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Sikivie Haloscope
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In presence of a strong magnetic field, cavity modes are excited by a resonant axion field
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SC magnet (~10 T)
Resonant cavity

Dilution Refrigeretor T<100 mK

Room Temperature Amplifiers

Cryogenic Amplifier (noise at SQL)
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QUAX Collaboration
Laboratori Nazionali di Frascati (LNF) Laboratori Nazionali di Legnaro (LNL)
EPS Historic site:  AdA first e+e- collider (1961)

In collaboration with Birmingham University
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Quax-ae
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QUAX RESULTS 
2018-2021

¡ QUAX-ae result with Ferromagnetic 
Axion Haloscope at ma = 58 meV, EPJC 
(2018) 78:703.

¡ QUAX-ag Result with Superconductive 
Resonant Cavity at ma = 37.5 meV, Phys. 
Rev. D 99, 101101(R) (2019).

¡ QUAX-ae with Quantum-Limited 
Ferromagnetic Haloscope, Phys. Rev. 
Lett. 124, 171801 (2020).

¡ Search for Invisible Axion Dark Matter 
of mass ma = 43 meV with the QUAX-
ag Experiment, Phys. Rev. D 103, 102004 
(2021).
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QUAX-ae First Ferromagnetic Axion Haloscope at ma = 58µeV
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Experimental Setup

B [T] 0.5

N. of GaYIG Sphere 
(diameter =1 mm) 

5

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<2.6×10-17TLong 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



Improving Q of Resonant Cavity with Superconducting NbTi
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Cu NbTi

Cut-off cones

Cavity coated with 4 µm NbTi layer and copper end-caps
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Q0=3×105 at 5 T 
gain a factor 3.3 
wrt (simulated) 
Cu cavity TM010 mode

9 GHz

IEEE TRANS. APP. SUPERCOND. 29, 5 (2019)
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ga�� < 1.03⇥ 10�12 GeV�1
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Phys. Rev. D 99, 101101(R) (2019)T = 4K
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B [T] 2

Frequency [GHz] 9

NbTi cavity  Q (mode 
TM010)

400,000

Tcavity [K] 5.0

T amplifier [K]  (HEMT) 11



Reducing Noise with Quantum Amplifier: Ring JPA

N Roch et al. PRL 108, 147701 (2012)
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Tnoise 0.5-1 hn

mixing 3 wave

Gain 21 dB

BW 10 MHz

Tunability 0.5 GHz

Implemetation of JPA in axion haloscopes

Joint Italy-Korea meeting on JPA nicolo.crescini@phd.unipd.it

Characterization of the JPA

First measurements, with and without cavity
Parameters of our JPA:
! the working frequency ranges

from 10.2GHz to 10.5GHz
! noise temperature ≃0.5K

(a) (b)

The usual JJ-bridge is shunted by four
inductances to tune the resonant
frequencies with a small external field.

8 / 21
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INFN project SIMP



QUAX-ae Result with Quantum-Limited Ferromagnetic Haloscope
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Experimental Setup

B [T] 0.5

N. of GaYIG Sphere 
(diameter =2.1 mm) 

10

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)



QUAX-ag Reached the Sensitivity to QCD Axion ma=43 µeV
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Experimental Setup

B [T] 8

Frequency [GHz] 10.4

Cu cavity  Q (mode TM010) 76,000

Tcavity [mK] 100

T amplifier [K]  (JPA) 0.5
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ga�� < 0.766⇥ 10�13 GeV�1
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QUAX-ag Reached the Sensitivity to QCD Axion ma=43 µeV
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Experimental Setup

B [T] 8

Frequency [GHz] 10.4

Cu cavity  Q (mode TM010) 76,000

Tcavity [mK] 100

T amplifier [K]  (JPA) 0.5
Phys. Rev. D 103, 102004 (2021)
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QUAX 2021-2025
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2021 2022 2023 2024 2025

Scan in range 8.5 - 11 GHz Assembly of haloscopes at LNL and LNF Data Taking

LNL:
§ Dielectric cavity Q0>106

§ B=14 T
§ Single cavity

LNF:
§ Superconducting cavity Q0> 3×105
§ B=9T
§ Multicavity 



High Quality Factor Dielectric Cavity

Q0 = 720 000

10.1016/j.nima.2020.164641

High quality factor photonic resonator with hollow dielectric cylinders
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New longer cavity of 50 cm height tested in 
8T magnetic field at 4 K



Superconducting Cavities
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R&D ongoing in collaboration with ENEA Frascati

PHYSICAL REVIEW APPLIED 14, 044018 (2020)

§ YBCO Tapes

§ Nb3Sn

b. Promising results of Q factor calculation from vortex 
dynamics simulation for a 9 GHz cavity in multi Tesla field 
(M.Checchin)

a. Characterization of Nb3Sn 
samples produced in LNL by 
multiharmonic AC susceptibility

§ NbTi

Sputtering of longer cavity and test in dilution 
refrigerator with 9T magnetic field.



Traveling Wave JPA
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Phys. Rev. X 10, 021021 (2020)

Traveling Wave Josephson Parametric Amplifiers amplify microwave signal over a broad range (GHz) adding the minimum noise set 
by quantum mechanics. We are testing both 3-wave and 4-wave mixing devices.

4-wave mixing device3-wave mixing device

Phys. Rev. Applied 6, 034006 (2016)



Noise in Haloscopes

~!
p
�⌫a

<latexit sha1_base64="m8ugZmF0uKVCv1EiWGXEPVzbqmQ="></latexit>

~!
p

�⌫dark

<latexit sha1_base64="Yq2uEKuWlsPF3eekiWZaBWllqkk="></latexit>

�⌫a
⌫a

⇠ 10�6

<latexit sha1_base64="ok0z5lTkm0Pf7qLO15Jc1Rnz4i8="></latexit>

Energy spread of galactic axion
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Quantum limited amplifiers

Photon counters

Thermal noise



Single Photon Detection
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PHYS. REV. X 10, 021038 (2020)

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

Dixit et al arXiv:2008.12231

rf

dc10 ns

SIMP



Conclusion
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§ The first QUAX haloscope in LNL reached the sensitivity for QCD axions with mass 40 µeV
§ In the next years QUAX will take data with two haloscopes:

I. LNL: dielectric cavity in 14 T field in a dilution refrigerator
II. LNF: multiple superconducting-cavities in 9T field in dilution refrigerator

§ Probe a region O(1 GHz) wide between 9 and 11 GHz within 2025
§ Continue R&D on quantum amplifiers, resonant cavities and single photon detectors


