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QUAX: Quest for Axions
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QUAX R&D 2018-2020
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QUAX R&D 2018-2020
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Sezioni INFN

Padova (Resp Naz)

LNL 

LNF

TIFPA FBK

Salerno

R&D goals:
• High-Q resonant cavities operating in intense B field
• Low loss magnetic material for axion-electron detection
• Low noise cryogenic amplifiers and/or microwave photon detectors

LNL (2018)

LNF (2018)



QUAX-ae result with Ferromagnetic Axion Haloscope at ma = 58µeV
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Experimental Setup

B [T] 0.5

N. of GaYIG Sphere 
(diameter =1 mm) 
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ns [spin/m3] 2.1×1028

tmin [µs] 0.11

Frequency [GHz] 13.98

Cu-cavity Q (mode TM110) 50,000

Tcavity [K] 5.0

T amplifier [K]  (HEMT) 11

Ba<2.6×10-17T
Long cavity set-up

In this measurement we have studied the feasibility of coupling to the cavity mode more than 
one sphere of YIG separated with distances larger than the wavelength. For this purpose we 
have used the 14 GHz cylindrical cavity that was designed by David Alesini. This cavity is 50.3 
mm long and have a diameter of 26.1 mm. The mode of interest lies at about 14 GHz, and is 
degenerate with another mode which is not coupled to the YIG spheres. Indeed, when 
hybridizing the system, one mode splits and the other not. The mode which is not relevant has 
been removed from the plot. 
A picture of the cavity equipped with the YIG spheres follows:

The wavelength for this frequency is 21.4 mm, the YIG 
spheres are placed in the middle and 8 mm from the end 
faces, so the separation between the outermost spheres is 
34 mm. The cavity is placed inside a homogeneous static 
magnetic field parallel to the cavity main axis. The three 
spheres have been put in place one at a time with the 
correct value of static field corresponding to the Larmor 
frequency equal to the cavity resonance. When adding up 
a sphere, this is rotated to get the maximum hybridization. 
After having obtained the best hybridization with the three 
spheres, they are removed one at a time and the following 
graphs are the result. When removing the spheres nothing 
is changed in the rest of the set-up.

It is seen that, as expected, the value of the 
coupling scales exactly with the square root of 
the total number of spins. Peaks are of 
different heights due to differences in antenna 
coupling for the various modes, since coupling 
is never optimized. This shows that it is 
feasible to use cavities with a large 
longitudinal dimension to increase the volume 
of the magnetic material: all the spins will 
participate to the process of coupling to the 
cavity mode.

LNL - 14/12/2016

EPJC (2018) 78:703
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QUAX-ag Result with Superconductive Resonant Cavity at ma = 37.5 µeV
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ga�� < 1.03⇥ 10�12 GeV�1
<latexit sha1_base64="5+j4do5dV46mYUdjz/OK9MPlLxA="></latexit>

Phys. Rev. D 99, 101101(R) (2019)
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Experimental Setup

B [T] 2

Frequency [GHz] 9

NbTi cavity  Q (mode 
TM010)

400,000

Tcavity [K] 5.0

T amplifier [K]  (HEMT) 11

IEEE TRANS. APP. SUPERCOND. 29, 5 (2019)



QUAX-ae with Quantum-Limited Ferromagnetic Haloscope
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Experimental Setup

B [T] 0.5

N. of GaYIG Sphere 
(diameter =2.1 mm) 
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ns [spin/m3] 2.1×1028

tmin [µs] 0.1

Frequency [GHz] 10.7

Cu-cavity Q (mode TM110) 50,000

Tcavity [mK] 90

T amplifier [K]  (JPA) 0.5-1

Ba < 5 10-19 T

Phys. Rev. Lett. 124, 171801 (2020)
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QUAX-ag in 2020 Reached the Sensitivity to QCD Axions
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Experimental Setup

B [T] 8

Frequency [GHz] 10.4

Cu cavity  Q (mode TM010) 76,000

Tcavity [mK] 90

T amplifier [K]  (JPA) 0.5-1

Paper in preparation
8 T magnet



High Q Dielectric Cavities

Q0 = 290 000 Q0 = 720 000

Submitted to Rev Sci Instr

Submitted to Nucl Instr Met

High quality factor photonic cavity

High quality factor photonic resonator with hollow dielectric cylinders



SIGNAL AMPLIFICATION

10

Created by Flatart from Noun Project



TWJPA

Travelling Wave Josephson Parametric Amplifier
fabricated at INRIM: 
• Broadband (2-3 GHz) 
• High gain (>20 dB)

4 chips @ LNF

A TWJPA ia a two-port superconducting device consisting in a coplanar
waveguide in which is embedded a repetition of hundreds of elementary
cells. These cells are made of an RF-SQUID and a geometrical inductor
capacitively coupled to ground.



v

SIMP (CSN V)

Units

LNF (Resp
Naz)

INFN Pi

INFN Sa

TIFPA-FBK

CNR Nano 
NEST

CNR IFN

INRIM

• Fabricated
nanowire-TES with 
Tc about 130 mK
(INRIM, CNR-
NEST). 

• Ongoing: SQUID 
readout; RF tests.

Objective: develop devices sensitive to single microwave photons in the range 10-100 GHz. Two different technologies: Josephson
Junctions; Nanowire-TES. 

CNR-NEST

CNR-NEST

D Alesini et al 2020 J. Phys.: Conf. Ser. 1559 012020
D Alesini et al Journal of Low Temperature Physics https://doi.org/10.1007/s10909-020-02381-x

• JJ fabricated at
CNR-IFN and fully
characterized in 
DC at 40 mk.

• Device simulation
• RF tests ongoing

simulation

C.Federici



SUPERGALAX

https://supergalax.eu

FET OPEN
SUPERGALAX

CNR (IT, PI, exp)

INRIM (IT, exp)

INFN (IT, axion exp)

KIT (DE, exp)

Leibniz IPHT (DE, exp)

RUB (DE theory)

LU (UK, theory)

Supercon-
ducting
coplanar
wave guide 
resonator

Network of N interacting superconducting qubits

Single microwave photon
with frequency ω

|0>

|CS>

E

Magnetic
field

ΔωS
ωc

ω

Objective: Develop a single microwave
photon detector for axion search in QUAX 
experiment with an array of SC qubits.

In a device based on array of qubits signal
noise is suppressed by √N. 
Zagoskin et al., «Spatially resolved single photon
detection with a quantum sensor array» 
SCIENTIFIC REPORTS | 3 : 3464 | DOI: 
10.1038/srep03464
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C.Federici



QUAX EXPERIMENT 2021-2025
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QUAX@LNF

HEMT (6-20 GHz) 4K amplifier

Sample holder for SC chip at
10 mK for single photon
device or TWJPA

FET LNA 8-12 GHz and IQ-mixer (10-12 GHz)

Characterization
of dilution
refrigerator (with 
not optimal pumping
system, can be 
improved)

DAQ 

http://coldlab.lnf.infn.it



YBCO-Tape Cavity
17 GHz square cavity for 
YBCO-tape measurement
Qcu

77k=20,000 
(IBS_CAPP measured
Q=330,000 for a cavity
with YBCO tabe in B field
up to 8T at 7 GHz and 4 K 
arXiv:2002.08769)

New 9T magnet for dry dilution refrigerator:
• length 40 cm
• Inner bore 9 cm

Design of tuning
system for dielectric
cavity (S. Lauciani)

QUAX@LNF 



QUAX 2021-2025
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2021 2022 2023 2024 2025
Assembly of haloscopes
at LNL and LNF

Data Taking 1-2 GHz scan



Conclusion
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LNF 2021 FTE
C Gatti (PR, Loc Resp) 0.4

+0.2(supergalax)

D Di Gioacchino (R) 0.35
+0.15(supergalax)

C Ligi (T) 0.35
+0.5(supergalax)

D Alesini (DT) 0.1

G Maccarrone (PR) 0.3

D Babusci (PR) 0.3

D Moricciani (R) 0.5

A Rettaroli (PhD student) 0.6

Tot 2.9+0.5

What happened in the last three years … 
• QUAX had a rich R&D program leading to several publications on 

axion physics and superconductive and dielectric cavities.
• We reached the sensitivity to QCD-axion!
• We started an R&D on quantum limited amplifiers and single photon

detectors (SIMP, SUPERGALAX, DART WARS?).
• Collaborations with CNR, INRIM, FBK and EU projects.
• LNF is going to be an experimental site of QUAX!!

Morevover:
COLD is a laboratory for radiofrequency in cryogenics, where we are 
testing quantum technologies such as superconducting qubits and
Josephson metamaterials that may be the future tools for precision
physics, dark-matter searches, analogue gravity on SC chips, quantum 
gravity, gravitational wave detection and more! 


