
HOLMES is a new experiment to directly measure the neutrino mass with a sensitivity as low as 0.4 eV. HOLMES will perform a calorimetric measurement of calorimetric measurement of 
the energy released in the electron capture decay of the energy released in the electron capture decay of 163163HoHo (A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429). The calorimetric measurement 

eliminates systematic uncertainties arising from the use of external beta sources, as in experiments with beta spectrometers. HOLMES will deploy a large array 
of low temperature microcalorimeters with implanted 163Ho nuclei. We outline here the project technical challenges and the present status of the development.
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● calorimetry of Dy atomic de-excitations calorimetry of Dy atomic de-excitations (mostly non-radiative)
● rate at end-point and ν mass sensitivity depend on QEC

▶ Measured: QQEC EC = 2200= 22002800 eV2800 eV. Recommended: QQECEC = 2555 eV = 2555 eV   

● ½ ½ ≈ ≈ 4570 years: 4570 years: 2✕1011 163Ho nuclei → 1 Bq
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163Ho + eHo + e–– →  → 163163Dy* + νDy* + νee QEC ≈ 2.5 keV → electron capture from shell  M1
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detector developmentdetector development

A. Nucciotti, Eur. Phys. J. C (2014) 74:3161
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QQEC EC = 2.6 keV, = 2.6 keV, NNevev= 10= 101313

ΔΔE E = 1eV= 1eV
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ffpppp

NNevev= 10= 101414, f, f
pppp= 10= 10-6-6, , EE= 2 eV= 2 eV
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Statistical sensitivity Σ(mν) dependencies from MC simulations
● strong on statisticsstatistics NNevev==AAECECNNdedettttMM

:  Σ(Σ(mmνν) ∝) ∝ N Nevev
1/41/4  

● strong on rise time pile-uprise time pile-up (probability ffpppp≈≈AAECECττRR
)

● weak on energy resolutionnergy resolution ΔΔEE

ttMM
 measuring time

NNdetdet number of detectors
AAECEC EC activity per detector

ττRR
 time resolution (≈rise time)
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AAECEC= 300 Bq= 300 Bq
fpp = 3x10-4

ΔE = 1 eV
τ = 1 μs

mid-term 
prototype
2016

full scale 
HOLMES
2017

16 channels
tM= 1 month

1000 channels
tM= 3 years

HOLMES goals
● neutrino mass measurement with a mmνν statistical sensitivity as low as 0.4 eV statistical sensitivity as low as 0.4 eV
● assess potentialpotential

HOLMES baseline
● Transition Edge Sensors

with implanted 163163HoHo 
▶ 6.5✕1013 nuclei/ch 

→ AAECEC= 300 Bq= 300 Bq

▶ ΔΔE E ≈ 1 ≈ 1 eV eV and  ττRR≈ ≈ 1 1 μμss 

● 1000 channel array1000 channel array
▶ 6.5✕1016 163Ho nuclei 
▶ 33✕✕10101313 events in 3 y events in 3 y

B. Alpert et al., Eur. Phys. J. C,  (2015) 75:112

Effective time resolution from MC simulations
● for subsequent (Δt) events with energy E1 and E2: time resolution τR=  τR(E1, E2)  

● generate realistic TES signals (→ E, τrise, τdecay) solving differential equations

▶ sampled records (reclen, nbit, fsampl) with signal pairs in realistic noise (→ ΔE)

▶ EE11++EE22∈∈[2.4 keV, 2.6 keV][2.4 keV, 2.6 keV] (drawn from 163Ho spectrum NEC(EEC)), ΔΔtt  ∈∈[0, 8[0, 8ττriserise]]

● pile-up discrimination algorithms based on Optimal and Wiener filtersOptimal and Wiener filters 
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L τrise fsampl reclen OF test: τeff WF test: τeff E @ 2047 eV 

[nH] [μs] [MHz] [sample] [μs] [μs] [eV]

24 2.3 1 512 1.8 1.0 3.0

48 4.5 1 512 4.2 1.3 2.1

nbit=12

C = 0.5 pJ/K
G = 0.4 nW/K
τdec≈ 150 μs

Npp(E)=AEC∫
0

∞

τR(E ,ϵ)NEC(ϵ)NEC(E−ϵ)d ϵ
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τrise= 4.5 μs

ΔE = 2.1 eV

WF test

GHz LC resonator fi

flux ramp

bias

f1 f2 f3

MHz flux ramp modulation framp

framp→ fsampl

TES read-out and signal multiplexing
microwave read-out of rf-SQUID with flux ramp modulation*

homodyne detection 

frequency shift δf ↔ carrier phase shift δϑ  
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ϕ(S21)=arctan(Q / I)

● digital microwave multiplexingdigital microwave multiplexing
● comb from up-conversion → f1⊕f2⊕f3⊕…⊕fNmux 

● down-conversion → digitization: f fADCADC= 0.5 GHz= 0.5 GHz

● required bandwidth per channel: ffTESTES

▶   fTES = 2nΦ0fsampl≳ 2nΦ0(1/τrise)

  → fTES = 4nΦ0(1/τrise)

nΦ0=3 (nΦ0≥2)
fmod=nΦ0framp

Nmux=
f ADC

5 f TES

τrise= 5 μs, nΦ0= 2 →  NNmuxmux≈ ≈ 5050

O. Noroozian et al., Applied Phys.Lett. 103, (2013) 202602
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● Transition Edge Sensors (TES)
● MoCuMoCu bilayers → Tc≈100mK

● 3 μm thick BiBi absorber with 
163163Ho/AuHo/Au source for full absorbtion 

● thin electrodeposited AuAu 
encapsulating implanted 163163HoHo  

● TES fabricated at NISTNIST, Boulder, CO, USA
● 163Ho implantation and Si2N3 membrane release at INFNINFN Genova*

G Cu bar

measured @ NIST

L C G τrise 
(peak)

τdecay 
(peak)

ΔE 
(S/N)

[nH] [pJ/K] [pW/K] [μs] [μs] [eV]

80 0.5 400 35 133 1.8

from model

L τrise τdecay 

(10-90%)

[nH] [μs] [μs]

40 3.6 154

60 6.4 142

80 9.5 127 new side-by-side geometry

163Ho

ΔT=E/C

ΔR

TESTES*see G. Pizzigoni poster

*see E. Ferri poster
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