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Detection channels
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Heat

Charge Light

AMoRE

DAMA/LIBRA

•  ➡︎ energy release in the detector
•   ➡︎ energy to produce an excitation in a detector
•  ➡︎ number of elementary excitations 

•  ➡︎ energy resolution

E
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Detector Scintillators Gas 
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Semi-
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Cryogenic 
calorimeters

ε 100 eV 30 eV 3 eV < 0.01 eV

CUORE

Heat channel provides a high-resolution 
estimator for energy releases 

but a second channel is needed  
background rejection.

α vs. β

~80%

Energy 

~20% ~few%



General working principle(s)
Heat only Heat + Light Heat + Charge 
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the pulse time window, pulses with a non-physical shape, and exces-
sively noisy pulses that survived the previous selections (Extended 
Data Fig. 3). The selection efficiencies are summarized in Table 1, with 
details provided in Methods.

The detector response to a monoenergetic energy deposition is an 
important input to the 0νββ decay search. We empirically model the 
response function of each calorimeter as a sum of three equal-width 
Gaussians and determine the function parameters from a fit to the 
2,615-keV calibration line3. As a characteristic indicator of the overall 
energy resolution of the calorimeters we quote the exposure-weighted 
harmonic mean FWHM of the detectors at this calibration line, 
7.78 ± 0.03 keV. All values are reported as mean ± s.d.

We quantify the scaling of energy resolution with energy and investi-
gate energy reconstruction bias—that is, the deviation of reconstructed 
γ-line positions from the literature values—by fitting the calorimeter 
response functions to prominent γ lines in the physics data, allowing the 
peak means and widths to vary in the fit. The bias is allowed to scale as a 
quadratic function of energy, as done in our previous result32, whereas 
the resolution scaling has been changed to a linear function of energy, 
following studies showing that it was overparameterized by a quadratic 
scaling. The results, extrapolated to Qββ, are an exposure-weighted 
harmonic mean FWHM energy resolution of 7.8 ± 0.5 keV and an energy 
bias of less than 0.7 keV. We summarize all the relevant analysis quanti-
ties in Table 1.
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Fig. 3 | Pulse tube phase optimization. a, Frequency spectrum of the noise for 
a random combination of the pulse tube phases (orange) and after the active 
phase tuning (teal). For reference, the frequency spectrum of physical signals is 

also reported. b, Integral of the power spectrum at the pulse tube frequency 
(1.4 Hz) and its harmonics before and after active noise cancellation.
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Fig. 4 | Physics spectrum for 1,038.4 kg yr of TeO2 exposure. We separately 
show the effects of the base cuts, the anti-coincidence (AC) cut, and the pulse 
shape discrimination (PSD). The most prominent background peaks in the 

spectrum are highlighted. Inset, the region of interest after all selection cuts, 
with the best-fit curve (solid red), the best-fit curve with the 0νββ rate fixed to 
the 90% CI limit (blue), and background-only fit (black) superimposed.
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Limitation in both cases: “Heat-only events”

n LV: despite large EDELWEISS-III large 
target mass (20 kg Ge) and excellent 
ER/NR separation, results limited by   
large HO population

n HV: despite s =0.53 e- resolution on   
33g @ 78V, results also limited by HO 

n HO nature confirmed by absence           
of NTL boost from 15V to 78V 

August 26th, 2023 EDELWEISS + RICOCHET EXCESS suppression

RED30 events 
not affected by 
NTL boost 
15V ➔ 78V

✓ Excellent energy resolution < 0.5%   
✓ Very good energy threshold ~ few keV 
✘ Poor PSD

✘ No Particle ID

✓ Excellent energy resolution 1-5 eV

✓ Excellent energy threshold  10-30 eV

✓ Excellent Particle ID 

✘  Mass Scalability

✓ Excellent energy resolution ~ 20 eV 
✓ Excellent energy threshold (~100 eV) 
✓ Excellent PSD (with iZIP)

✘  Mass Scalability

CUORE 4



Surface contaminations
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on the upper side of the walls (approximately 12% of initial charge) as well as the material evaporated and 
condensed in powder form on the cold parts of the furnace (about 5% of initial charge) was carefully collected 
for future recycling. The as-grown ingot represented typically 78% of the initial charge, i.e. the total yield in 
terms of mass balance was approximately 95%. Fig. 3 gives a typical Zn82Se crystal ingot ready for mechanical 
processing (cutting, shaping and polishing). 
 

 
Fig. 3 Typical Zn82Se crystal ingot as grown by ISMA Kharkiv. On the left side (collected in a plastic bag) is 

the evaporated material deposited inside the crucible on the upper side of the walls. 
 

4.3.1. Crystal radio-purity 
The radio-purity of Zn82Se crystals is a parameter of crucial importance for 0νDBD application. Given the 
rareness of this hypothetical process, the experimental conditions have to ensure a background level below  
1x10-3 counts/keV/kg/y which asks for extremely low (ppt and less) acceptance limits of radioactive 
contamination elements in the crystal. Table 5 gives the concentration limits (ICP-MS measurement) for 
radioactive isotopes requested for the materials used in the production of Zn82Se crystals. The limits were 
fixed according to a background goal of 1x10-3 counts/keV/kg/y for the LUCIFER project [8]. 
 
Table 5 Concentration limits (ICP-MS certified) for radioactive isotopes requested for raw materials, 
reagents, consumables and intermediary products used for the production of Zn82Se crystals. 

Material contamination limits  
[ppb] 

elemental Zn and Se 
238U < 0.2 

232Th < 0.2 

water and solvents for cleaning 
238U < 2*10-3 

232Th < 2*10-3 
ZnSe powder synthesized and 
conditioned for crystal growth 

238U < 0.2 
232Th < 0.2 

ZnSe crystal, ready-to-use 
238U < 3*10-4 

232Th < 3*10-4 
SiO2 powder for crystal polishing 
and textile polishing pads 

238U < 4*10-3 
232Th < 4*10-3 

gloves, plastic bags, cleaning tissues, 
etc used for handling and package 

238U < 4*10-3 
232Th < 4*10-3 

 
4.3.2. Crystal growth and crystal perfection 

The high purity of raw materials and careful conditioning of Zn82Se powder in view of crystal growth were 
the main reasons that have allowed us to achieve the production of Zn82Se crystals with a high crystal 
perfection in a relatively large scale production process. Special efforts were devoted to avoid the presence 
of very small (100µm) black-colored inclusions or larger (~1mm) dark clouds. The total absence of such 
inclusions and possible bubbles was guaranteed by the thermal regime (thermal gradients and lowering 
speed) applied during the whole growing process. Last but not least, the cleaning procedure and 
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described in [10]. The final mechanical processing was carried out in order to guarantee a deep cleaning the 
crystal’s surfaces, which may have been contaminated during the rough mechanical processing (cutting, 
shaping, grinding and lapping). The cleaning process is made in two steps, first by washing with ultrapure 
water and second by polishing. The targeted number of atomic layers to be taken away by this final polishing 
is on the order of 105 to eliminate all impurity atoms that may have been adsorbed on the crystal’s face and 
further diffused in its bulk. Finally, the mean depth of the crystal layer taken away by polishing was 10-20 µm 
and the least value of this width is 12µm which makes more than 105 atomic layers. The relatively large spread 
of the polishing depth is due to the fact that polishing is not only a “surface cleaning” process. 

 

    
 

         
Fig. 8 Zn82Se crystals of different shape ready for mounting: a) perfect cylindrical shape; b) collar and lateral 

strip aimed at fitting the copper frames; c) dedicated cut for maximum mass; d) short crystal 
 
Besides removing a surface layer possibly contaminated with radioactive isotopes, the polishing is also 
intended to bring the crystal dimensions as close as possible to the nominal values and to improve the surface 
quality by removing possible extended defects induced by chemical etching. Special care was taken to avoid 
any contamination risk during the polishing operations performed inside the radon-suppressed clean-room 
belonging to the infrastructures of the DarkSide experiment at LNGS. The polishing suspension was prepared 
on site using SiO2 powder (Admatechs product Admafine SO-E5) and ultrapure water added directly inside 
the plastic bags in which the SiO2 was delivered. In this way, the crystals arrived in the clean room, came into 
direct contact only with materials previously certified for their radio-purity: ultra clean gloves, ultra-pure 
water, polishing suspension, polishing pads, cleaned and conditioned polyethylene sheets and vacuum plastic 
bags. The abrasive powder was selected for CUORE experiment based on dedicated research on the radio-
purity and mechanical characteristics of different materials available on the market. The Admatechs product 
Admafine SO-E5 (average particle diameter 1.5µm) was selected for having the best radio-purity, even 
though it has moderate material removal efficiency. A special package made in a dedicated clean area and 
using certified polyethylene bags is guaranteed at the production site in Nagoya (Japan). The package consists 
of two successive bags. After removal of the outer bag in the clean room, the inner bag was used for the 
preparation of the polishing slurry by adding ultrapure water. At the end of clean room operation, crystals 

As-grown ingot 

Final crystal
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Background features of LTDs
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Absorber (C)
Impinging 

radiation (E)

Thermometer 
(phonon sensor)

Heat sink 
T ≅ 10 - 100 mK

Thermal coupling (G)

To guarantee the weak thermal coupling to the heat bath, LTDs must 
me operated in vacuum. No vetoing or fiducialization of the detector 
volume is possible in pure cryogenic detectors. 

Any detector application has to face its own specific backgrounds but 
there are some aspects that are characteristic of cryogenic detectors. 

TeO2 TeO2 

Cu 

α  

α  

Radiation emitted near the surface of materials 
surrounding the active volume can travel trough 
vacuum and reach the detector. 

—> Degraded alpha particlesFrom CUPID-0 materials
5

Bridgman Czochralski

ZnSe

https://cupid-0.lngs.infn.it


2νββ pileup
Cryogenic calorimeters are intrinsically slower wrt other detectors 
Typical signal rise time for massive calorimeters [O(100) g] are

NTD TES KID MMC
Heat ~10 ms ~500 us ~ 35 us ~3 ms
Light 830 us (best) ~25 us 85 us ~500 us

Reference Barucci et al. G. Bratrud et al. Casali, Cardani et al AMoRe Exp.

Mo-100: golden candidate for next-generation experiment

Light faster than heat but with smaller S/N ratio

Fastest half-life  yr 


Combination of solutions: 

heat + light discrimination

faster sensors (smaller NTD, TES, KID, MMC)

light signal enhancement (NTL amp)

T2ν
1/2 = 7.7 × 1018
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https://www.sciencedirect.com/science/article/abs/pii/S0168900219306357?via=ihub
https://arxiv.org/pdf/2406.02025
https://doi.org/10.1140/epjc/s10052-019-7242-1
https://arxiv.org/html/2407.12227v1


Low-Energy Excess & Heat-only events

Mis-calibration, trigger effects, and passive scintillating  excluded

Non compatible with external radioactivity/common source 

Spectral shape described by a single power-low


Event Rate decays exponentially in time

Event rate rests after warm-up cycles 

Similar rate regardless difference in mass, surface, material, TES 
dimensions

Several experiments based on cryo-calorimeters/bolometers observe an event excess at low-energy < 200 eV

origin at the interface 
between crystal and TES 

caused by the 

mismatch in the Thermal 

Expansion Coefficient

(test ongoing…)
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Major Rejection Techniques

Detector Modularity 
(surface events / 

 multi-Compton γ-rays)

Light/Charge assisted  
Particle ID 

(α-particles / e-recoil) 

Si-beaker for 4π active 
surrounding of the crystal

08/2024 Florian Reindl 26

FINALIZE IT!
THE DETECTOR

NaI crystals are in 
production at 

SICCAS

Test of final 
detector design 

ongoing

Light Detector 
as 4𝜋 Active Veto  
(surface events)

Multi-sensor approach 
(Low Energy Excess ?)Surface sensitivity

64 3. ZnSe scintillating bolometers

214Bi
T1/2 = 19.9 m

210Tl
T1/2 = 1.3 m

214Po
T1/2 = 164 μs

210Pb
T1/2 = 22.3 y

Qα = 5617 keV
BR = 0.02 %

Qβ = 3272 keV
BR = 99.98 %

Qα = 7833 keV
BR = 100 %

Qβ = 5489 keV
BR = 100 %

212Bi
T1/2 = 60.55 m

208Tl
T1/2 = 3.05 m

212Po
T1/2 = 299 ns

208Pb
stable

Qα = 6207 keV
BR = 35.9 %

Qβ = 2254 keV
BR = 64.1 %

Qα = 8954 keV
BR = 100 %

Qβ = 5001 keV
BR = 100 %

Figure 3.16. Left: decay scheme of 214Bi. The short life of its daughter, 214Po, causes
the superimposition of the — emitted by 214Bi and the – particle produced by 214Po.
Right: decay scheme of 208Tl. The delayed coincidence with the – particle produced by
its mother, 212Bi, allows to suppress this background source.

Summarizing, the internal contaminations of 214Bi and 208Tl do not represent a
dangerous problem for the achievement of a background of 10≠3 counts/keV/kg/y,
which is the goal of the LUCIFER experiment. In any case, purification techniques
are under study in order to reduce bulk contaminations of the crystals.

3.3.5 Low energy study

To conclude this chapter, we report a preliminary result which is of particular
interest for experiments aiming at the detection of Dark Matter interactions. These
experiments need to disentangle the signal produced by nuclear recoils below 30 keV
(following the hypothesis that Dark Matter is made of WIMPs [122, 123]) from
the background induced by —/“s. We analyzed the recoils following the – decay of
210Po. The analysis showed that this isotope is mainly deposited on the surface. As
a consequence the – particle can escape without releasing energy, while the nuclear
recoil is absorbed in the crystal. We observe events centered at 139.6 ± 0.6 keVee in
the ZnSe, i.e. 35% more energy than the nominal value (103 keV). The accuracy
of the calibration function has been checked down to 511 keV, where it shows a
deviation less than 1%. The extrapolation at lower energies is expected to maintain
or reduce this deviation. From the fit in Fig. 3.17, we evaluate the light emitted by
nuclear recoils as < 14 eV at 90% C.L., corresponding to LYnr < 0.140 keV/MeV at
90% C.L. We evaluate the light emitted in the range 10 ≠ 30 keVnr as < 1 ≠ 4 eV at
90% C.L. for nuclear recoils, and 90 ≠ 260 eV for —/“s.

In this test the energy threshold was not optimized and set at 70 keVee (≥ 50 keVnr,
assuming the 35% mis-calibration), while to be competitive with present experiments
it should be below 10 keVnr. Given the baseline fluctuation (2.4 keVee = 1.7 keVnr
) the required threshold could be reached with a trigger based on the optimum
filter [124]. However, to obtain a DP between —/“s and nuclear recoils at least larger
than 3, light detectors with baseline noise less than 20 eV RMS are needed. The light
detectors currently being used are far from this value (see Tab. 3.1) and obtaining
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SWOT table for cryogenic calorimeters
WEAKNESSES 

No tracking


Short 2νββ half-life (Mo-100)


Surface   
no “protective” dead layer of fi

Technological eff
More diffi

Intrinsically   

No ββ-daughter tag 


No Liquid Argon active veto (as Ge Diodes)


STRENGTHS 

Excellent energy resolution (~0.5 %)


High containment effi

Low-energy threshold 


Versatility     
Se-82,   
Ge,     

High Q-value

lower intrinsic background

higher  


Modularity 

Scalability without performance spoiling

Muti-isotope approach

𝒢  


OPPORTUNITIES 

More experiments in the same infrastructure

Multipurpose experiment (0νββ - DM - SNν)

THREATS 

Isotopic enrichment
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Neutrinoless Double Beta Decay Search  
with Cryogenic Calorimeters



The CUORE Experiment
One of the most advanced application of LTD 

988 natural TeO2 crystals @ ~ 15 mK

NTD readout

Total mass : 742 kg of TeO2 (~206 kg 130Te)

Current exposure: 2 ton x yr

FWFM ~ 7.3 keV

Background index ~ 1.4 x 10-2 counts/keV/kg/yr
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the pulse time window, pulses with a non-physical shape, and exces-
sively noisy pulses that survived the previous selections (Extended 
Data Fig. 3). The selection efficiencies are summarized in Table 1, with 
details provided in Methods.

The detector response to a monoenergetic energy deposition is an 
important input to the 0νββ decay search. We empirically model the 
response function of each calorimeter as a sum of three equal-width 
Gaussians and determine the function parameters from a fit to the 
2,615-keV calibration line3. As a characteristic indicator of the overall 
energy resolution of the calorimeters we quote the exposure-weighted 
harmonic mean FWHM of the detectors at this calibration line, 
7.78 ± 0.03 keV. All values are reported as mean ± s.d.

We quantify the scaling of energy resolution with energy and investi-
gate energy reconstruction bias—that is, the deviation of reconstructed 
γ-line positions from the literature values—by fitting the calorimeter 
response functions to prominent γ lines in the physics data, allowing the 
peak means and widths to vary in the fit. The bias is allowed to scale as a 
quadratic function of energy, as done in our previous result32, whereas 
the resolution scaling has been changed to a linear function of energy, 
following studies showing that it was overparameterized by a quadratic 
scaling. The results, extrapolated to Qββ, are an exposure-weighted 
harmonic mean FWHM energy resolution of 7.8 ± 0.5 keV and an energy 
bias of less than 0.7 keV. We summarize all the relevant analysis quanti-
ties in Table 1.
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Fig. 3 | Pulse tube phase optimization. a, Frequency spectrum of the noise for 
a random combination of the pulse tube phases (orange) and after the active 
phase tuning (teal). For reference, the frequency spectrum of physical signals is 

also reported. b, Integral of the power spectrum at the pulse tube frequency 
(1.4 Hz) and its harmonics before and after active noise cancellation.
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Fig. 4 | Physics spectrum for 1,038.4 kg yr of TeO2 exposure. We separately 
show the effects of the base cuts, the anti-coincidence (AC) cut, and the pulse 
shape discrimination (PSD). The most prominent background peaks in the 

spectrum are highlighted. Inset, the region of interest after all selection cuts, 
with the best-fit curve (solid red), the best-fit curve with the 0νββ rate fixed to 
the 90% CI limit (blue), and background-only fit (black) superimposed.

N
at

ur
e 

60
4,

 5
3–

58
 (2

02
2)

P. Gorla SOUP2022

Background features of LTDs

31

Absorber (C)
Impinging 

radiation (E)

Thermometer 
(phonon sensor)

Heat sink 
T ≅ 10 - 100 mK

Thermal coupling (G)

To guarantee the weak thermal coupling to the heat bath, LTDs must 
me operated in vacuum. No vetoing or fiducialization of the detector 
volume is possible in pure cryogenic detectors. 

Any detector application has to face its own specific backgrounds but 
there are some aspects that are characteristic of cryogenic detectors. 

TeO2 TeO2 

Cu 

α  

α  

Radiation emitted near the surface of materials 
surrounding the active volume can travel trough 
vacuum and reach the detector. 

—> Degraded alpha particles

Latest results: S. Dell'Oro talk

Low-energy: A. Ressa talk 

Background model: S. Ghislandi poster 11

https://www.nature.com/
http://www.apple.com/it/
https://indico.fais.uj.edu.pl/event/1/contributions/115/
https://indico.fais.uj.edu.pl/event/1/contributions/106/


CUPID - CUORE Upgrade with Particle ID

Background budget: P. Loiza talk

Main Features 
~1600 enriched Li2MoO4 crystals @ ~ 15 mK

CUORE infrastructure + CUPID-0/CUPID-Mo

Total mass : 450 kg of LMO (~240 kg 100Mo)

FWFM (Goal) ~ 5 keV

Background index ~ 1 x 10-4 counts/keV/kg/yr

Background improvements wrt CUORE 
Light Assisted PID ➡︎ α rejection 

From 130Te to 100Mo ➡︎ β/γ reduction

NTL amplification of light signal ➡︎ pileup rejection

Muon Veto (test ongoing in CUORE)

New neutron Veto (design ongoing)

NTD

NTD

12

https://indico.fais.uj.edu.pl/event/1/contributions/123/


CUPID’s family and friends

OPOSSUM
Surface sensitivity 

+  
NTL amplification 

of light signal

Multi-isotope approach 
+ 

Active inner veto  
+  

NTL amplification  
of light signal 

New isotopes  
with higher 
Q-values 

 (Nd-150 and Zr-96) 

Single Side vs Multi Side  
discrimination with  
fast MKID sensors

See D. Poda talk 13

https://indico.fais.uj.edu.pl/event/1/contributions/99/


CUPID’s family and friends

Li2MoO4 detector with an Al–Pd 
coating exposed to a uranium 

source

CROSS demonstrator 
36 LMO + 6 TeO crystals (enriched)

Operation early 2025 in Canfranc 

Mass : 4.7 kg of 100Mo

Background index ~ 10-3 counts/keV/kg/yr

Lighter assembly to reduce the  
amount of close inert material 14



AMoRE-I (2020.12 - 2023.5 ~ 900 days)
Run @ Yangyang Underground Laboratory  (Y2L)

13 CMO crystals (4.6 kg) and 5 LMO (1.6 kg) crystals 
Confirmed stable operation of MMC+SQUID system @12 mK

Total exposure: 8.02 kg•yr (3.89 kg•yr of Mo-100)


Backgrounds : 0.025(2) ckky

CMO: 0.026(3) ckky 

LMO: 0.021(5) ckky


  years

Agrawal et al., arXiv:2407.05618, submitted to PRL
T0ν

1/2 > 3.0 × 1024yr

15

https://arxiv.org/abs/2407.05618


AMoRE-II (2024 - 2030)
To be Installed at Yemilab, 1000 meter deep

360 crystals LMO (+13 CMO)


MMC + SQUID for both heat & light signals

Si wafer for light detector w/ Vikuiti reflector


DR from Leiden installed @ Yemilab.

Shielding with Pb and PE, Water


Lower part : Pb (25cm) + PE(70cm) + PSMD

Upper part : Inner Pb (25cm) + WCMD (70cm)


Backgrounds

Goal < 10-4 ckky

Main backgrounds are Outer Pb, Pileup


Sensitivity :   years  90% CL

Schedule


90 crystals : 2024-2025 (Stage 1)

360 crystals : 2026-2030 (Stage 2)

4.6 × 1026

See O. Gileva poster 16

https://indico.fais.uj.edu.pl/event/1/contributions/118/


AMoRE-II (2024 - 2030)
Improvements to be done before full scale:

Outer Pb shield ➡︎ Replace with 5cm of purer Pb or Cu

Detector holder ➡︎ Confirm cleaning works

OVC  ➡︎ Replace with purer STS

LMO internal  ➡︎ Confirm with 90 crystal run

Radiogenic neutrons ➡︎ Improve the Boric acid shielding

Pileup ➡︎ Improve rejection with machine learning

17



Direct Dark Matter Search with Bolometers



The CRESST Experiment

• ~3600 m.w.e. deep
• μs: ~3x10-8/(s cm2)
• γs: ~0.73/(s cm2)
• neutrons: 4x10-6 n/(s cm2)

CRESST
Hall A

CRESST goal: direct detection of 
dark matter particles via their 
scattering off target nuclei in 

cryogenic detectors, operated at 
~15 mK using Scintillating CaWO4 
crystals as target and Silicon on 

Sapphire (SOS) crystals as 
cryogenic light detector. 

Both with TES readout!

19



CRESST Results (I)

20

Detector 1 - 23.6 g CaWO4 
Data taking Oct. 2016 - Jan. 2018

Exposure 5.7 kg days

Baseline Resolution 4.6 eV

Nuclear Recoil Threshold 30 eV




CRESST Results (II)

21

Detector 2 - 0.35 g Si wafer 
Data taking Nov.2020 - Aug. 2021

Exposure 55.1 g⋅days

Baseline Resolution 1.36 eV

Nuclear Recoil Threshold 10 eV




CRESST - Low Energy Excess Study
• Basic idea: instrument the absorber with 2 TES 

• If the signal originates in the absorber the two TES are 
expected to show the same response.


• If the signal originates in or very close to one TES, the 
two response signals are expected to be different.

22



CRESST - Low Energy Excess Study

• 5 Double TES CaWO4 modules


• A stack of 4 Double TES Al2O3 LD with 
double TES (with 55Fe source)


• 1 Mini-Beaker module


• TUM93A CaWO4 from Run36

To explore the full potential of Double TES technology a Run in the CRESST cryostat was mandatory 
( low background + low noise).
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FIRST COSINUS DARK MATTER RESULTS

08/2024 Florian Reindl 16

COSINUS (11.6 gd)

COSINE-100 (6304 kgd)
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The COSINUS Experiment

A CRYOGENIC NaI DETECTOR IS AWESOME: WHY DID IT NOT EXIST?
à BECAUSE NaI IS NOT NaICE!

08/2024 Florian Reindl 14

PROBLEM SOLUTION

Low Debye temperature

Small signal amplitudes NaIà Au-wire/pad	à TES
Phonons	couple	directly	to	electron	

system	of	Au-pad

remoTES detector design

arxiv:2111.00349v1 NIMA, 1045, 2023

remoTES MEASUREMENT WITH NaI TARGET

08/2024 Florian Reindl 15

Background data Neutron calibration

inelastic 
n-scattering

Na/ I  recoils 
from elastic 
n-scattering

nuclear recoil threshold: <2keV first NaI detector with 
particle identification on 

event-by-event basis
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Si-beaker for 4π active 
surrounding of the crystal

08/2024 Florian Reindl 26

FINALIZE IT!
THE DETECTOR

NaI crystals are in 
production at 

SICCAS

Test of final 
detector design 

ongoing

Testing the DAMA/LIBRA signal with dual-readout NaI 
cryogenic calorimeters 

Current Status: 

Fist successful measurement of NaI as cryogenic calorimeter 


JINST 12 (2017) 11, P11007

Particle ID in NaI 


Phys.Rev.D 109 (2024) 8, 082003

Development of remoTES 


Nucl.Instrum.Meth.A 1045 (2023) 167532

First Dark Matter Result 


Phys.Rev.D 110 (2024) 4, 043010

24

https://doi.org/10.1088/1748-0221/12/11/P11007
https://doi.org/10.1103/PhysRevD.109.082003
https://doi.org/10.1016/j.nima.2022.167532
https://doi.org/10.1103/PhysRevD.110.043010


The SuperCDMS Experiment
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Two complementary
detector readout approaches

• iZIP Detector
§ Prompt phonon & ionization signals 

allow discrimination between
nuclear and electron recoil events

§ Event discrimination à low background
§ Trade-off:

ü Higher energy analysis threshold

• HV Detector
§ Drifting electrons and holes

across a potential (Vb)
generates many Luke phonons

§ Enables very low energy thresholds
§ Trade-off:

ü No event-by-event
nuclear vs electron recoil discrimination

iZIP sensors measure Et, and neh

HV sensors measure Et 

25



9

Complementary targets
with multiple functionality

Germanium Silicon

HV Lowest threshold for low mass DM
Larger exposure, no 32Si background

Lowest threshold for low mass DM
Sensitive to lowest DM masses

iZIP Nuclear Recoil Discrimination
Understand Ge backgrounds

Nuclear Recoil Discrimination
Understand Si backgrounds

10Tower 1 (iZIP) Tower 2 (HV) Tower 3 (HV) Tower 4 (iZIP)

Two nuclear targets
provide for different

dark matter scattering
interaction rates

9

Complementary targets
with multiple functionality

Germanium Silicon

HV Lowest threshold for low mass DM
Larger exposure, no 32Si background

Lowest threshold for low mass DM
Sensitive to lowest DM masses

iZIP Nuclear Recoil Discrimination
Understand Ge backgrounds

Nuclear Recoil Discrimination
Understand Si backgrounds

10Tower 1 (iZIP) Tower 2 (HV) Tower 3 (HV) Tower 4 (iZIP)

Two nuclear targets
provide for different

dark matter scattering
interaction rates

The SuperCDMS Experiment
Mass: 30 kg Ge + 5 kg Si

Exposure: 140 kg yr

Heat channel: TES readout

HV HV

iZIP

26



SuperCDMS - Background Overview

11

Backgrounds overview

Spectra shown before detector resolution and application of single-scatter, fiducial volume, and nuclear recoil cuts

Ge

Si

• Tritium, 32Si (in Si), activated copper, surface Rn progeny, material impurities

See Sagar Sharma Poudel Talk
27
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The EDELWEISS experiment

New challenge: transposing rejection performance 
of EDELWEISS-III 860 g heat-and-ionization 
Ge detectors from keV to eV scales!

New Objective: ~1kg array in new cryostat @LSM 
(collab. with TESSERACT)

Main features:  
Ge cylindrical crystals m ~ 800 g

2 NTD thermistors (TOP + BOTTOM)

2 Charge readout electrodes at ±4 V

2 Veto rings ±1.5 V (surface events rejection)

28



EDELWEISS: future program
Current sensitivity limited by Heat Only Events! 

Discrimination at Low Voltage: 
High–electron mobility transistor (HEMT) amplifiers 

instead of the standard junction gate field effect 
transistor (JFET) 


Joint effort with RICOCHET

+


Discrimination at High - Voltage: 
development of NbSi Superconductive Single-

Electron Detector (SSED) to tag charge and reject 
HO background → CRYOSEL.


JTLP 215 (2024) 268


Naganov–Trofimov–Luke amplification with higher 
Voltage (180 V) to lower the threshold on heat channel
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Summary
Dark Matter 

(low-energy processes)
Neutrinoless  

Double Beta Decay 

Background are known! We need:

faster sensor / higher SNR for pileup rejection

active tool for surface event tagging

more sensitive screening technique

Mass scalability requires:

funds (enriched material)

improved cryogenic infrastructures

Background not fully known! We need:

mitigation of low-energy excess

understand what lies beneath it


Once the background has been fixed, the focus  
will be on the signal ➡︎ mass scale-up!

Once the background has been fixed, the 
focus will be on the signal:


mass scale-up ➡︎ reproducible performance

lower energy threshold

new techniques for new paradigms 
(quantum sensing)
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General working principle(s)
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Figure 1. Different sensors with temperature behaviour and energy resolutions. The TES
spectrum (middle column) is courtesy of NIST. The thermistor (left column) and MMC (right
column) spectra are edited from [9] and [19], respectively.

constant, independent of the weak link G. The absorber linear dimensions can range from
few hundred micron (micro-calorimeters) to few centimeters (macro-calorimeters) with rise time
from few µs to few ms, respectively.

The performance of the sensor matters significantly to achieve a high-energy resolution with
low temperature calorimetric measurements. In recent years, a lot of technologies have been
developed, but three of them play a major role in neutrino experiments: Si- or Ge-thermistors,
Transition edge sensors (TESs), and Magnetic Micro Calorimeters (MMCs). All of them provide
a very high efficiency and energy resolution of the order of ‰ in the keV or in the MeV energy
range.

In semiconductor thermistors working at cryogenics temperature, the resistivity dependence
on temperature is governed by an exponential law ρ(T ) = ρ0 e(T0/T )1/2 , where T0 and ρ0
are parameters controlled by the doping level (Fig. 1, left column). Arrays of micro- and
macro-calorimeters based on these devices have been widely used. Micro-calorimeters for X-ray
spectroscopy achieved energy resolutions lower than 5 eV@6keV with tin or HgTe absorbers [20],
while macro-calorimeters with Neutron Transmutation Doped Ge-Thermistor for neutrinoless
double β-decay achieved energy resolutions of 5 keV at the 2615 keV 208Tl γ line [10].

TESs are superconducting thin films, operated just below its transition temperature (Tc). The
energy deposition can drive the superconducting TES to a normal state, hence a sharp change in
resistance can be sensed in TES even for a small change in temperature (Fig. 1, center column).
TESs can be two orders of magnitude more sensitive than the semiconductor thermistors
but, since the resistance is very low (tens of mΩ), they cannot be readout by conventional
FET amplifier and they must be coupled with Superconducting Quantum Interference Devices
(SQUID) current amplifiers. TESs are widely used in large microcalorimeter arrays for X-
ray spectroscopy achieving record resolutions below 2 eV at 1.5 keV, with Gold and Bismuth
absorber [18]. Their high energy and time resolutions make TESs ideal detectors for developing
microcalorimeters array for the direct measurements of the neutrino mass [21]. Moreover, since
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Surface backgrounds (Rn progeny)

• Radon progeny (long-lived 210Pb) are potential surface background sources
210Pb

210Po

206Pb

210Bi

22.3 y

5.01 d

138.4 d

80%: β 17.0 keV

20%: β 63.5 keV

100%: β 1161.5 keV

100%: α 5.3 MeV

13.7%: conv. e 42.5 keV + Auger e
3.5%: conv. e 45.6 keV + Auger e
4.3%: γ 46.5 keV

103 keV

210Pb

210Po

206Pb

210Bi

22.3 y

5.01 d

138.4 d

80%: β 17.0 keV

20%: β 63.5 keV

100%: β 1161.5 keV

100%: α 5.3 MeV

73.0%: conv. e 30.2 keV
17.2%: conv. e 42.5 keV
4.4%: conv. e 45.6 keV
5.4%: γ 46.5 keV
29.5%: x-rays 9.4-15.7 keV

103 keV

58.1%: conv. e 30.2 keV + Auger e’s
+ 22.0%: x-rays 9.4-15.7 keV

(a) (b) (c)

Demonstration of
surface electron rejection with

interleaved germanium detectors
for dark matter searches

R. Agnese et al.,
Appl. Phys. Lett. 103 (2013) 164105

Caveats
Performed with iZIP, not HV detector

Surface source only irradiated detector face

silicon wafer

Soudan iZIP

Phonon
Charge

Detector
face

Detector
sidewall

SuperCDMS - Surface Background Study
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Cu surface background
at detector sidewall

• SuperCDMS progressing from Soudan

• Summary concern à Cu cleanliness
§ Using acidified-peroxide etching

followed by citric acid passivation

§ Tested on McMaster and Aurubis copper

At Soudan: (based on T2Z1)
• Bottom face: 20 nBq/cm2

• Sidewall total:  1000 nBq/cm2

SNOLAB Goals:
• Detector faces: 25 nBq/cm2

• Sidewalls: 50 nBq/cm2

Sensitivity study
vs. sidewall activity

Cleanliness tested with
XIA Ultra-Lo1800 alpha counter

by measuring polonium (210Po), not lead (210Pb) !!!
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PNNL efforts on clean Kapton

• Ultra-low radioactivity Kapton and 
copper-Kapton laminates
§ IJ Arnquist et al., Nucl. Instrum. 

Meth. in Phys. Res. Sec. A 959 
(2020) 163573

Kapton 238U [pg/g] 232Th [pg/g] natK [ng/g]

Commercial 
HN 1080 +/- 40 250 +/- 8 44 +/- 18

Radiopure 
R&D 12.3 +/- 1.9 19 +/- 2 34 +/- 14

Kapton-Cu
Laminates

238U [pg/g] 232Th [pg/g] natK [ng/g]

Commercial 158 +/- 6 24.1 +/- 0.9 < 210
Radiopure 9 +/- 4 20 +/- 14 160 +/- 80

• Ultra-low radioactivity flexible 
printed cables
§ IJ Arnquist et al., EPJ Techniques 

and Instrumentation 10 (2023) 17

Cables 238U [ppt] 232Th [ppt] natK [ppb]

Commercial 2670 +/- 30 260 +/- 10 170 +/- 50
Clean 31 +/- 2 13 +/- 3 550 +/- 20

Sponsors Partners
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CRYOSEL concept
n 40 g Ge crystal

n Phonon sensor = single NbSi
strip (10 µm wide) forming a                 
5 mm-wide circle

n Use this small film as Point-
Contact-like electrode of HV 
detector

n NTD glued on large enveloping 
electrode (high-resolution NTL-
amplified heat measurement)

n NbSi operated as SSED 
(Superconducting Single-Electron 
Detector)

n Detector kept well below Tc  so that 
SSED is only triggered by large 
bursts of primary NTL phonons from 
high-field region just in front of it

n Most HO will not trigger SSED
August 26th, 2023 EDELWEISS + RICOCHET EXCESS suppression

5 mm

60 µm

SSED

CRYO50


