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Direct dark matter search below 1 GeV/c2
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Dark Matter
observable:  

kinetic energy of nuclear recoiltarget nucleus
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Direct dark matter search below 1 GeV/c2

3

cross section σ < 10−40 cm2

zero-background  
large number of targets O(1 kg)

energy < 1 keV

low-energy threshold 
O(100 eV)

dN/dE

1 keV E

Dark Matter
observable:  

kinetic energy of nuclear recoiltarget nucleus

Difficult with Low-T detectors Motivation for Low-T detectors
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State of the art (solid-state detectors)
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(ionization - HPGe)
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Goal of  
BULLKID-DM
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Background issue in low-T experiments
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P. Adari, et al.: EXCESS workshop: Descriptions of rising low-energy spectra 
SciPost Phys. Proc. 9 (2022) 001 + D. Delicato et al EPJ C 84 (2024) 353

• Phonon bursts (crystal-support friction) ?
• Lattice relaxations after cool down?
• Phonon leakage from interactions in the supports?
• Neutrons (cosmic ray induced, radioactivity) ?
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This background limits the sensitivity of present experiments
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Not understood excess background rising at low energies

Excess workshop 2024  
Roma, 6 July

https://agenda.infn.it/event/39007/

https://agenda.infn.it/event/39007/
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The BULLKID phonon-detector array
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Phonon mediation  
detect phonons created by nuclear recoils 

in a silicon die

KID  (~ 2x2 mm2 x 50 nm, 0.5 μg)

DM DM 

5 m
m

Silicon dice (0.3 g) 
at < 80 mK

A. Cruciani, et al, Appl. Phys. Lett. 121, 213504 (2022)

https://doi.org/10.1063/5.0128723
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Phonon mediation  
detect phonons created by nuclear recoils 

in a silicon die

KID  (~ 2x2 mm2 x 50 nm, 0.5 μg)

DM DM 

5 m
m

Silicon dice (0.3 g) 
at < 80 mK

carving of dice in a thick silicon wafer
bottom view

3”

5 mm

0.5 mm thick common disk:
- holds the structure
- hosts the sensors

4.5 mm deep grooves
- 6 mm pitch
- chemical etching

✓ monolithic

A. Cruciani, et al, Appl. Phys. Lett. 121, 213504 (2022)

https://doi.org/10.1063/5.0128723


BULLKID / Vignati -

The BULLKID phonon-detector array

6

Phonon mediation  
detect phonons created by nuclear recoils 

in a silicon die

KID  (~ 2x2 mm2 x 50 nm, 0.5 μg)

DM DM 

5 m
m

Silicon dice (0.3 g) 
at < 80 mK

side/top view

lithography of  KID sensors
 KID sensor array:
- 60 nm thick aluminum film
- 60 elements (1 per die)

Fully multiplexed
(single readout line)

✓ 60 detectors in 1

carving of dice in a thick silicon wafer
bottom view

3”

5 mm

0.5 mm thick common disk:
- holds the structure
- hosts the sensors

4.5 mm deep grooves
- 6 mm pitch
- chemical etching

✓ monolithic

A. Cruciani, et al, Appl. Phys. Lett. 121, 213504 (2022)

https://doi.org/10.1063/5.0128723
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Kinetic Inductance Detectors (KIDs)

7

- Superconductor at T < 200 mK (Al)

- LC resonator

- Cooper pairs inductance

- Absorbed energy breaks Cooper pairs

frequency response
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between resonator and feed-line, which is precisely fixed by the lithog-
raphy. However, the propagation in the CPW of the slot mode alters
the coupling at different positions along the line. Ways to correct for
this issue consist in performing several bondings along the feedline
between the two ground planes, in order to fix their potential and to
prevent the occurrence of the slot mode.

When an amount of energy E is released in a dice, changes of the
Cooper pair density are detected bymonitoring the time variation of S21
with the RF bias set at f¼ f0. Changes in both the magnitude and phase
of S21 can be used, even though the latter usually feature a better signal
to noise ratio.27 Restricting the analysis to the phase readout, its varia-
tion with energy can be expressed in terms of the device parameters as

d/
dE
¼ g " aS2ðf0;T0ÞQ

N0D
2
0V

; (2)

where N0 ¼ 1:72 " 1010 eV%1 lm%3 is the single spin density of states
in aluminum, V ¼ 2:4 " 105 lm3 is the inductor volume, S2ðf0;T0Þ
¼ 4:9 is a dimensionless factor given by the Mattis–Bardeen theory
related to the imaginary part of the conductivity,27 a is the fraction of
kinetic inductance with respect to the total inductance, and D0 is the
superconducting gap of the film. The values of a and D0 are estimated
from the measured shift of the resonant frequency of each KID with
temperature.28 By performing a scan from 20 to 350mK, we find values
averaged over all KIDs of a ¼ ð5:06 0:1Þ% and D0 ¼ 1896 2leV,

where the errors are the standard deviations of the distributions. The
expected amplitude of the phase signal for Q ¼ 1:5 " 105 is then
d/=dE ’ 26 " g

½0:1' mrad/keV. This value is a factor 4 larger than in
CALDER,18 a factor 2 from the value of S2 at f0 ( 0:8GHz in place of
2.7GHz, and another factor 2 from the increase in a, achieved with a
modified design of the inductor, which is made of narrower segments.
The actual value of g is derived from the study of the response to optical
pulses, as detailed in the following.

We choose to face the eight optical fibers available to the KIDs
marked in Fig. 2(c), forming a compact cluster with Q value rather
homogeneous and close to the design. We restrict the data analysis
only to them. Figure 3 shows a typical phase pulse following an energy
release of (1 keV in the dice of KID-40. The rise time, computed as
the time span between the 10% and the 90% of the rising edge,
amounts to 170 ls, similar to the value expected from the resonator
ring time log ð9Þ " Q=pf0 ¼ 140 ls. The decay time, computed as the
difference between the 90% and the 30% of the trailing edge, amounts
to 3.9ms. By monitoring the decay time at increasing cryostat temper-
atures, we observe a significant decrease, down to 0.2ms at 300 mK,
indicating that it is generated by the recombination of quasiparticles
after the pair breaking.29

For the estimation of d/=dE, we exploit the statistics of the num-
ber of photonsN absorbed by the dices, exploiting the technique already
proved in Refs. 19 and 23. We shine hundreds of fast ((ls) photon
bursts at increasing LED powers and acquire the pulses triggered from
the KID data stream, which are processed offline with a matched filter
in order to maximize the energy resolution.30 For each set of bursts, the
measured pulse amplitude is expected to be distributed as a Gaussian
with mean l ¼ d/=dE " !N , where ! ¼ 3:1 eV is the (fixed) energy of
a 400nm photon, and variance due to Poisson fluctuations equal to
d/=dE " !l. Considering also the resolution at zero energy r0 due to
the KID noise, the total variance can be written as

r2ðlÞ ¼ r2
0 þ

d/
dE

!l: (3)

The above equation is used to fit the data for d/=dE in order to per-
form the energy calibration.

We perform the photon calibration at different powers of the
KID bias. Indeed, when the power is increased, the signal to noise ratio
improves until the KID enters in a non-linear regime.31 In this regime,
however, the detector response is complicated by the non-linearity,
and d/=dE cannot be related anymore to g through Eq. (2).
Therefore, for best energy resolutions, we set the power at the

FIG. 2. (a) Transmission S21 as a function of the readout frequency spanning
across the array. Each dip corresponds to a KID, and 58/60 of them are identified.
The broader dip at 0.81 GHz is attributed to a resonance mode of the feedline. (b)
Fit for Eq. (1) on KID-40 (lines), using transmission data corrected for line losses
and impedance mismatches (dots). (c) Total quality factor Q of all KIDs evaluated
from the resonance fitting. The KIDs in the red-dashed contour are used for the
analysis of the phonon signal and of the energy resolution.

FIG. 3. Raw phase pulse of KID-40 following an energy release of around 1 keV in
the corresponding dice. The rise and decay times are 170 ls and 3.9 ms,
respectively.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 213504 (2022); doi: 10.1063/5.0128723 121, 213504-3

Published under an exclusive license by AIP Publishing

frequency scan of the 60 KIDs of BULLKIDReadout: different KIDs coupled to a the same line

Lk =
me

2 e2 npairs
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Phonon leakage and mapping
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carvings 
 4.5 mm

common disk 
 0.5 mm

DM / ν DM / ν

KID

This effect reduces the phonon focusing on the KID but is 
exploited to identify the interaction voxel

- 50% of phonons is detected in the interaction die


- 50% leaks out and is detected in nearby dice

• (8 ± 2) % in each “+” die

• (3 ± 1) % in each “x” die

• the rest in outer dice

x + x
+ +
x + x

x + x
+ +
x + x
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Background: pulse shape + phonon cuts
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Background: result on surface
Above ground lab @Sapienza U., no shield, 39 live hours
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The excess above trigger threshold is compatible with noise false positives. 
Background is flat above analysis threshold.

D. Delicato et al, 
Eur. Phys. J. C 84 (2024) 353
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BULLKID-DM Collaboration

11

Institut Néel - CNRS

Roma

Ferrara

LNGS

Pisa

Kickoff meeting 18-20 March 2024 at LNGS
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Dark Matter - direct search with BULLKID-DM

12

BULLKID 
prototype

BULLKID-DM 
demonstrator BULLKID-DM

mass 20 g 60 g 600 g
# of sensors 60 180 ~2500

threshold 160 eV 200 eV 200 eV or lower
bkg (c/keV kg d) 2x106 ~104 10 - 0.01

laboratory Sapienza U. Sapienza LNGS? LNGS
installation 2023 2024 2025 2027?
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Threshold and mass
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Threshold (ongoing R&Ds):

1. Replace Al with Al-Ti-Al KIDs: 5x inductance

2. Deeper carvings for higher phonon focussing           
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Threshold (ongoing R&Ds):

1. Replace Al with Al-Ti-Al KIDs: 5x inductance

2. Deeper carvings for higher phonon focussing           

carvings 
 4.5 mm

 disk 
 0.5 mm

DM / ν DM / ν

Prototype - 20 g / 60 dice  
single 3” wafer  
concluded in 2023

R&D on large wafer 50 g / 145 dice 
single 100 mm wafer  
first operations fall 2024 

Scalability for the 100mm mask: thick wafer

14

Temporary holder, still a work in 
progress, dicing will be tested soon

Current prototype of the 3 wafer demonstrator

9

First prototype:
• 2x 3inch wafers
• Slightly different lithographic 

process to ease fabrication
• Two RF lines read sequentially
• Pixel uniformity is limited due to 

production difficulties
• Setup ready in our cryolab in 

Rome

Demonstrator - 60 g / 180 dice 
3-layer stack of 3” wafers  
first operations before summer

BULLKID-DM - 600 g  / ~2500 dice 
16-layer stack of 100 mm wafers 
commissioning in 2026 at Sapienza U.
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Towards the experiment

14

MC Simulations

Design of the apparatus

Definition of required radiopurity


Underground cryo-infrastructure

Dilution refrigerator with T < 80 mK

Cryostat outer shielding (PE, Pb, …)

Inner shielding

Outer muon veto

~20 RF lines


Inner veto or shield

Cryo-veto around the BULLKIDs  
(BGO/GSO + Light detector)

or lead passive shield? Data analysis


2000+ channels,

cluster analysis

Energy calibration options:

- IR light

- neutron recoils (a là CRAB)

- 137Cs or 60Co Compton

- asynchronous

RF Readout and DAQ

SDR boards

onboard trigger

DANAE
stack of wafers

Computing

Data transfer

Data storage

T < 80 mK

μ veto

Lead

Polyethylene

Copper

Cryo veto or shield

✓ Ideas?
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LNGS Cryogenic facility

15

Cryo-P: an underground facility for mK applications

• Two separated experimental areas 
open to scientific community 

• Each equipped with: 

- one dry (PT-based) dilution cryostat 

- sliding room T lead shieldings 

- “service” room for ancillaries, 
compressors and vacuum systems 

- 1 ton crane 

- 1st floor balcony with working stations 

• 2nd floor with control room, small 
workshop and clean room

Replaceable insert to be 
instrumented with RF lines

Oxford cryostat

“Small” or “Oxford” cryostat: 

• by Oxford Instruments 
• 36 cm diameter x 40-50 cm height 
• one PT425-RM by Cryomech 
• >10 µW @ 20 mK 
• base T ≤ 10 mK 
• < 10 days to base T 
• suitable for 3-6 months runs 
• expected delivery: Nov 2024 - Mar 2025 
• expected commissioning: mid 2025 
• (2025->…) opened to scientific community

Specials: 

• ≥220 kg mass at base T 
• secondary insert 
• 12 T magnet 
• sample loader

Oxford cryostat

“Small” or “Oxford” cryostat: 

• by Oxford Instruments 
• 36 cm diameter x 40-50 cm height 
• one PT425-RM by Cryomech 
• >10 µW @ 20 mK 
• base T ≤ 10 mK 
• < 10 days to base T 
• suitable for 3-6 months runs 
• expected delivery: Nov 2024 - Mar 2025 
• expected commissioning: mid 2025 
• (2025->…) opened to scientific community

Specials: 

• ≥220 kg mass at base T 
• secondary insert 
• 12 T magnet 
• sample loader

Ordered Oxford 
Proteox fits the needs 

BULLKID-DM intends to be a user of the new facility in Hall B

Additional shielding might be required 
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“active” veto Eth = 50 keV

BULLKID surface data

“passive” veto 
55Fe X-ray

Simulations: shields and veto

16

Shielding for underground experiment: preliminary

• Baseline shielding to reduce external backgrounds:
optimization in progress

•Addition of inner veto with high Z material (BGO, GSO)

17

6 cm cryoveto (BGO, GSO,…)

Silicon 
target

No polyethylene, copper and top lead yet

muons, gammas and neutrons from: 
Astropart. Phys. 33 (2010) 169, 
Phys. Rev. D 73 (2006) 053004, 
Eur. Phys. J. A 41 (2009) 155,  
Astropart. Phys. 22 (2004) 313.

Currently working on internal 
contaminations in lead and veto

“zero” 
bkg.

✓ preliminary
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Cryogenic veto: 
BGO prototype

17

μ veto

Lead

Polyethylene

Copper

Cryo veto or shield

Sapienza | Matteo del Gallo Roccagiovine

Setup

8

50mm×50mm

3in×3in

BGO Crystal

Sapienza | Matteo del Gallo Roccagiovine

Setup

8

50mm×50mm

3in×3in

CALDER KID Light detector 

Sapienza | Matteo del Gallo Roccagiovine

Setup

8

50mm×50mm

3in×3in

Assembly with reflector

Preliminary 
 137Cs calibration 

Goal: energy threshold < 50 keV

T < 80 mK

Energy [ keV]
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RF Electronics

Current electronics (Ettus x310):  
30 KIDs / board


New electronics (ZCU216 Evaluation 
Board with 16 lines): 
Goal >= 150 KIDs / line

• Custom Analog Front-End and 

• Control Firmware by the KIT group

• Status: first tests on BULLKID-

prototype

18

✓ First test successful
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Wrap-up

19

✓ 0.6 kg of silicon target
✓ 2500 detector units (dice)
Unique features for bkg. 
suppression:
✓ No inert material in 

detector volume
✓ fully active
✓ fiducialization
Will it help with the unknown 
backgrounds? ✓ scalable

DM

2023 2024 2025 2026 2027

Prototype works demonstrator 
(3 wafer)

full stack commissioned in Roma, 
full veto and electronics

detector 
installation

demonstrator 
(technical run)

150 KID electronics 
and prototype veto

data takingadditional 
shielding 

installation
tentative schedule for LNGS:

60 KID 
electronics 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Backup slides

20
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State of the art of phonon detection  
(CRESST/NUCLEUS experiments)

21

Figure11:ConstantvoltagebiasingofaTES(left).TemperaturedependenceoftheTESresistivity
atTc(right)

electricalleadsusedfortheread-out;nowadays,microelectronicplanartechnologiesandsilicon
micro-machiningareusedtosuspendthesensorsonthinsiliconnitridemembranesorthinsili-
conbeams.Thermistorsareread-outinaconstantcurrentbiasingconfigurationwhichallowsto
convertthethermalsignal∆Tinavoltagesignal∆V(Fig.10).Becauseoftheirhighimpedance,
thermistorsarebestmatchedtoJFETs.Semiconductorthermistorpresentfewdrawbacks.First
ofalltheirhighimpedancerequirestheJFETfrontendtobeplacedascloseaspossible–cen-
timeters–tothedevicestominimizemicrophonicnoise,andbandwidthlimitationsduetosignal
integrationonparasiticelectricalcapacitance.SincecommonlyusedsiliconJFETmustoperate
attemperaturesnotlowerthanabout110K,thisbecomesquicklyatechnicalchallengewhenin-
creasingthenumberofdetectors.Secondly,ithasbeenexperimentallyobservedthatconductivity
ofsemiconductorthermistorsdeviatesfromlinearityatlowtemperatures[74,75].Thedeviationis
understoodintermsofafinitethermalcouplingbetweenelectronsandphonons,whosesideeffect
istointrinsicallylimitthesignalrisetimestohundredsofmicrosecondsfortemperaturesbelow
0.1K.Semiconductorsarenowanestablishedandrobusttechnology,andarraysofmicrocalorime-
tersbasedonthesedeviceshavebeenwidelyusedforX-rayspectroscopy[60]achievingenergy
resolutionslowerthan5eVwithtinorHgTeabsorbers.

Superconductingtransitionedgesensors(TESs).TESarealsoresistivedevicesmadeoutofthin
filmsofsuperconductingmaterialswhoseresistivitychangessharplyfrom0toafinitevalueinavery
narrowtemperatureintervalaroundthecriticaltemperatureTc(Fig.11).Thesuperconducting
materialcanbeanelementalsuperconductor(suchastungstenoriridium),althoughitismoreoften
abilayermadeofanormalmetalandasuperconductor.Withbilayers,theTcofthesuperconductor
isreducedbytheproximityeffectandcanbecontrolledbyadjustingtherelativethicknessesof
thetwolayers.CommonmaterialcombinationsusedtofabricateTESbilayerwithaTcbetween
0.05and0.1KareMo/Au,Mo/Cu,Ti/AuorIr/Au.TESfabricationexploitsstandardthin
filmdepositiontechniques,photolithographicpatterning,andmicro-machining.Sensorscanbe
designedtohave,attheoperatingpoint,asensitivityAashighas1000andaresistanceusually
lessthan1Ω.ThemostcommonwaystoisolateTESmicrocalorimetersfromtheheatsinkare

26

RTES

RRef

SQUID  
amplifier

Ibias

crystal

The CaWO4 crystals have transition temperatures < 21 mK.

16.05.22 NUCLEUS (V. Wagner) 7

ü 18 CaWO4 crystals equipped with W-TES have been tested:              
sensitive TES has low transition temperature due to DT = DE/C(T)

Transition of W-TES

First 9 CaWO4 detector

5mm

More details by N. Schermer et al., NEUTRINO 2022 poster

W-TES

Superconducting thermometers (TES)

Pro:  record-low energy threshold ~ 20 eVLimitation: individual readout

Future experiments point to kg targets (100÷1000 crystals) 
challenging with this technology

 

5 mm

The NUCLEUS concept combines several cryogenic                  
detectors to a fiducial volume detector.

16.05.22 NUCLEUS (V. Wagner) 8

Target crystals: 
Two 3x3 arrays with a 
total mass of 
6g (CaWO4) + 4g (Al2O3)

Inner veto: TES-instrumented holder 
to reject surface backgrounds and 
holder-related events 

Germanium outer veto
for active g/n background 
rejection

Si wafer 
+ W-TES

Holding plates 
with electrical & 
thermal contacts

Si mock-up

minimize the computing time and is then transformed back
to the time domain. The result is normalized so that it
reproduces the unfiltered pulse height at the pulse’s
maximum (see Fig. 6, left). The energy reconstruction
by the optimum filter agrees with that of the truncated
template fit on a 1% level in the linear region (up to 600 eV)
and deviates significantly above as expected due to a
different pulse shape caused by saturation (see Fig. 4,
inset). Below the truncation limit, a maximal deviation of
2.8% is observed which is considered as systematic error of
the energy calibration. The baseline energy resolution
after filtering is found to be σb ¼ ð3.74# 0.21Þ eV. This
compares to a value of ð6.42# 0.92Þ eV without
filtering, showing a clear improvement (see Fig. 6, right).
Accordingly, this effect reduces the energy threshold. This
improvement can be exploited using a data acquisition
system which continuously streams the detector output, so
that the pulse triggering can be done in postprocessing,
when signal and noise power spectra are known.
The functionality of such a software trigger based on the

optimum filter is illustrated in Fig. 7. A small artificial
pulse is superimposed on a randomly selected baseline
sample, drawn in the upper frame. The lower frame shows

the optimum filter output. The artificially added pulse
clearly is seen above a given threshold (dotted line), while
the random noise, which has a different pulse shape, is
suppressed.
In the following we discuss how the energy threshold

and the trigger efficiency can be determined in a direct way.
Generally speaking, the threshold on the output of the
optimum filter has to be chosen so as to be sensitive to the
smallest possible energy depositions, while at the same
time suppressing noise triggers sufficiently. Figure 8 (histo-
gram, right axis) shows the filter output of a set of pure
noise samples. In contrast to the determination of the
baseline noise (see above), the pulse position (in time) is
not fixed but the algorithm runs over the noise trace and
returns the maximal filter output. This explains the positive
average reconstructed energy. The bulk of the noise
samples has a reconstructed energy between 10 and
15 eV with a tail up to ∼19 eV. Most probably the latter
is due to small pulses on the noise samples which cannot by
identified by data-quality cuts selecting the noise samples.
This effect is enhanced due to the exponentially increasing
rate towards threshold in this calibration measurement. It is
reasonable to set the trigger threshold just above this
assumed noise population.
We choose a trigger threshold of 13.0 mV and validate

this choice by a study of the trigger efficiency as a function
of energy. Onto the set of baseline samples, template pulses
of various discrete pulse heights (from about 1 to 10 · σb)
are added. The energy-dependent trigger efficiency is the
fraction of the filtered artificial pulse samples which fall
above the threshold. Figure 8 (left axis) shows the results of
this procedure for the discrete pulse heights (crosses). The
resulting curve can be nicely fitted by the function
ptrigðEÞ ¼ 0.5 · ð1þ erf½ðE − EthÞ=ð

ffiffiffi
2

p
σthÞ', where erf is

the Gaussian error function [11]. The validity of the
threshold choice manifests itself as a vanishing trigger

OFM
=(3.74±0.21)eV

TTF
=(6.41±0.92)eV
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FIG. 6. Left: Pulse sample and optimum filter output in the time
domain. Right: Comparison of the baseline noise derived by the
TTF (black histogram) and the OFM (red dots). Gaussian fits to
the data are shown.
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FIG. 7. Demonstration of the optimum trigger. Upper plot: A
19.7 eV standard pulse is superimposed on a randomly chosen
noise sample (onset at sample 2000). Lower plot: Output of the
optimum filter applied to the sample. The pulse is clearly
triggered while noise contributions are suppressed sufficiently
below threshold, which is set at a pulse height of 13.0 mV
(see the text).

FIG. 8. Determination of the trigger threshold. Randomly
chosen noise samples are superimposed with template pulses
of different discrete energies (red crosses). The optimum trigger is
applied to these samples yielding the energy-dependent trigger
efficiency (left y axis). The data are fitted by an error function,
giving an energy threshold of Eth ¼ ð19.7# 0.1Þ eV for 50%
efficiency. The width σth ¼ ð3.82# 0.15Þ eV is in agreement
with the variance of the baseline noise. The reconstructed energy
of pure noise samples after filtering is shown in a histogram
(black, right y axis).

GRAM-SCALE CRYOGENIC CALORIMETERS FOR RARE- … PHYSICAL REVIEW D 96, 022009 (2017)

022009-5

R. Strauss, et al 
Phys. Rev. D 96, 
022009 (2017)
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NUCLEUS: experimental apparatus
above ground experiment (3 m.w.e)
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a) 28 5-cm thick Muon Veto panels, b) a 5-cm thick lead layer, and c) a 20-cm thick borated polyethylene. d) A dilution refrigerator is 
inserted inside the shielding and contains e) a 4-cm thick boron carbide layer and f) a Cryogenic Outer Veto made of six high purity 
germanium crystals held by g) a copper cage. Finally the cryogenic detectors are organised in two arrays of nine cubes of i) CaWO4 and 
j) Al2O3, held by h) the silicon inner veto. 

In BULLKID: BGO/GSO crystals read by 
the KID light detectors of CALDER?

C. Goupy et al [NUCLEUS Coll.], arXiv:2211.04189 


https://arxiv.org/abs/2211.04189


BULLKID / Vignati -

CALDER: light detectors w KIDs
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Magnitude

5 cm

Area [cm2] 25

ΔE [eV RMS]
34  

90 w/o vibration 
decoupling

Response time [ms] 0.12

Temperature [mK] 8-120

# detectors Multiplexing

coax coax

L. Cardani et al, EPJC 81 (2021) 636

Could be coupled to 
scintillating crystals for 

the BULLKID veto

https://doi.org/10.1140/epjc/s10052-021-09454-5
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First results (Summer ’22)
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Particle interaction in a dice
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~1 keV energy release

A. Cruciani, et al, Appl. Phys. Lett. 121, 213504 (2022)

Frequency scan of the KID array

4.2 Original geometry 43

Figure 4.2. Original geometry for BUL-
LKID (based on the experience from
CALDER). The area of the inductor
is 6.36 mm2 and the distance to the
ground line, 12 µm.

Figure 4.3. This color code represents
the charge distribution of the original
BULLKID design. For this configura-
tion, the lumping factor corresponds
to 62.56%.

NAME area [ mm2] f0 [GHz] –-factor Qc lumping
ORIGINAL 6.36 0.70635 7.64% 1.4 · 105 62.56%

Table 4.1. Characterising values of the original BULLKID geometry.

can be found in table 4.1.

Before describing the resonator, there is another component of the design which is
almost as important: the coaxial feed line compound. It is made of a center line of
width 32 µm, which carries the input signal and two outer ground lines of 96 µm.
These three lines are spaced 16 µm from each other, following a 2D coaxial design
with a total width of 256 µm.

The resonator has two components that present the following specifications:

• The inductor, made of meanders of width 20 µm and spaced every 8 µm.
The meanders have a length of 3000 µm which leads to a total chip size of
4392x3480 µm2. This constitutes a dense inductor with currents flowing mostly
in opposite directions to suppress the generated magnetic fields and to avoid
cross-talking between adjacent chips.

• The capacitor, made from fingers of a width 60 µm and spaced by the
same length. These capacitive fingers can be trimmed to adjust and select
the desired resonant frequency, which results in the multiplexing capabilities
already mentioned.

In the current configuration, the width of the superconductive lines (inductor and
capacitor) has been chosen to reduce TLS noise [42] and is, therefore, a parameter
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+) 58/60 KIDs alive
+) RMS@0 eV: 26 ± 7 eV 
−) Response not uniform

https://doi.org/10.1063/5.0128723
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Improvement of  uniformity (’23)
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+) 58/60 KIDs alive
−) Response not uniform

+) All KIDs with Q ~ 105 (optimal sensitivity)
−) Some resonator lost during operations

First version of the array Same array with 
improved grounding

Airbridges connecting 
GND planes
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Status of the 3-wafer demonstrator
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Current prototype of the 3 wafer demonstrator

9

First prototype:
• 2x 3inch wafers
• Slightly different lithographic 

process to ease fabrication
• Two RF lines read sequentially
• Pixel uniformity is limited due to 

production difficulties
• Setup ready in our cryolab in 

Rome

Independent scan on line 1 and 2

10

Stack-01
Stack-02

2-wafer stack operated. No issues observed 

3rd wafer produced and tested. Assembly in the stack in May ‘24

Goals of a first 3 wafer demonstrator

6

• Show the feasibility of mounting and 
thermalizing the holding structure

• Prove the reproducibility of the electrical 
coupling

• Reproduce the energy resolution of the 
unstacked wafers

• Scale readout and analysis to simultaneously 
measure multiple wafers

Si (stack 02)

Si (stack 01)

60 nm

1.5 mm32 μm16 μm

Current prototype of the 3 wafer demonstrator

8

Stack-02: 90nm Al
44 working pixels out of 60
Quality factor (median): 80k
Coupling Q factor (median): 140k

Stack-01: 60nm Al
40 working pixels out of 60
Quality factor (median): 185k
Coupling Q factor (median): 190k

Current prototype of the 3 wafer demonstrator

8

Stack-02: 90nm Al
44 working pixels out of 60
Quality factor (median): 80k
Coupling Q factor (median): 140k

Stack-01: 60nm Al
40 working pixels out of 60
Quality factor (median): 185k
Coupling Q factor (median): 190k
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Status of 100 mm wafers
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Scalability for the 100mm mask: thick wafer

15

Pixels: 134 out of 145
Median Q: 185k

Scalability for the 100mm mask: thick wafer

14

Temporary holder, still a work in 
progress, dicing will be tested soon

Single module prototype
Main characteristics:
◦ Minimize materials with impurities (e.g. Cu)
◦ Optimize thermal contact between the holder 

and the silicon
◦ Referable and reproducible structure
◦ Symmetrical structure to avoid thermal 

distortion
◦ Stackable
◦ Optimizing cost

◦ Minimizing waste
◦ Production with INFN machining technologies

4" STACK - DANIELE PASCIUTO19/03/2024 3

Ongoing
Thermomechanical FEM analysis

3D Printed Prototype for handling and 
mounting procedures

Manufacturing validation at INFN 
machine shop

Substituting MCX connectors with 
clamped Cables

4" STACK - DANIELE PASCIUTO19/03/2024 9

145 KID array test on thin (0.3 mm) wafer successful

Assembly under development 5 mm wafer grooved succesfull
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Simulations: validation on Sapienza setup
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Shielding on surface

•Moderate �-rays with Pb to reduce backgrounds
by at least a factor of two

•Continue validating the GEANT4 model on surface

12

Data vs Simulations with shielding

•Unshielded/shielded ratio
in very good agreement

• Further reduction by adding
additional rows of Pb
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5 Data: unshield / shield

Simulation: unshield / shield
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Data: unshield / shield

Simulation: unshield / shield

Simulation: unshield / shield with 8 Pb rows and Pb holder

Simulation: unshield / shield with 8 Pb rows

•Replacement of the wa↵er holder
and 8 rows of Pb would reduce
gamma contribution by nearly
two orders of magnitude

13

Gammas (99%) and 
neutrons (1%) measured 
and used as input for the 
simulation


Agreement over wide 
energy range observed


Mild lead shield added


Reduction of the 
background agrees with 
simulations
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Sensitivity
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Threshold 
200 eV

Threshold 
50 eV

“zero” bkg


