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INTRODUCTION
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AXIONS in one slide
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M⌘0 = 958 MeV � M⌘

S.Weinberg U(1) problem PRD 11 (1975)
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F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).



Axion Searches
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Laboratory searches (LSW): 
PVLAS,  ALPS, CROWS, OSQAR.

Axions from Sun (Helioscopes):
CAST, SUMICO.

Axion DM (Haloscopes): 
ADMX, HAYTSTAC.

A recent review: Irastorza Redondo Arxiv:1801.08127



AXION RESEARCH AT LNF
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CryOgenic Laboratory for Detectors
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SIMP (CSN5)

SIngle Microwave Photon detection

Nb-Island Device
(In collaboration with TERA CSN5)

QUAX (CSN2)
QUest for AXionsEx building Nautilus

KLASH (CSN2)
KLoe magnet for Axion SearcH



Research Units

Padova (Nat Resp)

LNL (experiment site)

LNF

TIFPA FBK

Sa

Pi

QUAX: Quest for Axions
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LNF 2019 FTE
C Gatti (R, Loc Resp) 0.5

D Di Gioacchino (R) 0.5

C Ligi (T) 0.2

D Alesini (PT) 0.1

G Lamanna (Uni Pi) 0.1

G Maccarrone (PR) 0.3

D Babusci (PR) 0.3

D Moricciani (R) 0.3

S Tocci (Research fellow) 1.0

A Rettaroli (PhD student) 1.0

Tot 4.3

Quax: 3 years R&D (2017-2019) funded by CSN2 (total budget about 300 k€). 
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Quax Experimental Scheme 
Use Electron Spin Resonance to absorb energy from Axion Wind and 
re-emit it as e.m. radiation. 
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QUAX R&D
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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

However the Helmholtz coils are the most practical and widely used winding structures 
for obtaining field uniformity in a relatively small region. 

P
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Resonant 
cavities with 
high Q~106

operated at 
100mK in a 
magnetic field 
~2T

Magnetic material with:
ns~1028/m3

t2~1µs  
Volume 100 cm3

SC magnet with:
Field up to 2 T
High uniformity 
High stability
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QUAX R&D
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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

However the Helmholtz coils are the most practical and widely used winding structures 
for obtaining field uniformity in a relatively small region. 
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SIMP: Single 
microwave photon 
counter

Resonant 
cavities with 
high Q~106

operated at 
100mK in a 
magnetic field 
~2T

Magnetic material with:
ns~1028/m3

t2~1µs  
Volume 100 cm3

SC magnet with:
Field up to 2 T
High uniformity 
High stability
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QUAX R&D: High-Q RF-Cavities operating in B field
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Gain factor 5 in power for Primakoff
conversion at 5 T and14 GHz with 
NbTi cavity (paper in preparation)!



QUAX R&D: Type II SC and Photonic Band Gap RF-Cavities

MgB2
Tc 38 K
Hc2 15 T

EDISON SPA (Milan) developed the reactive liquid 
infiltration technique to produce bulk MgB2
G.Giunghi, Supercond. Sci. Tech. 20 (2007) L16-L19

6.1 mm
R=2 mm

R=6.1 mm

Uniform Grid with 
6.1 mm spacing

R=40 mm

Sapphire cylinders

13QTM010=6×106



First Operation of a 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

EPJC (2018) 78:703

¡ Next improvements (sensitivity gain 102):

1. Larger sample volume

2. Longer relaxation time

3. Ultra cryogenic temperature

4. Quantum limited amplifier (JPA).

Ba<2.6×10-17T

QUAX demonstrator succesfully put in operation!



SIMP: SIngle Microwave Photon detection
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LNF 2019 FTE
C Gatti (R, Nat Resp) 0.5

D Di Gioacchino (R) 0.5

C Ligi (T) 0.3

D Alesini (PT) 0.1

G Felici (DR) 0.1

B Buonomo (T) 0.3

L Foggetta (T) 0.2

A Gallo (DT) 0.1

G Castellano (PR CNR) 0.1

F Chiarello (R CNR) 0.3

F Mattioli (R CNR) 0.3

G Torrioli (R CNR) 0.3

Tot 3.1

SIMP: 3 years R&D (2019-2021) funded by CSN5 (total budget about 300 k€)

To

Tn

Pi

Rm

Sa

Unità FTE Device 

LNF 2.1 CBJJ

INFN Pi 1.3 TES

INFN Sa 1 CBJJ

TIFPA-FBK 0.6 TES

CNR Nano 
NEST

1.6 TES

CNR IFN 1 CBJJ

INRIM 0.6 TES

TOT 8.2



SIMP:  Towards the Detection of Single Microwave Photons (10-100 GHz)
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Following absorption of a photon, the 
voltage at the terminals of the 
Josephson junction passes from a null 
value to a few hundred microvolts, 
until the junction is reset.

Current Biased Josephson junction

TTc ~ 100 mK 

R

Workig Point

1 ph

A TES detector is based on the steep 
transition to the resistive state of a 
superconducting film. Stability is 
guaranteed by thermo-electric effect.

Transition Edge Sensor 



CBJJ
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Chen et al. PRL 107, 217401 (2011)

Al-AlOx-Al 1000 µm2 junction
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CBJJ at LNF
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30 dB

ωrf
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Setup of Cryogen-Free Dilution 
Refrigerator

Model CF-CS110 Leiden Cryogenics

Measurement of switching currents

Spectroscopic measurements

Stub TunerΖ0

Open3D resonant cavity Antenna

β=1

Coax Cable

Impedance matching
Device characterization



TES

�E /
p
kBCT 2

C = �V T

Reduce volume

Lower temperature

Tune transition temperature by proximity effect TiAu bilayer
V ⇠ 300⇥ 80⇥ 35 nm3

� ⇠ 10�22 mJ/K2/nm3

Tc ⇠ 40 mK

�E ⇠ 20 µeV ⇠ 5 GHz

Ti/Au, Tc~ 100 mK, 800 meV photons, resolution 100 meV.

App.Phys.Lett. 103 041107 (2013)

STAX R&DCu/Al

State of Art
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FUTURE PROJECT
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The KLASH Proposal

21

¡ KLASH - KLoe magnet for Axions SearcH

¡ Proposal of a large Haloscope

¡ Search of galactic axions in the mass range 0.3-1 µeV

¡ Large volume RF Cavity (33 m3)

¡ Moderate magnetic field (0.6 T)

¡ Copper rf cavity Q~600,000

¡ T 4.5 K

Experiment w B2 V QL (rad T2m3/s) (×1015)

The KLASH 1

ADMX 4

HAYSTAC 0.05

B0

Bc

Antenna

C
o
il

Amplifier
Cryostat

Axion DM

Ec

arXiv:1707.06010



The KLASH Proposal
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The KLOE Detector
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The KLOE Magnet
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B(T) 0.6

D(m) 4.86

L(m) 4.4



The DAFNE Cryogenic Plant

25LINDE TCF 50 liquid He liquefaction/refrigeration plant

Running at DAFNE since 1996.
Perfectly working.
Located outside the DAFNE main ring.

M. Modena LNF–97/046 (IR)

4.5K refrigeration capacity 99 W

4.5K liquefaction capacity 1.14 g/s

70K refrigeration capacity 800 W

KLOE 4.5K refrig. load 55 W

KLOE 4.5K liquef. load 0.6 g/s

KLOE 70K refrig. load 530 W

cavity 4.5K refrig. availability 44 W

cavity 70K refrig. availability 270 W



The KLASH Project
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SC magnet

Cryostat outer wall 300K

70K screen

Copper RF cavity

RF simulations

Signal amplification by MSA

Mechanical project

Cryostat Total Weight ∼15 Ton

RF Cavity diameter (mm) 3720

RF Cavity length (mm) 3008

RF Cavity Volume (m3) ~33



Frequency (Axion-Mass) Tuning

27

Simulation with tuning rods of 
different radii (100-300 mm).

Tuning from 70 to 110 MHz (0.3 to 0.45 µeV) with 2 rods of 300 mm radius and Q 
about 500,000.



Tuning: Multiple-cell “Pizza” cavity

28130 MHz102 MHz

J.Jeong et al, Phys Lett B 777 (2018) 412

Simulations S.Tocci

70 MHz

Gain in the effective mode volume



Expected Sensitivity
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*Gray band PRL 118, 031801 (2017)
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KLASH Exp.
B=0.6 T
T=4.5 K

3 years  data taking

Radius [m] 1.9 à 1.2 à 0.9

Frequencies [MHz] 70 à 250

Q (70-170MHz) 550,000 à 375,000

Power [W] (KSVZ) 1.3×10-22 à 4.3×10-23

Rate [kHz] (KSVZ) 2.8 à 0.38

Integration time (min) 10 à 15

Tsys [K] 4.8

R=1.9m R=1.2m R=0.9m



Expected Sensitivity
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*Gray band PRL 118, 031801 (2017)
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In conclusion … (running out of time)
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Several “COLD LAB” publications …

32

IEEE Trans Appl Superc 28 (2018)
arXiv:1707.06010

Eur Phys J C (2018) 78:703

J Supercond Nov Magn (2017) 30:359-363

arXiv:1802.05552 Patras 2017 Proceedings

Submitted to IEEE Trans Appl Superc

Patras 2018 Proceedings



First QUAX-LNF Thesis …
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New collaborations …
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Daejeon South Korea October 2018

In Italy
• CNR-IFN Roma
• CNR-NEST Pisa
• INRIM Torino
• FBK
• Department of Engineering Roma 3 University

Abroad
• Center for Axion and Precision Physics (CAPP) 

(South Korea)
• Chalmers University of Technology (Sweden)



Conclusion

35

LNF - ADONE Cavity
Winter 2017-2018

Well motivated extensions of the Standard 
Model of particle physics predict the 
existence of light particles such as axions or 
axion-like particles. Their discovery requires 
skills and infrastructures typical of a 
laboratory such as LNF. With this in mind, we 
set up the COLD laboratory, a CryOgenic
Laboratory for Detectors. The are obviously 
problems: our technician Iannarelli just 
retired; 4He world shortage and aging of our 
apparatus of liquefaction; etc. etc.. 
But, QUAX gave us the right boost, SIMP was 
approved and KLASH maybe in the future. 
Thank you.  



36



WHY AXIONS?  The hʹ problem and the CP violation in QCD
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Mass spectrum of lighter mesons reflects the 
underlying flavour symmetry (u↔d↔s, with 
mu=md≪ms), summarized in the Gell-Mann 
Okubo relation:
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The similar relation for the h’ is badly broken and
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S.Weinberg U(1) problem PRD 11 (1975)

This symmetry violation is accounted by the “anomaly” 
term in the interaction lagrangian …

… this term is CP violating!
Responsible for an electric dipole moment of neutron
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Neutron EDM

Phys Rev Lett 82, n.5 (1999) p.904

ILL Grenoble (Fr)

µ

B E

d

n

h⌫ = |2µn ·B ± 2dn · E|

Measurement of the resonant 
depolarization frequency of neutrons:

✓ < 10�10
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dn < 2.9⇥ 10�26e cm



The Axion Solution to the Strong CP Problem
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The Axion is a new scalar field that cancels dinamically the q term.

This misalignment mechanism naturally produces 
axion cold dark matter 39

Misalignment mechanism



AXION DARK MATTER
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Local DM velocity PDF
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AXION DARK MATTER
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QUAX: Interaction of Axions with Electron Spin
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Non relativistic limit

Interaction between electron magnetic moment 
and 

effective magnetic field 



QUAX R&D
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Measurement setup at LNL



First Operation of a 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
Hybridization of Cavity and Kittle 
modes

Expected power from DFSZ axion.
No way to detect it at this stage!

EPJC (2018) 78:703



QUAX R&D: Type II SC RF-Cavities
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Quality factor of a copper cavity sputtered with NbTi (13T Hc2) 
measured at 4K, for:
1. TM010 mode at 9 GHz 
2. TM110 mode at 14 GHz
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QUAX R&D: Type II SC RF-Cavities
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Quality factor of a copper cavity sputtered with NbTi (13T Hc2) 
measured at 4K, for:
1. TM010 mode at 9 GHz 
2. TM110 mode at 14 GHz
Gain of factor 4-5 in the expected signal power, for Primakoff
conversion, at both frequencies when B=5 T.

TM010 9GHz

RCu,an
S / !2/3

RSCtypeII
S /

✓
B

Bc2

◆↵



THE DC SQUID AS A RADIOFREQUENCY AMPLIFIER

At frequencies higher than a few MHz it is convenient to use a tuned circuit: 
e.g. Noise Temperature TN=1.7K @93MHz and @4.2K
C. Hilbert and J. Clarke, J. Low Temp. Phys. 61, 263 (1985).

Tuned Circuit

but

In a conventional square-washer SQUID the parasitic capacitance
between the input coil and the square washer can lower the gain to
useless levels at frequencies around 100 MHz

Possible solution: in contrast to the conventional input scheme the
signal is applied between one end of the coil and the washer (the other
end of the coil is left open).
e.g. TN=52mK @538MHz and @0.1K (Quantum Limited TN=26mK) M.
Muck et al.Appl. Phys. Lett 78, 967, (2001)

then
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300 mK COOLING FOR SQUID

¡ SQUID can be cooled at about 0.3 K using a 3He fridge

¡ The simplest solution foresees a coupled 4He/3He fridges

¡ Compact and quite easy to operate

¡ Tbase ≈ 300 mK, cooling power ≈ few tens of µW

¡ Single shot condensation allows a 80÷90% duty cycle 
operation

¡ Two 3He fridges and a thermal switch allow continuous 
operation, but requires developement

Quantum Noise Temperature
at 700 MHz: 33mK

PRL 104, 041301 (2010)
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COMPETITORS

arXiv:1801.08127
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COMPETITORS
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COSMOLOGICAL LIMITS

arXiv:1805.07362

arXiv:1406.0660

arXiv:1304.7270

Other models:

arXiv:1705.01134
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REQUESTS FOR CDR

CDR 1 anno Costo
(k€)

Mesi
Persona 
(R, T, 
Tecnici
Serv.)

Progettazione Meccanica
(LNF) e progetto esecutivo
(Ditta esterna)

25 6

Progetto criogenia. Prototipo
refrigeratore 300 mK

5 3

Simulazioni RF - 4

Amplificazione e DAQ - 3.5

Infrastruttura e automazione - 1

Risultati di Fisica - 2

Estimated construction cost about 1-2 M€
52


