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Neutrino propertiesNeutrino properties

◼ neutrinos are massive fermions
◼ there are 3 active neutrino flavors: e, μ, τ
◼ neutrino flavor states are mixtures of 3 mass states  

neutrino mixing matrixneutrino mixing matrix

neutrino flavor weak eigenstate

neutrino mass eigenstate

∣ν l 〉 =∑k
Ulk∣νk 〉

from neutrino oscillation experiments

mmikik
22= = ∣∣mmii

22-m-mkk
22∣∣

sinsin2222 lklk= = ff((∣∣UUlklk∣∣
22))
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Neutrino open questionsNeutrino open questions

◼ mass scale: i.e. mass of the lightest ν
◼ degenerate (mm11≈≈mm22≈≈mm33) or hierarchical masses

▶  mass hierarchy: mm11<<mm22≪≪mm33  or  mm33≪≪mm11≈≈mm22?

◼ ν = ν = νν ? i.e. Dirac or Majorana particle? 
◼ CP violation in the lepton sector

mass scalemass scale

normalnormal
hierarchyhierarchy

invertedinverted
hierarchyhierarchy
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Direct neutrino mass measurementsDirect neutrino mass measurements
◼ kinematics of weak decays with ν emission

▶ low Q nuclear beta decays (3H, 187Re...)
▶ only energy and momentum conservation
▶ no further assumptions

◼ 2 approaches with different systematics: 
▶ spectrometryspectrometry with the β source outside
▶ calorimetrycalorimetry with the β source inside

AgReO4

KATRIN
large MAC-E filter

spectrometerspectrometer with 3H

MARE/ECHO/HOLMES
array of low temperature

microcalorimetersmicrocalorimeters 
with 187Re or 163Ho

≈5 mm

ΔE = 0

N (Eβ)∝ pβ Eβ(Q−Eβ)√ ((Q−Eβ)−mν
2)F (z , Eβ)S(Eβ)

(A,Z) → (A,Z+1) + e¯ + νe
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Direct neutrino mass measurements / 2Direct neutrino mass measurements / 2
◼ kinematics of weak decays 

▶  observable in nuclear beta decays with νe (νe) emission

N(E)≈pβEβ(Q−Eβ)√(Q−Eβ)
2−mβ

2F(Z,Eβ)S(Eβ)

N(E)∝pβEβ(Q−Eβ)∑k
|Uek|

2√(Q−Eβ)
2−mνk

2 F(Z ,Eβ)S(Eβ)∣νe 〉 =∑k
Uek∣νk 〉

mβ = √∑k
mνk

2
∣Uek∣

2

mβ=0
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tool CosmologyCosmology
CMB+LSS+...CMB+LSS+...

NeutrinolessNeutrinoless
Double Beta Double Beta 

decaydecay

Beta decayBeta decay
end-pointend-point

observable m∑=∑kmνk
mββ=∣∑kmνk

Uek
2∣ mβ=(∑kmνk

2∣Uek∣
2)1/2

present sensitivity ≈0.1 eV ≈0.1 eV 2 eV

future sensitivityfuture sensitivity 0.05 eV0.05 eV 0.05 eV0.05 eV 0.2 eV0.2 eV

model dependency yes  yes  no 

systematics large  yes  large 

Mass scale: experimental tools / 1Mass scale: experimental tools / 1

three complementary tools available
→ low temperature detectors play key role
(E. Fiorini and T. Niinikoski, Nucl. Instrum. and Meth. 224, p.83 (1984)) 
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Experimental status for neutrino mass / 1Experimental status for neutrino mass / 1
 Cosmological measurements:

▶ Planck TT, TE, EE+lowP+BAO: 
m∑<0.17 eV (95%) 
P. A. R. Ade et al., A&A 594, A13 (2016) 

 Tritium beta decay end-point measurements:
▶ Troitsk + Mainz experiments: mβ<2.2 eV (95%)

Ch. Kraus et al., Eur. Phys. J. C 73, (2013) 2323; 

V. N. Aseev, Phys. Rev. D 84, (2011) 112003.

 Neutrinoless double-beta decay searches:
▶ GERDA (76Ge): mββ<0.15÷0.33 eV (90%) Nature 544 (2017) 7648 

▶ KamLAND-Zen (136Xe): mββ<0.06÷0.16 eV (90%) Phys. Rev. Lett. 117 (2016) 082503

▶ CUORE-0 (130Te): mββ<0.27÷0.76 eV (90%) Phys. Rev. Lett. 115 (2015) 102502
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claim for ββ-0ν observation in 76Ge
HV. Klapdor-Kleingrothaus et al.
Mod. Phys. Lett. A, 21 (2006) 1547

Direct Direct νν mass measurements: the status mass measurements: the status

situation about now

G.L.Fogli et al., Phys. Rev. D 86 (2012) 013012
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Direct Direct νν mass measurements: the challenge mass measurements: the challenge

 

expected for the next few years
how to explore the Inverse Hierarchy?how to explore the Inverse Hierarchy?

2σ (NH)

2σ (IH)

KATRIN
mν<0.2 eV 

in 2018...in 2018...

how to get to here?

from
NeutrinolessNeutrinoless
Double Beta Double Beta 

decaydecay  

from
Beta decayBeta decay
end-pointend-point

to be 
excluded

to
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e
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Direct Direct νν mass measurements: e mass measurements: experimentalxperimental

e−33H sourceH source   countercounter

  differential or integral spectrometerdifferential or integral spectrometer
s  from the 3H spectrum in E are 

magnetically and/or electrostatically 
selected and transported to the counter

νe

e−
  sourcesource

  calorimetercalorimeter
ideally measures all the 
energy E released in the 
decay except for the νe 

energy: E=Q-E

excitation excitation 
energiesenergies

Calorimeters: source Calorimeters: source ⊆⊆ detector detector

Spectrometers: source Spectrometers: source ≠≠  detector detector

▴ high statistics
▴ high energy resolution 
▾ large systematics
▸ source effects
▸ decays to excited states

▾ background

  
▴ no backscattering
▴ no energy losses in source
▴ no decay final state effects
▴ no solid state excitation 
▾ limited statistics
▾ pile-up background
▾ spectrum related systematics 
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Spectrometers: KATRINSpectrometers: KATRIN
largestlargest electrostatic spectrometer
with gaseous gaseous 33H source (H source (EE00=18.6keV)=18.6keV)

▶expected statistical sensitivity 
mm

ee
 < 0.2 eV 90% CL < 0.2 eV 90% CL

▶start data taking in 20172017 
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Low temperature detectors as calorimeters Low temperature detectors as calorimeters 

■ (quasi-)equilibrium thermal detector

■ complete energy thermalization
▶   calorimetrycalorimetry

■  TT==EE//CC    (CC thermal capacity)
▶  low CC

▷  low T (i.e. T≪1K)
▷  dielectrics, superconductors

■  Pros and consPros and cons

▲  high energy resolution
▲  large choice of absorber materials
▲  true calorimeters
▼  only energy and time informations
▼  slow time response 

particle absorber
E  T

thermometer
T  V

electro-thermal
link G
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Low temperature detector principlesLow temperature detector principles

time

te
m

pe
ra

tu
re


T
 T
 =

 
=

 EE
// CC

  == C/G C/G 1 mg of Re @ 100 mK1 mg of Re @ 100 mK

C ~ T 3 (Debye)   ⇒   C ~ 10-13 J/K
6 keV X-ray  ⇒  ΔΔTT ~ 10 mK ~ 10 mK

G ~ 10-11 W/K   ⇒  τ  = = C/G C/G ~~  10 ms 10 ms

UUrmsrms  ~~ 1 eV 1 eV

phonons Tph

heat sink T0

particleparticle
absorberabsorber

GG


CC

C(T ph)
dT ph

dt
+G(T ph,T0)=P(t )

P(t )=ΔEδ(t ) → T ph(t )=T0+
ΔE
C

e−t / τ

for t >0 and with τ=C /G
▶  resolution limit: random energy flow through G
▶  statistical fluctuations of internal energy U 

U=⟨U⟩±ΔUrms

Nph=
⟨U ⟩

⟨Eph⟩
=

CT
kBT

ΔUrms=√Nph(kBT )=√ kBT2C
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CUORECUORE: Cryogenic Underground Observatory for Rare Events
▶ searches for 130Te neutrinoless double-beta decay
▶ 988 natural TeOTeO22 750 g crystals as low temperature detectorslow temperature detectors

▶ total mass 740 kg TeO740 kg TeO22  ⇒⇒ 206 kg of  206 kg of 130130Te Te 
▶ now cold at about 10 mK

  ~3600 m.w.e.~3600 m.w.e.

Gran Sasso Underground Lab

CUORE experimentCUORE experiment
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Superconducting transition edge sensors (TES)Superconducting transition edge sensors (TES)
● superconductor thin filmssuperconductor thin films operated inside the phase transition at TTcc

▶ elemental superconductors: Ir Ir (Tc= 112 mK), WW (Tc= 15 mK), …

▶ metal-superconductor bilayers ⇒ tunable Tc (20÷200 mK) : Mo/CuMo/Cu, Ti/AuTi/Au, Ir/AuIr/Au, ... 

● high sensitivity TdR/(RdT)≈100) ⇒ high energy resolutionhigh energy resolution
▶ as  thermal sensors → thermal sensors → σσEE

22 ≈ ≈  ξξ22  kkBB  TT22  CC

● strong electron-phonon coupling ⇒ high intrinsic speedhigh intrinsic speed
● low impedance ⇒ SQUID read-out ⇒ multiplexing for large arraysmultiplexing for large arrays

normalnormal

superconductorsuperconductor

T T →→  RR

TES read-out: costant voltage biasTES read-out: costant voltage bias

R R →→  I I →→  ΦΦ
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tt = 15 ms = 15 ms tt = 10 ms = 10 ms tt = 5 ms = 5 ms tt = 3 ms = 3 ms

2 pulses with:
●  rise= 1.5 ms
●  decay= 10 ms
●  A2/A1 = 0.55

Rise time pile-upRise time pile-up

A(t )=A(e
−t / τdecay−e

−t / τrise)

simple pulse model

resolving time τR ≈ pulse rise time τrise
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Calorimetry of beta sourcesCalorimetry of beta sources

E E = 30 eV= 30 eV
ffpppp= 2= 2××1010-4-4

E E = 0= 0
ffpppp= 0= 0

mm = 0   = 0   mm = 20 eV = 20 eV

pile-up fraction:                                             

F(ΔE ) ≈ ( ΔE
Q )

3

■  calorimeters measure the calorimeters measure the entire spectrumentire spectrum at once at once
▶ low E0  decaying isotopes for more statistics near the end-point 

▶ best choice 187187ReRe: QQ  = 2.5 keV, = 2.5 keV,  τ½½≈≈ 4 4××10101010 y y ⇒ F(E=10 eV)  ≈ ≈ (E/Q)3=7×10−8

▶ other option 163163Ho electron captureHo electron capture: QQ  ≈ ≈ 2.6 keV, 2.6 keV, τ½½≈ ≈ 4600 y4600 y

  advantagesadvantages  
▴ no back-scattering
▴ no energy losses in the 

source
▴ no atomic/molecular final 

state effects
▴ no solid state excitation

  drawbacksdrawbacks
▾ limited statistics
▾ pile-up background
▾ spectrum related systematics

f pp = τRAβ
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β β decay calorimetry statistical sensitivitydecay calorimetry statistical sensitivity

E

ffppppNN((EE,0),0)⊗⊗NN((EE,0),0)

NN((EE,,mm=15 eV)=15 eV)

NN((EE,,mm=0)=0)

NN((EE,,mm))

signal = |signal = |NN((EE,0) – ,0) – NN((EE,15 eV)|,15 eV)|

FΔE(0)≈AβNdet
ΔE3

Q3
F E m =A N det ∫

E 0−E

E 0

N E ,mdE

resolving time RR  analysis interval  EE

source activity AA number of detectors NNdetdet  

pile-up fraction ffpppp==RRAA

experimental exposure  ttMM==TT××NNdetdet  

pile-uppile-up

Nβ(E,mν)≈
3
Q3(Q−E )2√1−

mν
2

(Q−E)2

f pp=τRAβ≪
ΔE2

E0
2

negligible
pile-up

∑90
(mν)≈0.89

4√ Q3Δ E
Aβ tM

experimental challenges
► energy resolution E
► time resolution R

► exposure tM = Ndet × T

► detector activity A


→ → 187187Re Re QQ=2.5keV=2.5keV

A.Nucciotti et al., Astropart. Phys. 24 (2010) 80
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Thermal detectors for calorimetric experimentsThermal detectors for calorimetric experiments

■ metallic rheniumrhenium single crystals 
▶superconductor with Tc=1.6K
▶NTD thermistors
▶ MANU experiment (Genova)MANU experiment (Genova)

■ dielectric rheniumrhenium compound (AgReO4) crystals
▶Silicon implanted thermistors
▶ MIBETA experiment (Milano)MIBETA experiment (Milano)

187187Re Re ββ decay decay

▪  5/2+ → 1/2− unique first forbidden transition ⇒ S(E)
▪  end point QQ  = 2.47 keV= 2.47 keV

▪   half-life time  ττ1/21/2 = 43.2 Gy = 43.2 Gy
▪   natural abundance a.i. = 63% a.i. = 63%

▶ 1 mg metallic Rhenium 1 mg metallic Rhenium ⇒ ≈⇒ ≈1.0 decay/s1.0 decay/s

Re75
187

→ Os76
187

+ e−
+ ν̄e

mm      ≈≈15 eV 15 eV 
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● 0.6 years live time (0.45 years only 0.6 years live time (0.45 years only ββ))
● 6.2×106 187Re decays above 700 eV
● mm

22
  = -96 = -96 ±± 189 189statstat  ±± 63 63sys sys eVeV22

▶ mm   15.2  15.2 ±±  2.02.0syssys eV (90 % C.L.) eV (90 % C.L.) AgReO4

MIBETA experiment resultsMIBETA experiment results

M.Sisti et al., NIM A 520 (2004) 125
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QQ = 2.555 keV = 2.555 keV

mm = 2 eV = 2 eV
mm = 5 eV = 5 eV

mm = 0 eV = 0 eV

pile-up

N(Ec)=
Gβ

2

4π2 (Q−Ec)√(Q−Ec)
2−mν

2 × ∑
i

ni C iβi
2Bi

Γi

2π
1

(Ec−E i)
2
+Γ i

2
/4

Electron capture calorimetric experimentsElectron capture calorimetric experiments
163163Ho + eHo + e––  → → 163163Dy* + Dy* + ee

◼  calorimetric measurement of Dy atomic de-excitations calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)
◼ QQ = 2.8 keV = 2.8 keV  (recently measured with Penning trap) 

▶ end-point end-point rate and rate and νν  mass sensitivitymass sensitivity depend on Q Q −− E EM1M1

◼  ττ½½  ≈ ≈ 4570 years4570 years  → few active nuclei are needed (2✕102✕101111  163163Ho nuclei ↔ 1BqHo nuclei ↔ 1Bq) 

M1

M2

N1

N2

O

QQ  ==  2.30 keV2.30 keV
QQ  ==  2.80 keV2.80 keV

electron capture from shell electron capture from shell  M1 M1
A. De Rújula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

Nev = 1014

EFWHM = 2 eV

fpp = 10-6
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From From 187187Re to Re to 163163Ho calorimetric experimentsHo calorimetric experiments
◼ scaling up 187Re experiments for sub-eV sensitivity

 → MARE (Microcalorimeter Array for a Rhenium Experiment)
▶ no clear understanding Re absorber physics in spite of 20 years20 years of R&D 
▶ low 187Re specific activity → “large” masses → fabrication issues
▶ possible large systematics →  Beta Environmental Fine Structure (BEFS)

◼  163163Ho seems to be better than Ho seems to be better than 187187ReRe
▶  higher specific activity → Holmium detector not needed
▶  self calibratingself calibrating → better control of systematics
▶  butbut

● higher Q → maybe less sensitive
● pile-up spectrum
● chemical effects on Q 

◼ two active projects presently
▶  ECHoECHo (Heidelberg)  (Heidelberg) 
▶   MARE MARE (→ now HOLMES)
▶  Los Alamos National Lab., Standford University ?, ...

A. Nucciotti, Adv. High Energy Physics, 2016, 915304
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Electron capture end-point experimentElectron capture end-point experiment
● no direct calorimetriccalorimetric measurement of Q Q (end-point) so far 

● complex pile-up spectrumpile-up spectrum

▶ NNpppp((EE))==ffppppNNECEC((EE)⊗)⊗NNECEC(E)  (E)  with   ffpppp≈≈AAECECττRR

QQ  = 2800 eV= 2800 eV  
ffpppp= 10= 10-4-4

AAECEC EC activity per detector
ττRR

 time resolution (≈rise time)
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mid-term
prototype
2017

full scale
HOLMES
2018-2019

16 channels16 channels
tM=1 month

1000 channels1000 channels
tM=3 years

goalgoal
● neutrino mass measurement: mmν ν statistical sensitivity as low as 0.4 eVstatistical sensitivity as low as 0.4 eV 

● prove technique potential and scalability:
▶ assess EC spectral shape
▶ assess systematic errors

baselinebaseline
● TES microcalorimeters

with implantedimplanted 163163HoHo
▶ 6.5✕1013 nuclei per pixel

AEC = 300 dec/sec 300 dec/sec

▶ ΔΔEE≈1≈1eV eV and  ττRR≈≈11μμs s 

● 1000 channel1000 channel array
▶ 6.5✕1016 163Ho nuclei 

→ ≈18μg
▶ 3✕103✕101313 events in  events in 3 year3 years

→ → started on February 1started on February 1stst 2014 2014

HOLMES HOLMES (ERC-Advanced Grant n. 340321) (ERC-Advanced Grant n. 340321) 

B. Alpert et al., Eur. Phys. J. C,  (2015) 75:112
http://artico.mib.infn.it/holmes

AEC= 300 Bq
fpp = 3✕10-4

ΔE =1 eV
τR = 1 μs
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Potential sensitivity: Montecarlo simulations Potential sensitivity: Montecarlo simulations 

∝
4√1 /Nev

Q = 2.8 keV
ΔE = 1 eV
τR = 1 μs

fpp = 10-6, 10-3

AEC = 1 Bq
NNdedettttM M ≈ 2≈ 2✕10109 9  det✕y   det✕y  

AEC = 1000 Bq
NNdedettttM M ≈ 10≈ 1088 det✕y det✕y

for Σ(mν) ≤ 0.1 eV 

A. Nucciotti, Eur. Phys. J. C (2014) 74:3161

HOLMESHOLMES
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More on EC end-point experiments / 1More on EC end-point experiments / 1

QQ  = 2800 eV= 2800 eV  
ffpppp= 10= 10-4-4

● shake-up/shake-off → double hole excitations double hole excitations 
▶ n-hole excitations possible but less probable
▶ authors do not fully agree on energies and probabilities 

● even more complex pile-up spectrum pile-up spectrum 
▶  it may be worth keeping ffpppp smaller than 10 smaller than 10-4-4

A.De Rújula, arXiv:1305.4857
R.G.H.Robertson, arXiv:1411.2906

A.Faessler et al., PRC 91 (2015) 45505

only shake-up!only shake-up!
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● including 2-hole shake-off processes
 

●  dominate rate at end-point 
▶ optimisticoptimistic: : factor ∼40 increase  
▶ no analytic description of spectral shape at end-point 

● make pile-up less importantpile-up less important

More on EC end-point experiments / 2More on EC end-point experiments / 2

163Ho →163DyH1 H2 + e− + νe

without kinematic factor (Q-Ec)((Q-Ec)
2-mν

2)1/2 with kinematic factor (Q-Ec)((Q-Ec)
2-mν

2)1/2

  A.De RA.De Rúújula & M. Lusignoli, J. High Energ. Phys. (2016) 2016: 15jula & M. Lusignoli, J. High Energ. Phys. (2016) 2016: 15
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Statistical sensitivity: shake-off processesStatistical sensitivity: shake-off processes

statistical sensitivity Σ(mν) ≈ 0.64 ± 0.03 eV

HOLMES simulation with the optimisticoptimistic spectrum from A.De Rújula & M. Lusignoli  spectrum from A.De Rújula & M. Lusignoli 
Q = 2833 eV, Nev= 3✕1013, fpp= 3.0✕10-4, ΔE = 1.0 eV

NEC(Ec) = a1 (Q−Ec) √(Q−Ec)
2−mν

2 (1 + a2 Ec + a3 Ec
2 +

a4

(EM1−Ec)
2
) + f ppNpp(Ec)

M1

fit interval
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HOLMES design: more MC simulations...HOLMES design: more MC simulations...

QQEC EC = 2.8 keV= 2.8 keV
NNevev= 3✕10= 3✕101313

ΔΔE E = 1eV= 1eV

1010-5-5
HOLMESHOLMES

1010-3-3

1010-4-4

1010-7-7

Statistical sensitivity Σ(mν) dependencies from MC simulations

● strong on statisticsstatistics NNevev==AAECECNNdedettttMM
:  Σ(Σ(mmνν) ∝) ∝ N Nevev

-1/4-1/4  

● 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)

ffpppp
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Statistical sensitivity and single pixel activityStatistical sensitivity and single pixel activity

HOLMES HOLMES baseline

1000 channels
tM=3 years

ΔE =1 eV
τR = 1 μs

ΔE =3 eV
τR = 3 μs

fixed exposure NNdedettttMM

high activity → robustness against (flat) background
AEC=300 Bq → bkg<≈0.1 counts/eV/day/det

Q = 2.8 keV
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bkg [c/eV/day/det]bkg [c/eV/day/det]

0

2✕10-5

2✕10-4

2✕10-3

0

0.2
2.0

20

bkg [c/eV/day/det]bkg [c/eV/day/det]

Effect of background on sensitivityEffect of background on sensitivity
AAECEC=300 Bq/det=300 Bq/det

ffpp pp = 3= 3✕✕1010-4-4

AAECEC=3 Bq/det=3 Bq/det
ffpp pp = 3= 3✕✕1010-6-6

❬❬rrpppp❭=❭=AAECECffpppp/2/2QQ==
                  =1.5✕10=1.5✕10-4 -4 c/eV/day/det c/eV/day/det 

❬❬rrpppp❭=❭=AAECECffpppp/2/2QQ==
    =1.5=1.5  c/eV/day/det c/eV/day/det 
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Low energy background sourcesLow energy background sources

● environmental environmental γγ radiation radiation

● γ, Xγ, X and  and ββ from close surroundings from close surroundings

● cosmic rayscosmic rays
▷ GEANT4 simulation for CR at sea level (only muons)
▷ Au pixelAu pixel 200✕200✕2 μm3 → → bkg bkg ≈ ≈ 5✕105✕10-5-5 c/eV/day/det c/eV/day/det  (0 - 4 keV)(0 - 4 keV)  

● internal radionuclidesinternal radionuclides
▷ 166m166mHo Ho ((ββ−−, τ, τ

½ ½ = 1200 y, produced along with = 1200 y, produced along with 163163Ho)Ho)

▷ Au pixelAu pixel 200✕200✕2 μm3 

GEANT4 simulation   →→      bkg bkg ≈ 0.5≈ 0.5 c/eV/day/det/ c/eV/day/det/Bq(Bq(166m166mHo) Ho) 
▷ AA((163163Ho) = 300Bq/det Ho) = 300Bq/det ( ↔  ≈6.5×1013 nuclei/det) 

bkgbkg((166m166mHo)Ho)<<0.1 c/eV/day/det0.1 c/eV/day/det →   →   AA((163163Ho)/Ho)/AA((166m166mHo) > 1500Ho) > 1500

   →  N(163Ho)/N(166mHo)>6000

MIBETA MIBETA experiment withexperiment with 300✕300✕150 μm 300✕300✕150 μm33 AgReO AgReO
44 crystals crystals

bkg(2..5keV)≈1.5✕10-4 c/eV/day/det
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HOLMES tasksHOLMES tasks

● 163Ho isotope production

● 163Ho embedding system

● TES pixel R&D

● TES array design and fabrication

● TES array multiplexed read-out

● Data Acquisition System
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163163Ho production by neutron activationHo production by neutron activation

◼ 162162Er irradiationEr irradiation at ILL nuclear reactor (Grenoble, France)
▶ thermal neutron flux at ILL: 1.31.3⨯⨯10101515 n/cm n/cm22/s/s

▶ burn upburn up 163Ho(n,γ)164Ho:  σσburn-upburn-up  ≈ ≈ 200b 200b (preliminary result from PSI analysis)

▶ 165165Ho(n,γHo(n,γ)) (mostly from 164Er(n,γ)) → 166m166mHo Ho ((β,β,  ττ½½==1200y) 1200y) → A(163Ho)/A(166mHo)=100∼1000

◼ chemicalchemical pre-purificationpre-purification and post-separationpost-separation at PSI (Villigen, CH)

◼ HOLMES needs ≈ 20HOLMES needs ≈ 200 MBq of 0 MBq of 163163Ho Ho 
with reasonable assumptions on the (unknown) global embedding process efficiency...

116262Er (n,Er (n,γγ) ) 163163ErEr        σσthermal thermal ≈ ≈ 20b20b
163163Er → Er → 163163Ho + Ho + ννee      ττ½½

EC EC ≈ 75≈ 75minmin
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HOLMES source productionHOLMES source production
◼ enriched Erenriched Er

22OO33  
samples* irradiated at irradiated at ILLILL and pre-/post-processed at pre-/post-processed at PSIPSI

▶   25 mg irradiated for25 mg irradiated for 55 days (2014) → A(163Ho) ≈ 5 MBq (A(166mHo)≈10kBq)  

▶   150 mg irradiated for 150 mg irradiated for 50 days (2015) → A(163Ho) ≈ 38 MBq (A(166mHo)≈37kBq)

◼ Ho chemical separation Ho chemical separation with ion-exchange resins in hot-cell at  at PSIPSI
▶  efficiency ≳79% (preliminary)

◼ 540 mg of 25% enriched Er540 mg of 25% enriched Er
22OO33

 irradiated 50 days at ILL early in 2017

▶ A(163Ho)theo≈ 130 MBq (enough for R&D and 500 pixels) (A(166mHo)≈180kBq)

* from INFN and CENTRA (Lisbon)
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HOLMES mass separation and ion implantationHOLMES mass separation and ion implantation
163

162

sputter ion sourcesputter ion source

FaradayFaraday
cupcup

slitslit

90° magnet90° magnet

● extraction voltage 30-50 kV → 10-100 nm implant depth
● 163Ho / 166mHo separation better than 105

● ion source, magnet and slit delivered end 2016 4 mm FWHM

targettarget
chamberchamber

magneticmagnetic
XY scanningXY scanning

electrostaticelectrostatic
triplettriplet



A. Nucciotti, PSI, Villigen (CH), May 23A. Nucciotti, PSI, Villigen (CH), May 23rdrd, 2017, 2017 3939

HOLMES ion implantation system / 2HOLMES ion implantation system / 2

testing the ion source
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Ion source sputter target production / 1Ion source sputter target production / 1
◼ Metallic holmium sputter target Metallic holmium sputter target for implanter ion sourcefor implanter ion source

◼ 30% enriched30% enriched ErEr
22OO33 → Ho → Ho

22OO3 3 

◼ thermoreduction/distillation in furnace
▶  Ho2O3+2Y(met) → 2Ho(met)+Y2O3 at T>1600°C

◼ new furnace set-up in 2016
◼ work in progress to

▶  optimize the process 
▶  measure efficiency (≈70%, preliminary)

evaportated metallic holmium
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Ion source sputter target production / 2Ion source sputter target production / 2
◼ Metallic holmium sputter target Metallic holmium sputter target for implanter ion sourcefor implanter ion source
▶ work is in progress to produce the sputter target
▶ sintering Ho with other metals

target
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TES microcalorimetersTES microcalorimeters

micromachined
silicon substrate

SiNx membrane

TES Mo/Cu bilayer
absorber

NIST TES array for X-ray spectroscopy
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2keV electrons

Geant4 + LowEnergyEM MC simulation

full thickness: full thickness: 0.050.05, , 0.1, 0.1, 0.5, 0.5, 1, 1, 2 2 μμmm

2keV photons

TES absorber design: stopping EC radiation / 1TES absorber design: stopping EC radiation / 1

full thickness [μm]

200 μm

thickness/2 source
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full thickness [μm]

200 μm

thickness/2

2keV electrons

Geant4 + LowEnergyEM MC simulation

TES absorber design: stopping EC radiation / 2TES absorber design: stopping EC radiation / 2
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Multiplexed TES array read-out Multiplexed TES array read-out 
TDM Time Division Multiplexing

32 add resses

32 inpu ts

column output +...

N✕N✕NN TES array TES array
without mux → mux → N✕N readout channels
with mux → mux → N addresses + N outputs 
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HOLMES array read-out: rf-SQUID HOLMES array read-out: rf-SQUID μμwave mux wave mux 

f1 f2 fn

resonator

rf- SQUID
dc biased TES sensor

periodic
SQUID
response
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≈MHz

HOLMES array read-out: rf-SQUID HOLMES array read-out: rf-SQUID μμwave mux wave mux 

MHz flux ramp modulation framp → fsampl

f1 f2 fn

resonator

rf- SQUID
dc biased TES sensor

free rf-SQUID oscillation
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HOLMES array read-out: rf-SQUID HOLMES array read-out: rf-SQUID μμwave mux wave mux 

GHz LC resonator fiMHz flux ramp modulation framp → fsampl

f1 f2 fn

resonator

rf- SQUID
dc biased TES sensor

rf-SQUID inductance vs. flux
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μμwave with RF carrier homodyne read-outwave with RF carrier homodyne read-out

Q
 =

 Im
[S

21
]

ramp 
modulated 
signals

resonance IQ loop

f

 I = Re[S21]

33 resonances on 1 mux chip

f1 f2 fn

device i is read out tuning the RF carrier to fi
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Cryogenic set-upCryogenic set-up

2K

600mK

50mK

5mK

detector holder

HEMT

LHe-free dilution refrigerator
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HOLMES DAQ: Software Defined RadioHOLMES DAQ: Software Defined Radio

multiplexing factor nTES

ffBW BW required bandwidth per channel ≈1/τrise → nTES≈
f ADC

10 f BW
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Detector time resolutionDetector time resolution
● for subsequent (Δt) events with energy E1 and E2: time resolution τR=  τR(E1, E2) 

● Montecarlo pile-up spectrum simulations
▷ event pairs with EE11++EE22∈∈[2.4 keV, 2.6 keV][2.4 keV, 2.6 keV] (drawn from 163Ho spectrum), ΔΔtt  ∈∈[0, 16[0, 16μμss] ] 

▷ pulse shape and noise from NIST TES modelpulse shape and noise from NIST TES model, sampled with fsampl, record length, and n bit

▷ process with pile-up detection algorithms:  
● Wiener Filter WFWiener Filter WF or  or Single Value Decomposition SVDSingle Value Decomposition SVD

● evaluate effective time resolution effective time resolution ττeffeff  from pile-up detection efficiency pile-up detection efficiency ηη((ΔΔtt))

Npp(E)=AEC∫
0

∞

τR(E ,ϵ)NEC(ϵ)NEC(E−ϵ)d ϵ

f pp=AEC Δ tmax [1− ∫
0

Δ tmax

η(x )
Δ t max

dx ]=AEC τeff

ffpppp N NECEC((EE)⊗)⊗NNECEC(E)(E) with  with A A = 300 Bq and = 300 Bq and ττRR= 1 = 1 μsμs    

WF simulationWF simulation with  with ffsamp samp = 1 MHz, = 1 MHz, ττrise rise ≈≈ 10  10 μs, μs, 
and and AAECEC  = 300 Bq= 300 Bq

MC with WF

ffpppp=3x10=3x10-4-4

ffpppp≈6≈6x10x10-4-4

best time resolutionbest time resolution

SVD SVD ((ffsampsamp= 0.5MHz, τ= 0.5MHz, τ
riserise≈≈ 10μs)  10μs) →→  ττeffeff≈≈ 1 μs  1 μs   
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HOLMES detector designHOLMES detector design
 design mostly driven by read-out bandwithread-out bandwith requirements  

▶ TES microwave multiplexing with rf-SQUID ramp modulation + Software Defined Radio (SDR)

nTES=
f ADC

f n

≤
f ADC τrise

2Rd gf nΦ0

≈
f ADC τ rise

200

f samp≥
Rd

τ rise
≈

5
τ rise

detector signal sampling (signal BW)

f res≥2nΦ0
f samp flux ramp modulated signal BW (resonator BW)

f n≥gf f res=
2Rd gf nΦ0

τ rise
microwave tones separation (gf ≳ 10)

for fixed fADC=550MHz and nTES≈30 ↔ τrise≈10μs with fsamp=0.5MHz

multiplexing factor

HOLMES targetsHOLMES targets
τR ΔE Ndet

signal sampling fsamp

signal rise time τrise

read-out specsread-out specs
SDR ADC fADC

multiplexing factor nTES

→ check for τR and ΔE...
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HOLMES pixel design and testHOLMES pixel design and test
● optimize design for speed and resolution

▷  specs @3keV :  ΔEFWHM ≈ 1eV,  τrise ≈ 10μs, τdecay ≈ 100μs 

● 2 2 μμmm Au Au  thickness for full electron and photon absorption
▷ GEANT4 simulation: 99.99998% / 99.927% full stopping for 2 keV electrons / photons

● side-car design to avoid TES proximitation and G engineering for τdecay control 

163Ho

▷ ΔEFWHM ≲ 4 eV @ 6 keV (→ ≈3 eV @ QEC)

▷ τrise ≈ 6 μs (with L=38nH → to be slowed)

▷ τdecay ≈ 130 μs (still tunable)

TES prototypesTES prototypes
fab&test @ NIST

prelim
inary

prelim
inary

with TDM mux
nTES=1

TES absorber
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Detector testing with homodyne read-outDetector testing with homodyne read-out

fsamp= 400 kS/s

ΔE0 = 4.0 eV

τrise= 35 μs

τdecay= 141 μs

μmux

TES

55Fe Kα
ΔE = 5.1±0.1 eV

prelim
inary
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ROACH-2 based Software Defined RadioROACH-2 based Software Defined Radio  

55Fe Kα
ΔE = 7.1±0.1 eV

fsamp= 500 kS/s

ΔE0 = 5.6 eV

τrise= 6.5 μs

τdecay= 67 μs

TES

μMUXRF

Detector testing with HOLMES DAQDetector testing with HOLMES DAQ

prelim
inary
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HOLMES detector design and fabricationHOLMES detector design and fabrication

● TES array fabricated at NISTNIST, Boulder, CO, USA
● 163163HoHo implantation at INFNINFN,, Genova, Italy
● 1 μm Au Au final  layer deposited at INFN Genova
● fabrication process definition in progress
● HOLMES 4✕16 linear sub-array for low parasitic L and high implant efficiency

163163HoHo
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■ 163Ho ion beam sputters Au from absorber
▶ 163Ho concentration in absorber saturates 
▶ compensate by Au co-evaporation

■ final 1 μm Au layer in situ deposition
■ tests are in progress 

163Ho beam

TES detectors

Ar ion beam
microwave sources

for sputtering

Au sputter target

depth [Å]

AEC ≈ 2 Bq

ion implant simulation with SRIM2013
163Ho ions on Au (Eion = 50 keV)

io
ns

/c
m

2 /
Å

Target chamber for absorber fabricationTarget chamber for absorber fabrication

163Ho
Ar
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HOLMES schedule and conclusionsHOLMES schedule and conclusions

Project Year 20152015 20162016 20172017 20182018

Task S2S2 S1S1 S2S2 S1S1 S2S2 S1S1 S2S2

Isotope production

TES pixel design and optimization

Ion implanter set-up and optimization  

Full implanted TES pixel fabrication

ROACH2 DAQ (HW, FW, SW)

32 pix array 6mo measurement32 pix array 6mo measurement

Full TES array fabrication

HOLMES measurementHOLMES measurement

■ HOLMES project statusHOLMES project status

□ many technical challenges are being addressed in parallel

□ design phase is complete

□ ion implanter setting up is in progress

□ first 163Ho implantation coming shortly

□ spectrum measurements will begin late in 2017



A. Nucciotti, PSI, Villigen (CH), May 23A. Nucciotti, PSI, Villigen (CH), May 23rdrd, 2017, 2017 6060

Backup slidesBackup slides

...
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Worst case scenarios...Worst case scenarios...

AAECEC =  = 300Hz 300Hz 100Hz100Hz  10Hz10Hz

ΔΔE E = = 1eV 1eV 5eV5eV  5eV5eV
ττ =  = 1 1 μμs s 33μμs s 1010μμss
ffpp pp = = 3x103x10-4 -4 3x103x10-4-4  1010-5-5

1000 channels
tM=3 years
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163163Ho production and embeddingHo production and embedding
◼ 163Ho production by nuclear reaction 

▶ high yield
▶ low by-products contaminations (in particular 166mHo, β τ½=1200y)
▶ not all cross sections are well known 

→ neutron activation of enriched neutron activation of enriched 162162Er (nuclear reactor)Er (nuclear reactor)
→ 163Dy(p,n)163Ho Ep>10 MeV (direct, low yield → PSI?)  

→ natDy(α,xn)163Er and 159Tb(7Li, 3n)163Er
◼ 163Ho Separation from Dy, Er and more ...

▶ radiochemistry (before and/or after irradiation)
▶ magnetic mass separationmagnetic mass separation 
▶ resonance ionization laser ion source (RILIS)?

◼ 163Ho embedding in detector absorber 
▶ implantation (+magnetic separation)implantation (+magnetic separation)
▶ Au film deposition for full containment 

particle p n 1014 n/cm2/s p 16 MeV 
80 μA

p 24 MeV
240 μA

α 40 MeV
30 μA

target W/Ta 162Er (40%) natDy
200mg/cm2

natDy
20g

natDy
“thick”

163Ho prod rate [nuclei/h] 1014 1013-15/ mg 162Er 1014 1015 1013

U. Koester @NuMass 2013

J.W. Engle et al., NIM B 311 (2013) 131–138ECHOECHO

HOLMES baselineHOLMES baseline
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rf-SQUID microwave multiplexingrf-SQUID microwave multiplexing

J. Brevik @ LTD15

rf-SQUID inductance vs. flux resonance frequency vs. flux

MHz flux ramp modulation

GHz LC resonator

1

1

2

2



A. Nucciotti, PSI, Villigen (CH), May 23A. Nucciotti, PSI, Villigen (CH), May 23rdrd, 2017, 2017 6464

TES read-out: SQUIDTES read-out: SQUID

● low impedance suitable for multiplexable
dc-SQUID magnetometers

● current amplifier configuration
▷ ΔI → ΔΦ → ΔV

● feedback linearized response
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The holmium experimentsThe holmium experiments

dal talk di Kathrin Valerius a Neutrino 2016
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International competition / 1International competition / 1

ECHo
Los Alamos

dal talk di Kathrin Valerius a Neutrino 2016
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International competition / 2International competition / 2
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Beyond spectrometers: Project8 / 1Beyond spectrometers: Project8 / 1

uniform B field + low pressure T2 gas

GHz cyclotron radiation 
detection to measure K
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Beyond spectrometers: Project8 / 2Beyond spectrometers: Project8 / 2
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Modulation of the electron emission probability due to the atomic and molecular 
surrounding of the decaying nucleus: it is explained by the wave structure of the 

electron (analogous of EXAFS)

— 

fit

■AgReO4

C. Arnaboldi et al., Phys. Rev. Lett. 96 (2006) 042503 (for BEFS in Rhenium: F. Gatti et al. Nature, 397 (1999) 137)

χBEFS (ke )=F s χEXAFS
l=0 + F pχEXAFS

l=1

χEXAFS
l (ke )=(−1)l ∑

n=1

N

B nl (ke ,R n)e
−2ke

2σn
2

sin(2ke R n+ δ0l+ δnl )

→ Fp = 0.84 ± 0.30

BEFS: Beta Environmental Fine StructureBEFS: Beta Environmental Fine Structure
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Beta Environmental Fine Structure in Beta Environmental Fine Structure in 163163Ho?Ho?

● what about BEFS in 163Ho spectra?

▷ Ec deposited by cascade processes → convolutionconvolution?

▷ different transition sequences → cancellationcancellation?

▷ smeared position of 163Ho in host lattice → attenuationattenuation?

χBEFS (ke )=F s χEXAFS
l=0 + F pχEXAFS

l=1

χEXAFS
l (ke )=(−1)l ∑

n=1

N

B nl (ke ,R n)e
−2ke

2σn
2

sin(2ke R n+ δ0l+ δnl )

187Re β decay

⊗
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Resolution limit: LTD vs. ionization detectors Resolution limit: LTD vs. ionization detectors 

phonons Tph

heat sink T0

particleparticle
absorberabsorber

GG



Cryogenic detectorsCryogenic detectors
● measure the energy that goes into heat (100%)

▶ no branching ⇒ no statistical fluctuations
▶ resolution limit: random energy flow through G
▶ statistical fluctuations of internal energy U = 〈U〉 ± Urms

Nph=
⟨U⟩

⟨Eph⟩
=

CT
kBT

ΔUrms=√Nph(kBT )=√kBT2C

1 mg of Re @ 100 mK1 mg of Re @ 100 mK

C ~ 10-13 J/K  UUrmsrms  ~~ 1 eV 1 eV

Ionization detectorsIonization detectors
● measure only the energy that goes into ionization (~1/3)

▶ in semiconductors: energy to create an e-h pair W0 ≈ 3 eV ⇒ Neh = E/W0

▶ statistical fluctuations on Neh limit the energy resolution:

▶ in practice: EEFWHMFWHM≈≈ 115 eV at 6 keV for silicon 115 eV at 6 keV for silicon  
● other limitations from electron transport properties (material restriction, purity...)


E
=F N

eh
W

0
=F E W

0
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HOLMES array read-out: rf-SQUID HOLMES array read-out: rf-SQUID μμwave mux wave mux 

GHz LC resonator fiMHz flux ramp modulation framp → fsampl

f1 f2 fn

resonator

rf- SQUID
dc biased TES sensor

free rf-SQUID oscillation 

TES signal ↔ shifting phase oscillation

ramp
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Ramp demodulationRamp demodulation
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2 pulses with:
●  riserise= 1.5 ms= 1.5 ms
●   decaydecay= 10 ms= 10 ms
●   AA22//AA11 = 0.5 = 0.5

A(t )=A (e−t /τdecay−e
−t / τrise )

Rise time pile-upRise time pile-up
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HOLMES signal processing and in-line analysisHOLMES signal processing and in-line analysis
● normal data taking (permanent RAID storage)normal data taking (permanent RAID storage)

▶ save only n-tuples (6 ✕ 4 byte words) * 
▶ high threshold (Eth≈2.022keV, EM1=2.041keV, QEC=2.8keV, 21% of spectrum) *
▶ about 150TB in 3 years (un-compressed)

● periodic minimum bias samples (temporary storage)periodic minimum bias samples (temporary storage)
▶ tune parameters for real time pulse processingtune parameters for real time pulse processing
▶ full waveform (512 samples at 12 bit) for immediate off-line analysis *
▶ full spectrum → 20TB/day
▶ combined with high threshold data

● lower threshold is possiblelower threshold is possible
with compressionwith compression

ROACH2 FW real-timereal-time
pulse processing:
● threshold cut
● …
SERVER quasiquasi real-time real-time
pulse processing:
● OF analysis → n-tuples
● pile-up detection
● …

EEthth

50TB/y50TB/y

* hypothetical configurations



A. Nucciotti, PSI, Villigen (CH), May 23A. Nucciotti, PSI, Villigen (CH), May 23rdrd, 2017, 2017

Geant4 + LowEnergyEM
2 105 events full

thickness
[μm]

200 μm

thickness/2

166m166mHo backgrounHo backgroun
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Low energy background sources / 2Low energy background sources / 2

AgReOAgReO
44  300✕300✕150 μm  300✕300✕150 μm33

AuAu 200✕200✕3 μm 200✕200✕3 μm33
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