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Detect Cherenkov or scintillation light from large-mass bolometers  to 
search for double beta decay with the CUORE successor.
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Motivation
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light detector

CUORE TeO2 
wrapped with 

reflector

5 
cm

CUPID  
ZnSe/LMO

CUPID  
TeO2

Light signal [keV] 2 - 20 0.1

Area [cm2] 15 20 - 25

ΔE [eV RMS] 50-150 < 20

Temperature 8 - 20 mK

# detectors ~1000

Sensor NTD ?

Sensor R&D by other groups: NTD or TES ( w or w/o Luke amplification)

We investigate a new technology for this field: KIDs
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Cooper pairs (cp) in a superconductor  act as an inductance (L).  
Absorbed photons change cp density and L.  

High quality factor (Q) resonating circuit biased with a microwave (GHz):
signal from amplitude and phase shift. 

L C

Kinetic Inductance Detectors (KIDs)
 Day et al., Nature 425 (2003) 817

2� ⇠ 400µeV (Al)
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Multiplexed readout of a KID array

�4M. Vignati 

Different resonators can be coupled to the same feedline  
with slightly different resonant frequencies.  

Resonant frequency modified via the capacitor (C) pattern of the circuit. 
 

Multiplexing up to 100-1000 KIDs has been already demonstrated

132 pixel 
CMB camera Frequency scan 1.5 - 1.7 GHz
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Good energy resolution
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FIG. 1: [Color online] (a) Pulse response in the complex S21

plane. The blue circle represents the resonance loop from a
frequency sweep. The red line is the averaged response pulse
after photon absorption and the red arrow shows the rising-
edge of the pulse. This response can be projected to frequency
and dissipation responses, with directions tangent and normal
to the resonance loop. (b) The frequency and dissipation
responses of the pulse in time domain. (c) A schematic of the
MKID design. The resonator has a lumped-element design,
with a small volume of inductive strip (red) in parallel with
a large interdigitated capacitor (IDC), which is capped by a
layer of aluminum (blue). (d) Homodyne detection scheme
used to read out MKIDs.

formance on the absorber geometry. All the resonance
frequencies are designed to be around 6 GHz and all the
resonators are coupled to a common microstrip feedline
with coupling quality factor Qc ⇡ 1.5⇥ 104.

The detectors are cooled in a dilution refrigerator to
a base temperature of 40 mK. At this temperature, the
internal quality factors of the resonators are measured
to be around 105. A 1550 nm laser diode driven by a
function generator at room temperature is used to gen-
erate optical pulses with a width of 200 ns at a repeti-
tion frequency of 120 Hz. The incident photons are then
attenuated and guided into the device box mounted at
the mixing chamber stage through a bare optical fiber.
In this demonstration experiment, we did not optimize
the optical coupling to the absorber and the light ex-
iting the fiber flood illuminates the entire chip instead
of being focused only onto the absorber area. As a re-
sult, the optical e�ciency is rather low, which we plan
to improve in future experiments. As shown in Fig. 1(d),
the standard homodyne scheme is used to read out the
resonators. We probe the resonators at a microwave fre-
quency that maximizes the frequency response �S21/�fr
and the microwave power is chosen to be 2 dB below bi-

furcation power to avoid the strong non-linear e↵ects [17]
in the resonator. For each optical pulse, the correspond-
ing response of the detector is digitized at a sampling
rate of 2.5 Ms/s. The raw data are converted to the fre-
quency and dissipation responses. Only the frequency re-
sponse data are further analyzed, because the dissipation
response is smaller compared to the frequency response
and the pulse decay time is much faster (see Fig1. (b))due
to the anomalous electrodynamic e↵ect found previously
in TiN films [20, 22, 24]. We analyze the pulse data by
using standard Weiner optimal filter procedures and the
filtered pulse height data are used to generate photon-
counting statistics.
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FIG. 2: [Color online] (a) A histogram of the optimally filtered
(O.F.) pulse height (normalized by the template pulse) using
frequency readout. A 4-peak Gaussian fit to the data is shown
by the red line. Inset: the probability of the n-photon event
(calculated by the area in each Gaussian peak normalized by
the total area) fit to a Poisson distribution with � = 0.61. (b)
Photon counting histogram (� = 1.95), fit by a superposition
of 6 Gaussian peaks. (c) Photon counting histogram (� =
3.78) where 7-photon events are resolved. (d) The detected
mean photon number per pulse (red dots) vs. the estimated
total number of incident photons onto the absorber area. The
slope of the linear fitting (blue curve) suggests the photon-
device coupling e�ciency is ⇡ 10% .

Fig. 2(a) shows a histogram of the optimally filtered
pulse height data for 2⇥104 pulse events measured from
the resonator with absorber width of 2 µm and volume
of 1.92 µm3. The first 3 peaks, which correspond to the
events of 0, 1, and 2 photons being absorbed in the de-
tector, are clearly observed. We fit the histogram to a
model of a superposition of 4 Gaussian peaks with inde-
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FIG. 1: [Color online] (a) Pulse response in the complex S21

plane. The blue circle represents the resonance loop from a
frequency sweep. The red line is the averaged response pulse
after photon absorption and the red arrow shows the rising-
edge of the pulse. This response can be projected to frequency
and dissipation responses, with directions tangent and normal
to the resonance loop. (b) The frequency and dissipation
responses of the pulse in time domain. (c) A schematic of the
MKID design. The resonator has a lumped-element design,
with a small volume of inductive strip (red) in parallel with
a large interdigitated capacitor (IDC), which is capped by a
layer of aluminum (blue). (d) Homodyne detection scheme
used to read out MKIDs.

formance on the absorber geometry. All the resonance
frequencies are designed to be around 6 GHz and all the
resonators are coupled to a common microstrip feedline
with coupling quality factor Qc ⇡ 1.5⇥ 104.

The detectors are cooled in a dilution refrigerator to
a base temperature of 40 mK. At this temperature, the
internal quality factors of the resonators are measured
to be around 105. A 1550 nm laser diode driven by a
function generator at room temperature is used to gen-
erate optical pulses with a width of 200 ns at a repeti-
tion frequency of 120 Hz. The incident photons are then
attenuated and guided into the device box mounted at
the mixing chamber stage through a bare optical fiber.
In this demonstration experiment, we did not optimize
the optical coupling to the absorber and the light ex-
iting the fiber flood illuminates the entire chip instead
of being focused only onto the absorber area. As a re-
sult, the optical e�ciency is rather low, which we plan
to improve in future experiments. As shown in Fig. 1(d),
the standard homodyne scheme is used to read out the
resonators. We probe the resonators at a microwave fre-
quency that maximizes the frequency response �S21/�fr
and the microwave power is chosen to be 2 dB below bi-

furcation power to avoid the strong non-linear e↵ects [17]
in the resonator. For each optical pulse, the correspond-
ing response of the detector is digitized at a sampling
rate of 2.5 Ms/s. The raw data are converted to the fre-
quency and dissipation responses. Only the frequency re-
sponse data are further analyzed, because the dissipation
response is smaller compared to the frequency response
and the pulse decay time is much faster (see Fig1. (b))due
to the anomalous electrodynamic e↵ect found previously
in TiN films [20, 22, 24]. We analyze the pulse data by
using standard Weiner optimal filter procedures and the
filtered pulse height data are used to generate photon-
counting statistics.
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FIG. 2: [Color online] (a) A histogram of the optimally filtered
(O.F.) pulse height (normalized by the template pulse) using
frequency readout. A 4-peak Gaussian fit to the data is shown
by the red line. Inset: the probability of the n-photon event
(calculated by the area in each Gaussian peak normalized by
the total area) fit to a Poisson distribution with � = 0.61. (b)
Photon counting histogram (� = 1.95), fit by a superposition
of 6 Gaussian peaks. (c) Photon counting histogram (� =
3.78) where 7-photon events are resolved. (d) The detected
mean photon number per pulse (red dots) vs. the estimated
total number of incident photons onto the absorber area. The
slope of the linear fitting (blue curve) suggests the photon-
device coupling e�ciency is ⇡ 10% .

Fig. 2(a) shows a histogram of the optimally filtered
pulse height data for 2⇥104 pulse events measured from
the resonator with absorber width of 2 µm and volume
of 1.92 µm3. The first 3 peaks, which correspond to the
events of 0, 1, and 2 photons being absorbed in the de-
tector, are clearly observed. We fit the histogram to a
model of a superposition of 4 Gaussian peaks with inde-

Coun%ng	Near	Infrared	Photons	with	Microwave	Kine%c	Inductance	Detectors	  
Guo,	W.	et	al,		Appl.	Phys.	Le3.	110,	212601	(2017)

ΔE = 0.22 eV

https://arxiv.org/abs/1702.07993
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CALDER: light detectors with KIDs
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Substrate of silicon 
 (5x5cm2 x300µm)

KIDs  (~2mm2 x 60-nm)

Incident photons convert into athermal phonons

Diffused phonons  
can be absorbed  

by the KIDs

supports  

E.S. Battistelli, et al, EPJ C75 (2015) 353

GHz operation limits the maximum sensible area of KIDs to few mm2  
 

Scaling to several cm2:  
indirect detection mediated by phonons

Challenge: collect as many phonons as possible
The smaller the number of pixels the better!

http://arxiv.org/abs/1505.01318
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CALDER collaboration
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Aluminum detector (2016)

Film thickness: provides better quality of the superconductor.

Large film area: increases the phonon absorption efficiency.

Resonant frequency ~  2.5 GHz.

High resonator Q  (~105): increases the signal height. 
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KID signal
1. Frequency sweep to measure the transmission S21 past the resonator:

2. Determine the resonant frequency and bias the detector at that frequency.

3. Measure Phase and Amplitude Modulation of the wave transmitted past 
the resonator
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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.

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+

s
2D

pkBTqp
exp

✓
� hn

2kBTqp

◆
I0

✓
hn

2kBTqp

◆
,

(5)
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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Very fast cryogenic detectors, application to 100Mo?
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Results of the Aluminum detector
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L. Cardani, et al, APL 110 (2017) 033504
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• Result obtained by combining phase and amplitude readout with a 2D 
optimal filter:

• Temperature independent up to 200 mK. 

• Decay time identified as τqp, similar behavior with microwave power

~H
T (!) = k ~S

†(!)N�1(!)

http://dx.doi.org/10.1063/1.4974082
http://arxiv.org/abs/1606.04565
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Improving the energy resolution

�11

Amplifier noise  
 [2-6 K]

Superconductor  
Volume  

[2x2mm2 x  60nm]

Resonator Q [105]
Kinetic  

Inductance fraction
[3% for Al]

Superconductor 
gap  

[180 μeV for Aluminum]
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Ti(33nm)
Al(14nm)

Al(30nm)

Silicon

     Superconductor R&D

Same design as Aluminum films.

Titanium enhances Kinetic Inductance but lowers the internal Q.

Tested different TiAl and AlTiAl multilayers. Best results from:

�12

�E / TC

✏
p
QL

Al Ti+Al Ti+TiN Granular Al

TC [K] 1.2 0.6-0.9 0.5-0.8 1-2
L[pH/square] 0.35 1.2 6? 10-1000
Qi max >106 105-6 ? >106

Phonon 𝛆 10% 10% low? 10%

τqp [μs] 100-1000 100-1000 10-100 ?

Fabrication IFN-CNR CSNSM 
Neel-CNRS CNR/FBK KIT

Status Completed Completed Challenging ongoing
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AlTiAl performance

‣ Phase signal 3x higher than Aluminum only
‣ Phase RMS = 25 eV @0 eV (4x better than Al )
‣ Amplitude RMS = 80 eV @0eV  (similar to Al)

Energy scan with optical fiber

Self-calibrated with 
photon statistics

M. Vignati 

L. Cardani, et al, SUST (2018)

https://doi.org/10.1088/1361-6668/aac1d4


M. Vignati 

CALDER development
 - 07/17 -  

Ti/Al 1 pixel  
25 eV 

SUST31  
075002
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2013 2014 2015 2016 2017 2018

End of 2013  
Lab 

refurbishment

03/14  
ERC start

11/16  
New lab  

New cryostat

- 04/14 -  
Aluminum KIDs 

9 pixel  
2x2 cm2  
2-8 keV

end/18  
Final tests 

at Gran Sasso

- Final goal - 
Ti/Al 1-4 pixel 

25 eV 
5x5 cm2

- 05/15 - 
4 pixel  
150 eV
APL107  
093508 

- 06/16 - 
1 pixel  
80 eV
APL110 
033504

EPJ C75 353

05/18  
77th  

cool down

https://doi.org/10.1088/1361-6668/aac1d4
https://doi.org/10.1088/1361-6668/aac1d4
http://arxiv.org/abs/1505.01318
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Scaling the area to 5x5 cm2

ISSUE: resonator quality factor deterioration, low SNR.

We are investigating on it, magnetic fields?  
Stray radiation? Vibrations? 

�15
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Athermal phonons characterization

• Built a phonon simulation on top of the 
CDMS Geant4 Package

• We are able to simulate:

‣ Phonon rise time
‣ Collection efficiency

• We derived transmission coefficients: 
Si-Al and Si-Teflon.

�16

M
. M

artinez, et al 1805.02495
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https://arxiv.org/abs/1805.02495
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Conclusion and outlook
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25 eV RMS have been reached by a large area light 
detector with KID, and we hope to further improve.

We are moving from 2x2 to 5x5 cm2 . 

Preliminary results indicate that the phonon loss with 
a single pixel is < 30%. Problems with quality factor.

➡ Determine whether 4 KID pixels are needed to 
compensate the loss and reach 25 eV RMS. 
 

We are preparing the update of the LNGS test 
cryostat for the final test with TeO2 bolometers.

CALDER



Backup
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Heterodyne readout development
• So far using an electronics able to handle up to 12 KIDs in parallel.

• We are developing a custom FPGA firmware on top of the ROACH2 
opensource hardware and software board. 

‣ Goal: 100 KIDs in parallel.

• Developed by a wide (mostly astro-) community. 
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ROACH readout system

FPGA board (Virtex6) for signal processing
On-board PowerPc for FPGA control
16-bit 1000Msps dual DAC
14-bit 400Msps dual ADC
4x 10Gbe interfaces for data streaming
Up/down conversion w clock-distribution board
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High scalability  
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ARCONS:	A	2024	Pixel	Op%cal	through	Near-IR	Cryogenic	Imaging	Spectrophotometer	
Mazin,	B.A.	et	al,	PASP	125	(2013)	,	1348.

http://www.jstor.org/stable/10.1086/674013
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AlTiAl noise

The phase noise is substantially lower than Aluminum.
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End of 2016: New cryostat, new lab
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