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Cryogenic SiPM readout of NaI(Tl) 
dark matter detectors within the 

ASTAROTH project
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Physics Case 

Sun: 230 km/s
Earth: 30 km/s

Direct search for dark matter with NaI(Tl) crystals 
• Annual modulation expected: the Earth's motion 

around the Sun combines with the Sun's motion 
around the galactic centre.

• Annual modulation detected: DAMA/LIBRA 
(concluded in 2024), unverified!

• Challenges:
→ Energy ROI: up to 6 keV recoils
→ Low rates: ~ 1 events/day/kg
→ Radiopurity of crystals and all 

materials is key to sensitivity
→ Noise from photo-sensors is limiting 

S/N in the ROI and energy threshold
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Fig. 1. Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA-phase2 over eight 
annual cycles in the (1 – 3), and (1 – 6) keV energy intervals as a function of the time. The time scale is maintained 
the same as the previous DAMA papers for consistency. The data points present the experimental errors as vertical 
bars and the associated time bin width as horizontal bars. The superimposed curves are the co-sinusoidal functional 
forms A cos ω(t − t0) with a period T = 2/ = 1 yr, a phase t0 = 152.5 d (June 2nd) and amplitudes, A, equal to the 
central values obtained by the best fit on the data points of the entire DAMA/LIBRA-phase2. The dashed vertical lines 
correspond to the maximum expected for the DM signal (June 2nd), while the dotted vertical lines correspond to the 
expected minimum. The new results of the last two cycles are in very good agreement with the previous ones. 

 

 
Fig. 2. Experimental residual rate of the single-hit scintillation events measured by DAMA/LIBRA-phase1 and 
DAMA/LIBRA-phase2 in the (2 – 6) keV energy intervals as a function of the time. The superimposed curve is the co-
sinusoidal functional form A cos  (t − t0) with a period T = 2/, a phase t0 = 152.5 d (June 2nd), and a modulation 
amplitude, A, equal to the central value obtained by the best fit on the data points of DAMA/LIBRA-phase1 and 
DAMA/LIBRA-phase2. For details see the caption of Fig. 1. 

 
The single-hit residual rates of the DAMA/LIBRA-

phase2 (see Fig. 1) have been fitted with the function: 
A cos (t − t0), considering a period T = 2/ = 1 yr 
and a phase t0 = 152.5 d (June 2nd) as expected by the 
DM annual modulation. When also including the 
former DAMA/NaI and DAMA/LIBRA-phase1 data, 
this can be repeated for the (2 – 6) keV energy interval. 
The goodness of the fits is well supported by the 
 tests; for example, /d.o.f. = 81.6/68, 66.2/68, 
130/155 are obtained for the (1 – 3) keV and 
(1 – 6) keV cases of DAMA/LIBRA-phase2, and for 
the (2 – 6) keV case of DAMA/NaI, DAMA/LIBRA-
phase1 and DAMA/LIBRA-phase2, respectively. The 
results of the best fits in the different cases are 

summarized in Table 2, where also the cases when the 
period and the phase are kept free in the fitting 
procedure are shown. The latter ones are well 
compatible with expectations for the DM annual 
modulation signal. In particular, the phase is consistent 
with about June 2nd and is fully consistent with the 
value independently determined by Maximum 
Likelihood analysis (see later). For completeness, we 
recall that a slight energy dependence of the phase 
could be expected (see e.g., Refs. [38, 58, 59, 61 - 63]), 
providing intriguing information on the nature of DM 
candidate and related aspects; this demonstrates for 
example the relevance to increase at most the precision 
in the t0 determination. 

 
 
 
 
 
 
 
 
 
 
 

Few % modulation fraction; large significance (11.9s)

[Nucl. Phys. At. Energy 2021, vol. 22, iss. 4, p 329-342]



ASTAROTH - IDM 2026

Current technological scenario
Existing NaI(Tl)-based detectors: DAMA, SABRE, ANAIS and COSINE

1. Mass of crystals ~ 5-12 kg: 
hard to achieve with very high 
purity. 

2. Light collecFon limited to 7-15 
ph.e./keV.
↪ Out of 40-42 ph./keV

3. Reflector can be a source of 
surface contaminaFon

4. PMTs feature intrinsic high 
noise and radioacFvity.

TEFLON WRAPPING

3’’ PMTs

5. Background rejection strategy with VETO detector:
• designed to tag g’s from key backgrounds in the ROI: 40K, 22Na.
• Organic liquid scintillators used so far by COSINE and SABRE-North PoP
• Safety and environmental issues: phased out at LNGS

SABRE-PoP @LNGS

Liquid 
scintillator 
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ASTAROTH surpasses all 5 limitations!

SABRE NaI-33
Elongated crystals, wrapped in reflector 
and coupled with PMTs.

S/N at 1 keV ~ 0.01

Hard to go below!
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Overcoming the limitations: ASTAROTH
A next-generation detector should surpass PMT technology:

Ø reduce noise
Ø enhance Light Yield (collected ph.e./keV)

Silicon PhotoMultipliers (SiPMs) can replace PMTs:
• higher PDE (55%), w.r.t. ~30-35% max QE of 

PMTs at 420 nm (peak NaI(Tl) emission).
• arrays have smaller transverse dimensions.
• lower intrinsic radioactivity.
• SiPM technology features lower noise than 

PMTs at T<150 K.

Use of SiPMs implies the need of a cryogenic environment:
• scintillating Liquid Argon provides cooling power and can 

double as VETO detector if equipped with PMTs/SiPMs.

4

• Small cubic crystals (5x5x5 cm3) 
• read on all six surfaces by SiPM 

matrices
• operating at a tunable temperature in 

the range 87-150 K, to find the optimal 
operation point for crystal and SiPM

à Access to sub-keV recoil energiesFBK low field

ASTAROTH range

87 K 150 K

adapted form: IEEE Trans.Elec.Dev. 64 (2017) 521-526
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Crystal detector design

• NaI is hygroscopic
• ASTAROTH operates in a cryostat, need a 

case with several requirements:
• [withstand vacuum]
• withstand several thermal cycles to LAr T
• fully transparent at LAr T
• low radioacPvity materials

• Present results with a fused silica case
• 1-mm neon gas gap to accommodate for 

different CTE (NaI ≠ quartz)
• 50x50 mm cylinder-in-a-cube temporary 

soluPon
• Problem: only a fracPon of light exits

ASTAROTH - IDM 2026 5

Hilger Crystals, UK

Geant4 Monte Carlo
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First epoxy-coated NaI(Tl)

ASTAROTH - IDM 2026

• A revolution in handling of hygroscopic 
crystals

• Works with two resins: Epo-tek and Stycast
• First fully transparent cold-compliant 50-

mm in 2025 
• Operated with SiPMs in July 2025
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All the details in poster # 120 By V. Toso
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ASTAROTH cryostat

• Dual-wall, vacuum-insulated radio-pure copper chamber, 

immersed in a cryogenic bath

• Cooling power through a specially designed Stainless Steel 

(SS) thermal bridge.

• Heater raises and stabilizes the temperature above that of 

cryogenic fluid. 

• Investigated range: 87-150 K.

• Helium gas fills the inner volume, serving as heat-transfer 

medium to the crystals and SiPMs.
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Cryostat thermal simulation

• Thermal field simulated with Ansys at the most 

stressing temperature: 150 K

• Redundant approaches: 

1. ComputaPonal Fluid Dynamics

2. Finite Element

• Parallel work of two INFN mechanical services:

A. Milano (M. MonP)

B. LNGS (D. Orlandi)

• The heat map is passed on to the structural analysis

8
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Figure 12. CFD and FE model: resulting thermal field within the He volume.

Figure 13. CFD and FE model: temperature vs distance from the top flange along the symmetry axis of the
chimney and chamber construct.

4.2 Thermal analysis

The 3D multiphysics analysis of the cryogenic chamber and its dewar was thus carried out using the
ANSYS Workbench software (Mechanical environment), modeling the He volume as a solid in which
heat is transferred solely by conduction. The mesh size was set to 5 mm for the dewar and 3 mm
for the chamber and chimney components. The chamber model was defeatured by removing details
not relevant to the analysis, such as the UHV ports, fillets, chamfers, etc. The system cylindrical

– 14 –
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Figure 12. CFD and FE model: resulting thermal field within the He volume.

Figure 13. CFD and FE model: temperature vs distance from the top flange along the symmetry axis of the
chimney and chamber construct.

4.2 Thermal analysis

The 3D multiphysics analysis of the cryogenic chamber and its dewar was thus carried out using the
ANSYS Workbench software (Mechanical environment), modeling the He volume as a solid in which
heat is transferred solely by conduction. The mesh size was set to 5 mm for the dewar and 3 mm
for the chamber and chimney components. The chamber model was defeatured by removing details
not relevant to the analysis, such as the UHV ports, fillets, chamfers, etc. The system cylindrical
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Cryogenic tests of materials, tensile
Baked, 
broken Hardened, 

broken
Before 
test

Bending test 
setup, with 

dynamometer 
connected to 

sample via SS 
wire

st
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strain
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re

ss
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strain

strain

JINST 21 P01038 (2026)

o copper samples were first baked, 
to reproduce mechanical state of 
copper in the chamber.

o tensile tests (strain, rupture) of 
copper samples with an INSTRON 
test machine at RT and 77K.

o material parameters derived

o Voce-Caboche parametrization

o Results used for the structural 
analysis



Cryogenic tests of materials, bending

Bending test 
setup, with 

dynamometer 
connected to 

sample via SS 
wire

2026 JINST 21 P01038

Figure 10. Bent sample, suspended above the LN2 bath after the test. The arrow highlights the connection
point where the pulling force was exerted.

A vertical deformation of about 8–10 mm and 16–17 mm was measured for the samples subject
to 50 N and 75 N, respectively. All four samples underwent X-ray scan before and after the tests,
which showed no noticeable di!erence in the brazed connection, demonstrating the robustness under
operating conditions for the actual chamber.

4 Chamber simulation

The design of the cryogenic chamber described in section 2 required validation under two respects.
A thermal analysis was necessary to understand the value and uniformity of the temperature field in
the inner volume, given the power dissipated through the heater. A structural analysis was necessary
to understand if the stress expected in the most challenging operative conditions would pose safety
risks or induce excessive deformations.

To this aims, two coupled multiphysics analyses were carried out, in parallel and independently
by the Mechanical and Design Services of INFN Milan and LNGS. For the thermal analysis, the
first simulation focused on a solid model, by means of a FE analysis (INFN Milan and LNGS), while
the second considered a fluid model, by means of a computational fluid dynamics (CFD) simulation
(INFN LNGS). In each case, the temperature field issued by the simulations was used as thermal
boundary condition for the subsequent structural chamber evaluation. We present here a summary
of the results, while complete reports of these works are available in [33, 34].

4.1 Comparison between CFD and FE approach

CFD, based on the Navier-Stokes equations (i.e., conservation of mass, momentum, and energy),
can simulate the behavior of a gas by considering the contribution of conduction, convection, and
radiation, and allows for the description of turbulence within the fluid. FE, by contrast, models heat
transfer in the gas volume by conduction only, neglecting other contributions; for this reason, it is
computationally simpler to implement and run, and it requires fewer physical parameters.

The boundary and operating conditions of the ASTAROTH cryogenic chamber indicate that
heat exchange between fluids is slow and primarily governed by conduction. Consequently, no
substantial di!erence is expected between FE and CFD models. However, the presence of a high
thermal gradient between the copper-steel double wall suggests a locally more complex gas behavior,
which could be better described by a fluid model.

For this reason, before carrying out a 3D thermo-structural analysis including all the complexity
of the chamber, a comparison between the two approaches was performed based on the simplified 2D
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§ 4 samples of brazed connection

§ Ansys Finite Element simulation of the most stressing operational 
condition

§ bending tests in LN2, subject to the force computed by the simulation

§ X-ray scan before and after the tests: no difference

JINST 21 P01038 (2026)



ASTAROTH - IDM 2026

Cryostat structural simulation

• Finite Element Structural Analysis starting with
a. The heat map from thermal analysis
b. Material properties as a function of T derived from tensile tests
c. Other boundary conditions (bolts, weight, …)
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deformation 
40x magnified

deformation 
40x magnified
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ASTAROTH cryostat

• Installed and commissioned in 2023

• Temperature stable < 0.1K !!!

• Over 30 cycles, still going!

12
2026 JINST 21 P01038

Figure 20. Chamber delivered at LASA, before assembly into the external dewar.

the cryostat has been in regular operation. In late 2023, the first four cooling campaigns focused
on the characterization of a test ASIC [35] across the operational temperature range, validating the
ASIC technology for cryogenic digital applications.8 Starting in 2024, several runs with a NaI(Tl)
crystal were performed, investigating several SiPM matrices and front-end electronics solutions. Some
results from these campaigns are reported in [36].

5.1 Di!erences between model and operation

There are two di!erences between the design parameters used in the simulation and the actual
operativity of the chamber in this early phase.

1. The designed cryogen assumed in the model is LAr due to the possibility to exploit the outer
volume as a veto detector, as explained in section 1.2. However, in all runs performed to date, LN2
was more readily available and was used. With this cryogen the theoretical minimum chamber
temperature is 77 K, neglecting losses. As soon as the outer volume will be instrumented with
light sensors, LAr will be used.

2. The design pressure for the helium volume is 100 mbar to guarantee the slow and safe
thermalization of the detectors. However, the current crystal case, made of fused silica, encloses
the NaI crystal with a 1 mm neon gas gap at 1 bar to compensate for the di!erent coe"cients of
thermal expansion of the two materials. Because this design cannot safely withstand a positive
pressure di!erential, the inner chamber volume has so far been filled at 1 bar, kept constant
throughout the thermal cycles. Since the present encasing is suboptimal for light collection [36],
a new design has been finalized, in which the crystals are coated with epoxy resin. For these
detectors, the chamber helium atmosphere will be set at the design pressure of 100 mbar.

8Although this study is of general interest, it was performed within ASTAROTH in order to select the ASIC technology
for the upcoming SiPM front end with charge mapping capability, that is a key development of the project.
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Geant4 Monte Carlo

Producer FBK Hamamatsu (HPK) LFoundry / NOA
Technology NUV-HD-Cryo S13361 NUV-HD-Cryo

Model Custom 6050AS-08 DS-20k
Tile Size 50 x 50 mm2 50 x 50 mm2 50 x 50 mm2

Devices 64 64 24 (1 channel)
D. Area 6 x 6 mm2 6 x 6 mm2 8 x 12 mm2
Pitch 30 µm 50 µm 30 µm
Route Wire bond TSV Wire bond

PDE @420nm ~ 55 % ~ 45 % ~ 55 %
Coating Epoxy resin Silicone resin none

# available 1 (+ 1 Metal Trench) 2 4 13

SiPM
arrays



SiPM readout for 
64 ch arrays

ASTAROTH - IDM 2026

Developed a custom cryogenic front-end to 
read out 64-SiPM arrays, both HPK & FBK

− Selection of components after cryogenic 
test for some SiGe Op-amp

− Cold section: Motherboard + 4 piggy 
boards: 3-stage amplifier

− Directly coupled to SiPM array
− 4 channels out: differential signals on 

CAT7 ethernet cable.
− Warm board to convert back differential 

-> single-ended 
− DAQ with a commercial 14-bit, 500 

MS/s waveform digitizer

14
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Laser calibration (FBK)6 E. Martinenghi et al.: The ASTAROTH Experiment

which was implemented using a high-end oscilloscope (Lecroy
Wavepro HD, 4 channels, 4 GHz bandwidth, 20 GSps,
12 bit resolution). Each channel output from the front-
end, corresponding to a quadrant of the SiPM matrix, was
fed into a channel on the oscilloscope. As light source, we
employed a 405 nm picosecond-pulsed laser (Hamamatsu
C10196).

In SiPMs, signal-related noise, such as afterpulsing, is
typically exhausted about 1ms after the generating event [41].
In order to minimize their occurrence in our acquisition
window we kept the laser repetition rate below 100 Hz.

To guarantee uniform illumination, the optical output
was fed to a multimodal optical fiber with a 200µm core
whose other end was positioned approximately a meter
away from the detector. A PTFE sheet was placed 5 cm in
front of the active area as di!user. The laser intensity was
adjusted to operate the detector in the single-photon de-
tection regime. The laser sync-out signal was used to trig-
ger the oscilloscope. To minimize environmental electro-
magnetic noise, the entire calibration set-up was placed
inside a walk-in Faraday cage.

5.2 Signal output

The output signal from the SiPM is proportional to the
number of firing microcells; therefore, when multiple pho-
tons are simultaneously absorbed over di!erent microcells,
the device output signal increases proportionally. Simi-
larly, combining and summing the signals from multiple
SiPMs results in a signal amplitude that is directly pro-
portional to the total number of photons detected over the
whole surface.

Figure 4 shows 1000 waveforms acquired while illu-
minating the SiPMs with low intensity laser light. The
baseline has been subtracted individually for each curve.
As it can be noticed, a single-photon event produces a
pulse with an amplitude of approximately 2.5mV, while
for multi-photon events the amplitude increases linearly
with the photon count.

5.3 Charge calibration and linearity

We calibrated the system measuring the charge collected
per photoelectron and the linearity of each channel. We re-
port data for one of the four quadrants; nearly identical re-
sults were obtained for the others. Since literature reports
how NaI(Tl) crystals scintillation becomes significantly
slower at →80K, with typical time constants over 1 µs [46,
45], we selected an integration window starting at the be-
ginning of signal pulse and lasting for 1.5 µs (dashed lines
in Figure 4). This choice of the integration window also
minimizes the impact of afterpulsing, which usually oc-
curs beyond 1µs under cryogenic conditions [41]. To verify
we were not undestimating the curve area we verified the
value obtained with much larger integration window (i.e.
3.0 µs) obtaining a relative variation of less than 5%. Fig-
ure 5(a) shows the charge histogram obtained integrating
the 40 000 waveforms within this time window. The first

Fig. 4. 1000 baseline-subtracted waveforms acquired while il-
luminating SiPMs with low intensity laser. Amplitude corre-
sponding to an increasing number of photons detected can be
seen. The dashed lines show the charge integration window.

peak centered at null charge is the pedestal, correspond-
ing to the electronic noise of the system. Subsequent peaks
correspond to an increasing photon count. We developed
an algorithm to identify the peaks and fit each one of them
with a Gaussian profile. Centroids of the profiles were used
to construct Figure 5(b) The fit shows the excellent lin-
earity of the device. The resulting charge calibration pa-
rameters for each channel are (Ch.1) 2.27 · 10→9 Vs/phe,
(Ch.2) 2.31·10→9 Vs/phe, (Ch.3) 2.06·10→9 Vs/phe, (Ch.4)
2.21·10→9 Vs/phe. The first of these values is used to com-
pute the upper x-axis in Figure 5(a)

Figure 6 shows the charge distribution for the full SiPM
matrix uniformly illuminated by the low intensity laser
over 40 000 events. The output of the four channels are
summed, each after conversion in photoelectrons accord-
ing to the calibration parameters computed above.

6 Scintillation light detection

Following the calibration and characterization described
in section 5, we assembled the SiPMmatrix and the NaI(Tl)
crystal as described in section 2. We cooled the detector
in the cryostat at LASA described in section 3. We re-
port about the data taking at the lowest temperature,
i.e. →80K. The temperature was later increased in steps
of about →20K by means of the heater and data collec-
tion was repeated with similar results. The electronics cold
and warm stages are described in 4. The DAQ was imple-
mented using a V1730SD CAEN board, having 14-bit res-
olution, 500 MS/s and 1 kHz bandwidth without memory

E. Martinenghi et al.: The ASTAROTH Experiment 7

Fig. 5. (a) Charge histogram of 40 000 waveforms acquired
with low intensity laser light. Each photon peak is fitted with
a Gaussian profile. The upper x-axis is added a posteriori using
the calibration parameter of the channel. (b) Peak positions:
the linear fit shows an excellent linearity and allows to compute
the calibration parameter of the channel (see text).

Fig. 6. Distribution of detected photoelectrons for the full
SiPM matrix, obtained summing the four channel past cali-
bration. 40 000 laser events are used.

pile-up , optically connected to the acquisition PC. The
trigger threshold for each channel (quadrant) was chosen
to be 1.5mV. This value is at about 2/3 of the single-
photoelectron pulse amplitude of about 2.5mV (Figure 4),
and at the same time safely higher than the typical noise
of →1 mV present in the set-up. As a first strategy to
isolate scintillation light events we have programmed the

4-way coincidence of the four quadrants with a coincidence
windows of 48 ns. The acquisition window for each event
was set at 12 µs We converted charge values into photo-
electrons based on the calibration described in section 5.3
and summed the signals from the four channels. In order
to understand the energy scale, a 47 kBq, 241Am radioac-
tive source rated for low temperature use was placed at
24 cm from the border of the detector envelop. With this
configuration, we brought the detected event rate from
the source approximately in the same order as that of the
background. Figure 7 presents the source energy spectrum
on linear (a) and logarithmic (b) scales. The main peak
(blue) at about 150 photoelectron was identified as the
59.5 keV de-excitation gamma from 241Am. The secondary
structure, extending from approximately 20 keV to 40 keV
is attributed to the decay sub-products of 241Am, such
as 237Np, which our system lacks the resolution to fully
discriminate. Also shown (pink) is the background spec-
trum acquired without the source and normalized to the
same acquisition time. textcolorredA Gaussian fit of the
region around the 241Am peak returns a light collection
of ↑0 photoelectrons/keV, with ↑43% FWHM resolution.
In addition to the 4-way coincidence trigger, this particu-
larly clean data were obtained thanks to additional soft-
ware filtering techniques whose description will be given
in section 6.1 below.

6.1 Software Filtering and Analysis

The main problem a!ecting the coincidence hardware ac-
quisition is the occurrence of some class of artifacts events.
The first one is the presence of small harmonic distur-
bances in the earthing system of our setup triggering the
low energy threshold of the DAQ. The second is the trig-
gering of coincidence events which belong to the tail of
a previous event superimposed to additional noise in one
of the four channels, making it appear as leading edge.
The third and more subtle artifacts takes places when one
high energy event is followed by one or more smaller en-
ergy retriggering events in rapid succession. These short
low-energy events, which are caused by delayed energy
releases from the cold NaI crystal, are recorded as inde-
pendent events. In order to clean out from the data these
three kind of events, we have implemented a custom soft-
ware filter which provides with the following operations:

– Low pass filtering of each events to suppress the har-
monic disturbance

– Discard all the events which show a dis-uniform base-
line

– Discard all events which are not in true coincidence
(e.g. tail events on one channel)

– A veto window of 200ms which discard all events after
an energy level above 0 keV

In figure 8 a scatter plot of event waiting time vs.
event energy before (a) and (b) after the application of
the software filter is shown. It can be noticed that after
the application of the filtering technique just described
the great majority of events characterized by low waiting

Excellent performance of FBK SiPMs + custom electronics

• 405 nm picosecond-
pulsed laser 
(Hamamatsu C10196)

• 200 μm multimodal fiber

• PTFE diffuser
• In liquid nitrogen
• In Faraday cage
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241Am cryogenic source runs

16

NaI(tl) crystal

quartz case

tmp solution

• 1 or 2 sides instrumented
• teflon on other 4 or 5 sides
• 241Am source 

rated for cryogenic use

ASTAROTH - IDM 2026



Energy spectrum (FBK) 

17

§ Ph.e. yield:
~ 7.2 ph.e./keV gross
~ 4.5 ph.e./keV
(past cross-talk correction)

§ Considering:
- only 1 array 
- case with gas gap
- no optical coupling 

case/SiPM
§ Several ways to improve!
§ FWHM: 27 %
§ Trigger thresh: 0.5 keV

ASTAROTH - IDM 2026

59.5 keV 241Am Source

source

background

quality cuts to remove artifact triggers

Eur. Phys. J. C85, 1444 (2025)



Data quality selection

18

59.5 keV 241Am Source

“noise”

ASTAROTH - IDM 2026

Problem Origin Solution Discards
Fake triggers Tail of preceeding event 

contributes to trigger
Discard events with wrong 
baseline computation

12.9 %

High frequency 
20 MHz noise

External equipment at LASA Low-pass filter 1%

Retriggering events Muons? 500 ms veto after a 
saturating event

0.25 %

Efficiency: 93.5 % of 
evts < 10 keV removed
Acceptance: 98.5 % of 
evts > 10 keV retained
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Hamamatsu (HPK) array

FBK HPK
Over-voltage 7 V 2  V
SNR 6.7 6.7 
Light yield (CT-corrected) 4.5 ph.e./keV 2.4 ph.e./keV
Resolution (FWHM at 60 keV) 26 % 25 %
# of resol. peaks (afterpulses, …) > 9 5
Cross-talk (from Vinogradov) 36% 12%

Laser calibration 241Am source

background

Thesis L. Rutigliani @UNIMI 2026

HPK is a valid alternative!



• 4 slightly out-of-spec DS-20k arrays
• Single low radioactivity arlon PCB

• Back mounted front-end
• Only 1 channel OUT!

• Designed a second stage amplifier 
reading 3 arrays

• Trigger on two opposing arrays 
• Background run still missing
• Data quality cuts to be retuned 

(faster FE)
• Work in progress

ASTAROTH - IDM 2026 20
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Fig. 1 Picture of a Tile showing the 24 SiPMs, mounted on the top
side (Top), and the electronic components, mounted on the bottom side
(Bottom). The Tile is mounted on the plastic holder used during the
testing phase

from the SiPMs as a single-ended output signal. Therefore,
the Tile is a compact, functional photodetector module. A
picture of a Tile is shown in Fig. 1. Each SiPM is equipped
with three aluminium anode pads, of which one is used for
the cryogenic SiPM assessment and the remaining two are
used for the wire bonding. The golden PCB cathode pad is
also visible. The Inner Veto and the Outer Veto of DS-20k are
also instrumented with SiPM-based photosensors integrated
into Tiles.

6-pin I/O
connector

TIA

Copper
pillars

QR code
space

Divider
and

filters

Fig. 2 PCB 3D rendering showing the electronic components on the
bottom side of the Tile

In DS-20k, Tiles are assembled intoPhoto-Detector Units
(PDUs) to further simplify the process of assembling and
reading out the OP. A PDU consists of 16 Tiles mounted on a
custom motherboard, where they are aggregated in groups of
four to give four readout channels per PDU. All Tiles within
a single PDU receive a common bias voltage. Each PDU
generates four signal outputs, with each output representing
the summed signals of each quadrant. The PDU will be the
subject of a future paper.

Tiles are manufactured within the Nuova Officina Assergi
(NOA) facility, located at INFN-LNGS, an ISO-6 clean
room packaging space spanning 353 m2 [9]. This facility
is equipped with state-of-the-art production machinery for
evaluating wafer quality and assembling SiPMs into Tiles. A
batch of 260,000 SiPMs derived from 1400 LFoundry S.r.l.
wafers underwent tests at NOA between 2023 and 2025 [10].
The SiPMs that successfully meet quality control standards
are assembled into Tiles. 8448 Tiles among the ones that
exhibit good quality are intended for use within the 528 PDUs
of the DS-20k TPC.

This paper describes the production of the DS-20k TPC
Tiles in NOA and the Quality Assurance and Quality Con-
trol (QA-QC) procedures accompanying the production. The
paper is organised as follows: Sect. 2 details the Tile’s design;
Sect. 3 describes the Tile production process flow in NOA;
Sect. 4 explains the QA-QC protocols; Sect. 5 highlights the
most relevant results.

2 The Tile: a compact SiPM-based photodetector

Silicon photomultipliers (SiPMs) are single-photon detec-
tors composed of arrays of closely arranged Single Photon
Avalanche Diodes, which operate above the breakdown volt-
age, Vbd, to initiate self-sustaining charge avalanches upon
photon absorption [11].

The distinct challenge of extracting signals from large
areas of SiPMs arises primarily from their capacitance, which
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NOA arrays

Laser calibration

241Am source

A big thanks to the NOA crew:
v Lucia Consiglio
v Andrea Marasciulli
v George Korga
v Davide Sablone

LY = 9.5 (gross) 
        6.0 (CT corr.)
res. = ~ 35 %

DarkSide coll., Eur. Phys. J. C (2025) 
85:1334
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• Switch from LN2 to LAr
• Instrument outer volume with SiPM
• Geant4 (and Fluka) simulation to 

understand coverage and 
disposition

• Surround with a lead castle (~10 
cm thick)

Liquid Argon Veto detector
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All the details in poster # 143 By E. Martinenghi
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210Pb
Reject surface background 
by light map?

A machine learning algorithm fed with the charge map from (at least) three sides could discriminate 
surfacefrom bulk events.
A readout with this capabily working at crygenic temperature has an appeal that goes beyond ASTAROTH

ASTAROTH - IDM 2026

210Pb (radon daughter) 
can be implanted on the 
surfaces (observed by 
COSINE, SABRE) 
and impact the ROI more 
than bulk
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Low radioactivity ASIC-
based electronics



ASIC technology test at cold

ASTAROTH - IDM 2026

• Test chip based on CMOS 110 nm with:
1. Transistors
2. R, C passive elements
3. ring oscillators 

made of (INV, NAND,BUFF, NOR, XOR) logic ports.
• Simulations with Synopsys Custom Compiler and HSPICE

• Introducing a temperature dependent model
• Tested in ASTAROTH cryostat at LASA Oct 2023

• Temperature range 300 K -> 80 K 
• OUTCOME: technology is suitable for circuits operating at 

cryogenic temperatures.
• Port delay decrease by  ~ 10% at cold. 
• Our temperature dependent model reproduces data.

• Of general interest for the IC community
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VDS (drain-to-source voltage); Vth is defined in the ID (drain
current) vs VDS characteristic curve, as the intersection with
the voltage axis of the tangent to the point of maximum first
derivative. In the active region instead, the MOS transistor is
biased with the maximum VDS; in this case Vth is defined in
the same way in the graph of

→
ID vs VDS. Fig. 1 illustrates

this extraction method, for both triode and active regions.
It is known that, at cryogenic temperature, an increase of

the absolute value of Vth can be observed in MOS transistors.
This effect must be correctly modeled to simulate the

behavior of integrated circuits.
The dependence of Vth on the temperature can be modeled

with a quadratic expression [11]:

Vth(T ) = Vth(T0) + V →
th

(
T0 ↑ T

T0

)
+ V →→

th

(
T0 ↑ T

T0

)2

(1)

where T0 = 300K and Vth(T0) can be obtained from the
transistor models provided by the foundry.

This temperature dependent equation is introduced in the
new schematic design of the transistors for simulations at
cryogenic temperature, as presented in Section III.

B. Temperature dependence of the drain current

Another fundamental parameter of a MOS transistor is the
drain current ID, since the performance in terms of speed and
power consumption of a CMOS circuit heavily depends on it.

ID depends on the applied gate-source voltage VGS, the
threshold voltage Vth, the drain-source voltage VDS, and the
intrinsic parameters of the transistor, such as carrier mobility
µ, oxide capacitance per unit area Cox, and the width over
length W/L ratio of the channel.

At room temperature, the classical expressions for ID are
given by the standard MOSFET equations.

In the triode region, the drain current is:

ID = µCox
W

L

(
(VGS ↑ Vth)VDS ↑

V 2
DS
2

)
(2)

In the active region instead, the drain current is given by:

ID =
1

2
µCox

W

L
(VGS ↑ Vth)

2
(1 + ωVDS) (3)

where the channel-length modulation term ω only plays a role
for short channel transistors. For long channel devices instead
the expression for ID simplifies to:

ID =
1

2
µCox

W

L
(VGS ↑ Vth)

2 (4)

As temperature decreases, Vth increases as discussed above.
Carrier mobility µ also increases according to the relationship
[15]:

µ(T ) = µ(T0)

√(
T0

T

)3

(5)

where µ(T0) is the mobility at room temperature.
From (4), we observe that the dependence of ID on tempera-

ture is non-trivial. Variations of Vth and µ partially compensate
each other. This mechanism is taken into account for the
analysis discussed in Sect. V-A.

↑
+

!Vth

G
↑
+0 V

D

S

!ID

ID

= F · ID

Fig. 2. Model for the simulation of the NMOS transistor at cryogenic
temperatures.

↑
+

!Vth

G ↑
+0 V

D

S

!ID

ID
= F · ID

Fig. 3. Model for the simulation of the PMOS transistor at cryogenic
temperatures.

III. MODELING MOSFETS AT CRYOGENIC TEMPERATURE

Currently, models for circuit design at cryogenic tempera-
ture are guaranteed by the producers to be reliable only down
to ↑55

↑
C. Below this temperature, results from numerical

simulations may present strong discrepancies from the mea-
sured behaviors of MOS transistors. Thus, it is necessary to
improve the schematic design of the simulated transistors.

To model the increase of the absolute value of the threshold
voltage, shown in NMOS and PMOS transistors at cryogenic
temperature, it is added a voltage generator (!Vth) in series
to the transistor gate, according to (1):

!Vth(T ) = V →
th

(
T0 ↑ T

T0

)
+ V →→

th

(
T0 ↑ T

T0

)2

(6)

The increase of charge carrier mobility is modeled by
adding a current-controlled current source F · ID in parallel
to the transistor channel. The parameter F is given by:

F =
!ID

ID
=

ID(T )↑ ID(T0)

ID(T0)
(7)

where ID(T ) is the MOS current at temperature T , and ID(T0)

is the MOS current at T0 = 300K.
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Digital world: TDCs, SPI, 
Frequency Detector, 

Free running ring 
oscillator

Designing ASIC-based front-end

• Tricky part is the analog one:
• Design based on current conveyor 

• Work started a year ago
• submission in MPW July or Sept 2026
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More on the to-do list

ASTAROTH - IDM 2026

Ø Optical coupling of SiPM with silicon pads or Si-gel

Ø Try undoped crystal (just delivered)

Ø Study crystal response (LY, tau) vs doping and T

Ø Move to underground location (LNGS?)

Ø Switch to high-purity crystal from SABRE-North 

producer RMD (Boston) operation in glove box
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Thank you for your attention !
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Stay for the ANAIS+ talk!


