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Assessing the neutrino massAssessing the neutrino mass

◼ 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

ΔE = 0

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

(A,Z) → (A,Z+1) + e¯ + νe

A. Nucciotti, Adv. High Energy Physics, 2016, 915304

2σ (NH)
2σ (IH)

from
neutrinolessneutrinoless
double beta double beta 

decaydecay  

KATRIN 
spectrometer

mν<0.2 eV
in 2018in 2018

how to get to here?

 = mν
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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
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Electron capture calorimetric experiments / 1Electron capture calorimetric experiments / 1
163163Ho + eHo + e––  → → 163163Dy* + Dy* + ee

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

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

◼  ττ½½  ≈ ≈ 4570 years4570 years  → 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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Electron capture calorimetric experiments / 2Electron capture calorimetric experiments / 2
● calorimetriccalorimetric measurement ↔ detector speed is criticaldetector speed is critical 

● 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)

NNECEC(E)(E)  without  higher order processes (shake up / shake off)
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goalgoal
● direct neutrino mass measurement: mmν ν statistical sensitivity around 1 eVstatistical sensitivity around 1 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 c/s/det 300 c/s/det

▶ ΔΔE E ≈ 1 ≈ 1 eV eV and  ττR R ≈ ≈ 1 1 μμss  

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

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

5 years project started on February 15 years project started 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

exposure = 1000 det exposure = 1000 det ✕✕ 3 y 3 y
AEC = 10 c/s/det     30 c/s/det     100 c/s/det      10 c/s/det     30 c/s/det     100 c/s/det     300 c/s/det300 c/s/det  

      

ττRR≈≈1010μμss

ττRR≈5μ≈5μss

ττRR≈3μ≈3μss

ττRR≈1μ≈1μss

HOLMESHOLMES
goalgoal
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Montecarlo simulations: Montecarlo simulations: 163163HoHo sensitivity potential  sensitivity potential 

∝
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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Montecarlo simulations: low energy backgroundMontecarlo simulations: low energy background
● 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: experiment: 300✕300✕150 μm300✕300✕150 μm33 AgReO AgReO
44 crystals at  crystals at sea levelsea level

bkg(2-5keV)≈1.5✕10-4 c/eV/day/det

HOLMES target
for AEC = 300 Bq

bkgbkg <  < ≈≈0.10.1  c/eV/day/detc/eV/day/det
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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)) → 166m166mHoHo  ((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



A. Nucciotti, LTD-17, Kurume, Japan, July 2017A. Nucciotti, LTD-17, Kurume, Japan, July 2017 99

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 radiochemical separation Ho radiochemical 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

Faraday cupFaraday cup
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
chamber *chamber *

magnetic    magnetic    
XY scanning **XY scanning **

electrostaticelectrostatic
triplet **triplet **

see G. Gallucci PE-28

≈4 mm FWHM
beam size

calculated beam size

* delivered in July 2017: under testing
** delivery planned for end of 2017
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HOLMES ion implantation system testingHOLMES ion implantation system testing

sputter ion sourcesputter ion source

sputter targetsputter target
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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

◼ enrichedenriched 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

see G. Gallucci PE-28
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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

see G. Gallucci PE-28
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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

see O-53 O-54 O-55
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HOLMES μHOLMES μwave multiplexed TES read-outwave multiplexed TES read-out

33 resonances on 1 mux chip

● chip μMUX17A
● 33 resonances in 500 MHz 
► width 2 MHz
► separation 14 MHz

● squid noise <≈2 μΦ0/√Hz
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HOLMES DAQ: Software Defined RadioHOLMES DAQ: Software Defined Radio

multiplexing factor nTES

ffBW BW required bandwidth per channel (fBW∝1/τrise)   → nTES≈
f ADC

10 f BW
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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 slew rate, 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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TES pixel testing with homodyne read-outTES pixel testing with homodyne read-out

fsamp= 400 kS/s

ΔE0 = 4.0 eV

τrise= 35 μs

τdecay= 141 μs

slew rate ≈ 0.2 Φ0/S

μmux

TES

55Fe Kα
ΔE = 5.1±0.1 eV

prelim
inary

see A. Puiu PE-20

200✕200 μm2 absorber
C = 0.9 pJ/K
G = 570 pW/K 
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● ADC (550 MS/s 12bit) / DAC (1 GS/s 16bit)

● discrete components IF

● nΦ0= 2 , fsamp= 500 kS/s

● 16 ch firmware from NIST (uses only half of available ADC bandwidth)

● 4 pixel measurements → limited by available tone power

● tests on pixels similar to HOLMES ones (but not quite the same)

● checking algorithms, noise, ΔE, τR and slew rate

TES pixel testing with HOLMES DAQ / 1TES pixel testing with HOLMES DAQ / 1
ROACH-2 based Software Defined RadioROACH-2 based Software Defined Radio  

see J. Gard PB-10
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NIST SLEDGEHAMMER box @ Milano

55Fe Kα
ΔE = 7.1±0.1 eV

fsamp= 500 kS/s

ΔE0 = 5.6 eV

τrise= 6.5 μs

τdecay= 67 μs

slew rate ≈ 0.4 Φ0/S

TES

μMUXRF

TES pixel testing with HOLMES DAQ / 2TES pixel testing with HOLMES DAQ / 2

prelim
inary

see A. Puiu PE-20

280✕280 μm2 absorber
C = 0.75 pJ/K
G = 330 pW/K
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● ΔE0 ≈ 5 eV ΔE ≈ 7.5 eV @ 2.6 keV 

● τrise≈ 20 μs τdecay≈ 140 μs

● slew rate ≈ 0.1 Φ0/S @ 2.6 keV

TES pixel testing with HOLMES DAQ / 3TES pixel testing with HOLMES DAQ / 3

Al Kα Cl Kα Ca Kα Mn Kα

380✕380 μm2 absorber
C = 0.9 pJ/K
G = 480 pW/K 

HOLMES-like HOLMES-like pixelspixels
without collimatorwithout collimator

Al Kα Cl Kα Ca Kα Mn Kα
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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, 2.9 keV][2.4 keV, 2.9 keV] (drawn from 163Ho spectrum), ΔΔtt  ∈∈[0, 10[0, 10μμss] ] 

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

● process with pile-up detection algorithms:
▷   Wiener Filter WFWiener Filter WF or  or Singular Value Decomposition SVDSingular Value Decomposition SVD
▷   forfor  ffsamp samp = 0.5MHz, τ= 0.5MHz, τ

rise rise ≈≈ 20μs 20μs

●   WFWF →→ ττR R ≈≈ 3 μs  3 μs 

●   SVDSVD →→ ττR R ≈≈ 1.5 μs 1.5 μs

Npp(E)=AEC∫
0

∞

τR(E ,ϵ)NEC(ϵ)NEC(E−ϵ)d ϵ

see B. Alpert PB-25

singlesingle A AECEC = 300 c/s/det = 300 c/s/det

pup τpup τ
RR = τ = τ

rise rise ≈ 20 μs≈ 20 μs

pup τpup τ
RR ≈ 3 μs ≈ 3 μs

pup τpup τ
RR ≈ 1.5 μs ≈ 1.5 μs
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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
● final fabrication process definition in progress
● HOLMES 4✕16 linear sub-array for low parasitic L and high implant efficiency

163163HoHo

see A. Orlando PC-25
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■  163Ho ion beam sputters off Au from absorber
▶ 163Ho concentration in absorber saturates 
▶ compensate by Au co-evaporation

■  final 1 μm Au layer in situ deposition

163Ho beam

TES detectors

Ar ion beam
microwave sources

for sputtering
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 fabrication / 1Target chamber for absorber fabrication / 1

see A. Orlando PC-25
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163Ho
Ar

163Ho

Ar

Au sputter target

TES array holder

Target chamber for absorber fabrication / 2Target chamber for absorber fabrication / 2

■  system just delivered
■  test are in progress
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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
□ TES array and DAQ ready

□ ion implanter setting up is in progress

□ first 163Ho implantation coming shortly

□ spectrum measurements will begin late in 2017

► 32 pixels for 1 month → mmν ν  sensitivity  sensitivity ≈≈10 eV10 eV 

 



A. Nucciotti, LTD-17, Kurume, Japan, July 2017A. Nucciotti, LTD-17, Kurume, Japan, July 2017 2828

HOLMES collaborationHOLMES collaboration

Univ. Milano-Bicocca
INFN Milano-Bicocca

G.Ceruti
M.Faverzani

E.Ferri
A.Giachero
A.Nucciotti
A.Orlando
G.Pessina

A.Puiu
S.Ragazzi

INFN Genova
M.Biasotti
V.Ceriale

G.Gallucci
M.De Gerone

F.Gatti
L.Parodi

F.Siccardi

INFN Roma
M.Lusignoli

INFN LNGS
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