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CUORE: 988 TeO2 
cryogenic 

calorimeters;
now in data taking

CUORE: the tonne-scale 
macro-calorimeters array
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CUORE

CUORE Preliminary
yr⋅Exposure: 86.3 kg

• Searching for neutrino-
less double beta 

decay:

1.  Signal -> peak at 

2527 keV  
2. BKG in the RoI ~ 250 

counts/ton in 5 y data 
taking



Cryogenic Underground Observatory for Rare 
Events 
•  988 TeO2 crystals run as a bolometer array 

–  5x5x5 cm3 crystal, 750 g each 
–  19 Towers; 13 floors; 4 modules per floor 
–  741 kg total; 206 kg 130Te 
–  1027 130Te nuclei 

•  Excellent energy resolution of bolometers 
•  New pulse tube dilution refrigerator and 

cryostat  
•  Radio-pure material and clean assembly to 

achieve low background at ROI  

CUORE 
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TAUP Asilomar, Sept 11 2013 2 Ke Han (Berkeley Lab) for CUORE 
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• Couple to each cryogenic 
calorimeter a light detector

• Exploit differences in the LY 
between α and β/γ 

interactions
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CUPID: CUORE Upgrade 
with Particle IDentification

• Possibility to use the CUORE infrastructure for a future 
ton-scale 0νββ experiment


1. 250 kg of emitting isotope (isotopic enrichment) 

2. BKG in the RoI ~ 1 counts/ton

CUPID Interest Group arXiv:1504.03612v1

https://arxiv.org/abs/1504.03612v1
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CALDER
KID

phonons

1. Read-out and analysis tools; optimization of the detector geometry using Al resonator 
and 2x2 cm2 Si substrate -> 80 eV RMS 

2. Test of more sensitive superconductors, such as Ti+TiN, or TiAl -> resolution  < 20 eV 

3. Scale-up to the final detector size of 5x5 cm2.

Cryogenic Wide-Area Light Detector with Excellent Resolution 
ERC Starting Grant, from March 2014



• To get around the poor KID active surface an indirect 
detection of the photon interactions was proposed 

• KIDs are evaporated on a large (cm2) insulating substrate 
(Si or Ge) that mediates the photon interactions converting 
them into phonons  

•  ….. with a drawback: phonons collection efficiency 
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Phonon-mediated approach
KID

phonons



• Basic resonance parameters evaluation with a 
fit of the frequency sweep of the transmitted 
signal

• From the center of the resonance loop we 
monitor the amplitude and phase variations 
induced by energy depositions

• Calibrated optical pulses (400 nm led bursts) in 
the range between 0.1 and 30 keV; and X-rays 
from 55Fe/57Co (as cross-check for the energy 
calibration)
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Detector characterisation
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where Fqp is the pulse integral.
As we explain in next section, we excite the substrate by a

LED pulse whose duration Tex is of the order of few µs, so
the final waveform results from the convolution of Eq. 3 with
a rectangular function of length Tex.

For every acquired signal we fit the df pulse evolution to
the pulse shape described above, fixing tring to the value cor-
responding to the measured Q factor. In this way we obtain
tph that we compare with the MC results. Superposed to the
pulses of Fig. 1 we show the results form the fit for the df(t)
and da(t) signals.

𝛿𝑎

𝛿𝜙

FIG. 1: df and da pulse time evolution following an energy deposi-
tion of 36 keV in the Si substrate. The signals are fitted to the pulse
shape of Eq. 3, taking also into account Tex=1 µs (in red for df and
blue for da). The resulting df fit parameters are shown in the leg-
end. Inset: resonance circle that we calibrate to obtain df and da

components from the real and imaginary parts of the S21 signal.

B. Response to energy absorption

We can relate the energy release in the detector E to the
energy absorbed at every resonator Eabs through an efficiency
factor h , so that Eabs = hE. The efficiency can be factorized
as h = hKIDhpb, where hKID depends on the geometry of the
detector and the transmission coefficients at the interface, and
is the parameter that we shall calculate with the MC simula-
tion, and hpb is the pair-breaking efficiency in Al, that we take
as ⇠0.57 [18]. Now, Fqp in Eq. 3 represent the overall change
in df corresponding to an increment in the quasi-particle pop-
ulation Nqp=Eabs/D = hE/D, that can be calculated from the
Mattis-Bardeen theory in the thin film limit. After some ana-

lytical approximations [19, 20] we can write:

Fqp =
aS2(n ,Tqp)Q

N0V D(Tqp)
hE, (4)

where N0V is the single spin density of states at the Fermi level
(1.72⇥1010 eV�1 µm�3 for Al) multiplied by the active vol-
ume of the resonator, a is the fraction of kinetic inductance
LKI/L, Tqp is the effective temperature of the quasiparticle
system, larger than the sink temperature due to the microwave
power Pµn and

S2(n ,Tqp) = 1+
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where kB is the Boltzmann constant, h is the Planck constant
and I0 is the zero-order modified Bessel function of the first
class. The parameters D, a , S2 and Q are measurable quanti-
ties for a given Pµn , therefore from the pulse fit we can obtain
Fqp and determine through Eq. 4 the efficiency h at every
pixel in order to compare with the MC results.

III. EXPERIMENTAL CONFIGURATIONS

We study two different detector configurations with dif-
ferent KID characteristics and layout.

The first prototype (P1 in the following) consist of a single
KID lithographed on a 2⇥2 cm2 380 µm thick Si substrate.
Fig. 2 shows a picture of the detector mounted in the copper
holder (left panel) and a schematic design of the single KID
(right panel). The inductor section is a meander of 30 strips
of 62.5 µm⇥2 mm, with gap of 5 µm between them, and the
capacitor is made by only two fingers. The total active area
is 4.0 mm2 if we include the active region that connects the
inductor to the capacitor. The feedline is a 72 µm width CPW
that cut across the Si substrate from side to side. The pixel
and feedline are made of 60 nm thick Al. Four cylindrical
Teflon supports, one at every corner of the substrate, fix the
detector to a copper holder that is anchored to the cryostat.
The contact area between Si and Teflon is lower than 3 mm2 at
every support. For detailed results of this prototype, see [17].

The second prototype, that we label as P4, is a 2⇥2 cm2

375 µm thick Si substrate with 4 KIDs (see Fig. 2). The res-
onators are lithographed in 60 nm thick Al film, with an induc-
tive meander made of 14 connected strips of 80 µm⇥2 mm
closed by a capacitor made of 5 interdigitated fingers of
1.4 mm⇥50 µm. The active area of the single pixel is
1.15⇥ 2mm2. The feedline is a 420 µm width and 60 nm
thick CPW. The centers of each KID are not distributed sym-
metrically with respect to the central axis of the detector, but
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• Basic resonance parameters evaluation with a 
fit of the frequency sweep of the transmitted 
signal

• From the center of the resonance loop we 
monitor the amplitude and phase variations 
induced by energy depositions

• Calibrated optical pulses (400 nm led bursts) in 
the range between 0.1 and 30 keV; and X-rays 
from 55Fe/57Co (as cross-check for the energy 
calibration)
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Detectors characterisation

2 mm

2 
m

m

2 
m

m
1.4 mm

3

df(t) = Fqptqp

"
tqpe

�t/tqp

(tqp � tph)(tqp � tring)
+

tphe
�t/tph

(tph � tqp)(tph � tring)
+

tringe
�t/tring

(tring � tqp)(tring � tph)

#
, (3)

where Fqp is the pulse integral.
As we explain in next section, we excite the substrate by a

LED pulse whose duration Tex is of the order of few µs, so
the final waveform results from the convolution of Eq. 3 with
a rectangular function of length Tex.

For every acquired signal we fit the df pulse evolution to
the pulse shape described above, fixing tring to the value cor-
responding to the measured Q factor. In this way we obtain
tph that we compare with the MC results. Superposed to the
pulses of Fig. 1 we show the results form the fit for the df(t)
and da(t) signals.
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FIG. 1: df and da pulse time evolution following an energy deposi-
tion of 36 keV in the Si substrate. The signals are fitted to the pulse
shape of Eq. 3, taking also into account Tex=1 µs (in red for df and
blue for da). The resulting df fit parameters are shown in the leg-
end. Inset: resonance circle that we calibrate to obtain df and da

components from the real and imaginary parts of the S21 signal.

B. Response to energy absorption

We can relate the energy release in the detector E to the
energy absorbed at every resonator Eabs through an efficiency
factor h , so that Eabs = hE. The efficiency can be factorized
as h = hKIDhpb, where hKID depends on the geometry of the
detector and the transmission coefficients at the interface, and
is the parameter that we shall calculate with the MC simula-
tion, and hpb is the pair-breaking efficiency in Al, that we take
as ⇠0.57 [18]. Now, Fqp in Eq. 3 represent the overall change
in df corresponding to an increment in the quasi-particle pop-
ulation Nqp=Eabs/D = hE/D, that can be calculated from the
Mattis-Bardeen theory in the thin film limit. After some ana-

lytical approximations [19, 20] we can write:

Fqp =
aS2(n ,Tqp)Q

N0V D(Tqp)
hE, (4)

where N0V is the single spin density of states at the Fermi level
(1.72⇥1010 eV�1 µm�3 for Al) multiplied by the active vol-
ume of the resonator, a is the fraction of kinetic inductance
LKI/L, Tqp is the effective temperature of the quasiparticle
system, larger than the sink temperature due to the microwave
power Pµn and
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where kB is the Boltzmann constant, h is the Planck constant
and I0 is the zero-order modified Bessel function of the first
class. The parameters D, a , S2 and Q are measurable quanti-
ties for a given Pµn , therefore from the pulse fit we can obtain
Fqp and determine through Eq. 4 the efficiency h at every
pixel in order to compare with the MC results.

III. EXPERIMENTAL CONFIGURATIONS

We study two different detector configurations with dif-
ferent KID characteristics and layout.

The first prototype (P1 in the following) consist of a single
KID lithographed on a 2⇥2 cm2 380 µm thick Si substrate.
Fig. 2 shows a picture of the detector mounted in the copper
holder (left panel) and a schematic design of the single KID
(right panel). The inductor section is a meander of 30 strips
of 62.5 µm⇥2 mm, with gap of 5 µm between them, and the
capacitor is made by only two fingers. The total active area
is 4.0 mm2 if we include the active region that connects the
inductor to the capacitor. The feedline is a 72 µm width CPW
that cut across the Si substrate from side to side. The pixel
and feedline are made of 60 nm thick Al. Four cylindrical
Teflon supports, one at every corner of the substrate, fix the
detector to a copper holder that is anchored to the cryostat.
The contact area between Si and Teflon is lower than 3 mm2 at
every support. For detailed results of this prototype, see [17].

The second prototype, that we label as P4, is a 2⇥2 cm2

375 µm thick Si substrate with 4 KIDs (see Fig. 2). The res-
onators are lithographed in 60 nm thick Al film, with an induc-
tive meander made of 14 connected strips of 80 µm⇥2 mm
closed by a capacitor made of 5 interdigitated fingers of
1.4 mm⇥50 µm. The active area of the single pixel is
1.15⇥ 2mm2. The feedline is a 420 µm width and 60 nm
thick CPW. The centers of each KID are not distributed sym-
metrically with respect to the central axis of the detector, but
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“Non-linear pulse response of an MKID"
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Al prototype: results

Resolution constant in a wide temperature range (10-200 mK)

Combining phase and amplitude we obtained 82±4 eV

L. Cardani et al, Appl.Phys.Lett. 107 (2015) 093508 
L. Cardani et al, Appl.Phys.Lett. 110 (2017) 033504
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More sensitive superconductor: AlTiAl
�E / TC

✏
p
QL

Al Ti+Al Ti+TiN

TC [K] 1,2 0.6-0.9 0.5-0.8

L[pH/square] 0,35 1,2 6?

Qi max >106 105-6 ?

Phonon 𝛆 10% 10% low?

Producer IFN-CNR CSNSM 
Neel-CNRS CNR/FBK

Status Completed Completed Aborted
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Silicon

Same design as Aluminum films.

Titanium enhances Kinetic 
Inductance but lowers the internal 

Q.

Tested different TiAl and AlTiAl 
multilayers. Best results from:
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AlTiAl prototype: results
Energy scan with optical pulses Absolute energy calibration with poisson

Phase Signal enhanced with respect to Al prototypes -> Phase RMS ~ 25 eV

Amplitude Signal is the same -> 80 eV RMS
L. Cardani et al, SU.S.T. 31 7 (2018)
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Last CALDER phase: the 5x5 cm2 detector

1. Read-out and analysis tools; optimization of the detector geometry using Al resonator 
and 2x2 Si substrate -> 80 eV RMS 

2. Test of more sensitive superconductors, such as Ti+TiN, or TiAl -> resolution  < 20 eV 

3. Scale-up to the final detector size of 5x5 cm2.

Preliminary

134 eV RMS

Al prototype

AlTiAl in production…
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Conclusions
• The CALDER project is closing this year: 

A. 25 eV RMS with 10 μs response on 2x2 cm2 
Si light absorber  

B. last prototype: 5x5 cm2 with AlTiAl resonators 

• First simultaneous measurement of phonon and 
light read out of a macro-calorimeter with KIDs. 

• BULLKID: a study for an application of CALDER 
MKIDs in coherent neutrino scattering

Poster by Ivan Colantoni: 
“BULLKID - BULky and Low-threshold KID“



BACKUP
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Light detectors for CUPID

• NTD Ge based light detector: Ge-
NTD glued on a disk shape Ge wafer:

40 eV baseline RMS
1.8 ms pulse Rise Time

• Intense R&D activities exploiting TES, KID, NTD-Ge, + Neganov-Luke 
effect technologies to:

Improve the baseline RMS
Lower the pulse Rise Time

enough for the first CUPID phase,  
but not for the second one..

Talk by Laura Cardani: 
“Final results of the CUPID-0 Phase-I 

experiment“
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CALDER phase2: AlTi++Al (Ti 50nm)
An “unexpected” effect caused by the low Q

After Optimum Filter 
43 eV RMS PT On 
34 eV RMS PT Off

Before Optimum Filter 
83 eV RMS PT On 
75 eV RMS PT Off

After Optimum Filter (Ti 33 nm) 
45 eV RMS PT On 
25 eV RMS PT Off

AlTi++Al phase noise AlTiAl phase noise
!17

Pulse tube induced noise
A dry dilution refrigerator is precooled by a two-stage 

pulse tube refrigerator

The vibrations are induced in all 
the refrigerator structure, as a 

result also on the detector 

Worsening of the energy 
resolution 

PT ON

PT OFF
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Silicon on Saphire substrate: SOSNoise on SOS P34
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CALDER phase2: AlTi++Al (Ti 50nm)
An “unexpected” effect caused by the low Q

After Optimum Filter 
43 eV RMS PT On 
34 eV RMS PT Off

Before Optimum Filter 
83 eV RMS PT On 
75 eV RMS PT Off

After Optimum Filter (Ti 33 nm) 
45 eV RMS PT On 
25 eV RMS PT Off

AlTi++Al phase noise AlTiAl phase noise

Silicon SOS

KIDs on (SOS) are barely affected by the Pulse Tube induced noise

Fundamental requirement for an application in the CUORE cryogenic facility


