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State of the art (solid-state detectors)
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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

• Phonons from supports or from the sensors?
• Lattice relaxations after cool down?
• 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
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The BULLKID phonon-detector array

5

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)
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- 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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✓ Discarded
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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
Conceptual Design Report (CDR)

L. Ardila-Perez1, P. Azzurri2, L. Bandiera3, M. Calvo4, M. Cappelli8,6,
R. Caravita5, F. Carillo2, U. Chowdhury4, A. Cruciani6, A. D’Addabbo7,
D. Delicato4,8,6, G. Del Castello8,6, M. del Gallo Roccagiovine8,6, M. de

Lucia9,2, F. Ferraro7, M. Folcarelli8,6, R. Gartmann1, M. Grassi2,
V. Guidi10,3, T. Lari9,2, L. Malagutti3, A. Mazzolari10,3, A. Monfardini4,
T. Muscheid1, D. Nicoló9,2, F. Paolucci2, D. Pasciuto6, V. Pettinacci6,

C. Puglia2, C. Roda9,2, S. Roddaro2, M. Romagnoni3, O. Sander1,
G. Signorelli9,2, F. Simon1, M. Tamisari11,3, A. Tartari2,

E. Vázquez-Jáuregui12, and M. Vignati8,6

1Karlsruhe Institute of Technology �KIT�, Institute for Data Processing and Electronics �IPE�,
Hermann-von-Helmholtz-Platz �, ����� Eggenstein-Leopoldshafen, Germany

2INFN - Sezione di Pisa Largo Bruno Pontecorvo �, ����� Pisa, Italy
3INFN - Sezione di Ferrara Via Saragat �, �����, Ferrara, Italy

4Univ. Grenoble Alpes, CNRS, Grenoble INP Institut Néel, ����� Grenoble, France
5INFN - TIFPA Via Sommarive ��, ����� Povo �Trento�, Italy

6INFN - Sezione di Roma Piazzale Aldo Moro �, �����, Roma, Italy
7INFN - Laboratori Nazionali del Gran Sasso, I-����� Assergi �AQ�, Italy

8Dipartimento di Fisica, Sapienza Università di Roma, Piazzale Aldo Moro �, �����, Roma, Italy
9Dipartimento di Fisica, Università di Pisa, Largo Bruno Pontecorvo �, ����� Pisa, Italy

10Dipartimento di Fisica e Scienze della Terra, c Via Saragat �, �����, Ferrara, Italy
11Dipartimento di Neuroscienze e Riabilitazione, Università di Ferrara, Via Luigi Borsari ��,

����� Ferrara, Italy
12Instituto de Fı́sica, Universidad Nacional Autónoma de México, A.P. ��-���, Ciudad de México

�����, México.

June 28, 2024

BULLKID-DM Collaboration
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Institut Néel - CNRS

Roma

Ferrara

LNGS

Pisa

Kickoff meeting 18-20 March 2024 at LNGS

March 2024 Coll. meeting at Gran Sasso labs
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Dark Matter - direct search with BULLKID-DM
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BULLKID 
prototype

BULLKID-DM 
demonstrator BULLKID-DM

mass 20 g 60 g 800 g
# of sensors 60 180 2300

threshold 160 eV 200 eV ≤ 200 eV
bkg (c/keV kg d) 2x106 < 105 1 - 0.01

laboratory Sapienza U. Sapienza LNGS LNGS
installation 2023 2024 2026 2027
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Threshold and mass
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BULLKID prototype 
(phonon - KID)

BULLKID  
demonstrator

BULLKID-DM

12

DANAE

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

BULLKID-DM - 800 g  / 2300 dice 
16-layer stack of 100 mm wafers 
commissioning in 2026 at Sapienza U.

Demonstrator - 60 g / 180 dice 
3-layer stack of 3” wafers  
first operations ongoing
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DANAE

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

BULLKID-DM - 800 g  / 2300 dice 
16-layer stack of 100 mm wafers 
commissioning in 2026 at Sapienza U.

Demonstrator - 60 g / 180 dice 
3-layer stack of 3” wafers  
first operations ongoing
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LNGS Cryogenic facility

13

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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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

✓ preliminary

“zero” 
bkg.

Lead

PE
Copper

Copper
B4C or PE

Replacing this with an active veto of BGO or GSO:

Background ~ 10-3 counts/(keV kg y)

LNGS infrastructure BULLKID-DM payload

Projected background
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Wrap-up

15

✓ 800 g of silicon target
✓ 2300 detector units (dice)
Unique features for bkg. 
suppression:
✓ No inert material in 

detector volume
✓ fully active
✓ fiducialization (600 g)
Will it help with the unknown 
backgrounds? ✓ scalable

2023 2024 2025 2026 2027

Prototype 
works

demonstrator 
(3 wafer)

full detector at 
Sapienza

installation 
at LNGS

demonstrator 
at LNGS

CDR submitted 
to INFN

TDRLoI to INFN 
and LNGS

DM
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Backup slides
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Events below threshold

17

Misidentified  leakage event (pile-up?)

“normal” event
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New analysis below threshold

18

Average of ~100 events below threshold



BULLKID / Vignati -

CALDER: light detectors w KIDs

19

Time [ms]
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20
Phase

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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Status of the 3-wafer demonstrator

20

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 

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

3-wafer stack assembled
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Cryogenic veto: 
BGO prototype

21

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 / line


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

22

✓ First test successful
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Status of 100 mm wafers

23

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

24

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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