For the investigation of
such background contributions on a realistic experimental setup, the usage of Monte
Carlo simulations is mandatory.

The precision in generating low energy particles in a simulation of electromagnetic
radiation depends crucially on the accuracy and completeness of the used database for
the atomic shell structure. The uncertainties in the energy loss function for particles
having such low energies, which is of the order of 10% [127], should be carefully
considered.

An important aspect in the development of the Monte Carlo simulations for elec-
tromagnetic radiation is the definition of a minimum energy or minimum step length
to which electromagnetic particles are propagated. Particles with a range smaller than
the minimum step length are usually stopped and their kinetic energy is deposited
in the volume they are in. This means that if a too large step size is chosen, an ar-
tificially enhanced stopping power of the detector is obtained and if a too small step
size is chosen, the computation time required by the simulation grows. To simulate
interactions in a detector having a gold absorber with the typical size discussed above,
a step length of 500 nm is sufficiently small to resolve the details of the energy loss.

The electromagnetic physics lists provided with GEANT4 were checked for their
ability to reproduce the full spectra of fluorescence X-rays, Auger electrons and par-
ticle induced X-rays (PIXE) and ensure that the secondary electrons and X-rays are
produced as dynamic particles which are propagated through the simulated setup as
shown in Figure 26. X-rays and electrons which were emitted perpendicular to the
beam direction hit the gold detector and the type of particle, its kinetic energy and
the deposited energy were collected into a detector spectrum. The energies and ratios
of the given lines were then compared to the literature and were found to be in good
agreement with both the Penelope physics list and the LivermoreEM physics list.
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Fig. 27. Energy deposition in the gold absorber of an MMC with dimensions as discussed
in the text for 10° '*™Ho decays with a binning of 10eV. (Left) The complete energy range
investigated in the simulation is shown. The various 8~ -decay branches of 1™ Ho are clearly
visible. (Right) The low energy region up to 10keV is shown. A flat spectrum is observed
across the ROI with 40 counts/10eV/10° primary events, i.e. a fraction of 4 x 107> of all
166my4 decays will be found within a 10eV bin around the ROL.

After comparing the results obtained in the different simulations, the LivermoreEm,
which includes more atomic shells for the calculation of the secondary particles, was
selected.

8.4 Co-implanted 1°®™Ho

Dangerous bulk background sources are radioisotopes which could be co-implanted
with 15%Ho in the detector chip [32]. 1™Ho, a long-lived (B-emitter, T2 = 1200 a,
@ = 1854.7keV, has two low energy (3-decay branches having @ = 33.1keV with
Eg,.... =8.38keV and Q = 73.7keV with Eg_ . = 19.02keV respectively [128,129],
which could give rise to a non negligible background in the region of interest of the
spectrum.

The difficulty in detecting the possible very small traces of this isotope in detectors
with implanted '®3Ho (an 6mHo activity smaller than 100 nBq is expected in each
detector) makes a Monte Carlo simulation necessary in order to determine the shape of
the induced background in the region of interest around 2.5-3.0 keV. This information
can then be used to reduce the systematic uncertainty due to not detecting any 5™ Ho
signature.

A code based on GEANT4 has been developed to study the effect of 19™Ho
contamination in detectors. For this simulation, the geometry of a single detector was
modeled including a gold absorber of size 190 yum x 190 ym x 10 gm connected by
small gold stems, 5 ym thick and having a diameter of 20 um, to the Au:Er sensor
of size 190 um x 190 um x 1.3 um. The **™Ho was placed in the middle plane of
the absorber and its decay was handled by the G/RadioactiveDecay physical process
which has been modified to correct for the description of the metastable states.

Figure 27 (Left) shows the simulated calorimetrically measured spectrum due to
108 166mHo decays occurring within the absorber. The various 3~ -decay branches of
166mHg are clearly visible. Figure 27 (Right) shows a magnification of the full spectrum
into the first 10keV. An almost flat spectrum is observed across this energy range
with, in average, 40 counts/ 10eV/10® primary events, i.e. a fraction of 4 x 107> of
all 156mHo decays will be found within a 10eV bin around the region of interest. An
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Fig. 28. Decays of >'°Pb and its daughter nuclei.

experiment to validate these results is planned where 9™ Ho is implanted in an MMC
detector designed for the ECHo experiment. Already at this stage, an estimation
can be given for the upper limit for the ratio of the number of '9™Ho atoms with
respect to the number of 193Ho atoms, R, which is required for the first two phases of
the ECHo experiment. In ECHo-1k an experiment is planned which will last about
one year using 100 detectors, each with about 10 Bq '%3Ho for a total activity of
about 1000 Bq. For this measurement, about 15 %3Ho events are expected in the
last 10 eV of the 1%3Ho spectrum. By asking that the counts in these last 10 eV due
to 166mHo decays are 10 times smaller than the statistical fluctuation of the 63Ho
events, we obtain R < 5 x 1078, For the second phase of the experiment, ECHo-1M,
the requirement will be R < 5 x 1079, This suppression of '9™Ho with respect to
163Ho can be reliably obtained with the planned optimized procedures for the physical
purification of the 153Ho source by means of mass separation techniques, as discussed
in Section 7.4.

8.5 210Pb and its decay products

Among natural occurring radioactive nuclides, an isotope of special interest is 219Pb
(Ty)2 = 22.2a, Q- = 63.5keV). Figure 28 shows the decay scheme of 210Ph. This
lead isotope is produced in the decay of the gaseous 2?2Rn which is present in nature
being part of the uranium-radium decay chain. 2?2Rn can be adsorbed on surfaces
and therefore 2'°Pb is present on detector components after storing them at the
air. Additionally, the bulk material used in the construction could contain traces

of 219Pb from the decay of predecessors in the material itself. 21°Pb is a rather low
energy S~ -emitter with two branches, one with 84 % branching ratio (BR) having Q =
17keV and Eg,, .. = 4.16keV while the other one having ) = 63.5keV and Eg_ . =
16.16 keV [128]. The first branch is accompanied by the emission of 46.54keV of
energy in the form either of a -ray or conversion electrons (CE).

The detector response to 2!°Pb contaminations was studied with a GEANT4
Monte Carlo simulation. The used geometrical setup is the same as in the case of the
simulation of '9™Ho presented in Section 8.4, but the 2!°Pb nuclei where uniformly
distributed throughout the volume of the detector. Since the energy of the decay is so
small, the approximate allowed contamination for a given background level of decays
on the surface of the detector is twice the maximum allowed bulk contamination.

We simulated one million primary 2!°Pb decays, followed by the subsequent decays
of the daughter nuclei 21°Bi (87) and ?'°Po (a). The energy depositions of 2!°Pb
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Fig. 29. (Left) Total deposited energy in the detector within 1ms after the 210Ph decay.
(Right) Deposited energy in the detector up to 10keV within 1ms after decay of 2'°Pb.

decays and the daughter nuclei were registered, where energy depositions within a
time window of 1 ms were treated as a single event to account for pile-up effects. The
deposited energy in the detector is shown in Figure 29. The background in the ROI,
between 0keV and 10keV, is very slowly decreasing with energy.

The activity of 2'°Pb, which would lead to a background at the level of 50%
of the expected '®*Ho signal in the last 10 eV below the Qgc-value, would be
Asiop, = 5mBq for 2'°Pb atoms enclosed in all the absorbers (or 10mBq for con-
taminations sitting on the surface of all the absorbers). Such a level of contamination
is well beyond typical values of 2!°Pb concentration in the material used for the de-
tector fabrication. On the other hand, dedicated procedures for handling and storing
detectors, readout components and experimental holders will be defined to reduce the
222Rn contamination of the surfaces. Therefore, we expect that the background level
due to 21%Pb in the '63Ho spectrum will be negligible and well below the unresolved
pile-up level.

8.6 0K as surface contamination

Another naturally occurring nuclide which could strongly contribute to the back-
ground in the energy range around the endpoint of the '%3Ho spectrum is *°K. This
is an odd-odd nuclide and can decay either via EC or positron emission to “°Ar in
11% of the cases or via beta process to “°Ca in the rest of the cases, as shown in
Figure 30. The half-life of 4°K is Ti /, = 1.248 Ga and the energy available to the
decay to PAr is Qrc = 1.504 MeV while the energy available to the decay to 4°Ca
is Q3 = 1.311MeV. It is clear that electrons emitted during the beta decay of *°K,
either in the detector volume or in the close vicinity, could be partially or completely
stopped in the detector itself and therefore generate events which could be in the
energy range of the 93Ho spectrum. Looking at the EC process in *°K, the char-
acteristic y-photons with energy E., = 1.46 MeV, would hardly lead to background
events in the interesting energy region. X-rays and electrons generated during the
de-excitation of the daughter atom #°Ar are in the range below 3keV. The decay
modes of “°K are presented in Figure 31.

The main contributions at very low energies are dominated by the EC branch of
the decay. The spectrum of the 3-decay branch peaks at much higher energies and
leaves only a residual flat background in the region of interest. For a contamination
sitting right on top of the detector or on an adjacent surface, it is possible that the
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Fig. 30. Simulated decay modes of °K. The main decay branch with a branching ratio (BR)
of 89.28% is the 8~ decay to “°Ca with an endpoint energy of 1311.07keV. The electron
capture decay to “°Ar has a BR of 10.72% and a Qrc value of 1504.69 keV. The energies of
the various Auger electrons are found between 2.5 to 3.1keV. The rare 3" decay branch of
49K has been omitted from this schematic.
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Fig. 31. Decay modes of *°K. Left: deposited energy within an energy window between 0 keV
and 10keV. Right: deposited energy in the region around the endpoint of the 13Ho spectrum,
from 2keV to 4keV from decays of “°K positioned above the surface of the detector. The
different Auger lines in the aftermath of the EC decay are clearly visible.

detector will stop just the Auger electrons or the X-rays from the de-excitation of the
atomic shells. If this is the case, on top of a flat background contribution the lines
from the various Auger electrons and x-rays will be seen.

X-rays are expected at 2.955keV (Ar K,2, 3.7% per K shell vacancy) and 2.957 keV
(Ar Ko1, 7.4% per K shell vacancy). The energies of the most intense Auger electron
lines are at 2.707keV (Ar K-Ly L3, 30%) and 2.709keV (Ar K-Lj Lj, 17%). Weaker
lines from Auger de-excitations are expected around 2.553keV, 2.63keV, 2.86keV,
2.94keV and 3.16keV [130].

The detector setup described in Section 8.4, without ™Ho, was used for the
simulation of one million decays of “°K atoms which were uniformly distributed on
the surface of the detector. The resulting spectrum of the energy deposited in the
detector is shown in Figure 31. On top of a flat background due to Compton scattering



The Electron Capture in '°*Ho Experiment — ECHo 1669

and incomplete energy deposition of escaping particles, the expected lines from Auger
electrons are clearly visible. While a good overall agreement is found for the relative
branching ratios of the Auger electrons and X-rays with respect to the published
values, the energies of the Auger electrons are a few eV lower in the simulated spectra.
This deviation does not affect the estimation of the allowed contamination level.

From the simulation we could deduce that about 6mBq of “°K on top of all
detectors are sufficient to result in a flat background signal in the ROI, 10 eV below
the Qgc-value, with 50% of the expected %3Ho signal strength. In this case, the peak
from the Ar K-LM Auger electrons at 2.864keV contains twice as many counts as
expected from the 153Ho signal. The lines around 2.95 keV from the Arg, X-rays and
Auger electrons are expected to be about 5-8 times above the expected signal.

In case of the ECHo-1K detector configuration, the above mentioned activity
corresponds to 200 ug of natural potassium left directly on all the 100 detector surfaces
during the production and setup assembly. To reach this amount of potassium to
be distributed all over the detectors is extremely difficult, but special attention in
handling the different parts of the detector setups should be taken.

Upper limits for the “°K contamination on parts in close vicinity of the detector
modules are difficult to simulate since the exposure of the detectors depends cru-
cially on the distribution of “°K. Surface contaminations contribute according to the
solid angle under which the detectors appears. Generally, bulk contaminations in the
materials composing the surrounding of the detectors are irrelevant since the Auger
electrons are effectively stopped.

The contamination of °K both in the detector volume as in the components
present in the detector setup should be reduced and kept under control in order to
estimate the contribution of the corresponding background in the '%3Ho spectrum.
The contribution to the background in the '%3Ho spectrum due to “°K bulk and
surface contamination will be defined by performing Monte Carlo simulation where
40K contaminations are located in well defined positions of the setup. This analysis
will be used to define and reduce the systematic uncertainties due to a not clear signal
of 49K structures in the spectrum. Therefore, for the case of “°K, as we discussed for
the case of 2!°Pb, we do not expect a major contribution to the 93Ho spectrum due
to the Auger electrons lines. Nevertheless, it will be of utmost importance to monitor
the presence of 4°K in the different part constituting the detector setups.

9 Independent measurement of Qgc
9.1 High-precision Penning-trap mass spectrometry

Precise knowledge of the Qgc-value of the EC in '%®Ho is demanded for a success-
ful realization of the ECHo experiment. Since the ECHo project is chronologically
divided into several phases, the required precision in the Qgc-value determination
is defined by a particular phase of this experiment. For the development of the first
phase, it is desirable to know the Qgc-value with an uncertainty of a few ten eV. This
will help to fix the scale of the experiment and enable a determination of the neu-
trino mass below 10 eV/c? from the analysis of the microcalorimetric de-excitation
spectrum of the EC in '63Ho. In a second phase, the goal will be to reach a sensi-
tivity on the electron neutrino mass on a sub-eV level. At this stage it is important
to have a direct independent measurement of the Qgc-value with an uncertainty of
approximately 1eV.

Nowadays, the only technique which is capable of directly measuring the Qgc-
value of the EC in '%3Ho with the required uncertainty is high-precision Penning-trap
mass spectrometry (PTMS) [131,132]. The Qgc-value is the mass difference of the
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initial and final states of the transition:

MHo

CszHO—mDy:mDy< —1):mDy(R—1), (8)

mDy

where mpy, and mp, are the atomic masses of 163Ho and 93Dy, respectively, and
R is the ratio of the masses of ®3Ho and '®*Dy. Remarkably, in order to determine
the Qgc-value of the EC in '®*Ho on 1 eV level, it is sufficient to know the mass of
163Dy with an uncertainty of 65 MeV. Thus, a precise determination of this Qgc-
value reduces to a high-precision measurement of the ratio R of two masses since the
absolute mass of 3Dy is well known enough [19].

The superiority of high-precision Penning-trap mass spectrometry over other mass
measurement techniques is based on the fact that in a Penning trap the mass m of a
nuclide is determined by measuring the free cyclotron frequency v, of the nuclide ion
of charge ¢ in a strong static homogeneous magnetic field B:

L q
ve= o mB . 9)

In order to reach a sub-ppb uncertainty in the cyclotron-frequency determination,
the ion must be confined to a well-localized volume within the homogeneous magnetic
field for at least some seconds. This is achieved by a superposition of a static three-
dimensional quadrupole electric field on the magnetic field such that an electrostatic
potential well along the magnetic field lines is created. Such a configuration of fields
is called a Penning trap. An exhaustive overview of the theory of the Penning trap
can be found in [133].

The presence of the electrostatic quadrupole field modifies the pure ion’s cyclotron
motion to three independent trap motions: modified cyclotron, magnetron and axial
motions with the frequencies v, , v_ and v,, respectively. Although none of these
frequencies are simple functions of the ion’s mass, the invariance theorem [134] gives
a simple relation between the pure cyclotron and the trap frequencies:

vi= Z/i + v+ 02 (10)

In Penning-trap mass spectrometry of radioactive nuclides the cyclotron frequency is
determined from [135]:

Ve=vy+Uv_. (11)

The latter approach is used for mass measurements on short-lived nuclides with
uncertainties larger than 10719, whereas the former method is chosen for mass-
difference measurements on long-lived and stable nuclides with relative uncertainties
below 10710,

The ratio of free cyclotron frequencies of two particles with the same charge state
in the same magnetic field is equal to the ratio of their masses. When an ion with
well-known mass is taken as reference the mass of the second ion is immediately
obtained. Obviously, carbon ions as defining particles for the atomic mass scale (apart
from small corrections by the electron mass and its binding energy with respect to
neutral carbon) would be best suited as reference. Since it is of advantage to have the
cyclotron frequencies of the unknown and the reference ion at similar values singly
charged carbon clusters with different number of atoms [136] are routinely used for
reference.

There are three methods in use to measure the cyclotron frequency: (1) via de-
tection of the image current induced by the ion’s motion in the resonant tank circuit
attached to the trap (Fourier-Transform Ion-Cyclotron-Resonance (FT-ICR) method)
[137], (2) with the so-called Time-of-Flight Ion-Cyclotron-Resonance technique
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(ToF-ICR) from the measurement of the time of flight of the ion through the strong
gradient of the magnetic field [135,138-140] and (3) with the Phase-Imaging Ion-
Cyclotron-Resonance technique (PI-ICR method) [141,142].

Until now, the ToF-ICR technique has been the method of choice to deter-
mine masses of short-lived nuclides. With this method it is feasible to reach a ppb-
uncertainty in the mass determination of short-lived nuclides. The novel PI-ICR tech-
nique, which has recently been developed at SHIPTRAP [143], extends the achievable
precision to a level of few parts in 101° [141,142]. Thus, a relative mass uncertainty of
few parts in 10'° will soon become routinely achievable even for short-lived nuclides
at a wide variety of Penning-trap facilities.

The FT-ICR method is used or is planned to be used to measure the cyclotron
frequency v, with an ultimate relative uncertainty of below 0.01 ppb at such ultra-
precise Penning-trap mass spectrometers as the FSU trap [144], the THe-Trap [145],
HCI [146] and PENTATRAP [121].

9.2 Determination of the Qgc-value of the EC in %3Ho with the Penning-trap
mass spectrometer SHIPTRAP

One of the first goals of the ECHo collaboration was to obtain a direct measurement
of the Qgc-value on a few tens of eV to solve the controversy due to the discrepancy
among old measurements. In particular, the Qgc-values have been only indirectly ob-
tained, from the analysis of the EC-spectrum in several independent experiments by
different groups using different methods (Fig. 32) [16,18,20-22,27,30,31,147-149].
The results scatter by a few hundred eV from approximately 2.5keV to 2.9keV.
The microcalorimetric Qgc-values obtained with cryogenic microcalorimetry [21,22]
are higher by about 250 eV than the recommended Qgc-value of 2555(16) eV of
the Atomic-Mass Evaluation AME2012 [19], which has been obtained by averag-
ing only proportional counter data [31,147] and storage-ring measurements [149].
Recently, a first direct measurement has been performed using the Penning-trap setup
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Fig. 33. Schematic of off-line SHIPTRAP with the PI-ICR technique used for the deter-
mination of the Qrc-value of the EC in '®Ho (see text for details). Figure reproduced
from [179].

TRIGATRAP [150], however, with an uncertainty of 700 eV [120], which is insuffi-
cient to resolve this controversy. If the recommended Qgc-value would be correct,
then the large deviation of the values obtained using microcalorimetric techniques
may hint to an insufficient understanding of the corresponding measurements of the
EC spectrum, i.e. of the de-excitation processes involved in the EC in 93Ho.

The presently most precise determination of the Qpc-value has been performed
with the Penning-trap mass spectrometer SHIPTRAP by employing the PI-ICR
technique [141,142]. SHIPTRAP is located at GSI-Helmholtz center for heavy ions
in Darmstadt. This Penning-trap mass spectrometer has the aim for direct high-
precision mass measurements on short-lived nuclides. A detailed description of the
whole project and its achievements can be found in [143]. Here only the part of the
facility, for short off-line SHIPTRAP, relevant to the measurement of the Qgc-value
is shown in Figure 33. It consists of a Nd:YAG laser-ablation ion source [151] for pro-
duction of singly charged ions from neutral species in various chemical forms, an ion
optical system and the heart of the apparatus- the Penning-trap mass spectrometer.

The '%*Ho and 93Dy ions were produced by laser-irradiating '®*Ho and 93Dy
samples in powder form spread over a 5x5 mm? large titanium plates. %3Ho was
first produced in the high-flux reactor of the Institut Laue-Langevin in Greno-
ble and then chemically separated via ion-chromatography optimized to separate
neighboring lanthanides (see Sect. 7.3). The series of electrostatic electrodes and
Einzel lenses transport the ions from the ion sources towards the Penning-trap mass
spectrometer.

The Penning-trap mass spectrometer has two cylindrical Penning traps — the
preparation trap (PT) and measurement trap (MT) — placed in a magnetic field of
7 T created by a superconducting magnet. The PT serves for separating the ions
of interest from unwanted ions by employing the mass-selective buffer gas cooling
technique [152]. For this the PT is filled with a helium gas at a pressure of a few
10~5 mbar. By applying rf-fields of certain multipolarity at chosen frequencies to the
electrodes of the PT [153], only the nuclide of certain mass can be allowed to pass into
the MT. In the MT a measurement of the cyclotron frequency of the chosen nuclide
takes place via the PI-ICR technique. More details about the measurement procedure
of the Q-value of the EC in '%3Ho is presented in [23].

The final frequency ratio R and the corresponding mass difference between %3Ho
and 93Dy, the Qrc-value, with their statistical and systematic uncertainties are
R=1.000000018 67(205¢4t)(105ys) and Qrc=2833(30stat)(15sys) €V/c?, respectively.
Our result for the atomic mass difference of 13Ho and '%*Dy deviates by more than
seven sigmas experimental uncertainty from the accepted value of the Atomic-Mass
Evaluation AME2012 [19] while being in perfect agreement with the microcalorimetric
measurements: Quc = 2800(50) eV [21] and Qrc = 2800(80) eV [22] (see Fig. 32).
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Thus, on the level of the present accuracy there are no unexpected deviations due to
systematic effects of cryogenic microcalorimetry or of the theoretical description of
the spectrum.

The realization of the ultimate goal of the ECHo project — the determination
of the neutrino mass on a sub-eV level — requires a direct measurement of the
Qrc-value of the EC in %3Ho with an unprecedentedly low uncertainty of approxi-
mately 1 eV. Presently, there are no means to perform such a precise measurement.
This will become possible with the Penning-trap mass spectrometer PENTATRAP,
which is currently being built at the Max-Planck Institute for Nuclear Physics, Hei-
delberg (Fig. 34) [121,154].

10 Parameterization of the electron-capture spectrum for ®*Ho
atoms and implications on the neutrino mass

The electron-neutrino mass affects the energy spectrum of electron capture processes
[28,29,41]. As already discussed, nowadays '%*Ho is considered the best isotope to
be used in experiments for the determination of the absolute scale of the electron-
neutrino mass by the analysis of the calorimetrically measured electron-capture spec-
trum. To be able to identify the effect of sub-eV neutrino masses, a precise and
reliable description of the de-excitation processes in the region close to the end point
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of the capture spectrum is of paramount importance. For many years only so-called
first-order transitions with one hole in the atomic shells of the formed 63Dy have
been included in the calculations for the '3Ho spectrum. Given the modest energy
resolution of the detectors used in early days, the agreement between theory and
data was quite good. The electronic part of the parameters describing the '%3Ho
spectrum for first-order transitions have recently been re-calculated adopting the
fully relativistic Dirac-Hartree-Fock (DHF) method for describing the initial- and
the final-state orbitals [41], including a self-consistent consideration of the corre-
sponding final-state holes within the DHF iterations. Since the orbitals of the initial
and the final states are calculated for different atomic systems, the so-called overlap
corrections are automatically incorporated. Similarly, the exchange corrections due
to the Pauli principle are fully accounted for, as the matrix elements between the
Slater determinants describing the initial and the final states were calculated using
the formalism of many-body second quantization. Furthermore, the finite nuclear size
was considered in the DHF orbital calculation as well as in the evaluation of the
(single-electron) matrix element describing the nuclear capture of an electron by the
proton. In more detail, the nuclear charge distribution for the parent and the daugh-
ter atoms were included. The Gamow-Teller transition of the proton into the neutron
and the bound electron into the continuum neutrino incorporates an integration over
the nucleus with the weight r2. The value of the electronic wave function at the
surface of the nucleus is used instead of the one at the origin (as used in all previ-
ous works). This is a better approximation. However, even this calculation and thus
the underlying model was shown to be not precise enough for the description of the
data obtained in high-energy-resolution measurements performed within the ECHo
experiment. In Section 5, the discrepancy between the measured '**Ho spectrum and
the expected shape calculated including only first-order excited states in 93Dy was
discussed.

In 2014, Robertson [37] considered the possibility that also higher-order excita-
tion processes, characterized by the creation of more than one hole during the elec-
tron capture, could lead to visible structures in the calorimetrically measured %3Ho
spectrum. In particular, that work focused on the case of excitations with two holes
in the formed excited '®*Dy atom. The second hole is created by shake-up processes
which occur simultaneously to the electron capture. In fact, as is discussed in more
detail below, the occurrence of these processes is a consequence of the fact that
the spectator electrons cannot follow adiabatically the capture process. To provide a
first estimate of the probabilities for such processes, results by Carlson and Nestor
[155,156] which were determined for xenon, having Z = 54, were used. Even in this
relatively rough approximation, the theoretical electron-capture spectrum showed the
presence of additional Breit-Wigner resonances due to the two-hole excited states in
different parts of the spectrum and, in particular, in the range between 400 eV and
600 eV where the excess of counts have been seen experimentally.

These first preliminary results have motivated more refined calculations. In [38] a
completely relativistic method, extending the one developed and applied for the cal-
culation of the one-hole transition matrix elements in [41], was used to calculate the
probabilities that excited states characterized by two holes are populated in dyspro-
sium following the electron capture process in 13Ho. Also these two-hole probabilities
were calculated with the fully relativistic DHF code of Grant [157], Desclaux [158],
and Ankudinov et al. [159] with the full antisymmetrization in the atoms holmium
and dysprosium accounted for. In the calculation of the probabilities for the second
electron hole in dysprosium the ns; /5 or np; 2 (n > 3) one-hole states are included
self-consistently in the DHF iteration. Thus for each one-hole state in dysprosium a
fully self-consistent DHF iteration with a hole in the different orbitals is performed
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for all the electrons in the atom. Finally, the same framework was adopted to consider
also three-hole final states [24].

10.1 Electron capture of %3Ho

Assuming the validity of the sudden approximation for the electron-capture process,
the probability of populating a specific final state |Tf) of 19Dy, if the parent '%*Ho
was initially in its ground state | o) is

N 2
Pr o g(m?,Qec — Ef) |(T¢|Viw|To) (12)

where Vi is the weak-interaction operator and g is the kinematic phase-space factor
that depends on (the square of) the neutrino mass m, and the energy available to
the neutrino, i.e. the difference between the energy release of the capture process
Qrc and the energy Ef left in the remaining system if formed in state Y. It is
given by

g(m?2,Qrc — Ef) = (Qec — Ef)\/(QEC — Ef)?2 —m2c* O(Qrc — myc® — Ey) (13)

where Qpc = (Missp, — Misapy) ¢? is the mass difference between parent and daugh-
ter atom. The Heaviside function @ takes care of the energy balance, limiting the
accessible final states to those with energies Ef < Qrc — m,c?. In the case of 1%Ho
this condition allows only for the capture of electrons with main quantum number
n > 3. Often, the Heaviside function is omitted and the energy conservation is tacitly
assumed.

Due to the different intrinsic time scales of nucleonic and electronic motion,
the total wave functions Yo and T; are well approximated by a single prod-
uct of a nuclear wave function y and electronic wave functions ® or W, i.e. one
finds |Yo) ~ |¥g x0) and |Tf) = |®;xy). In the simplest (additional) approxima-
tion, the electronic wavefunction of the Z-electron parent atom is expressed as a
single product of orbitals ¥, ¥o(ry,ra,...r7) ~ ¥1(r1)e(rs) - - ¥z(rz). The indices
of the orbitals denote the set of atomic quantum numbers n,?,m,s (main quan-
tum number n, angular momentum ¢, magnetic quantum number m, and spin s)
according to j = {n;,{;,m;,s;} or, as is more appropriate for a heavy atom like
Ho and Dy the spin-orbit coupled basis states, j = {n;,¢;,.J;,ms;}. Since in the
electron-capture process a bound electron and a proton transform into a neutron
and a neutrino, the daughter atom possesses Z — 1 electrons as well as nuclear
charge Z — 1. Using the same level of approximation as was adopted for the initial
state, the final-state electronic wavefunction is <I>(fj)(r1,r2, C L1, Tg, L) R
Gp(r1)0p, (r2) - bpy 1 (rjo1)@ g0, (Tj1) - Bp, (rz), if electron j was captured.

Due to the short range of the weak interaction, the capture process requires the
bound electron to possess a non-zero probability density at the nucleus. Ignoring the
finite size of the nucleus, this effectively reduces the action of Viv onto the electronic
wavefunction to a delta function for the captured electron j at the origin, d(r;), and
allows for a factorization of the transition amplitude,

PPt o g(m?, Qe — Ey) Cf |1;(0) [ PP (14)
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with
PPN = | (G, 0p, - by bpypn - B |12 1ty - )| (15)

. 2
and where Cf = ‘(X f|VW|X0>‘ is the nuclear transition probability. Furthermore, it

has been used that a bound-state wavefunction 1 can always be chosen to be purely
real. In an improved description, the finite size of the nucleus is accounted for. As a
result, the electronic wavefunction of the captured electron is not calculated at the
centre-of-mass of the nucleus using a § function, but may be integrated explicitly over
the nuclear volume or, at least, it may be calculated at the nuclear surface R as is done
in [41]. The inclusion of the finite-size of the nucleus does, however, not only modify
the prefactor, 1; (R) instead of 1;(0), but also allows for the capture from orbitals that
otherwise would be symmetry forbidden. In fact, for all orbitals except the ones of s
or py /o symmetry one finds t;(0) = 0. On the other hand, 1;(R # 0) yields non-zero
prefactors and thus allows for capture from orbitals with other symmetries, though
evidently with much smaller probability.

A further simplification is achieved, if it is assumed that the orbitals of the daugh-
ter atom agree with those of the parent atom, ie. ¢; = ;. Within this assumption the
orthogonality of the orbitals enforces that the capture of an electron from a specific

orbital j necessarily can only result in a single final state f (P;O) = 1) with population
probability

Pe=Y o g(ml,Qrc — Ef) Cy (R [*. (16)

In this final state all but the captured electron remain in their unchanged initial or-
bitals. Compared to the daughter atom in its electronic ground state there is thus a
hole in the orbital j from which the electron was captured while there is an additional
electron in the outermost orbital, provided the captured electron was not one from

this outermost orbital. This configuration is Cbéj)(rl,rg,-u JTj_1,Tjp1, - ,Tz) =
qj)l (I‘l)¢)2(1‘2> ce ¢j,1(rj,1)¢j+1(rj+1) s ¢Z<rz> and thus characterized by fz =g for
i=1,2,...,5—1,74+1,...,Z. As a consequence, all final states (except the one that
is equal to the ground state of the daughter atom) are metastable against non-
radiative decays, like, e.g., Auger processes, or radiative relaxation processes. If all
decay processes of a given final state can be subsumed under a single exponential
decay rate, this exponential decay in time leads to a Lorentzian shape in the energy
domain. Therefore, even in this simplest approximation the electron-capture spec-
trum, i.e. the calorimetrically measured energy distribution of all particles but the
neutrino, is not simply a set of discrete peaks as one could expect from equation (16)
after considering the capture from all initially occupied spin orbitals j € occ, but
given as

AN®=Y
aBa & g9(m?, Quc — Ec) Z Gy |4;(R)|*

j€occ

(2m)~'Ty
(Ec — E;)* + (T3/4)

(17)

Thus the spectrum recorded as a function of the continuous energy E¢ is given as
a sum over Lorentzian peaks that are centered at Ec = E; where E; is the energy
difference between the initial ***Ho and the final 153Dy atoms if an electron from
orbital j was captured. Within the approximation of adopting the same orbitals for
both atoms (¢; =~ ;) these energies are simply given by the orbital energies €; of the
captured electron, E; = ¢; in equation (17).

The approximation ¢; =~ ; leading to equation (16) ignores evidently the fact
that the orbitals of a neutral atom with nuclear charge Z differ from those for an
atom with Z — 1. While it is a reasonable zeroth-order approximation to adopt the
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same orbitals for parent and daughter atoms, especially for large values of Z, a more
careful calculation must account for the difference of the orbitals and thus return to
equation (14). With the assumption that nevertheless all but the captured electron
are pure “spectators” and thus all of their quantum numbers remain the same, one
finds

Pyt o g(m, Qee — By) Cp By [4;(R) (18)
with the overlap correction factor

By = PPOY = | (¢ [9h1) (G |v2) - (bjoa|v 1) (S lvipn) - (bz]9z) |
11 (il vi) (19)

i€occ\j

Equation (19) implies, however, yet an additional approximation, since it assumes
that the set of orbitals of the daughter atom, {¢;}, is the same for every final state.
A natural choice seems to be the orbitals obtained within some (relativistic) Hartree-
Fock or density-functional-theory calculation for the ground state of the daughter
atom. However, depending on the orbital from which an electron is captured the
remaining (spectator) electrons experience a different electronic cloud and thus a
different mean-field potential. This is, e.g., evident from the fact that obviously the
screening of the nucleus is different in the case of a hole in a very deeply lying
orbital with angular momentum ¢ =0 or a hole in a valence shell, possibly even
with £ > 0. Therefore, a better approximation is achieved, if the orbitals are calcu-
lated self-consistently for the different hole states that occur for capturing electrons
from different orbitals j [41]. In other words, for every hole j there is one full set of
orbitals {gbz(-J ) }.

Above, the many-electron wavefunctions ¥ and ® of the parent and the daugh-
ter atoms, respectively, were approximated by a simple product of one-electron wave
functions (orbitals). Clearly, this approximation ignores the fact that the atomic elec-
trons are indistinguishable and thus have to obey the Pauli principle. A more proper
description is thus the one in which the many-electron wave functions are each rep-
resented by a Slater determinant (SD), ie. |¥g) and |<i>(()3) ). This does not only
lead to the occurrence of exchange terms within the orbital calculation itself, for
example in a Hartree-Fock calculation, but also in the calculation of the transition
probabilities in equation (12). The occurrence of the exchange term for the transition
matrix element may be illustrated using the example of a two-electron system. In
this case the initial state in the product approximation is |1(1)12(2)) while the
properly antisymmetrised state would be 2712 (|11 (1) 12(2) ) — [12(1) ¥1(2) ). As-
suming capture of electron 1, the possible final states are either | ¢1(2)) or | ¢2(2)).
Using the product state, the probabilities for those two final states are ¥2(0) ( ¢1 | ¥1 )
and 11 (0) ( @2 | 12 ), respectively. Insertion of the antisymmetrised state instead yields
for the same two final states the amplitudes 271/2 (41 (0) (é1 |2 ) — ¥2(0) (1 | 1)
and 272 (41(0) (P2 |12 ) — ¥2(0) (¢ |21 ) and thus additional exchange terms of
the type (¢;|1;),7# j. While the problem of matrix elements between Slater de-
terminants with non-orthogonal orbitals has been considered already by Léwdin in
[160], a more modern approach is based on second quantization and was used in the
recent calculation of the overlap and exchange corrections in [41]. In that work, the
general result for Z electrons including overlap and exchange corrections (adapted to
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the present notation) is given by

B = PSP = (—)7 [T (i) + (=07 YD (gl [T (eilwi)

i€ occ\j i’ € occ\j i€ occ\j,t’

(20)

which reduces to the two-electron result above, if it is reminded for this case that the
probability is equal to the squared amplitude yielding a prefactor 1/2 which cancels
when considering that an identical probability as the one given for capture of one
electron comes from considering capture of the other electron, as they are now (in the
antisymmetrised case) indistinguishable. Finally, it may be noted, however, that even
the ansatz of a properly antisymmetrised wave function like a Slater determinant for

both ¥o and & leads to P\

is adopted. Thus overlap and exchange corrections vanish (B;’VHGX = 1), if identical
orbitals are used for parent and daughter atoms. This is equivalent to saying that
within this approximation there is always a one-to-one correspondence between the
hole and the final state of Dy, i. e. Dy is left with unity probability in the configuration
@gj) (or @éj)).

On the other hand, this is not the case, if non-identical orbitals are used. The
matrix elements describing the electron-capture process within the sudden approxi-
mation fulfill the sum rule

N 2
S| Vit =3 1R |QZ| ) 85|
f J
=22 Gl (R) PR 30 197 ) (87 1957)
j F@)

=3 Glum P )

as defined in equation (16), if the approximation ¢; & 1);

where the sums over f(j) run over all final states accessible for capture of an electron
from orbital j and it is used that the set of all final states {<i>§3 ) } for a given hole
(in j) spans the complete Hilbert space of Z — 1 electrons. Furthermore, the minor

|11ng )> of the Slater determinant | ¥o) has been introduced in which the row and
column in which orbital j occurs was removed. Since the overlap (overlap and ex-
change) correction factors B§Y! (BoV'*°*) are smaller than unity, the sum-rule result
directly shows that for a given hole (in orbital j) there is a non-vanishing probability
for populating more than one final state. In fact, the probability that the final-state
configuration differs from the initial state of the parent atom by more than the hole
in the orbital j = {n;,{;,J;,m;} and thus the probability of forming configurations
with additional excitations from configuration | @éj ) ) is (within the single-determinant
approximation) given ezactly by Pé,{é =1- B;?VHGX. This equation highlights again
that the possibility of exciting different final state after capture from a specific or-
bital is within the here considered level of approximation solely due to the non-
orthogonality of the orbitals in the parent and daughter atoms. The occurrence of
these excitations and its possible importance for holmium neutrino-mass experiments
was first pointed out by Robertson [37]. In fact, he concentrated on a sub-class of the
excited states that he coined two-hole states. The idea behind this name is that almost
all states of the daughter atom that differ from the configuration ‘I>( by the transfer
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of one electron from an orbital occupied in i)(()j ) to one that in ééj ) was unoccupied
correspond to two-hole configurations. However, as the capture of the outermost va-

lence electron does not lead to a hole, but is nevertheless commonly subsumed under
one-hole states, all configurations that are (formally) created by the excitation of a

single electron from &)é] ) are usually called two-hole states. This includes those states
in which there is only a single hole in orbital j, but excitation of one of the outermost
electrons. It may also be noted that in general there is a non-zero transition matrix
element (overlap) also for those configurations in which, e.g., an electron from an

orbital occupied in @éj ) is transferred to the hole. Also these configurations belong

to the singly-excited configurations relative to the reference configuration ééﬂ ), but
possess only a single hole (or no hole in the case that the hole is filled by an outermost
electron which corresponds to the Dy ground state) and in fact no hole in orbital j.
From this discussion it should be clear that the sometimes also adopted notion of first-
order and higher-order transitions is formally more adequate (less misleading). In this

case, the number of formal electron transfers out of the reference configuration @gj ) is
specified. The first-order transition means no further excitation and the final state is
equal to @6] ). A second-order transition involves one excitation and thus one electron
occupies a different orbital compared to &)gj ), i.e. <i>1(,]_)>q describes the configuration
with the hole in orbital j and an additional electron being transferred from orbital p
to ¢ which in most cases represents a two-hole state with holes in the orbitals j and
p. Nevertheless it should be reminded that even this notion is strictly applicable only
within the single-determinant approximation in which a state is uniquely represented
by a single configuration.

While in [37] the relevance of the two-hole states was estimated on the basis of
matrix elements calculated earlier for Xe atoms, a more thorough calculation was
presented in [38]. The relevance of double excitations with respect to fﬁéj ) (usually
called three-hole states) were then considered in [24]. In analogy to inner-shell pho-
toionization of atoms in which the fast removal of an electron close to the nucleus
leads to a sudden change of the screening experienced by the other electrons and
thus a non-orthogonality of the orbitals of the parent atom and the daughter ion, the

population of the final states different from ééﬂ ) has also been named shake up, if the
excited electron occupies a bound orbital below the ionization threshold, or shake off,
if it is transferred into the ionization continuum. It should be reminded, however, that
(as in photoionization) shake up and shake off are no physical processes on their own
that occur with a time-delay to the electron capture, but are an intrinsic part of the
capture process itself. As a consequence, the energy that is, e. g., formally required for
exciting a second electron (by forming a second hole) has to be accounted for in the
energy balance as being part of the final-state energy E; that describes the energy
of the final state of the daughter atom (relative to the one of the parent atom). This
energy is not available to the neutrino and thus directly enters the phase-space factor
g defined in equation (13). Every such final state contributes an own Lorentzian peak
to the capture spectrum. This is different for real physical processes describing the
decay of the final states after they were formed in the capture process, like photon
emission (with decreasing probability, if the hole is formed in an outer shell), Auger
decay (increasing probability for outer shells), or Coster-Kronig transitions. The en-
ergies released in these relaxation processes are, in contrast to the shake up or off
“processes”, absorbed in the micro calorimeters and thus only their consequences for
the widths of the final states due to their finite life times have to be accounted for in
theory, but not the energy portions taken away by photons or electrons.

The probability for populating the second-order (two-hole) state @;qu is evi-
dently (within the single-determinant approximation and ignoring the finite size of the
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nucleus) proportional to

PS> = <I>(J)q|257'— )W) . (22)

7Pp—q

If the indistinguishability of the electrons is ignored and the wavefunctions are ex-
pressed by simple products of the orbitals, this expression reduces to

prod
Jsp—q

2
(@0, 0(r; = B) | Wo) |
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2

Ui(R) (dq W) [ (oilth) (23)

i€occ \7,p

where, as before, “occ” refers to the orbitals occupied in the initial state | ¥ ). In
practice, the index ¢ should start for electron capture in Ho at the main quantum
number n; = 3, since otherwise the energy release in the capture process cannot ful-
fill the energy-conservation law. The Pauli principle evidently requires also that the
spin orbital ¢ that should be populated has to have been unoccupied in | ¥, ). Note
that within this simplified description double counting has to be avoided. Since the
electrons are treated as being distinguishable, the state in which the electron in or-
bital p is captured and this capture process is accompanied by an excitation from
orbital j into ¢ occurs as a different process than a capture from j accompanied by
an excitation from p to ¢. This is, of course, a non-physical short-coming of the model
that is easily cured by a corresponding proper selection of the possible final states
(p > j, for the orbital energies e this corresponds to €, > €;) or using the properly
antisymmetrised Slater determinants as in equation (22). Finally, it may be used that
all initially occupied orbitals (and thus all but orbital ¢) are definitely bound and
may thus the chosen to be purely real (or imaginary). Considering also the definition
of B! in equation (20) this yields

2
Pt R P 10o) P T (sl 600 = s (R) P L0000 | g
i€occ \j,p | <¢P ‘ wp> |

(24)

As a consequence of the non-orthogonality of the orbitals of Dy and Ho the
electron-capture spectrum contains thus satellite peaks (each of Lorentzian shape)

centred at the various energies EI(,j_)w that are the energy differences between the
states |<I>pﬁq> of Dy and | ¥y ) of Ho, respectively. These lines occur in addition to

the main peaks at E; that is the energy difference between | @gj ) ) and | T, ). Clearly,
every final state possesses also its own life time and thus contributes a Lorentzian
with a different width. However, the by far fastest relaxation processes involve the
deepest hole. Therefore, as a first approximation the same width I' may be used

for all final states |<I’p_>q> with the same j. Clearly, this may not be a very good
approximation, if p belongs to the same shell as j, but for reasons of energy conser-
vation these double-hole states can in Ho only occur in the capture of an electron
from an outer shell (n > 4) and thus further away from the neutrino-mass-sensitive
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end point. An extension to higher-order terms (three-hole states etc.) is evident. For
()
p,p' —4,q'

where | &);J 1)1’ g, ) differs from | ééj ) ) by promoting two electrons from the orbitals p
and p’ into ¢ and ¢’. As was pointed out in [24,38], in a more accurate treatment, the
orbitals should be optimized differently for different final states. If only the leading

effect of the different screening due to the holes is incorporated in the calculation,

third-order terms one has to use | ® ) instead of |‘i>§,j_)>q> in equation (22)

there is one set of orbitals {| ¢1(j ) )} for all states with a single hole in j, another set
{] gbz(-J P) )} for all states with two holes in j and p, etc. In fact, so far the calculations

considered a single hole in the orbital calculation, i.e. {| qﬁgj ) )} for all states obtained
after capture from orbital j.

Within the spirit of the single-determinant approximation every final state (in-
cluding all single-hole states, two-holes states, etc.) is independent of all others, since
there is no interference between different transition amplitudes as every transition
leads to a distinct final state. More accurately, this independence formally requires
orthogonality between all final states | @) which is not strictly fulfilled, if not iden-
tical orbitals {¢;} are used for all final states, but the orbitals are optimized for

different final states and, e.g., {¢§j )} are adopted. However, even in this case it is

nevertheless expected to be a reasonable approximation, especially when comparing

states with a different number of excitations from | <I>(()] ) ), i.e., a different number of

holes. (Note that this independence of the transition amplitudes is not necessarily a
good approximation for the widths, since in this case different relaxation processes can
in principle connect the same initial and final states even in the single-determinant
approximation with an identical set of orthogonal orbitals.) With the assumption of
independent amplitudes the total probability for populating a final state with two
holes in the orbitals j and p is obtained from an incoherent sum over the individual
transition probabilities in equations (22) or (24),

SD SD ~ prod
Pj,p - § : Pj,p—>q ~ 2 : Pj,p%q

g€unocc g€occ \j,p

qul
T LoE 2 (Welen) (sl 5)
P P gEunocc

Since the sum over ¢ runs over all initially unoccupied orbitals and thus includes, in
fact, an integral over all continuum orbitals, it is convenient to use the completeness
relation

= [4;(R)

o0

L= 16)(dgl = D 1dg)gl + [dp)pl + D |odg) (gl (26)

g=1 g€ occ \p gEunocc

to rewrite equation (25) as

Qvl
PS0 s PProd = [y (R) P ——L—— [ 1= [(p )’ = Y (g l9p))
|<¢p‘wp>| qEOCC\p

(27)

In the so-called Vatai approximation [161,162] the overlaps between Ho and Dy wave-
functions with the same indices and thus identical quantum numbers are approx-
imated by unity. In equation (27) such overlaps occur three times, namely as the
second term within the parentheses and twice in the fraction (both in the nominator
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implicitly in B;?"l and in the denominator). Since the term within the parentheses is
subtracted from unity, it is evidently not a good idea to use the Vatai approximation
for it. (In fact, the probability becomes negative in this case.) This is different for the
term outside the parentheses which may thus be approximated by unity to give

Pyt — 1y R [ 1= [(gpln)® = > [(bglvp)l? ). (28)

g€ occ\p

In the evaluation of Pﬁ;f’d or Pjygtai it may be used that many matrix elements
are identical, ie. the value of (¢, |vp) (p = {np, Ly, Jp,ms,}) is independent of the
quantum number my, yielding (¢, |y ) = (dp [y ) for n, =ny, by, =Ly, Jp, =
Jprymyy, # My, . Similarly, the off-diagonal overlaps ( ¢4 |, ) with p # ¢ vanish for
symmetry reasons, if the two orbitals | ¢, ) and |, ) do not agree in all but the main
quantum numbers n, and n, and one has (@4 |V ) = (Pg | Yp ) for ng = ng, n, =
Ny, fq :€q/ :KP :fp/ :f, Jq = Jq/ = Jp = Jp/ = J, Myg=mMyjyp #qu/ =Myjp -
Thus it is convenient to introduce reduced sets of quantum numbers p = {n,, (;, J, }
and the corresponding m , independent overlaps (¢g|v;). According to [38] one
finds then in agreement with the result given in [156] within this approximation

_ ) PVatai N- N-

P_Vatal _ S g _ |<¢~‘w~>|2Nﬁ o Z q+Vp <¢~|¢~>|2 (29)
7 3 P | VP atrp

P |¢J(R)| Ge€ occ \p 2+l

where IV; is the number of occupied magnetic substates with the same reduced quan-
tum numbers i. For all closed shells one evidently finds N; =2J; + 1. For not fully
closed shells one has to use a correspondingly modified value.

The calorimetrically measured electron capture spectrum has been calculated
within the sudden and the single-determinant approximations, but considering all
effects discussed above for the first-order (single-hole) states on the level of equa-
tions (18) and (20) (including the effects of the finite size of the nucleus). Furthermore,
the second-order (two-hole) states were included using equation (29), but including
overlap and exchange corrections. The resulting spectrum

N 2 2 ovl4-ex (271')71 Fj
g * AT @re ) Jez KA (Bc — E;)? + (T2/4)
+ Z Pjygtai (2m)~' Ty )
pEocc, p>j | {¢p | ¥p) |2 (Ec — Ejp)? + (F§/4)

with the excitation energy F;, of the two-hole state PISQq for g ={ny=4,¢, =
3,Jq =T7/2} =4f75 is shown in Figure 35. This spectrum is compared to the one
that is obtained when using the parameters in [37]. Note that in equation (30) the
sums over j and p run over all possible orbitals from which capture is possible (includ-
ing j = 4f7/2 which is not leading to a hole), including their magnetic substates. In
practice, it is more convenient to perform the sum over inequivalent hole states and to
multiply the expression with the multiplicities of the states. Furthermore, it has to be
emphasized that equation (30) implies the additional approximation that the whole
transition probability of a given second-order transition (two-hole state) is put into
one Lorentzian peak centered at the energy of the lowest lying state | ®, ,—,4 ) within
the ¢ manifold. De Rujula and Lusignoli [40] on the other hand advocate to explic-
itly take into account especially the shape of the shake-off spectrum, i.e. to consider
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Fig. 35. Calorimetrically measured spectrum plotted with Logarithmic (basis 10) y-scale
(30) including the one- and two-hole probabilities calculated with the parameters given in
[38] (dashed line) and with the ones from [37] (solid line), assuming @ = 2.8keV. Figure
reproduced from [24]. (This figure is subject to copyright protection and is not covered by a
Creative Commons license.)
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the energy distribution due to the various shake-up and shake-off states represented
by g which in the latter case are even continuous. However, they use less advanced
wavefunctions for both first and second order transitions in comparison to the ones
used in this work. An intermediate approximation in between those two would be
to still put the whole transition strength at one energy, but to use a mean two-hole
excitation energy Ej’p.

10.2 Sensitivity to the neutrino mass

As is evident from equation (30), every final state f contributes (within this ap-
proximation) a Lorentzian peak to the calorimetrically measured spectrum. Thus,
per se, it is irrelevant which character the final state has, i.e. whether it is a single-
hole, a two-hole, or a multi-hole state or whether it is of any other nature. The
importance of a specific state for the determination of the neutrino mass depends
on its contribution to the bolometer spectrum close to the neutrino-mass sensi-
tive end point. This in turn depends on the relative strength of the transition
Si—timy = | ¥ (R) K B;-’vHeij(p) with T)j,) = 1 for a one-hole state with capture

from orbital j and T}, = P}fgtai |/ (ép|0p) | for a two-hole state, the energy dis-
tance AE; = Quc — Ey (with Ef = E; or Ey = E, ;,) of the state from the end point,
and the width I' of the state. In equation (30), it is also assumed that the nuclear
matrix element is independent of the final state of the Dy atom, and thus C; = C
has been omitted from the relative transition strength S;(,).
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The relative weight of a final state f to the bolometer spectrum at the end point
(Ec = Qgc), 1. e. its contribution relative to other final states, is

Se ¢
rel f={ilp)}

if the state is sufficiently far from the endpoint (AE; > T'y). Assuming that the value
Qrc ~ 2.8keV determined most recently by the ECHo collaboration [23] is correct,
and that the widths of the final hole states are of the order of 10 eV, the approximation
in equation (31) is well satisfied for all first- and second-order transitions used in the
calculation of the spectrum according to equation (30) and listed explicitly in Tables 1
and 2 of [38]. Based on these data, out of the one-hole states (first-order transitions)
the evidently clearly dominant contribution close to the endpoint stems from the
J = 3s12 single-hole state, since it is closest to the endpoint and has an about four
times larger strength (S;) compared to the more than 1.5keV further away 4s; /, hole
state. If the relative strength of the 3s,/ state is (arbitrarily) set equal to S;—3s, , =
100 %, one finds Wj—3s, , = 100 %/(2.8 — 2.04)? = 174 % keV 2. Analogously, the rel-

ative weight of the 4sy /5 is Wj—4s, , = 24.4%/(2.8 — 0.41)* = 4.3 % keV~2. While the
3p1/2 hole state is about 1keV further away from the endpoint, its strength is a fac-
tor 20 smaller compared to Sj=3s, ,, Wj=3p, ,, = 5.1%/(2.8 — 1.84)> = 5.5 % keV 2.
The two-hole states f = {j = 3s1/2,p} are closer to the endpoint than the 3s;/;
single-hole state, but possess much smaller transition strengths. The f = {j = 3519,
p = 4s1/2} two-hole state (being closest to the end point) has a relative weight
Wj=3s, o p=ts,, = 0.17%/(2.8 = 2.47)> = 1.6 % keV~> and the f = {j = 351/2,p =
4dgz/5} two-hole state (having the largest transition strength) has Wj—ss, , p=ad,,, =
0.93%/(2.8 — 2.2)? = 2.6 % keV 2. Based on these numbers the bolometer spectrum
close to the end point is clearly dominated by a single resonance, the j = 3s; /5 single-
hole state. This is important for the extraction of the neutrino mass from bolometer
experiments, since this reduces the number of parameters that have to be fitted dra-
matically. Under this assumption and assuming a Lorentzian shape, one has four
parameters to fit simultaneously: the neutrino mass m,, the distance AFE;_3,, /2 of
the resonance (with respect to Qgrc), its strength Sj=3s,,, and the width I'j—s,, ,. To
include the experimental resolution in the fit, one must first fold the theoretical upper
end of the spectrum with the experimentally determined profile of the detector.

11 ECHo schedule

11.1 Medium scale experiment — ECHo-1k

In 2015, the ECHo collaboration has started the first phase of the project leading to a
medium size experiment capable of reaching a sensitivity of less than 10 eV /c? on the
electron neutrino mass. A 193Ho activity of about 1 kBq is employed, correspondingly,
this project phase is referred to as ECHo-1k. This first phase is structured to be
completed within a three-year period, 2015-2018. According to Figure 5, to reach the
intended sensitivity, a total statistics of about 10'° events in the full '**Ho spectrum
needs to be acquired. With 1 kBq '®3*Ho activity, such a spectrum is obtained within
about one year.

A variety of novel experimental techniques and methods are being developed and
brought together in order to achieve this result. These include: the preparation of
large-scale radiochemically ultra-pure '%3Ho sources, the development of fast high-
energy resolution MMC arrays readout using a frequency domain multiplexing scheme
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and characterized by having '93Ho enclosed in the absorbers, and, in order to operate
the detectors, the design and construction of a well-shielded cryogenic platform with
unprecedented short and long term temperature stability. At the same time inves-
tigations of all possible background contributions and the development of methods
to reduce them are needed as well as a more precise understanding of the expected
spectral shape. In this respect, a very important result was already obtained within
ECHo-1k: a more precise Qgc-value for the EC in '%3Ho with an uncertainty of about
30 eV has been measured using the Penning trap mass spectrometer SHIPTRAP at
GSI, Darmstadt, removing one of the largest uncertainties in the description of the
end point region of the 13Ho spectrum. The next aspect we aim to clarify is the con-
tribution of higher order processes, involved in the electron capture decay of 193Ho
and understand which signatures those excited states produce in the shape of the
spectrum, in particular in the last few hundreds eV.

In this first phase of the experiment, two MMC arrays (with about 50 pixels each)
with a foreseen energy resolution AFEpwaym <5 eV will be designed and fabricated.
Each pixel will contain about 10 Bq of 3Ho. This will be ion-implanted in the
absorber of each detector of the arrays at ISOLDE-CERN and/or at the RISIKO
facility at Mainz University. The design of the MMC arrays has been developed on
the basis of the results obtained with the first two detector designs that have been
used for 1%3Ho ion-implantation [32,64]. In particular the '%3Ho activity in the pixels
will be chosen as the minimum between the value ensuring the unresolved pile-up
fraction to be smaller than 10~° and the value for which the contribution to the total
detector heat capacity of the corresponding implanted %3Ho ions is not the dominant
one.

As the main route, thermal neutron activation of enriched '92Er targets will be
adopted to produce the 13Ho sources. A careful separation of 193Ho will be performed
by a combination of chemical separations before as well as chemical and mass separa-
tion after the irradiation of the sample to reach the required purity of the sources to
be used in calorimetric measurements. A minimization of background sources inside
the detector itself can be achieved based on detailed characterization of the source
material, including measurements in a low-level underground laboratory.

In order to read out the two MMC arrays of ECHo-1k, a frequency domain multi-
plexing scheme based on unshunted rf-SQUIDs has been developed which is capable
to meet the required properties in terms of speed and energy resolution. The com-
plete experiment will be mounted in a dedicated cryogenic platform which has been
designed and built. This cryostat allows for performing measurements at a base tem-
perature below 30 mK with ultrahigh temperature stability in a shielded environment.

For a successful analysis of the endpoint region of the spectrum to extract in-
formation on the electron neutrino mass, a precise study of the background sources,
which lead to energy depositions in MMCs with energies below 10keV, is presently
carried out. Effects of radioactive contamination in the materials, which is used for
detectors and detector set-up fabrication, and effects of cosmic radiation are inves-
tigated through Monte Carlo simulation using GEANT4 and with dedicated experi-
ments to validate the results of the simulations. Measures to reduce the background
in the calorimetric measurement are presently under development, including material
screening and the installation of an optimized muon veto.

During ECHo-1k, R&D will be done towards the second phase of the ECHo
project, called ECHo-1M.

11.2 ECHo-1M and the investigation of the sub-eV range

The second stage of the ECHo experiment, ECHo-1M, takes its name from the fact
that the total '63Ho activity which will be enclosed in the detectors will be of the
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order of one MBq. This '®>Ho activity is necessary to reach a neutrino mass sensitivity
below 1 eV within a few years of measuring time.

ECHo-1M is not simply a scaling up of ECHo-1k, but more stringent requirements
have to be fulfilled. During ECHo-1k an intense R&D is performed for the optimiza-
tion of the single pixel properties and the multiplexed readout. The optimization of
the activity per pixel and a study of several absorber materials will be performed.
Assuming that the activity per pixel will still be a few tens of Bq, as in ECHo-1k,
the number of single detectors which are needed to host the required activity will
be of the order of 104-10°. This large number of detectors can only be read out by
using a sophisticated multiplexing scheme able to keep the single pixel performance
almost unchanged. The time resolution of the signal in ECHo-1M will be about the
same as in ECHo-1k, 7. < 0.5 us. Therefore the bandwidth per detector in the mul-
tiplexed array of MMCs will not be strongly modified. On the other hand the larger
number of pixels, which are required to host order of MBq of '®3Ho, still leads to a
number of technological challenges, even if the microwave SQUID multiplexing is an
intrinsically scalable multiplexing approach, i.e., the total number of channels can be
easily increased without affecting the SQUID or detector performance. First, about
10* virtually identical detectors, each with two pixels, are envisaged to be produced.
This is feasible by using standard microfabrication techniques. Currently, we are aim-
ing at using 3inch Si substrates, each hosting about 1000 detectors that are read out
by an integrated pMUX. Thus, about 50 wafers need to be processed. Second, the
development of a specifically optimized SDR platform as well as the implementation
of an efficient algorithm for channelization and signal processing running on that
platforms is an on-going research field. In parallel we are investigating the possibility
to overcome the limits due to Nb CPW microwave resonators. For this reason, we
are looking for alternative approaches, for example materials with very high kinetic
inductance ratio that allow for shrinking the geometrical size of the resonators and
therefore to increase the total number of detectors on a wafer by more than one order
of magnitude. This will be of utmost importance for potential future experiments
beyond ECHo-1M where the number of detectors could be larger than 10°.

A similar scaling approach is required also for the production of a large amount of
163Ho samples characterized by extremely high purity. For ECHo-1M a total activity
inventory that is about 1000 times higher compared to ECHo-1k will be required,
translating to the need of '®*Ho samples with a volume significantly larger than
10'® atoms. As first steps in this direction, chemical separation techniques will be
tailored towards the processing of larger Er samples, and, ideally, material of higher
enrichment in '92Er than was used to date will be irradiated. To evaluate the optimum
irradiation cycle, the cross-section of the 1*Ho(n,7) reaction needs to be known and
is currently under determination within ECHo-1k [114].

The requirements on the background level for ECHo-1M will be defined by the
more precise understanding of the sources and a more precise modeling of the back-
ground spectrum worked out during ECHo-1k.

The sensitivity to the sub-eV electron neutrino mass is deeply related to the pre-
cise determination of the Qgc-value. The aim is to have available for the analysis of
the spectrum in the ECHo-1M experiment, a (Qgc-value measured with a precision of
1 eV. This goal is planned to be reached by the use of the newly developed Penning
traps system PENTATRAP [121,154]. The PENTATRAP project aims at mass-ratio
measurements of long-lived and stable nuclides in a wide mass range with a so far
unreached uncertainty well below 10~!!. This makes the project unique among the
existing and planned Penning-trap mass spectrometers. Physics programs which de-
mand such extremely low uncertainties in mass-ratio measurements embrace, e.g.,
the determination of the neutrino mass, both in tritium-based experiments as well
as in 1%3Ho-based experiments, the search for sterile neutrinos or tests of Einstein’s
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energy-mass relation and of quantum electrodynamics in strong electromagnetic fields
[163]. A successful measurement of the Qgrc-value of the EC in 1%3Ho rests on several
pillars. First of all, extremely stable magnetic field and trap voltages of the mass
spectrometer will be provided. Several measures are called to ensure this: screen-
ing the magnet from stray electrical and magnetic fields, a temperature stabilized
experimental room with a vibration-free concrete cushion for the magnet, a sophis-
ticated system for the stabilization of the magnetic field of the mass spectrometer
and a dedicated trap-voltages power supply developed at the MPIK. Second, the
measurement will be performed on highly-charged ions of '3Ho and 63Dy, which
will be produced either with the Dresden-EBIT [164] or Heidelberg-EBIT [165] ion
source. Third, the cyclotron frequencies of the two nuclides will be measured simulta-
neously. For this, five cylindrical Penning traps will be employed [154] and the novel
cyclotron-frequency measurement technique described in [166] will be applied.

As mentioned in Section 10, the availability of high statistics spectra, acquired
within ECHo-1k and while ECHo-1M is running, will allow us to determine the em-
pirical '%3Ho spectral shape at a very high level of accuracy. At the same time, these
high statistics spectra will be the basis for theorists to test their models. In parallel
we plan to perform calorimetric measurements on other nuclides decaying through
electron capture in order to test the model developed to describe the '*Ho spectrum
on other systems.

12 Search of sterile neutrino signatures with the analysis of the
183Ho spectrum

The aim of the ECHo collaboration is to reach sub-eV sensitivity on the electron
neutrino mass by means of the analysis of calorimetrically measured '5*Ho spectra.
Therefore high statistics '*Ho spectra will be measured with high energy resolution
over the full energy range, from a threshold energy of a few tens of eV to the endpoint
of the spectrum. The availability of these high precision spectra opens the possibility
to perform additional investigation in respect to the main goal to determine the elec-
tron neutrino mass. The quite pressing question on the existence of sterile neutrinos,
both in the eV (see the reviews in [167,168]) and in thekeV ranges (see the recent
review [169]), could be addressed by the analysis of the high statistics *3Ho spectra
acquired within the several phases of ECHo.

In the model where only three active neutrinos exist, the electron neutrino state
can be written in terms of the single mass eigenstates as:

3
m(ve)? = Z U&|m(v)?. (32)

In case sterile neutrinos would exist, at least a fourth neutrino mass eigenstate,
my, would mix with the three “active” mass eigenstates to give the electron neutrino
emitted in EC processes. In such a case, and considering the approximation that the
three light neutrino mass eigenstates are much lighter than my, the electron neutrino
state can be written as:

3
2 2 2 2 2 2,2 20,2
mve)® =Y |USIm(w)? + [Um(va)® = [U&Im3 + [UZ|mS. (33)
i=1
By including this expression for the electron neutrino mass in the equation de-
scribing the 1%3Ho spectrum and by using the approximation that m, = 0 eV, the
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spectrum assume the following form:

dN

2
B A <(QEC — En)*(1 - UZ) + (Qrc — EH)2U34\/1 - m4>
C

(Qec — En)?
FH/27T )
(Ec—En)*+T%/4

%Y CynyuBp ¢3(0) (34)
H

The existence of a fourth neutrino mass eigenstate reduces the phase space for
energy between Qrc — my and Qgrc. With the analysis of the electron capture spec-
trum of 1%3Ho it is possible to investigate the existence of eV scale sterile neutrinos
as well askeV sterile neutrinos up to masses m,4 smaller than the Qgc-value of the
decay of about 2.8 keV.

The requirements for scrutinizing the parameter space allowed for eV-scale sterile
neutrinos within the ECHo experiment have been studied in [170]. Figure 36 shows,
indicated by the black curve, the region in the plane sin?(f..) — Am3, allowed at
95.45% C.L. as derived by a global fit of short-baseline neutrino oscillation data
[168]. By restricting the analysis to the data of v, and v, disappearance experiments
[171,172] and taking into account the Mainz [173] and Troitsk [174,175] bounds, the
constrains on the sterile neutrino parameters are less stringent and are indicated by
the region within the gray curves which enclose the 95.45% C.L. allowed regions. The
parameter space that can be investigated with the ECHo experiment is indicated at
90% C.L., 95.45% C.L. and 99.73% C.L. for three different statistics in the full spec-
trum. For these calculations, the best value for the endpoint energy Qrc = 2.833keV
obtained in [23] was used. The detector response was assumed to be Gaussian with
AFErwum = 2eV. The only background considered was the unresolved pile-up char-
acterized by an unresolved pile-up fraction f,, = 107%. In this analysis only first
order excited states have been considered for generating the '%3Ho EC spectrum.
As we discussed in Section 10, the presence in the spectrum of structures related to
higher order excited states in '®*Dy has the effect of increasing the fraction of counts
at the end point region of the spectrum. This increased statistics has, in turn, the
effect to increase the sensitivity to finite neutrino masses and, in particular, to eV
scale neutrinos. Therefore the limits presented in Figure 36 should be seen as the
more conservative limits or the limits achievable in a worst case scenario. In this case,
to completely cover the parameter space allowed for the eV sterile neutrinos, a total
number of counts in the complete 93Ho spectrum of 10'® would be required. Nev-
ertheless already with 10'6 counts it would be possible to search for the existence of
eV-scale sterile neutrinos in the more restricted area enclosed by the black curve. With
this statistics it will be possible to reach comparable results as it could be achieved by
the KATRIN experiment [173,176]. For the investigation of eV sterile neutrinos, no
additional modifications to the design of the ECHo experiment are required since the
fraction of the spectrum affected by eV scale sterile neutrinos is not much larger than
the region that will be analyzed to identify effects due to the “active” component of
electron neutrinos, only the analysis tools will be modified to include the parameters
describing the mixing of m,4 with the three light mass eigenstates.

The investigation of keV sterile neutrinos using '*Ho has been discussed already
in [169] and in [177]. In [177-179] the fact that the ratio between the amplitude of
the NI-line and the MlI-line is affected by the reduced phase space for the capture
of 3s electrons due to the existence of akeV scale mass my4 between Qgc — E3s and
Qrc — E4s was analyzed. The sensitivity achievable with this approach is limited by
the accuracy on the Qgc-value since the amplitude of the resonances in the spectrum
are shaped by the phase space factor which strongly depends on Qgc. In fact, if a
Qrc-value smaller than the real one would be assumed in the analysis then, for given



The Electron Capture in '**Ho Experiment — ECHo 1689

10*

2 [ev?]
=
<L

2

Am

[
o
—

90.00 % C.L.
-- 95.45%C.L.
99.73 % C.L.
— Dis. 95.45 % C.L.
102F —  Global 95.45 % C.L.
102 10° 10°

sin® (26,,)

Fig. 36. Estimated sensitivity curves at 90% C.L. (red), 95.45% C.L. (dashed blue) and
99.73% C.L. (dash-dotted green) in the sin®(26..) — Am3; plane in the case of 341 neutrino
mixing for total statistics in the '*Ho spectrum of Ne, = 10'*, 10'® and 10'®. The parameter
describing the experimental configuration are discussed in the text. The black curve encloses
the region allowed at 95.45% C.L. by a global fit of short-baseline neutrino oscillation data
[168]. The gray curves enclose the 95.45% C.L. allowed regions obtained by considering only
the data from ve and v, disappearance experiments [171,172] together with the Mainz [173]
and Troitsk [174,175] bounds. The picture is re-elaborated from [170].

atomic physics parameters describing the capture probabilities, the measured ration
would be mimic the effect of akeV scale my.

To circumvent this problem, the method to identify the kink at Qgc — m4 can be
used, as described in [169]. In respect to the previous approach, the precision on the
Qrc-value affects only the accuracy of my, while the amplitude of the kink is related
to the squared mixing matrix element. Figure 37 shows the sensitivity that can be
reached with 10'° and 10'* 153Ho events occurring in the detectors. These curves
are obtained considering only statistical uncertainties: assuming no background and
a perfect knowledge of the spectrum. In case of an experiment with a statistics in the
full '93Ho of 10'4, as can be reached within ECHo-1M, a sensitivity of about 10~
for the mixing element can be reached for heavy neutrino masses between 1keV and
2keV.

In order to investigate the existence of keV sterile neutrinos with the ECHo experi-
ment, it is extremely important to have a perfect knowledge of the 63Ho calorimetric
spectrum. The presence of structures in the spectrum due to higher order excited
states in 193Dy could be, if not precisely described, a cause of large systematic errors.
As already discussed, within the first stage of ECHo, ECHo-1k, one of the milestones
is the precise study of the higher order excited states in '83Dy: the excitation proba-
bilities as well as the shape of the related structures in the spectrum. Another aspect
that will be addressed within ECHo-1k and that will be fundamental in the search
for keV sterile neutrino signatures in the '3Ho EC spectrum is the possibility to fast
process a large data flow.
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Fig. 37. Estimated sensitivity curves at 90% C.L. in the sin? (20cc) — m4 plane in the case
of 341 neutrino mixing consideringkeV scale sterile neutrinos. The blue curve is calculated
for Ney = 10'* while the grey curve is calculated for Ney = 10%°. The figure is re-elaborated
from [169].

13 Conclusions

The determination of the neutrino masses is one of the most difficult challenges in
the investigation of the fundamental properties of elementary particles. The ECHo
experiment has been conceived to reach sub-eV sensitivity on the electron neutrino
mass by the analysis of the endpoint region of the '%3Ho electron capture spectrum.
The motivations and expectations of the ECHo experiment as well as the first two
phases of ECHo have been discussed. ECHo-1k is a three-year project, started in 2015,
which will allow to reach a sensitivity below 10 eV for the electron neutrino mass,
employing about 1000 Bq of highly radiochemically pure '%3Ho. In this first stage
of the experiment the present limit on the electron neutrino mass is expected to be
improved by more than one order of magnitude with respect to the result obtained in
[16]. During ECHo-1k, R&D for up-scaling the size of the experiment by about three
orders of magnitude will be carried out. ECHo-1M will be based on the technologies
developed during ECHo-1k and will consist of large arrays hosting of the order of
one MBq of high purity '%3Ho source. This experiment will allow to investigate the
electron neutrino mass in the sub-eV region.

On the way to reach sub-eV sensitivity, a large number of cutting edge technologies
have to be developed, like the production of large sample of high purity 53Ho as well
as the development of large MMC arrays and a precise parameterization of the 13Ho
spectrum. Already in the first phase of ECHo-1k very interesting results have been
achieved, such as the precise measurement of the Qgc-value [23] and the discovery of
spectral structures due to higher order excited states in 193Dy [62]. The possibility to
have high statistics '53Ho spectra will not only allow for studying the absolute value
of the neutrino mass, but will also open the possibility to perform very interesting
investigations like the search for signatures in the spectra due to sterile neutrinos,
both on the eV-scale as well on the keV-scale. Results from ECHo are also expected
to increase our understanding on the formation of excited states in daughter atoms
populated in the electron capture process as well as the influence of the host material
on the spectral shape.
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