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The QUAX experiment is a light DM hunt experiment
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FIG. 18. Expected physics reach for the QUAX-a� experi-
ment.

VI. THE QUAX-ae R&D FOR THE FERROMAGNETIC
HALOSCOPE

Detection sensitivity of ferrimagnetic haloscopes is di-
rectly related to the amount of sensitive material. To
improve sensitivity, while keeping the same central work-
ing frequency, longer cylindrical cavities holding more
spheres can be used. Alternatively, o↵ axis loading of
the spheres can be implemented. In order to coherently
use all the available spins, every single sphere must be
strongly coupled to the cavity mode. This results in the
production of ultra strong vacuum Rabi splitting for the
complete system, with the drawback of possible interfer-
ence with other cavity modes or between higher order
magnetic modes. To avoid such problems, spheres can
be placed in a region of lower rf magnetic field of the
cavity mode, thereby reducing the single sphere coupling
to a few times the magnon or cavity linewidth, with the
result of a smaller total splitting. Moreover, some pre-
liminary measurements that we have performed shows
that magnon-magnon interaction is kept small when two
or more spheres are placed in a plane perpendicular to
the cavity axis, thus allowing a small gap separation be-
tween the spheres in such direction. It is then possible
to foresee a single microwave cavity with a volume of ac-
tive material one order of magnitude larger than the one
employed in this article, just by filling the cavity with
planes of spheres, each plane separated by the required
distance to avoid mutual interaction.

This will be the first step of the QUAX ferrimagnetic
haloscope, i.e. trying to implement in the current cavity
O(100) spheres. While keeping the same detector this
will represent a factor 10 improvement in the power sen-
sitivity, corresponding to a factor 3 improvement on the
e↵ective axion field sensitivity and coupling constant.

We are also planning to study the possibility of ob-
taining YIG samples with longer coherence times. As
suggested in some publications, losses for the FMR reso-

nance can be partially due to the presence of 57Fe in the
crystal. This iron isotope has a nuclear spin 1/2, while
the other isotopes have no net spin. 57Fe has a natu-
ral abundance of 2.5%, and its presence in the YIG can
cause a reduction of the ferromagnetic resonance lifetime
through nuclear spin dissipation106. By producing YIG
with lower 57Fe content, we believe we could improve the
coherence time and thus obtain a better sensitivity for
the axion hunting.
With the current prototype we reached the rf sen-

sitivity limit of linear amplifiers107. To further im-
prove the present setup one needs to rely on bolome-
ters or single photon/magnon counters38. Such devices
are currently being studied by a number of groups, as
they find important applications in the field of quantum
information65,108–110.
Further improvements will then be obtained by the

change on the detector. The ferromagnetic haloscope
will be used as a test bench for the quantum counter
developed in Paris, that we should be able to have in use
within 2-3 years.
Detector sensitivity can also be improved by imple-

menting the multi-cavity approach that will be studied
with the LNF haloscopes. In the case of the ferromag-
netic haloscope this solution has the di�culty of having
a uniform magnetic field over a large volume.

The Paris Quantum Counter

Single photon detection is a key resource for sensing
at the quantum limit and the enabling technology for
measurement based quantum computing. Photon detec-
tion at optical frequencies relies on irreversible photo-
assisted ionization of various natural materials. However,
microwave photons have energies 5 orders of magnitude
lower than optical photons, and are therefore ine↵ec-
tive at triggering measurable phenomena at macroscopic
scales. It is possible to implement a new type of interac-
tion between a single two level system (qubit) and a mi-
crowave resonator. These two quantum systems do not
interact coherently, instead, they share a common dissi-
pative mechanism to a cold bath: the qubit irreversibly
switches to its excited state if and only if a photon enters
the resonator. By using this highly correlated dissipa-
tion mechanism detection of itinerant single microwave
photons impinging on the resonator is possible111. This
scheme does not require any prior knowledge of the pho-
ton waveform nor its arrival time, and dominant decoher-
ence mechanisms do not trigger spurious detection events
(dark counts). A detection e�ciency of 58% and a record
low dark count rate of 1.4 per ms has been obtained. A
scheme of the working principle of such device is shown
in Figure19.
The possibility of using a quantum counter would rep-

resent a major improvement for every kind of haloscopes.
One can calculate the improvement on sensitivity chang-
ing from a quantum limited linear amplifier with power
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• Classical haloscope (just like ADMX, HAYSTAC etc)

• Searching for QCD axions

• Between " − #$ GHz
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Group and lab are enlarging
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QUAX@LNF first axion search with tuning rod mechanism
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9 T magnet

Anchored to 4 K stage

• Reached 9 T

• Took data at one freq with 9 T

• Quench

• Ramp to 8 T  ok

• Took data with 8 T stably for 2 weeks



Microwave cavity + tuning

• OFHC Copper

• Radius = 13.5 mm,  height = 246 mm

• TM010 mode

• Starting frequency (( = *°): 8.83 GHz

• Tuning ~-** MHz with .( ∼ 0*°

HFSS simulations by Simone Tocci



Microwave cavity + tuning

Expected %! ≃ 10" from simulations, 
and measured w/out rod

Measured %! ≃ 5×10# w/ rod 

This is likely due to losses caused by 
the rod configuration and PEEK

Trapped field between metallic 
disk and cavity endcap



Rod and antenna movimentations

Frequency vs rod position

6 MHz for this run

• 1 linear motor for Antenna

• 1 rotative motor for Rod



Amplification chain

Coming soon:
FPGA

2 MHz
ADC

LO
low-noise cryogenic

HEMT

4 K 300 K

FET low-freq
Voltage ampliI-Q mixer

RF
LO

I
Q

16 bit

1!"#$% ≃ 3	5 1!&#% ≃ 80	5 6! = 2.3	86/ :;	
<"#$% ≃ 37	>" <&#% ≃ 36	>" <' ≃	×1000

Tot eff. Gain = 116 dB Noise Temp = 4.5 K

Coming soon:
JPA



Calibration + spectrum

Fits by Gianluca Vidali (student)

cavity

LO

From fit we extract
A(, B), C, <DE8 

Fit procedure
Raw power spectrum

§ 6 = 0.141	G
§ H*+,-+ = 8.83 GHz
§ I, = 36.5	KL6
§ B) = 50000 
§ C = 0.5
§ C010 = 0.667
§ "0 = 8 T (Bav=6.5 B0)

§ ΔN = 3760	O
§ 1(,. = 40 mK

From calibrated power spectrum 
we extract the noise temp

+% ≃ 4.5	/



6 MHz tuning

6 MHz scan

• P/, Q and RSTU remain stable

• ΔI, = VW	UXY
• Effective scan rate in this test:

            220 MHz/year

Performed the same procedure 
on each run



Analysis
Analysis procedure by Alessandro D’Elia

where Tsys, is the system noise-temperature, Δν is the bin
width (651 Hz) and Δt is the integration time (3000 s). The
distribution of the cumulative normalized-residuals from
all the datasets is shown in Fig. 5 along with a Gaussian fit,
showing a standard deviation compatible with 1.
We use the least squares method to estimate the best

value ĝaγγ for the axion-photon coupling, by minimizing

χ2 ¼
XNscan

α¼1

XNbin

i¼1

!
RðαÞ
i − SðαÞi ðma; g2aγγÞ

σðαÞDicke

"2
; ð6Þ

where the α index runs over the Nscan datasets taken with
different cavity resonant frequencies, the index i runs over
the frequency bins of each power spectrum, Riα and Siα are
the residuals and the expected power signals for the scan α

and frequency bin i, respectively. Siα is calculated as the
integral in the frequency domain of Eq. (4) multiplied
by the spectrum of the full standard halo model distribu-
tion [44].
We express the expected power as Sα;iðma; g2aγγÞ ¼

g2aγγTα;iðmaÞ, and analytically minimize Eq. (6) by solving
∂χ2=∂g2aγγ ¼ 0, and calculating the uncertainty according to
the formula ðξ ¼ g2aγγÞ:

1

σ2
ξ̂

¼ 1

2

∂2χ2

∂ξ2
: ð7Þ

Solving this equation, we get: (
PP≡PNscan

α¼1

PNbin
i¼1 )

g2 ¼ σ2ðg2Þ
!XXRðαÞ

i TðαÞ
i ðmaÞ

ðσðαÞDickeÞ2

"
ð8Þ

where g2 is the average squared coupling constant that
accounts for the contributions of all the frequency bins of
all the datasets, and

σ2ðg2Þ ¼
XX !

TðαÞ
i ðmaÞ
σðαÞDicke

"2
ð9Þ

is its variance. We repeated this procedure for different
values of ma and calculated g2 and σðg2Þ for axions masses
in the range 42.8210 − 42.8223 μeV.
A candidate discovery requires the detection of a power

excess larger than 5σ above the noise, hence in the
distribution of g2=σðg2Þ. We did not find any candidate
(see Fig. 6) and the result is interpreted as an exclusion test
in this axion-mass range.

FIG. 5. Distribution of the cumulative residuals from each
dataset normalized to the σDicke.

FIG. 6. Histogram of the g2=σðg2Þ distribution calculated using
Eqs. (8) and (9). No excess above 5σ was observed.

FIG. 4. FFT cavity power spectrum (blue dots) and SG filter
(black line). νc ¼ 10.3534149 GHz, QL ¼ 354000.

SEARCH FOR GALACTIC AXIONS WITH A HIGH-Q … PHYS. REV. D 106, 052007 (2022)

052007-5

• Fit to power spectra
with Savitzky-Golay filter
to calculate residuals

• Maximum likelihood over all 
scans to estimate the best 
value !"&''

• Calculate the efficiency of the SG 
filter by Monte Carlo simulations 
with fake axion signal
(0 = 0.84)

Example of power spectrum with SG fit Cumulative normalized residuals over all scans



Final plot - !!""
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Bonus: superconducting cavities

[\3]8 cavity by FNAL

B) ≃ 1.3×104  at 9T

ReBCO-tapes cavity

 1 

Tape SHANGAI su cavità Cu 17GHz 
 

Giuseppe Celentano, Andrea Masi (ENEA-Frascati) 
Simone Tocci, Alessio Rettaroli, Daniele Di Gioacchino, Claudio Gatti (INFN-LNF) 

13/27-9-2023---10/18-10-2023 
 

Cavità Cu/ReBCO Shangai 
 
Sezioni saldate ENEA - Frascati (Masi) 
 

• Tolto con peeling substrato di acciaio dai Tape ReBCO da 12 mm 
• Tape Cu/ReBCO incollati con pasta saldante via manuale 
• Tentativi di rimozione della pasta in eccesso (non completamente rimossa) 
• Storage sotto vuoto 

 

  
 
 
Operazioni in INFN-Lab. COLD (S. Tocci, A. Rettaroli) 
 

• Arrivo sezioni imbustate 13-9-2023 
• Non ha tenuto il vuoto (verificare future operazioni di imbustatura) 22-9-2023 
• Chiusura cavità su banco:  

• 1) ci sono stati problemi a causa della pasta saldante non completamente rimossa importante difficoltà nella chiusura elettrica RF 
e nella giusta aderenza delle 4 sezioni con le viti 

• 2) la pasta è penetrata nei fori per avvitare i passanti sma RF per antenne (attenzione nei futuri incollaggi) 
• 3) montaggio inserto RF su banco 

 

    
 
• Test RF a 300K cavità Cu/YBCO stonata stato normale  

 
 
 
Frequenza  TM110 
f= 17.73 GHz ,  Q=6556.3  
traslazione f risonanza di 200MHz probabile diminuzione 
volume a causa spessore tape 
 
solo Cu (riferimento) 
f= 17.54 GHz ,  Q=10100 
 
Stato normale 
Rs (ReBCO/Cu)> Rs(Cu)  
 

 4 

è Comparazione Q in funzione della temperatura fra differenti misure in ZFC  

 
 

è Misura in campo Hdc 0-7T confronto fra le due procedure di raffreddamento ZFC e FC 
 
 Valore di Q compreso intorno a Q=1.6x105 per tutto l’intervallo di campo magnetico DC 0-7T 

• Si notato alcune anomalie Q con valore più alto in alto campo in ZFC  
• Q ha un largo plateau a ‘mesa’ in FC 

 
 Situazione di metastabilità di stati critici indotti nel superconduttore e dipendono dalle procedure se alzi o scendi con il campo DC 

e / o con la temperatura. Nei HTSC sono esaltati questi effetti legati alla dimensionalità della superconduttività 
 

NOTA: nella misura di ZFC il campo DC è andato da 0T a 7T nella misura il FC è opposto da 7T è sceso a 0T
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Next

Qubit photon detector*

JPA, fabrication by FBK

Optimization of tuning rod

Superconducting cavities

FPGA for acquisition

*S. Kono et al; Nature Phys 14, 546–549 (2018)



Conclusions

• First QUAX@LNF run with complete haloscope

• 2 weeks of data taking.

• 9 T magnet. Operated at 8 T.

• Tuning rod to scan frequencies.

• Savitzky-Golay + Maximum Likelihood analysis. 

• Still much room for improvements.

• QUAX competitive in the panorama. 


