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Direct neutrino mass measurements ν
Kinematics of weak decays with ν emission:

• Only energy and momentum conservation;

• No further assumptions;

• Low Q nuclear beta decays (3H, 187Re, 163Ho);

Two approaches with different:

• Spectrometry: the β source is outside the

spectrometry detector;

• Calorimetry: the β source is contained in the

calorimetry detector which measures all the

energy released except the ν energy.
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Resolution:

Spectrometry: KATRIN Calorimetry: Mare, ECHo, Holmes, NuMECS
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Large MAC-E filter

spectrometer with
3H source [1, 2]

Array of low

temperature

microcalorimeters

with 187Re [3, 4]

or 163Ho [5]



The electron capture of the 163Ho ν
An interesting isotope suitable for the neutrino mass experiment is the 163Ho.

163Ho + e− → 163Dy∗ + νe (Ec ) electron capture from shell > M1

proposed by A. De Rujula e M. Lusignoli in 1982 [6, 7]

• Calorimetric measurement of Dy atomic de-excitations (mostly non-radiative):

⇒ measurement of the entire energy released except the ν energy;

• Lower is the Q-value higher is the rate at end-point;

• QEC and atomic de-excitation spectrum poorly known:

⇒ Measured QEC = 2.833 keV with Penny Trap mass spectroscopy [8];
⇒ But no calorimetric measurements with enough statistics at the end point;

• τ1/2 ' 4570 years ⇒ high specific activity:

⇒ Holmium detector not needed;

⇒ 163Ho can be implanted in any suitable microcalorimeter absorber;

• Complex pile-up spectrum;

• Assessment of Q-value from the end-point of the calorimetric spectrum is a primary goal.
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The 163Ho EC spectrum ν
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• Continuum with marked peaks with Breit-Wigner shapes lines (width Γi of a few eV);

• Series of lines at the ionization energies Ei of the captured electrons;

• End-point shaped by
√

(Q − Ee )2 −m2
ν (the same of the β-decay);

• Self calibrating spectrum;
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The 163Ho Potential sensitivity ν
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A. Nucciotti, Eur. Phys. J. C 74 (2014) 3161 [9]

mν ≤ 0.1 eV:



AEC = 1 Bq

Ndet · tmeas ' 2 · 109 det · years

AEC = 1000 Bq

Ndet · tmeas ' 108 det · years

Requirements for mν ≤ 0.1 eV

• High energy resolution (' 1 eV);

• Fast response detectors (' 1 µs) to

avoid pile-up events;

• Multiplexable detectors array

(Npixel > 1000 [10, 11]);

⇓

Low Temperature Detector

⇓

TESs, MMCs, MKIDs, ...

Current calorimetric limit is

mν ≤ 15 eV (90% C.L.)[3, 4]

with 187Re isotope
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HOLMES (ERC-Advanced Grant n. 340321) ν
Goal

• Prove technique potential and its scalability

⇒ baseline for a future Megapixel experiment;

• Neutrino mass measurement:

⇒ statistical sensitivity mν < 2 eV;

• Assess EC Q-value with a long calorimetric measurement;

• Assess systematic errors;

Baseline

• Transition Edge Sensors (TES) with 163Ho implanted Au absorbers;

• 6.5 · 1013 nuclei/detector (18µg in total) ⇒ 300 dec/s/pixel;

• ∆E ' (2− 5) eV and τrise ' 10µs;

• 64-channel demonstrator/1024-channel final array;

• 3 · 1013 events in 3 years of data taking;

ν

Project Start: 1 Feb 2014

http://artico.mib.infn.it/nucriomib/experiments/holmes

B. Alpert et al., The European Physical Journal C, vol. 75, 112 (2015) [12]
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HOLMES: 163Ho production ν
Neutron activation of enriched 162Er

162Er(n, γ)163Er σtherm = 20 b

163Er → 163Ho + νe τ
1/2
EC = 75 min

• 132Er irradiation at ILL (Institut LaueLangevin) nuclear reactor (Grenoble, France);

⇒ Thermal neutron flux at ILL: 1.3 · 1015 n/cm2/s;

⇒ Unavoidable burn up 163Ho(n, γ)164Ho: σburn−up ' 200 b (preliminary result from PSI analysis);

⇒ Unavoidable 165Ho(n, γ), mostly from 164Er(n, γ)→166m Ho(β, τ12 = 1200 y):

A
(

163Ho
)
/A
(

166mHo
)

= 100− 1000

• Chemical pre-purification and post-separation at PSI (Paul Scherrer Institute, Villigen, CH);

• Thermoreduction to obtain the metallic Ho target for implantation.

⇒ Ho2O3 + 2Y(met)→ 2Ho(met) + Y2O3 @ 2000◦C

• HOLMES needs ' 200 MBq of 163Ho.

• 540 mg of 25% enriched Er2O3 shipped soon to ILL for irradiation;

⇒ A(163Ho)theo ' 130 MBq in 50 days (enough for R&D and 512 pixels).
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HOLMES: ion implantation system ν
Evaporation 
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Sputter Ion
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4 mm 

FWHM
Slit
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• Designed in collaboration with Danfysik (DK). Delivery scheduled from Oct 2016;

• Extraction voltage 30− 50 kV ⇒ (10− 100) nm implant depth;

• 163Ho/166mHo separation better than 105.
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HOLMES: TES-based microcalorimeters ν
Microcalorimeters
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The X-ray microcalorimeter works by sensing the heat

generated by X-ray photons when they are absorbed

and thermalized in a very low heat capacity element.

• Absorber:

• Very low thermal capacity (small size,

T < 100 mK);

• High stopping power (high Z material).

• Sensor:

• Si or Ge Thermistors, TES, MMC, ...

Transition Edge Sensor (TES)
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• Exploits strongly temperature-dependent

resistance of the superconducting phase

transition;

• Low resistance: read out with SQUIDs

(Superconducting Quantum Interference

Devices);

• Small size, low thermal capacity, excellent

energy resolution ∆E ' 1 eV @ 1.5 keV:

• Large array and multiplexing (TDM, CDM ,

FDM and µwave);
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HOLMES: rf-SQUID µwave multiplexing ν
• DC biased TES and SQUID coupled to

TES and to a lambda/4-wave

resonator circuit in the GHz range;

• Microwave rf-SQUID read out with

flux ramp demodulation (common flux

line inductively coupled to all

SQUIDs);
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• An event in the absorber increases the temperature and therefore the resistance of

the TES;

• Change in TES current ⇒ change in the input flux to the SQUID;

• The rf-SQUID transduces a change in input flux into a change of resonance

frequency and phase;

• The ramp induces a controlled flux variation in the rf-SQUID, which is crucial for

linearizing the response (avoiding need for feedback).

• Large number of superconducting microresonators tuned to different resonance

frequencies, all coupled to the same coplanar-waveguide feedline;
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HOLMES: 163Ho-implanted micro-calorimeters ν
Ho

Si SiO2 SixNy Mo Cu Cu Au Ho

NIST INFN

Photoresist

Gold deposition

Gold deposition Lift-off of the 

Au/Ho/Au layer

• TES (Transition Edge Sensor) array fabricated at NIST (Boulder, CO, USA);
• 163Ho implantation with Au co-deposition at implanter evaporation chamber [13];
⇒ 1µm Au final layer deposited in-situ after implantation;

• Fabrication completion (Si2N3 membrane release), tests in progress at CNR-IFN, Rome;

5
.2

5
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TES

Absorber

Array Single Pixel

Design of the HOLMES 4× 16 linear sub-array for low parasitic L and high implant

efficiency [14]
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HOLMES: First production prototypes ν
16 mm 

TES Array

Multiplexer µmux16A 
Resonators

#1 #33

• Production of the first µMux multiplexer for high-speed applications at NIST, with 33

microresonators;

• Production of the first 4× 6 array prototype at NIST;

• Different Perimeter/Absorber configurations in order to study the detector response;

• Characterization in progress at NIST and INFN Milano-Bicocca;

• Implanting tests starting from 2017 (after the implanter commissioning);
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HOLMES: First Multiplexer Characterization @Milano-Bicocca ν
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• 31/33 resonators usable for microwave readout;

• Average bandwidth: BW ' 1.6 MHz ⇒ compliant with the HOLMES specifications;

• Average rf-SQUID noise: nSQUID ' 4µΦ0/
√

(Hz) ⇒ not critical for the energy resolution;

• New design for increasing the resonators uniformity in progress;
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HOLMES: two-channel homodyne read-out @Milano-Bicocca ν
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• Ready-to-use setup based on commercial

components [15];

• Independent system for the detector

characterizations and tests;

• Test bench for all the algorithms involved in the

demodulation ad preprocessing;
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HOLMES: First Results with rf-SQUID µwave read-out ν
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• A class of TES detectors fulfil the HOLMES requirements in terms of energy and time

resolution;

• Deep characterization in progress in Milano;

• The best performance TES layout will be implemented in the 4× 16 linear array;

• Next detectors array production scheduled in 2017;
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HOLMES: scaling to 1000 pixel read-out ν
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• Open architecture computing hardware ROACH2 (Reconfigurable Open Architecture Comput-

ing Hardware) as FPGA process board [16];

• DAC/ADC and IF boards, developed for the MUSIC experiment, as digitizer and up/down

converter;

• Complete system composed by around 32 ROACH2+ADC/DAC+IF modules;

• Firmware for 32 channels per ROACH2 in development (Software Defined Radio + flux ramp

modulation);

• Encouraging results from tests performed at NIST ⇒ 32-Channel readout ready in 2017;
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Conclusion and Future plans ν
• The measurement of the end point of nuclear beta or electron capture (EC) decays spectra

is the only model-independent experimental tool for accessing the absolute neutrino mass;

• The goal of the next future experiments is the sub-eV neutrino mass sensitivity;

• The HOLMES experiment will perform a direct measurement of the neutrino mass by using

microcalorimenter with 163Ho-implanted absorber;

• Status:

• Irradiation in progress at ILL to produce 130 MBq of 163Ho (half of the final required);

• Implanter designed and delivery scheduled from October 2016;

• Produced Multiplexer and TES pixel prototype fulfill the HOLMES requirements;

• A fast 2-channel multiplexing and readout system has been developed;

• Work on the firmware needed to scale the readout to 1000 pixels has been started.

• Future Plan:

• Implanter commissioning with first test of 163Ho implanting during the 2017;

• Development of a 32-channel read-out and multiplexing system;

• Development and production of the first 4× 16 liner array in 2017;

• At the end of 2017 one month measurement with the developed 4× 16;

• 2018 dedicated at the 32× 32 array read-out commissioning;
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163Ho: pile-up spectra ν
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QEC = 2800 eV, ∆E = 2 eV,  Nev = 1014, fpp = 10-4

S(Ec ) =
[
Nev (NEC(Ec ,mν) + fpp ×

NEC(Ec , 0)⊗ NEC(Ec , 0)) +

B(Ec )
]
⊗ R∆E (Ec )

S(Ec ) : total theoretical spectrum

NEC(Ec ,mν) : 163Ho spectrum

B(E) : background energy spectrum

R∆E (Ec ) : detector energy response function

more details in A. Nucciotti

Eur. Phys. J. C 74, 3161 (2014) [9]

• Pulse pile-up occurs when multiple events arrive within the temporal resolving time of the detector;

• Unresolved pile-up produces a sort of background close to the end-point;

• The 163Ho pile-up events spectrum is quite complex and presents a number of peaks right at the

end-point of the decay spectrum;

• To resolve pile-up:

• Detector with fast signal rise-time τrise ;

• Pulse pile-up recovery algorithm
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163Ho: Double hole excitations and pile-up ν
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• Shake-up and shake-off mechanisms could generate double hole excitations (n-hole excitations possible

but less probable);

• Authors do not fully agree on energies and probabilities;

• At the end-point no other effect than altering the overall rate;

• But more complex pile-up spectrum ⇒ these higher order transitions cause additional peaks to appear in

the end-point vicinity;

• may be worth keeping fpp smaller than 10−4;
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Holmium LTD experiment status ν
163Ho properties

• Higher specific activity ⇒ Holmium detector not needed;

• Self calibrating ⇒ better systematics control;

• QEC and atomic de-excitation spectrum poorly known;

• Complex pile-up spectrum;

LTD projects with 163Ho:

• ECHo, MMC detectors (Heidelberg, ...) [17];

• NuMECS, TES detectors (LANL, NIST, ...) [18, 19];

• HOLMES, TES detectors (Milano-Biccoca Univ., INFN,

NIST, ...) [12];

Common technical challenges:

• Clean 163Ho production;

• 163Ho incorporation;

• Large channel number ⇒ high speed MUX;

• Data handling (processing, storage, ...) ν

NuMECS

100 µm

ECHo
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ECHo ν
First detector prototype

• low temperature metallic magnetic calorimeters;

• embedding of 163Ho source

• ions production @ILL (Grenoble, France);

• ions implantation @ISOLDE-CERN;

• about 0.2 Bq per pixel;

• two pixels simultaneusly measured;

Calorimetric spectrum

• rise time τr ' 130 ns;

• ∆EFWHM = 7.6 eV @ 6 keV;

• non-linearity <1% @ KeV;

• presentely most precise 163Ho spectrum;

Future developments

• ECHo-1k proposed for the next years;

• Aimed resolution 5 eV;

• Sensitivity: mν ' 20 eV after 1 year;
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More details in P.C.O Ranitzsch et al. [21] and

L. Gastaldo et al. [22]
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L. Gastaldo, Neutrino 2014

AIP Conf. Proc. 1666

050001 (2015) [20]



NuMECS ν
First detector prototype

• Transition Edge Sensors;

• Embedding of 163Ho source

• proton irradiation of natural Dy @LANL-IPF [?];

• 163Ho onto thin nanoporous Au foil;

• nanoporous gold foil doposited on regural Au;

• absorber obtanied by folding and pressing a small

piece of the Au foil;

• About 0.1 Bq per pixel;

Calorimetric spectrum

• 40 hours measurement;

• ∆EFWHM = 43 eV @ M1 Peak;

• 163Ho spectrum with limited statistic;

Future developments

• 4× 1024 pixel arrays;

• 100 Bq/pixel;

• Sensitivity: mν < 1 eV after 1 year;

TES

Gold

Absorber

Silicon Beams

More details in M. P. Croce et al. [18] and

G. J. Kunde et al. [19]
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HOLMES: rf-SQUID flux ramp demodulation ν
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• The signal is reconstructed by comparing the phase shift caused by the interaction of the

radiation in the TES, with the free oscillation of the SQUID, when the TES is not biased.

• Each ramp acquisition represents a sample in the reconscruted phase signal: (fs ↔ fr );

• Necessary resonator bandwidth per flux ramp: ∆f & 2nΦ0
fr ;

• To avoid cross talk ⇒ spacing between resonances: fn − fn−1 > ∆f ;

• To avoid distortions: fr > 10/τr (potentially reduced by a factor 2);

• Number of flux cycles per ramp: currently nΦ0
= 3, feasible nΦ0

= 2 (possibly 1.1 with

different ramp shape).
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