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Status of the HOLMES experiment to directly
measure the electron neutrino mass with a
calorimetric approach.
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The measurement of neutrino masses is still one of the most compelling issues in modern particle
physics. HOLMES is an experiment that aims to measure the effective νe mass using a calori-
metric approach. It will measure the spectrum end point of the electron capture (EC) decay of
163Ho. The very low Q-value (2.8 keV) of the decay and its half life (4570 y) are optimal to
reach simultaneously a reasonable activity to have sufficient statistics in the end-point, reducing
the pile-up probability and have a small quantity of 163Ho embedded in the detector not to alter
significantly its heat capacity. Holmium will be implanted into a micro calorimeter made by a
metallic absorber coupled to transition edge sensor (TES). Each detector will be implanted with
around 300 Bq of holmium and the goal of the experiment is implanting ≈500 detectors (8x64
array of detectors) to reach an accuracy of the order of eV. In this contribution, we show the
HOLMES experiment with its physics reach and technical challenges, along with its status and
perspectives.

The 21st international workshop on neutrinos from accelerators (NuFact2019)
August 26 - August 31, 2019
Daegu, Korea

∗Speaker.
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1. The HOLMES Experiment

HOLMES is an experiment that aims to measure the effective νe mass using a calorimetric
approach [1]. It will measure the spectrum end point of the electron capture (EC) decay of 163Ho.
The very low Q-value (2.8 keV [2]) of the decay and its half life (4570 y) are optimal to reach
simultaneously a reasonable activity to have sufficient statistics in the end-point, reducing the pile-
up probability and have a small quantity of 163Ho embedded in the detector not to alter significantly
its heat capacity. Holmium will be implanted into a micro calorimeter made by a metallic absorber
coupled to transition edge sensor (TES). Each detector will be implanted with around 300 Bq of
holmium and the goal of the experiment is implanting ≈500 detectors (8x64 array of detectors)
to reach an accuracy of the order of eV. In the calorimetric approach, the source is embedded
inside the detector and the energy released in the decay process is entirely contained, except for
the fraction taken away by the neutrino. Both the issues related to the use of an external source
and the systematic uncertainties arising from decays on excited final states are eliminated. The
released energy will be measured using 16 sub-arrays of Transition Edge Sensor based micro-
calorimeters (64 TES for each array) with 163Ho source (EC) embedded inside. Each TES will
have an energy resolution of ≈ 1 eV FWHM, a time resolution of about 1 µs and will be read out
using microwave multiplexed rf-SQUIDs in combination with a ROACH2 based digital acquisition
system. An activity of 300 Bq will be implanted in each micro-calorimeter allowing to collect about
3×1013 decays. HOLMES will be an important step for a calorimetric approach as an alternative
to spectrometry and will also establish the potential of this approach to extend the sensitivity down
to 0.1 eV and lower. In the next chapters we will present the status of the HOLMES in particular
the activities concerning the 163Ho isotope production, purification and implantation (sections 2, 3
and 4), the TES pixel design and optimization and the multiplexed array read-out characterization
(section 5).

2. Holmium production and distillation

The 163Ho is produced with neutron irradiation of 162Er [3]. About 700 mg of erbium are
already irradiated at the Institut Laue-Langevin (ILL, Grenoble, France) producing around 150
MBq of 163Ho. The presence in the sample of other erbium isotopes and rare earth (holmium and
dysprosium) contaminations creates other radioactive isotopes. Embedding those isotopes could
deteriorate the sensitivity of neutrino mass measurements increasing the pileup or changing the de-
tector heat capacity. Two different procedures will be implemented to purify the sample.A chemi-
cal purification to remove all non-holmium isotope that is done at the Paul Scherrer Institute (PSI,
Villigen Switzerland) [4]. An isotopic separation crucial to remove the 166mHo, produced during
the neutron irradiation. This isotope is a beta emitter with half life of about 1200 y and induces
background below 5 keV. In order to do this an implanter (section 4 ) will be used. After the chem-
ical purification, the purified Ho sample is sent to the Physics Department of Genova University
in oxide form (Ho2O3). To avoid chemical shifts of the end-point, only holmium in the metallic
chemical form must embedded in the detector so a reduction-distillation (RD) procedure will be
performed to remove oxygen from oxide. A dedicated evaporation chamber has been developed to
perform the RD procedure and the whole procedure has an efficiency of about 73% [5].
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3. Sputter target production

The sputter ion source of the implanter needs a metallic cathode containing the 163Ho. The
RD procedure produces holmium powder so we decided to realize a sintered sputter target mixing
the Ho with fine grained powder (≤40 µm) of Ti, Ni and Sn. Ti and Ni have been chosen be-
cause they create intermetallic compounds with holmium and increase the mechanical stability of
the target. Sn has been chosen to decrease the melting temperature of the compounds. The mix is
placed is a copper structure, pressed at 350 bar

cm2 and heated at 850 oC in low vacuum environment
(about 10−2 mbar) for 4 days. A first target made with non radioactive 165Ho is ready.The crys-
tallographic measurements and SEM-EDS analysis show two different phases: a Ti2Ni2Sn matrix
with homogeneously distributed islands of HoNiSn. This configuration is suitable for HOLMES
purposes.

4. Holmium implantation

The HOLMES implanter has been produced by DANFYSIK and consists of six different com-
ponents (fig.1). The main component is a sputter ion source[6] made by a small vacuum chamber
where a flux of argon is ionized via an electron current produced by a filament (thermionic effect).
The electron current is adjustable tuning the filament current and the anode voltage. A sputter tar-
get is mounted in the chamber and could reach voltage up to 600 V: the argon ions hit the target and
sputter the material that is subsequently ionized in the source. An acceleration section is attached
to the ion source and have an exit aperture of about 1 cm2 . The ionized sputtered materials could
be accelerated until a maximum energy of 50 keV. The third section is a magnetic mass analyzer. It
consists of a magnetic dipole with a bending radius of 46 cm and capable to reach a field intensity
up to 1.1 T. The fourth and fifth components are a focusing electrostatic triplet, to refocus the beam
and a magnetic XY scanning stage, to measure the beam spot. At the end of the implanter the
last section is a vacuum chamber. In this chamber the detector array will be hit by the holmium
beam and a smaller argon sputter source will allow a simultaneous gold evaporation to control the
163Ho concentration and to deposit a final gold layer to prevent the oxidation [7]. The vacuum
level inside the implanter is less than 10−6 mbar and the beam spot is around 4.5 mm FWHM in
the focal point. Here there are a set of slits to cut the tails of the beam, followed by a Faraday
cup to measure the beam current intensity. The current of the beam reaches intensity from 0.7 to
15 mA at 30 keV, dependent from materials (table from producer). In our configuration the 163Ho
current will reasonably depend from the fraction of isotope in the sputter target (less than 1%) and
it will be expected around 10-100 µA. The whole system provides a separation between 163Ho and
166mHo better than 105 (simulation from producer). The first three components are installed and
are being set up in INFN laboratories at Genoa University. The target chamber has been tested at
Milano Bicocca University and the focusing triplet and the scanning stage are not installed yet. The
integration is expected in 2020. In the first test phase the implanter will be tuned on 165Ho and the
beam current and spot will be verified.

5. Operation and readout

The HOLMES detectors are micro calorimeter made of a 2 µm-thick gold absorber coupled
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Figure 1: The scheme of the implanter.

with a Molybdenum/copper TES suspended on Si2N3 membrane. Four different designs have been
tested to reach the best performance in terms of energy and time resolution, pulse duration and full
energy containment. The HOLMES detectors are read out with the microwave multiplexing system
(µmux), which is based on the use of the rf-SQUIDs. The acquisition is done using a ROACH-2
acquisition board. The TES design, production and preliminary test is done in collaboration with
@NIST. The final configuration has been tested in a dilution cryostat capable to reach about 60 mK
[8]. The time response is determined by the working resistance of the TES and by the inductance
of the bias circuit. A stray inductance is to be added in order to tune the time response to the
desired 10 µs rise time. In order to successfully apply the pileup resolving algorithms that allow
to push the time resolution down to 1 µs, a 500 kHz sampling rate of each pulse is needed. This
constraints, combined with the total ADC bandwidth, result in a multiplexing factor of ≈30 per
each ROACH-2 acquisition board. Finally, we tested the energy resolution of the detectors using
an X-ray emitting source composed of Al (1.48 keV), Cl (2.62 keV), Ca (3.63 keV) and Mn (5.98
keV fig.2) obtaining an energy resolution of 4.5 eV at 2.8 keV.

6. Conclusions

Three different batches of 163Ho have been produced, purified and moved to INFN laboratories
in Genova. The procedures to distillate holmium and to fabricate the sputter target are tested. Some
refinements are needed. The installation of the main parts of the implanter is mainly finished and the
integration of the remaining parts are expected in 2020. HOLMES detectors production procedure
is defined and the firsts (not implanted) detectors are being characterized. Readout is on test and is
almost ready. With 32 pixel a sensitivity of ≈ 10 eV is expected. With the full sample of setectors
a sensisivity of ≈ 1.5 eV is expected in three years of data taking. The first test are expected in
2020.
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Figure 2: Measurement of X-ray from a manganese source .
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