The Electron Capture in 163 Ho Experiment - a Short Update
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The definition of the absolute neutrino mass scale is one of the main goals of particle physics
today. The study of the end-point regions of β- and electron capture (EC) spectra offer a possibility
to determine the effective electron (anti-)neutrino mass in a completely model-independent way,
as it only relies on energy and momentum conservation.
The ECHo (Electron Capture in 163 Ho) experiment [1] has been designed in the attempt to measure
the effective mass of the electron neutrino by performing high statistics and high energy resolution
measurements of the 163 Ho EC spectrum. To achieve this goal, large arrays of low temperature
Metallic Magnetic Calorimeters (MMCs), in the order of 102 pixels, with implanted with 163 Ho
are used. Here we report on the structure and the status of the experiment.
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1. Motivation

2. The ECHo experiment
Holmium-163 source 163 Ho is an artificial radionuclide with a half-life of about 4500 years,
that decays via EC process to 163 Dy with the emission of an electron neutrino. After the EC
has occurred, the 163 Dy daughter atom is left in an excited state and the transition to its ground
state occurs via emission of radiation, usually in the form of Auger electrons or X-rays. For the
needs of the ECHo experiment, 163 Ho is produced via neutron-irradiation of Er samples enriched
in 162 Er in the high-flux reactor at the Institut Laue-Langevin (ILL), Grenoble, France [5]. The
chemically isolated holmium sample mainly consists of 163 Ho, 165 Ho, and 166𝑚 Ho. While 165 Ho
is stable, 166𝑚 Ho is a long-lived nuclear isomer with a half-life of about 1200 years which would
act as a source of background and therefore needs to be removed prior to the measurement. This
is done at the magnetic mass separator, RISIKO, at the Johannes Gutenberg University in Mainz,
where the pure holmium sample is mass-separated and ion-implanted into the MMCs using a high
transmission magnetic mass separator equipped with a resonance ionisation laser ion source, with
an efficiency of around 69% [6].
Detector design and read-out Arrays of low temperature Metallic Magnetic Calorimeters
proved to be the optimal choice for the ECHo experiment, with an achievable energy resolution
below 3 eV at FWHM and a time resolution well below 1 µs [1]. They feature a particle absorber
made of gold, designed to completely stop the penetrating particles, converting their energy into
a change of temperature. This leads to a change of magnetisation in a paramagnetic Ag:Er sensor
that is strongly thermally coupled to the absorber. The sensor is placed on top of a superconducting
pick-up coil which is coupled to a sensitive, low-noise current-sensing SQUID that is used to read
out the signal. For a single channel read-out, the voltage signal from the SQUID is directly proportional to the energy deposited in the particle absorber [7]. For the read-out of the large ECHo
MMC arrays, multiplexed read-out is foreseen, with the microwave SQUID multiplexing (µMUX)
technique currently under development for the coming phases of the ECHo experiment [8].
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Electron capture (EC) is a weak-interaction process in which one of the electrons from the
inner atomic shell is captured by the nucleus, transforming a proton into a neutron, and a neutrino
is emitted. The available decay energy (𝑄-value) is shared between the neutrino and the atomic
excitation of the daughter atom, with a small amount going into the nuclear recoil due to the neutrino
emission. Neutrinos are not massless, and their mass has a direct influence on the shape of the
end-point region of the EC-spectrum, this provides us with a direct and model-independent way of
constraining the neutrino mass. With a small 𝑄-value of around 2.833 keV [2] and its proximity
to the highest peak of the spectrum, 163 Ho represents an ideal candidate for this purpose [3]. The
ECHo experiment has been designed to reach sub-eV sensitivity on the effective electron neutrino
mass by performing calorimetric measurements of the 163 Ho spectrum using large arrays of Metallic
Magnetic Calorimeters (MMCs) [4].
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QEC value Precise knowledge of the 𝑄-value of the decay is one of the main ingredients needed
for a valid description of the 163 Ho spectrum. Penning Trap Mass Spectroscopy (PTMS) provides a
way to measure the 𝑄-value independently from the EC process. By measuring the difference between the masses of 163 Ho and 163 Dy, the 𝑄-value can be determined. Currently, the best measured
value via PTMS is 𝑄 EC = 2.833 ± 0.030stat ± 0.015syst keV [2].
In order to reach a precision of 1 eV, the Penning-trap mass spectrometer PENTATRAP at the MPIK
in Heidelberg gets employed [9].

Background suppression Considering that the expected number of events in the end-point
region of the 163 Ho spectrum, which is the most important part for the determination of the electron
neutrino mass, is very small, effective ways of background suppression need to be employed. Monte
Carlo simulations are used in order to understand the radiation emitting contaminants in the used
material, as well as to understand the effects of cosmogenic muon generated events in the region
of interest. This information, combined with the material screening, is then used to obtain a
background model that is then used in the analysis of the background spectrum [11].

3. Outlook
The first phase of the ECHo experiment, called the ECHo-1k phase, has been successfully
completed with high-statistics measurements spanning over several months and leading to the acquisition of more than 108 163 Ho events, which translates to an achievable sensitivity of
m(𝜈𝑒 ) < 20 eV [1]. ECHo-1k detectors featured 32 MMC based detectors with two pixels each,
ion-implanted with 163 Ho with the activity per pixel being roughly 1 Bq [12]. Analysis of the
acquired data is currently ongoing.
The next phase of the ECHo experiment, the ECHo-100k phase, features a new detector design
with a compact absorber geometry that will allow for a more efficient ion-implantation of the 163 Ho,
while the individual MMC pixels have been optimised for an activity of about 10 Bq. In addition,
ECHo-100k detectors will support multiplexed read-out which will allow for a large number of
detectors (∼ 105 ) to be operated at the same time. Goal of this phase of the ECHo experiment is to
acquire 1014 events over a three year period, which will improve the sensitivity to
m(𝜈𝑒 ) < 2 eV. To achieve this, 15 ECHo-100k multiplexed read-out channels, each reading out 400
two-pixel detectors, will be used in order to read out 12000 MMC pixels.
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Theoretical description of the 163 Ho spectrum Of the 67 electrons present in 163 Ho, 20 have
a substantial overlap with the nucleus which makes them a candidate to undergo a capture process.
The de-excitation spectrum is therefore characterised by resonances corresponding to the binding
energies of the captured electrons. In addition, higher order excitations occur, in which electrons
are emitted in the continuum, and which give rise to the additional tails in the spectrum. Recently,
a new description of the EC spectrum of 163 Ho has been published [10], where the agreement
between the experimental and the theoretical spectrum has been significantly improved.
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