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DBD and DM started together and are going  to work together

Origin and development of  thermal detectors
- Microcalorimenters:

Single beta decay  and the neutrino mass
- Macrocalorimeters:

WIMPS 
The second mystery of   Ettore Majorana

- Expected and unexpected future of cryogenic detectors
- Conclusions

 CRYOGENIC EXPERIMENTS FOR 
 DOUBLE BETA DECAY AND DARK MATTER
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Thermal detectors
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Applications and results



6



:
0.8 keV FWHM   @  46 keV
1.4 keV FWHM  @ 0.351 MeV
2.1 keV FWHM  @ 0.911 MeV
2.6 keV FWHM  @ 2.615 MeV
3.2 keV FWHM  @ 5.407 MeV 

(the best  α spectrometer so far

210
Po α line
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Energy resolution of ea crystal of  TeO2 5x5x5 cm3 (~ 760 g )
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Science applications

• Neutrino mass experiments
• Dark matter searches
• Double beta decay
• Alpha & beta spectroscopy, mass spectroscopy, heavy 

ions, and neutrons
• X-ray & gamma spectroscopy in atomic, nuclear, 

astrophysics & other fields
• UV to IR single photon detection
• Bolometers in mm / sub-mm wave for astronomy, THz 

applications
• Others
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Two types of thermal detectors

-Equilibrium detectors => a possibly dielectric  and diamagnetic crystal 
in thermal contact  with a thermal sensor

-Non equilibrium detectors
=> kinetic inductance detectors (KIDs) [8]
=> superconducting
=> tunnel junctions (STJs) [9]
=> superheated superconducting granules



Three most popular thermometers are used today
=> highly doped semiconductors, 
=> superconductors operated at the superconducting to normal transition (TES)
=>  metallic paramagnets
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Thermometers
Thermal detectors with NTD Ge sensors 
Thermal sensors with doped semiconductors 
Superconducting Tunnel Junctions 
Superconducting Phase Transition sensors 
Superconducting Transition Edge Sensors
Superconducting Kinetic Inductance Devices
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TES
•Very low Resistance

•Positive “high” sensitivity
•SQUID readout

Thermistors
•Very high resistance
•Negative “low”
sensitivity
•FET readout

12

Transition Edge Sensors (TES)
Superconductors operated at the superconducting to normal transition
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Temperature => change of magnetization of a paramagnetic sensor => e.g. Au:Eu

MKID a superconducting thin film microwave resonator to detect changes in the 
surface impedance of the superconducting film by detecting changes in 
properties of the resonance circuit: the microwave kinetic inductance detector,
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β decay Electron capture

Beta spectrometers  3H => 3He + e - + ⎯ν e KATRIN      2 => 0.2 eV
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Direct measurement of the neutrino mass



An alternative measurement of the antineutrino mass

187Re => 187Os + e - + ⎯ν e
Nucleus with the lowest beta transition energy (∼ 2.5 keV) 
Source inside the detector => all energy spent inside the detector  is measured 
It corresponds to the entire decay energy apart the antineutrino one
If the  beta decay occurs to an exited
state also the decay of this state is measured

163Os + e - => 163Dy + ⎯ν e

Thermal detectors for searches on neutrino mass in single  β decay
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A dream => detection of relic neutrinos
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⎯ν e + 3H=> 3He + e - ⎯ν e + 187Re => 187Os + e -
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Dark Matter
Thermal detectors => 100% quenching factor
⇒ Scintillation + heat (CRESST and Rosebud)
⇒ Ionization + heat (CDMS II and Edelweiss)
=> Seasonal modulation (if a low threshold is reached)
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CRESST

- CaWO4 crystals cooled to 10 mK
- Heat measured with W TES (red with SQUIDS)
.   Scintillation light by detectors optimized for light collection

Collected 730 kg x day
- 67 events found Non compatible with background
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Edelweiss
- ionization signal,  as second readout channel. 
- Ge crystals operated below 100 mK.
- NTD based Ge thermistors
- electron-recoil background events that occurs near the surface of the crystals
- EDELWEISS and SuperCDMS have opted for an interdigitated electrode  scheme
• Events near the surface  =>  ionization signal in only one charge readout channel,

in the bulk  ionization signals in more than one charge readout channel
Joins with CDMSII
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CDMS use  athermal phonon readout => phonons are initially absorbed in 
superconducting Al  collectors on the surface of the crystal 

=> liberated quasiparticles drift and  trapped in W TES  
⇒ Non-equilibrium sequence of events maintains additional position and 

event-type information in the phonon readout channel
CDMSII
=> 612 kgxday including CDMS => two events 12.3 and 15.5 keV 

backgrounds of 0.8±0.2 and 
0.03±0.06 

=> Low threshold analysis lowering the threshold to 2 keV => no event  <  
10 keV CDMS and EDELWEISS COMBINED 

σ < 3.3 10-44 cm2 @ 90 GeV

CDMS and SuperCDMS
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Non thermal detectors
DAMA/LIBRA
1.7 ton x year 13 annual cicles  => 8.9 σ Peak at end of may

KIMS
24524.3 kg x day no event below 8 keV => no recoil on iodine Limit on inelastis 
because both I and Cs are heavy 

XENON-100
4843 kg day three events with background 1.8 ± 0.6 

CoGeNT
Seasonal variation at 2.8 σ

PICASSO
Superheated liquid droplets  0.72 kg 19F       114 kg day

COUPP and Milano-Bococca Bubble chambers
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The second mystery of Ettore Majorana
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Neutrinoless double beta decay and Majorana neutrinos 
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Double beta decays

2nbb SM DL=0
1935  M.Goeppert-Mayer, P.R. 48 (1935) 512   T>1020

1967: 130Te, Geochemical 
Ogata and Takaoka, Kirsten et 

1987:  82Se,  Direct counting Moe et al .

1989 -2008  100Mo, 116Cd, 76Ge etc. 
ELEGANT V, NEMO, HM-IGEX, etc 

0nbb beyond SM DL=2

E. Majorana, Nuovo Cimento 14 (1937) 171
Symmetric Theory of Electron and Positron

G. Racah, Nuovo Cimento 14 (1937) 322 
0nbb for Majorana
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Double beta decay



Two neutrino and neutrinoless double beta decay
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e-

e-

Direct experiments 
Source ≠ detectorsSource = detector  

Geochemical experiments
82Se = > 82Kr, 96Zr = > 96Mo, 128Te = > 128Xe (non confirmed), 130Te = > 130Te
Radiochemical experiments 238U = > 238Pu (non confirmed)

How to search for   ββ decay



EXO-200 => Τ2ν
1/2 2.11±0.04(stat.)±0.21(sys.)×1021 yr.

Kamland-Zen                 2.38 ± 0.02(stat) ± 0.14(syst) × 1021 yr 
GERDA                         1.88 ± 0.10 (stat)  × 1021 yr  (preliminary)
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Predictions from neutrino oscillations

Θ13= 0 Θ13 best
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Nuclear Matrix Elements
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Single-site events in detectors 2, 3, 4, 5 (56.6 kg-y).
H.V. Klapdor-Kleingrothaus, Int. J. Mod. Phys. E17, 505 (2008)

<mν> ~  0.34eV

Possible evidence in 0νββ in 76Ge
(H.Klapdor et al)
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EXO  Τ0ν
1/2 (136Xe) > 1.6 × 1025 yr correspond <mν >  140–

380me
KAMLAND-ZEN > 5.7 × 1024 yr 300-600

Present results on neutrinoless DBD
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Future experiments on neutrinoless DBD
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Searches of ββ decay with thermal detectors
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Mibeta (Milan) an array of  20 bolometers of  TeO2 of 320 =>   6.8 kg

CUORICINO (CUORICINO Coll.) =>   40.7 kg

CUORE (CUORE coll)            988 crystals of  750 g         => 741 kg (Orio)

130 Te => 130 Xe + 2 e   a.i,. ~ 34%  ΔE = 2527 keV



Progress of thermal detectors
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CUORICINO



19.75 kg  y  =>  90% limit   τ1/2 > 2.8 x 1024 a =>    <mν>  300-710 meV
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SICCAS/INFN Clean Room

55



Compound Isotopic abundance Transiton energy

48CaF2 .0187 % 4272keV
76Ge 7.44   " 2038.7  "

100MoPbO4 9.63   " 3034     "

116CdWO4 7.49   " 2804     "

130TeO2 34      " 2528     "

150NdF3
150NdGaO3                   5.64    " 3368“

Other possible candidates for  ββ decay
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The future



Reduce contribution from surface

=> Degraded  α => cover  polyethylene or parylene
=> Surface-sensitive composite bolometers (eg. thin TeO2 slabs or NbSi)
=> Reflecting film and light detector
⇒ Cherenkov light at 2.5 Mev 125 photons => 350 eV (in TeO2) 
⇒ Scintillation + heat   and pulse shape discrimination(for scintillating sources)
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Hybrid techniques

Ionization + heat
Scintillation+ heat

Opposite with respext to DM => back from degraded alpha particles 
Coincidence needed
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First scintillating bolometer First scintillating bolometer (1991)(1991)

CaF2 

Now (CUORE&Lucifer)Now (CUORE&Lucifer)

CaF2 CdWO2 



Now a competitor AMORE
Advanced Mo based Rare process Experiment
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Other applications

62

Astrophysics
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209Bi considered the  stable with the higher atomic number => it is not !

Paris and Milan with   BGO  crystal 

Nuclear physics => the decay of 209Bi
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τ1/2  =  (2.01±0.08)·1019 y
BR to  the ground-state (98.8±0.3)%.
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Dark Matter
Quenching factor (measured for thermal detectors => ~ 100 %
Recent result to decrease the threshold

AXIONS
Requirements as for Dark Matter
e.g.=> search for 14.4 M1 transition from 57Fe in the Sun’s core.
Axio-electric effects in TeO2 bolometers 
Analysis of 43.65 kg day in progress
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Polonium monitoring by Alpha Particle Spectrometry with TES

Coherent elastic neutrino-nucleus scattering

Same technique as for Dark Matter 
Not yet found , but cross section enhanced by coherence
=> high intensity π and μ decay-at-rest (DAR) (maximum neutrino energy ≈52 MeV)
=> Maybe also from SNS and  Supernovae

Spectroscopic Measurement of L X-Rays Emitted by 241Am Source by TES 
Microcalorimeter

Nondestructive plutonium monitoring during reprocessing of nuclear fuel  
L X-rays ranging from 10 to 20 keV decay  425 μs, 48 eV FWHM at Np Lβ1 X-ray of 

17.75 keV
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There are more things in  Earth and Heaven Polonius that
can be dream’t of by our Philosophy

W.Shakespeare 

High resolution X Ray spectroscopy
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Archaeometry
Roman Lead

210Pb (22.3 y) => 210Bi => 210Po => 206Pb  Thermally < 4 mBq

Isotopic lead geochronology

206Pb, 207Pb - 204 Pb (reference) 
67
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