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Abstract
Accurate decay data of radionuclides are necessary for many fields of science and
technology, ranging from medicine and particle physics to metrology. However, data
that are in use today are mostly based on measurements or theoretical calculation
methods that are rather old. Recent measurements with cryogenic detectors and other
methods show significant discrepancies to both older experimental data and theory
in some cases. Moreover, the old results often suffer from large or underestimated
uncertainties. This is in particular the case for electron-capture (EC) decays, where
only a few selected radionuclides have ever been measured. To systematically address
these shortcomings, the Europeanmetrology projectMetroMMC aims at investigating
six radionuclides decaying by EC. The nuclides are chosen to cover a wide range of
atomic numbers Z , which results in a wide range of decay energies and includes dif-
ferent decay modes, such as pure EC or EC accompanied by γ - and/or β+-transitions.
These will be measured using metallic magnetic calorimeters (MMCs), cryogenic
energy-dispersive detectors with high-energy resolution, low-energy threshold and
high, adjustable stopping power that are well suited for measurements of the total
decay energy and X-ray spectrometry. Within the MetroMMC project, these detectors
are used to obtain X-ray emission intensities of external sources as well as fractional
EC probabilities of sources embedded in a 4π absorber. Experimentally determined
nuclear and atomic data will be compared to state-of-the-art theoretical calculations
which will be further developed within the project. This contribution introduces the
MetroMMC project and in particular its experimental approach. The challenges in
EC spectrometry are to adapt the detectors and the source preparation to the different
decay channels and the wide energy range involved, while keeping the good resolution
and especially the low-energy threshold to measure the EC from outer shells.

Keywords Electron-capture decay · Metallic magnetic calorimeter · Radionuclide
metrology
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1 Introduction

Radionuclides that decay by electron capture (EC) play an important role in many
fields such as nuclear medicine, nuclear waste disposal, geo- and cosmo-chronology
(see, e.g., [1,2] and references therein) and even for testing the standard model of
particle physics in various ways, e.g., in neutrino physics [3–6]. Activity standards
of EC nuclides are being used to calibrate γ -ray or X-ray detectors which requires
accurate knowledge of the photon emission intensities of the respective radionuclides.
Several ECnuclides are being used inmedicine or considered as candidates formedical
applications, e.g., 67Ga and 125I. Here, the electron and photon emission spectramatter,
e.g., when investigating the interaction of ionizing radiation with human tissue. When
using long-lived EC isotopes for dating techniques the corresponding half-lives must
be known.

Most of the mentioned applications require accurate activity standards. When
using EC nuclides as calibration sources this is obvious, since reference sources
with well-defined properties are needed. Moreover, the determination of photon emis-
sion intensities is based on accurate activity standardization. Also, the half-lives of
long-lived radionuclides are determined by means of activity measurements and mass
spectrometry (via T1/2 = ln(2)·N

A , with A being the activity and N the number of
nuclei).

Despite the wide field of applications, the EC process along with the subsequent
atomic rearrangement is not yet satisfactorily understood and accurate decay data
are missing in many cases. Key data are the fractional EC probabilities, but also
atomic data such as fluorescence yields and emission probabilities for X-rays and
Auger electrons are very important. In particular for pure EC radionuclides (e.g., 55Fe,
41Ca), the fractional EC probabilities are a prerequisite for activity standardization
when applying the triple-to-double coincidence ratio (TDCR) method with liquid
scintillation counters [7], which is one of the best-established techniques for such
radionuclides.

In recent years, a few measurements of β−-decay and EC conducted by means
of cryogenic detectors have shown significant discrepancies to previous experimental
and/or theoretical data [8–13], which underlines the need of further accurate mea-
surements and improvement of theoretical models. Corresponding proposals led to
two projects: The recently concluded MetroBeta [14] project, which was concerned
with β−-decay, and the currently ongoing project MetroMMC to scrutinize the more
challenging EC decay. In both projects the Laboratoire National Henri Becquerel
(LNE-LNHB), the Physikalisch-TechnischeBundesanstalt (PTB) andHeidelbergUni-
versity are developing and applying metallic magnetic calorimeters (MMCs) for
high-resolution spectrometry.

Within the MetroMMC project, the goal is to investigate six radionuclides, that
decay by EC, namely 41Ca, 54Mn, 59Ni, 65Zn, 109Cd and 125I. The relative and—if
possible—absolute EC probabilities will be determined for all nuclides and the X-ray
emission probabilities for each nuclide except for 41Ca. 41Ca is an exception because
of its sparseness and the very limited amount available at PTB (A ≈ 500Bq), which
is not enough to produce a source for X-ray measurements, which usually require
A > 10 kBq. The experimental work is based on metallic magnetic calorimeters
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(MMCs), which are perfectly suited for the task at hand due to their good energy reso-
lution and especially their linearity and dynamic energy range. The measurements are
accompanied by state-of-the-art theoretical calculations following two complemen-
tary approaches by dedicated theory groups. One theoretical approach is based on the
LNHB developed software BetaShape [15], that is successfully used to describe the
shape of β-spectra, which will be extended to include the influence of the atomic shell
on the EC process and the subsequent atomic relaxation [16]. The second approach is
based on the Quanty code [17] that is used to describe core-level X-ray spectroscopy
and has been extended to EC processes for neutrino mass determination in the frame-
work of the ECHo project [18]. The details of the theoretical aspects will not be further
covered in this experimental overview.

41Ca and 59Ni decay purely by EC, while the four remaining nuclides are accom-
panied by γ -transitions and 65Zn has a significant contribution from a β+-decay. The
nuclides were chosen both for scientific reasons and practical ones, e.g., that the mate-
rial is available in the required amounts, has sufficiently low radioactive contaminants,
has a sufficiently long half-life and is compatible with sample preparation techniques,
that are established or require a reasonable amount of development. Scientifically,
both 41Ca and 59Ni are used for dating of the solar system, meteorites and in geology
and 41Ca plays a role in safety of nuclear waste disposal. The other isotopes have
more difficult decay schemes, which make both experimental design and theoreti-
cal description more challenging. This is also supported by the fact that the chosen
nuclides cover a wide range of atomic number Z and different decay natures, e.g.,
allowed, 2nd forbidden etc. In addition 125I is of interest because of its use in nuclear
medicine.

2 MMCDesign Considerations

Design and fabrication techniques ofmetallicmagnetic calorimeters have become very
diverse and reliable over the last decades [19–21]. The design process usually starts
with a specific application inmind. In particular the absorber dimensions are defined by
the application, since the required stopping power or efficiency is defined by the used
material and the absorber dimensions. With the given experimental conditions, e.g.,
operating temperature, other design parameters, e.g., read-out coil or sensor geometry,
can be used to find an optimal detector design. Usually the optimum is rather broad;
therefore, the design can be slightly altered without losing much performance. This
gives the flexibility to fabricate detectors for different applications in one fabrication
run or use the detector slightly outside its optimum.

Within the MetroMMC project two different types of measurements are being
pursued, namely calorimetric spectrometry of theECdecay,where thewhole spectrum,
independent of decay channel is measured, and X-ray spectrometry, where only the
radiative transitions of the decays are of interest. These measurement types have very
different implications on the detector design, that will be discussed in the following
section.
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Table 1 Highest energetic de-excitations of the six MetroMMC nuclides, that can be completely con-
tained in the absorber, and the required gold thicknesses to reach 99.99% absorption efficiency, determined
through Monte-Carlo simulations in PENELOPE. Higher energetic transitions [e.g., γ -transitions of 54Mn
(834.848 keV) and 65Zn (1115.539 keV)] cannot be contained, but their effect on the spectrum shape is
considered

Nuclide Emax type Emax/keV [22] Required thickness/µm

41Ca X-ray 3.6028 3
54Mn X-ray 5.987 8
59Ni X-ray 7.706 20
65Zn (low E) X-ray 8.9771 25
65Zn (high E) β+ 329.9 70
109Cd (low E) X-ray 25.512 85
109Cd (high E) γ 88.0336 350
125I γ 35.4922 210

2.1 Calorimetric Spectrometry

The cleanest way to determine the fractional EC probabilities from the different atomic
shells, without relyingmuch on theoretical calculations, is tomeasure the decay calori-
metrically, i.e., the whole decay energy at once, apart from the energy of the neutrino.
This can be achieved by embedding the radionuclide in a 4π absorber that fully absorbs
the energy released by the decay and attaching the absorber to the temperature sensor
of the MMC.

De-excitations after an EC event can both emit photons (X-ray, i.e., radiative transi-
tions) or electrons (Auger, Coster–Kronig and super Coster–Kronig, i.e., non-radiative
transitions) and both types of transitions need to be taken into consideration when
determining the absorber dimensions. Since photons have the longer range in matter,
compared to electrons, usually it is enough to determine the absorption efficiency for
the highest energetic photons from the decay. If EC is accompanied by β+-decay
or γ -transitions, these channels need to be included in the simulation as well. The
interaction of the decay products was simulated for the nuclides in question with gold
as absorber material, using the Monte-Carlo software PENELOPE, to determine the
thickness of the material necessary for a stopping power of 99.99% with the results
shown in Table 1.

The resultingminimal absorber thicknesses are used to define the absorber geometry
to match the heat capacity requirements of detector designs of the precursory project
MetroBeta, where five detector designs for β-spectrometry with end-point energies
ranging from ∼ 70 to ∼ 700 keV are available and described in detail in [14]. Due
to the use of gold as absorber material and the allowed heat capacity for the different
detector sizes, the maximum photon energy that can be completely contained in the
absorber is limited to approximately Eγ < 100 keV. Higher energetic photons still
need to be considered for their effect on the shape of the spectrum, e.g., through
Compton scattering.
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In contrast to continuous β-spectra, calorimetric EC spectra show mono-energetic
lines approximately at the binding energies of the captured electrons. To allow the
measurement of the low energetic lines of EC from higher atomic shells, the detector
threshold is of utmost importance. While shells with binding energies < 20 eV are
out of reach for even the smallest of the current detector designs, the measurement of
energies > 20 eV might only be limited by the detector and absorber size to reach the
required stopping power and the accompanying threshold defined by energy resolution,
which scales with the detector size.

High-energetic photons or β-particles require extremely large absorbers or deposit
no or only part of their initial energy. To include this effect, it will be necessary to
complement the analysis by sound Monte-Carlo simulations.

Another option is to split the measurements into two parts: one with full stopping
power (large absorber) for the highest energy transitions and one for the lower energy
transitions (small absorber), while allowing some of the higher energetic particles to
escape. Such a two staged approach is currently planned for 65Zn and 109Cd.

In particular for 109Cd, the approach seems to be promising. The measurement with
large absorbers will permit to determine the decay rate of the 88 keV γ -transition of
the 109mAg (T1/2 = 39 s) isomer. Consequently, the activity inside the absorber can
be determined, which is a great advantage since the considered source preparation
techniques (see Sect. 3) are non-quantitative methods. In addition, the measurement
will determine the number of K capture events and hence, the absolute value of the
fractional K capture probability can be derived. But even in ideal conditions, the
threshold of the detector will be on the same order as the M capture energies. The
second stage with a smaller absorber will then lead to better energy resolution and
lower threshold and permit to determine probabilities of M or possibly even N capture
relative to the K-EC probability.

2.2 X-Ray Spectrometry

The second step toward accurate nuclear decay data of EC decays is the measurement
of the X-ray emission probabilities. These will also be performed using MMCs but
require an entirely different setup. X-ray spectrometry is a widely used technique with
MMCs, but the uncertainty budgets for metrology applications require special care in
the experimental preparation and characterization of the detection efficiency (see e.g.,
[23,24]).

Starting from the external X-ray source, its activity needs to be well known and
traceable to primary activity determination methods, and a well-defined geometry and
low self-absorption are essential. In our case, this will be achieved by electroplating
the radionuclide to a 10-mm-diameter circle on a stainless steel disk. The activity will
mainly be determined using 4π β–γ coincidence counting and/or liquid scintillation
counting methods independent of the MMC measurements.

MMCs with metallic absorbers usually have no possibility to distinguish between
particle types; therefore, the detector needs to be shielded fromnon-radiative emissions
of the source. A simple way to achieve this is to use berylliumwindows, but especially
for low-energy photons the absorption will be too large and hard to estimate with
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Fig. 1 The new MetroMMC X-ray detector. The detailed features are described in the text (Color figure
online)

small uncertainties. Since all non-radiative particles from the decays are charged,
magnetic fields will be used to deflect the particles, but special care needs to be taken
to shield the detector since both the MMC and the read-out SQUID are susceptible
to magnetic interference. A superconducting coil is ideal for this application since
the induced magnetic field is not present during cool-down, which allows the use of
superconducting shielding, e.g., made from niobium, for the detector, and the field
strength on the order of 10mT can be adjusted to the expected particle energies. The
exact operational parameters need be found in simulations and depend on the geometry,
which has not been finalized at this time.

A collimator is used to define the available area of the absorber. Especially the
edge geometry needs to be designed carefully to avoid scattered particles reaching
the detector, while keeping the particle transmission through the collimator edge to a
minimum. The design principles are, e.g., well described in [23]. The absorber needs
to be characterized for its detection efficiency in the desired energy range, ideally
both with simulations and experimentally [24]. In addition, the geometric efficiency
needs to be calibrated very precisely, which will be done using a well characterized
210Po α-source of the same geometry as the X-ray sources.

For higher-energy X-rays, applicable to 109Cd and 125I, the MMC detector system
“SMX3”has already been set up,well characterized and used for similarmeasurements
at LNE-LNHB, covering an energy range between 5 and 26keV [25,26].

The remaining radionuclides emit lower energy X-rays, which require a new detec-
tor design developed within this project, with a design drawing shown in Fig. 1. It
features a segmented circular absorber with an active area of 3mm2 (≈ 2mm diame-
ter) with 8 pixels of equal absorber area on a 5 × 5mm2 substrate. The optimal gold
absorber thickness was determined to be 17µm, yielding a detection efficiency of
99% at 9 keV. In addition, the design features crosses for precise alignment of the
collimator.
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Each of the 4 read-out channels can be connected to a SQUID on 2 of the 4 chip
sides each, allowing a very flexible experimental setup. All 4 channels are connected
in series for supply of the field generating current and the persistent current switch,
which can be connected on two edges. The thermal layout features an on-chip heat
bath, that connects to each pixel with a defined thermal link to provide a thermal
decay time of ≈ 10ms and uses air bridges, which traverse exposed niobium leads.
The energy resolution is expected to be better than 5 eV.

3 Source Preparation

The preparation of the radionuclide sources, both for calorimetric and X-ray spec-
trometry, can be just as important as the measurements and data analysis themselves.
If not done carefully, the techniques can lead to distortions in the spectral shape [10],
cause energy shifts [27] or degrade the energy resolution of themeasurement [28]. The
widely used techniques are drop deposition from liquid solution and electroplating,
while ion-implantation is not as widely available, with each technique having its pros
and cons.

In liquid solution, the radionuclides are usually present as dissolved salts or in some
cases in the form of organic molecules, with an added inactive carrier to stabilize the
solution. When dried out, the residual material can lead to scattering and energy loss
in the source or chemically caused energy shifts. On the flipside, drop deposition is
the easiest available technique since it can be done manually or advantageously by
using automatic microdrop dispensers.

With electroplating, the chemical composition of the nuclide is changed, mostly
into metallic or metal oxide/hydroxide form. This avoids some of the problems caused
by source preparation, but electroplating is not possible for all materials and requires
dedicated tabletop setups, the chemical understanding and dedicated development for
each element.

Ion-implantation is by far the cleanest technique, since the nuclide is deposited in
atomic form directly into the top layer of the substrate or directly into the detector, that
will be used for the measurement. Therefore, none of the chemical bonds or scattering
can cause a different detector response. Lattice defects or influences from the host
crystal lattice are usually negligible. In addition, bigger ion implanting facilities are
equipped with high-resolutionmass separators and resonant laser ionization that allow
nuclide specific implantation without any other isotopes or neighboring elements [29].
The problem with ion-implantation is that it requires dedicated large-scale facilities
and often dedicated development efforts at the facilities to successfully and efficiently
conduct the implantation.

Within MetroMMC, both electroplating if possible, as well as drop deposition as
a backup are foreseen to be employed for source preparation. Details of the latter
preparation technique are discussed in [30]. The aforementioned problems with drop
deposition will be addressed by trying to limit the crystal sizes of the residual material
by using less material per area, enabled by automatic microfluidic drop deposition or
the use of nano-structured gold films as successfully shown in [28].
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4 Conclusion

The MetroMMC project aims to determine fundamental decay data of several EC
decaying nuclides. Metallic magnetic calorimeters are a mature technology for the
tasks at hand; however, the adaptations necessary to achieve the required metrological
precision are challenging. Apart from the careful preparation and execution of the
experiments with quality assurance steps whenever possible, MetroMMC uses two
separateMMC systems at LNE-LNHB and PTB, respectively. Selectedmeasurements
will be repeated and analyzed at both institutes to enable validation of themeasurement
results.

First measurements on capture probabilities are foreseen to still be conducted in
2019, while X-ray measurements will start in early 2020. The complete set of mea-
surements, divided between LNE-LNHB and PTB, is supposed to be finished by the
end of the funding period in mid-2021.
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