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CryOgenic Laboratory for Detectors: 
§ Axion Dark Matter Experiments
§ Quantum Sensing with 

Superconducting Devices
§ Type II and HTC 

Superconducting Cavities

COLD@LNF



QUAX@LNF: The LNF Axion Haloscope

December 2023 Run

• Cavity temperature 30 mK
• Magnetic Field B=8 T
• Frequency 8.8 GHz
• Copper cavity Q0=50,000 

with tuner
• HEMT amplifier
• Tnoise 4K
• 2 weeks data taking
• 6 MHz scan
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CryoPhi – Al magnetic shield Sample holder for SC devices

NbTi 9T magnetCavity with tuning system

Magnet successfully operated at 9T

The LNF Haloscope



• Starting frequency (𝛼 = 0°): 8.83 GHz

• Tuning ~300MHz with Δ𝛼 ∼ 100°

@300 K
Q=16000
f=8.75 GHz

TM010

Cavity Tuning



6 MHz of frequency scan

Antenna
Tuner

~200 MHz scan

Ansys simulation

Cavity Tuning



ADCMixer Amplifiers

Local Oscillator

VNA

Piezo motor controller
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Acquisition Chain
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From fit we extract
𝜈!, 𝑄", 𝛽, 𝐺𝑎𝑖𝑛

Raw power spectrum

§ 𝑉 = 0.141 𝑙
§ 𝑓#$%&$ = 8.83GHz
§ 𝑚% = 36.5 𝜇𝑒𝑉
§ 𝑄" = 50000
§ 𝛽 = 0.5
§ C010 = 0.667
§ 𝐵0 = 8 T (Bav=6.5 B0)

§ Δ𝑡 = 3760 𝑠
§ 𝑇!%' = 40mK

From the calibrated power 
spectrum we extract the noise

temperature
𝑇" ≃ 4.5 𝐾



where Tsys, is the system noise-temperature, Δν is the bin
width (651 Hz) and Δt is the integration time (3000 s). The
distribution of the cumulative normalized-residuals from
all the datasets is shown in Fig. 5 along with a Gaussian fit,
showing a standard deviation compatible with 1.
We use the least squares method to estimate the best

value ĝaγγ for the axion-photon coupling, by minimizing

χ2 ¼
XNscan

α¼1

XNbin

i¼1

!
RðαÞ
i − SðαÞi ðma; g2aγγÞ

σðαÞDicke

"2
; ð6Þ

where the α index runs over the Nscan datasets taken with
different cavity resonant frequencies, the index i runs over
the frequency bins of each power spectrum, Riα and Siα are
the residuals and the expected power signals for the scan α

and frequency bin i, respectively. Siα is calculated as the
integral in the frequency domain of Eq. (4) multiplied
by the spectrum of the full standard halo model distribu-
tion [44].
We express the expected power as Sα;iðma; g2aγγÞ ¼

g2aγγTα;iðmaÞ, and analytically minimize Eq. (6) by solving
∂χ2=∂g2aγγ ¼ 0, and calculating the uncertainty according to
the formula ðξ ¼ g2aγγÞ:

1

σ2
ξ̂

¼ 1

2

∂2χ2

∂ξ2
: ð7Þ

Solving this equation, we get: (
PP≡PNscan

α¼1

PNbin
i¼1 )

g2 ¼ σ2ðg2Þ
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where g2 is the average squared coupling constant that
accounts for the contributions of all the frequency bins of
all the datasets, and

σ2ðg2Þ ¼
XX !

TðαÞ
i ðmaÞ
σðαÞDicke

"2
ð9Þ

is its variance. We repeated this procedure for different
values of ma and calculated g2 and σðg2Þ for axions masses
in the range 42.8210 − 42.8223 μeV.
A candidate discovery requires the detection of a power

excess larger than 5σ above the noise, hence in the
distribution of g2=σðg2Þ. We did not find any candidate
(see Fig. 6) and the result is interpreted as an exclusion test
in this axion-mass range.

FIG. 5. Distribution of the cumulative residuals from each
dataset normalized to the σDicke.

FIG. 6. Histogram of the g2=σðg2Þ distribution calculated using
Eqs. (8) and (9). No excess above 5σ was observed.

FIG. 4. FFT cavity power spectrum (blue dots) and SG filter
(black line). νc ¼ 10.3534149 GHz, QL ¼ 354000.

SEARCH FOR GALACTIC AXIONS WITH A HIGH-Q … PHYS. REV. D 106, 052007 (2022)

052007-5

• Fit to power spectra
with Savitzky-Golay filter
to calculate residuals

• Maximum likelihood over all
scans to estimate the best 
value !𝑔#$$

• Calculate the efficiency of the 
SG filter by Monte Carlo 
simulations with fake axion
signal
(𝜀 = 0.84)

Example of power spectrum with SG fit Cumulative normalized residuals over all scans

540 kHz - 2 cavity linewidths

Signal Extraction



§ 24 runs, 1 hour each, 250 kHz of frequency steps
§ Average exclusion 90% c.l.  𝑔%(( = 2×10)*+ 𝐺𝑒𝑉)*
§ Paper submitted to PRD. Preprint arXiv:2404.19063
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QUAX@LNF Results for 2023 Run
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To reach sensitivity to KSVZ axion model:

1. Improve tuner design (vibrations, thermalization)

2. Improve isolation and thermalization of RF lines

3. Use JPA from NIST received within SQMS collaboration

4. Use YBCO cavity (in collab. with ENEA Frascati)
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Program for Next Runs



Quantum Superconducting Devices



Flux JPA at FBK

Tnoise=0.8 K

• Second generation of flux JPA fabricated at FBK within 
QubIT and PNRR projects

• Successfully tested in Trento
• Gain above 20 db and noise below 1 K



Superconducting Qubits

Appl. Sci. 2024, 14(4), 1478

IEEE Transactions on Applied Superconductivity ( Volume: 34, Issue: 3, May 2024)

3D qubit (CNR)

3D Resonators

Design of 2-qubits photon counter

2D qubit (NIST)

𝑄% = 3.7×10&



FLASH 
Finuda magnet for 

Light Axion SearcH 

Galactic axion search at 100 
MHz (0.5-1.5 µeV)
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Experiment for Light Dark Matter (WISPs) Searches

Vector Dark Matter Scalar Dark Matter Theories of Dark Energy

C O    M I C
I S P E R S

CA 21106

https://cosmicwispers.eu



70K 
send/retur

n lines

4.5K 
send/retur
n lines

FINUDA/FLASH

Control of Magnet Power 
Supply

Cryogenic plant

Reconnection 
of He transfer 
line
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KLOE

Commissioning of the FINUDA Magnet – Last Operated in 2007
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Successful Test of the FINUDA Magnet
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After a series of operations, the 
cryogenic plant was finally put back 
into operation. On Jan the 19th 
2024, FINUDA was cooled down to 
4 K and energized with a current of 
2706 A, generating a magnetic field 
of 1.05 T.
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KLASH CDR  arXiv:1911.02427
FLASH paper Phys. Dark Univ. 42 (2023) 



Ongoing discussion for 
technical support from 
PBC@CERN for the 
cryostat design

https://indico.cern.ch/event/1369776/timetable/#20240325.detailed

S Calatroni during PBC meeting
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https://www.pi.uni-bonn.de/gravnet/en

GravNet: A Global Network for the Search for 
High Frequency Gravitational Waves



Bulk Acoustic Wave Resonators for Light DM and HFGW 
Strong synergies with cavity experiments

24

Piezoaxionic effect PHYSICAL REVIEW D 109, 
072009 (2024)

The multi-mode acoustic gravitational wave 
experiment: MAGE. Sci Rep 13, 10638 (2023). Searching for Scalar Dark Matter with Compact Mechanical 

Resonators PHYSICAL REVIEW LETTERS 124, 151301 (2020)

Sound of Dark Matter Phys. Rev. Lett. 116, 031102 (2016)

AXIONS SCALAR DMHFGW

Synergies: Physics case, cryogenics, radiofrequency, quantum amplifiers/quantum sensing, DAQ and Data 
Analysis … in some case also same research groups (e.g. M.Tobar’s MAGE/ORGAN)

Needs B field

Needs network
Needs array + tuning

BAW radius from 1 to 50 cm
Use FLASH for larger devices/arrays
Smaller BAWs in other labs



Conclusion
• First Results from QUAX@LNF (submitted to PRD)!
• Quantum Amplifier JPA with good performance fabricated at FBK!
• Qubit design, fabrication and characterization ongoing (Appl. Sci. 2024, 14(4), 

1478)! 
• FINUDA Magnet operated successfully and FLASH-TDR proposal in preparation! 
• Ongoing discussion with Physics Beyond Collider for support on cryostat design.
• Many young researchers and students

• 4 Master students (2 from MiB, 1 from La Sapienza, 1 from Eng. Dept. 
Roma Tre)

• 1 Erasmus+ student from Hidelberg
• 3 Post Docs (DOE, csnV calls to be renewed on PNRR and PRIN)
• 1 non permanent Technologist (PNRR)
• 1 non permanent Technician (PNRR)

• Many collegues visiting us from abroad: B. Dobrich (Munich), L. Visinelli 
(Shangai), M. Zantedeschi (Shangai), D. Blas (Barcelona), A. Iorio (Prague), S. 
Posen (Fermilab), Ray Simmond (NIST)

• Many collegues coming from Italy for measurements and discussions
• Many new ideas for future experiments and collaborations within Cosmic Wisper 

COST action!


