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QUAX – QUaerere AXion
• Detection of cosmological axions through their coupling to electrons or photons
• Electron coupling: Due to the motion of the solar system in the galaxy, the axion DM 

cloud acts as an effective RF magnetic field on electron spin exciting magnetic transitions in a 
magnetized sample and producing rf photons
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MS – Magnetized sample

• Photon coupling: DM axion are converted into rf photons inside a resonant cavity 
immersed in a strong magnetic field
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Detection scheme: electron coupling
Axion induced magnetization

Power emitted from magnetized sample

Final experiment to be performed with a microwave quantum counter

Key elements:
• High Q microwave cavity operating in a static magnetic field (about 1 T)   
• Magnetic material with long relaxation time (~ 1 µs) and high spin density         
• Magnetic field with high stability and homogeneity (at ppm level)
• Microwave quantum counter
• Integration and operation at ultra cryogenic temperature (about 0.1 K)              



5

Axion driving of magnetization
The axion wind mimics the transverse rf magnetic field inducing a time dependent 
magnetization of the uniform or Kittel mode of the magnetized sample

τmin is the shortest coherence time among:
• axion wind coherence τ∇a
• magnetic material relaxation time τ2
• radiation damping τr

ns – material spin density
B – Bohr magneton

at resonance

A volume Vs of magnetized material will absorb energy from Ba at a rate

this power will excite magnetization/cavity modes and could be possibly detected

µ

µ
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The axion effective magnetic field

Coherence time

Correlation length

• R. Barbieri et al., Searching for galactic axions through magnetized media: The QUAX proposal 
[Phys. Dark Univ. 15, 135 - 141 (2017)]

The effective magnetic 
field associated with 
the axion wind Ba =
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mavE
na – axion density ～ 0.4 Gev/cm3

vE – Earth velocity ～220 km/s 
axion velocity dispersion  ～270 km/s

Using  from standard model of Galactic Halo:
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Anticipated signal strength
Expected signal as a function of relevant experimental parameters

Larmor frequency tuning  
by magnetizing field 
B0 = 1.7 T   =>   48 GHz 

Such a low power level is out 
of reach of linear amplifiers

Single photon 
microwave detection

The corresponding 
signal photon rate

See discussion in S.K. Lamoreaux et al., Phys. Rev. D 88 (2013) 035020. 

Working @ ma = 200 meV-> 48 GHz

this rate establishes the required dark count 
rate of the photon counter
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Detection scheme: photon coupling

Key elements:
• Avoid the use of the magnetic material
• Resonant cavity mode High Q under strong B field
• Operate the magnet at highest magnetic field amplitude
• Detection chain is the same

The same set-up can be operated as a 
Sikivie’s haloscope to study Axion-Photon 
coupling



Low Power Dilution Unit

100 microWatt @ 100 milliKelvin

Working for axion-electron  JPA

8 Kg of Copper + Electronic @ 100 mK

Large Power Dilution Unit

1 milliWatt @ 100 milliKelvin

Working for axion-gamma TWPA

Set up operational temperature 50 mK

Dilution Units (2 WET + 2 DRY)
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Single Microwave Photon Detector in Italy
Paris run was successful the device will be mounted @ LNL

Electronics layout

DRY dilution unit
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Static magnetic field Homogeneity @ 2 T Magnet
• a 2 T magnet is now operating in the low power dilution 

system
• This magnet provides the high homogeneity necessary 

for the axion electron search

20 ppm field 
homogeneity  
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Static Magnetic field: 8 Tesla Magnet

Superconducting coil  NbTi

8 Tesla at 100 A @ 4 Kelvin

Length 48 cm , Bore  15 cm

14 Tesla Magnet Soon 
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High Q RF Dielectric Cavity
First realization of a dielectric cavity made by 
two concentric sapphire cylinders to operate in 
a strong magnetic field

Exceptional Q value ~ 10 Million in an 8 T field
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Cavity developments
Three different novel cavity designs are being studied to maximize   C2 V2 Q:
A. Empty “double-shell” cylindrical cavity with simple tuning 
B. High volume, high C factor single-shell dielectrical cavity 
C. High volume, high C factor empty “polygonal” cavity 

A

40 cm
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Microwave Receivers: HEMT, JPA, TWPA, SMPD
• We started with low noise linear amplifier

• From Low Noise Factory
@ 14 GHz
@ 5 K

Tn = 4 K
HEMT
High Electron 
Mobility 
Transistor

Amplifier noise Temperature @ 5 K

Amplifier Circulator
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Noise Contributions  @ Quantum Limit
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System Noise vs Scan Rate



18

Josephson Parametric Amplifier @ Quantum Limit
• Acquired a commercial JPA (Josephson Parametric Amplifier) 

Quantum Circuits model JOC – Yale Spin-off company

• The amplification process arises from the dispersive nonlinearity of 
Josephson junctions driven with appropriate tones

• Signal (or idler) amplification only on a limited bandwidth

f (GHz)

• Quantum limited 
linear amplifier

• @ f = 10 GHz è
Tn ~ h f / kB ~ 0.5 K Gain curve of JPA @ 150 mK

Cavity peak



Traveling Wave Parametric Amplifier Set-up 

Cryostat TWPA Set-up 

Room Temperature

   RF Control Lines
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Traveling Wave Parametric Amplifier Results 1

N.Roch group
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Traveling Wave Parametric Amplifier Results 2
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Traveling Wave Parametric Amplifier Results 3



Traveling Wave Parametric Amplifier Results 4
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Latest Results : QUAX-ag search Run with TWPA

24

Run with high Q cavity @ 100 mK
8 T magnetic field
Tsys = 2,1 K (TWPA)

@ 10.35 GHz

Ready To Start Scanning
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QUAX-ae search Run with JPA

25

Run with high Q cavity @ 100 mK

0,5 T magnetic field

Tsys = 1 K (JPA) @ Quantum Limit

@ 10.35 GHz

First operation of a ferrimagnetic haloscope with mass scanning through magnetic field tuning

Operating @  Quantum Limit  ( Brf = 10-19 Tesla )







Single Photon Microwave Detector



Single Photon Microwave Detector-1



SMPD vs Haloscope Rate Expectation



SMPD vs Haloscope Rate Expectation



Pilot Experiment @ Saclay



Haloscope Quantum Protocol: Cavity Tuning



Haloscope Quantum Protocol: Efficiency vs Dark Count



Conclusions & Perspectives

1) Linear Josephson based Parametric Amplifier @ Quantum Limit in operation

2) Single Microwave Photon Detector (SMPD) are on the way to axion physics

3) Large target of polarized electrons matter vs single electron spin flip detection

4)  SMPD open the route to other possible particles physics opportunities as:

        a) neutrino magnetic moment measurements through electron scattering

        b) spin dependent dark matter interactions

        c) Cosmic Microwave Background single photon detection ( Hamburry-Brown Twiss )
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•Back up slides
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Interaction of DFSZ axion and electron spin
• The interaction of the DFSZ axion with a spin ½ particle 

• DFSZ axion coupling with non relativistic (v/c << 1 ) electron: equation of motion reduces to the 
Schroedinger equation

The interaction term has the form of a spin - magnetic field interaction 
with         playing the role of an oscillating effective magnetic field

Hint = −2µB
!
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!
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⎤
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-- Frequency of the effective magnetic field  proportional to axion energy
-- Amplitude of the effective magnetic field proportional to axion density

gp ≈ 3×10
−11 ma
1 eV
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• Cold Dark Matter of the Universe may consists of axions and they can be searched for
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The axion wind
• Due to the motion of the solar system in the galaxy, the axion DM cloud acts as 

an effective RF magnetic field on electron spin
• RF field excites magnetic transition in a magnetized sample (Larmor frequency)  

with a static magnetic field B0 and can produces a detectable signal
• The interaction with axion field produces a variation of magnetization which is 

in principle measurable 

Idea is not new and comes from several works:
• L.M. Krauss, J. Moody, F. Wilczeck, D.E. Morris, ”Spin coupled axion detections”, HUTP-85/A006 (1985)
• R. Barbieri, M. Cerdonio, G. Fiorentini, S. Vitale, Phys. Lett. B 226, 357 (1989) 
• F. Caspers, Y. Semertzidis, “Ferri-magnetic resonance, magnetostatic waves and open resonators for axion detection”, Workshop on Cosmic   

Axions, World Scientific Pub. Co., Singapore, p. 173 (1990)
• A.I. Kakhizde, I. V. Kolokolov, Sov. Phys. JETP 72 598 (1991)

g = 28 GHz / T
Δ
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The axion effective magnetic field

Coherence time

Correlation length

• R. Barbieri et al., Searching for galactic axions through magnetized media: The QUAX proposal 
[Phys. Dark Univ. 15, 135 - 141 (2017)]

The effective magnetic 
field associated with 
the axion wind Ba =

gp
2e
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mavE
na – axion density ～ 0.4 Gev/cm3

vE – Earth velocity ～220 km/s 
axion velocity dispersion  ～270 km/s

Using  from standard model of Galactic Halo:
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Polarized matter: directional DM search
Due to Earth rotation,  the direction of 
the static magnetic field B0
changes  with respect to the direction 
of the axion wind (Vega in Cygnus)

Strong modulation (up to 100%)! 
Not due to seasonal or Earth rotation 
Doppler effect (few %) but to relative 
direction change of  magnetic field 
respect to axion wind

e.g. QUAX located @Legnaro (PD)
B0 in the local horizontal plane and oriented N-S 
(the local meridian)
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Detection strategy: Electron Spin Resonance 
Electron spin resonance (ESR) arises when energy levels of a quantized system of electronic 
moments are Zeeman split (the magnetic system is placed in a uniform magnetic field B0) and 
the system absorbs/emits EM radiation (in the microwave range) at the Larmor frequency nL of 
the ferromagnetic resonance.

1.7 T  -> νL = 48 GHz

B =
B1 cos(ωt)
B1 sin(ωt)

B0

⎛
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B0

B1

M

TEM102 Resonant Cavity
B0 along z axis (normal to the figure)An experimental geometry with crossed field is needed:

• B0 along the z direction, defines the Larmor resonance
• RF field B1 in the x-y plane excites the Magnetization modes
The system macroscopic dynamics is given by Bloch equations
which describe the evolution of each component of the 
magnetization vector M.  No radiation damping in a resonant 
cavity and in strong coupling regime of Kittel/cavity modes.

L = g B0

g = 28 GHz / T

ν
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Axion driving of magnetization
The axion wind mimics the transverse rf magnetic field inducing a time dependent 
magnetization of the uniform or Kittel mode of the magnetized sample

τmin is the shortest coherence time among:
• axion wind coherence τ∇a
• magnetic material relaxation time τ2
• radiation damping τr

ns – material spin density
B – Bohr magneton

at resonance

A volume Vs of magnetized material will absorb energy from Ba at a rate

this power will excite magnetization/cavity modes and could be possibly detected

µ

µ
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Anticipated signal strength
Expected signal as a function of relevant experimental parameters

Larmor frequency tuning  
by magnetizing field 
B0 = 1.7 T   =>   48 GHz 

Such a low power level is out 
of reach of linear amplifiers

Single photon 
microwave detection To be developed

The corresponding 
signal photon rate

See discussion in S.K. Lamoreaux et al., Phys. Rev. D 88 (2013) 035020. 

Working @ ma = 200 meV-> 48 GHz

this rate establishes the required dark count 
rate of the photon counter
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Frequency tuning

In order to scan different mass values, a frequency tuning of the system must be present

With the QUAX apparatus this can be easily achieved by changing the magnetizing field.

B Field scan

Frequency 
scan

gm = γ µ0!ωmnSVS /Vc

The minimum separation of the peaks is

1 mT difference Check coupling with material
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Static Magnetic field: homogeneity
A uniform magnetic field is important in many different experimental situations.

The degree of required uniformity depends on the kind of experiment. It can be as good as 0.1 ppm for high 
resolution NMR spectroscopy. 

In our experiment we need an homongeneity at the ppm level to avoid inhomogeneous line broadening of 
the Larmor resonance over the sample volume.

The simplest strategy to obtain an uniform field is the superimposition of the magnetic field generated by 
three coils: two of them act as an Helmholtz coil system and one as a main field generator. 

Courtesy U. Gambardella
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Magnetic material
Material Spin density M0 t1 t2 Size

YIG 2.1 x 1028 [1/m3] 1.4 105 A/m 0.3 µs 0.3 µs 1 mm, 2 mm and 3 mm diam.

YIG – Yttrium Iron Garnet is a ferrimagnetic synthetic garnet 
with chemical composition Y3Fe5O12.
Its ferrimagnetic linewidth ( = 1 / 2 p t2)  depends on 
temperature, sample purity and geometry (higly polished 
spheres)

Procurement very difficult à In house development

1. Get high-purity YIG monocrystal from vendors
2. Cut in small cubes roughly 3 mm side
3. First grinding with diamond grinder to get spheres 

of about 2mm diameter
4. Eight steps of grinding with SiC sand paper down 

to 3 µm grit size
5. Polishing with 0.5 alumina powder 
6. Annealing of the spheres in Oxygen atmosphere
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Magnetic material II
Linewidth of sphere at 
different working stages • Homemade production of spheres resulted in 10 

spheres with similar diameter (within a few %)

• This allowed to mount the 10 spheres in the 
same cavity and have strong coupling between 
all of them and the cavity mode

10 spheres-cavity coupling plot


