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Outline

1. The 2nd QUAX Haloscope at 
LNF

2. R&D on Quantum Sensors
3. The FLASH proposal
• Design 

• Physics Reach

• Magnet Commissioning
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QUAX
Laboratori Nazionali di Frascati (LNF)Laboratori Nazionali di Legnaro (LNL) See talk by R. Di Vora 



Jan 2020  
Commissioning of DL 

Refrigerator 

Dec 2021  
Installed 9T 

Magnet

Jun 2022 
First Test Run

Sep 2023 
First Physics 

Run

LNF 
Haloscope
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Test Run of LNF Haloscope
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QUAX@LNF this run

@ ma=35 µeVgKSV Z = 1.35⇥ 10�14
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Gagg 90% cl Tnoise Q Bmax(T)
3.3×10-13 (2h) 8 K (HEMT) 105 Cu Cavity 2.5

6.6×10-14 3 K (HEMT) 105 Cu Cavity 9

2.6×10-14 SQL (JPA) 105 Cu Cavity 9

1.7×10-14 SQL (JPA) 2,5×105 SC Cavity 9

1h data taking
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This run

Summer 2022



QUAX@LNF Commissioning
CryoPhi – Al magnetic shield Sample holder for SC devices

NbTi 9T magnetCavity with tuning system
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QUAX LNF&LNL 2023-2026

LNF:
§ Superconducting cavity 

Q0> 2×105

§ B=9T
§ Multicavity 

LNL:
§ Dielectric cavity Q0>106

§ B=14 T
§ Single cavity

<latexit sha1_base64="nsTsr2KLEJOWr7WtVI5yksQONfI="></latexit>

ma 2 (40, 180)µeV

Buschmann, M., Foster, J.W., Hook, A. et al. Dark matter from 
axion strings with adaptive mesh refinement. Nat 
Commun 13, 1049 (2022).

Quantum 
Amplifiers

Microwave 
Photon 
Detectors



Quantum 
Sensors at LNF
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Josephson Junctions

Insulating
barrier

Al JJ fabricated at FBK
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Al JJ fabricated at CNR IFN



Noise Power
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At 10 GHz a photon counter with 10 kHz dark-count rate and e=1 is equivalent to a 
linear amplifier with noise at the quantum limit

Kuzmin et al. IEEE Trans. Appl. Supercond. 28 2400505 

Two goals
1. Reduce the dark count rate nDC to <100 Hz

2. Efficiently detect itinerant photons (i.e. not photons in cavity)
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Nlevels

Microwave Photon Detector Based on Current Biased JJ

L. S. Kuzmin et al., "Single Photon Counter Based on a Josephson Junction at 14 GHz for 
Searching Galactic Axions," in IEEE Transactions on Applied Superconductivity, vol. 28, no. 7, pp. 
1-5, Oct. 2018, Art no. 2400505, doi: 10.1109/TASC.2018.2850019.

Switching detector:
Microwave photons trigger 
the transition of the JJ to 
the normal state



Microwave Photon Detector Based on Current Biased JJ

IEEE TRANS APP SUP, VOL. 32, NO. 4,  2022; doi: 10.1109/TASC.2022.3148693

IEEE TRANS APP SUP 2022 DOI 10.1109/TASC.2022.3218072
12

Microwave pulse

V=0 no signal
V>0 signal



Microwave Photon Detector Based on Current Biased JJ

IEEE TRANS APP SUP, VOL. 32, NO. 4,  2022; doi: 10.1109/TASC.2022.3148693

IEEE TRANS APP SUP 2022 DOI 10.1109/TASC.2022.3218072
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V=0 no signal
V>0 signal Few photons (5 zJ) sensitivity.

Large room for improvements. Work in progress 
with impedance matched device.



3D Resonator Coupled to a Superconducting 
Qubit

3D qubit fabricated at the Technology Innovation Institute of Abu Dhabi

Rabi Oscillations Ramsey Spectroscopy
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Number of photons in the cavity 4    3    2    1    0

7 GHz Photon Counting in a 3D Resonator with a Superconducting 
Qubit

<latexit sha1_base64="ayHm3KhUxhF1s5tYCV/+MheAj5k="></latexit>
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Photon number dependent qubit frequency-shift

Qubit dependent cavity frequency-shift



Qubit array

Readout transmission line

Incoming 
photon

Coherent Quantum Network of Superconducting 
Qubits as a Highly Sensitive Detector of 
Microwave Photons

IEEE Transactions on Applied Superconductivity DOI 10.1109/TASC.2023.3263807

A substantial variation of the transmission properties was measured in a 
transistor-type detector based on 10 flux qubits when power was 
applied to the “base” terminal.
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S/N

N. Qubits



Magnetic field resilient JJ 
with van der Waals 
materials (A. D’Elia INFN Young 
Researcher Grant)

• van der Waals (vdW) 
materials can be 
exfoliated down to 
monolayer thicknes

• New properties respect to 
the bulk counterpart.

• Exfoliated NbSe2 is an 
Ising superconductor able 
to withstand magnetic 
fields up to 30 T

• NbSe2 JJ can be used to 
assemble a magnetic-field 
resistant single-photon 
detector

17



FLASH 
Finuda magnet for 
Light Axion SearcH 
Galactic axion search at 100 MHz (0.5-1.5 µeV)
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B(T) 1.1
I(A) 2845

R(m) 1.4

L(m) 2.2

B(T) 0.6
I(A) 2300

R(m) 2.43

L(m) 4.4

Large Superconducting Magnets at LNF
FINUDA KLOE
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THE KLASH CDR
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arXiv:1911.02427 (2019)



THE KLASH Cryostat and Resonant Cavity
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KLOE Magnet

Vacuum vessel made by a-magnetic stainless steel

Shield in aluminum alloy, to be cooled to 70 K by gaseous Helium

OFHC Cu resonant cavity, cooled to 4.6 K by saturated liquid Helium

Total weight 18 tons

3 OFHC Cu tuning bars mounted on eccentric cranks with reduction 
gearboxes

Design by FANTINI Sud Mechanical Div. counterweight Stepper motor 
(2.5 µrad)



From KLASH to FLASH

5 m 3 m

B=0.6 T

B=1.1 T

DUNE Near Detector
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Frequency Tuning
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2 years integrated time 
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Sensitivity to Axions



Chameleons and Dark Photons

25

L Visinelli and M Zantedeschi



Light Primordial Black Hole Dark Matter with
Ultra-High-Frequency Gravitational Waves

26

A. Berlin Phys. Rev. D 105, 116011

Franciolini Phys. Rev. D 106, 103520 2022



Coupling to Cavity Modes
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Mode Resonant 
Frequency 

[MHz]

Q factor 
(@4°K)

TM010 109.5 626e3

TM011 166.1 526e3

TM012 272.3 752e3

TM110 174.4 790e3

TM111 214.5 598e3

TM112 304.7 712e3

TM210 233.7 915e3

TM211 264.9 664e3

TM212 342.1 755e3

A. Berlin Phys. Rev. D 105, 116011

Mode Frequency 
[MHz]

Q factor 
(@4°K)

TE111 150.4 711e3

TE112 263.5 871e3

TE211 186.9 735e3

TE212 285.9 817e3

Electrical coupling 
(Dipole)

Magnetic coupling 
(Loop)

M
agnetic coupling

(Loop)



FLASH Sensitivity to HFGW
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FLASH

L Visinelli and M Zantedeschi

A. Berlin Phys. Rev. D 105, 116011

Franciolini Phys. Rev. D 106, 103520 2022

Searching GW with CMS (Schmieden Schott arxiv:2209.12024)

h<10-25 @ f=48 MHz



Commissioning of the FINUDA Magnet

70K 
send/return 

lines

4.5K 
send/return 
lines
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Operation of the iron-
endcaps closing system

Control of Magnet Power 
Supply

Cryogenic plant ready

Reconnection 
of He transfer 
line



FINUDA 
Transfer Line 
Reconnection
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FINUDA 
Reconnected to 
the Cryogenic 
Plant
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Conclusions
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C O    M I C
I S P E R S

CA 21106

https://www.cost.eu/actions/CA21106/

QUAX LNF Haloscope
• Will probe 0.5 GHz frequency range in the next years at KSVZ sensitivity
• Developing single photon counters to reach DFSZ sensitivity

FLASH
• 1st Milestone: put the FINUDA magnet back in operation
• Magnet test foreseen this year 
• New paper/CDR will be submitted this summer

FLASH goals and perspectives:
I. Sensitivity to QCD Axions in the 100-300 MHz region
II. R&D on detection of HFGW for future experiments
III. Large magnet/4K-cryostat testbed for different detection schemes at low 

frequency 

For KLASH (4K) we estimated a cost of about 2.5 M€ (maybe lower for Flash), 3 
years for design and construction and few years of operation. 


