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Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted from the
cavity.

the formalism has the strange property of predicting a signal even with vanishing axion interactions.

7.1 Conventional haloscopes

The conventional axion haloscope technique [30] consists of a high-Q microwave cavity inside a homo-
geneous magnetic field of intensity Be to trigger the conversion of DM axions into photons. Figure 14
shows a sketch of the haloscope concept. Being non relativistic, DM axions produce monochromatic
photons of energy equal to ma. For a cavity resonant frequency matching ma, the conversion is en-
hanced by a factor proportional to the quality factor of the cavity Q and the signal power in the band
ma ±ma/Q is (4.51),
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where Gm is the geometric factor of the resonant mode, as defined in Eq. 4.46, and we have used
%a = m2

a
|at|2/2 by assuming that �2

v
. 1/Q, i.e. the DM bandwidth is smaller than the width of the

cavity resonance and can be taken as a delta function. The general formula (4.52) can be used when
�2

v
⇠ 1/Q or for other bandwidths. This resonant amplification only works for values of ma within a

thin frequency window �⌫/⌫ ⇠ Q�1 around the resonant frequency, see (4.50), but typically the DM
signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ⇠ 1/�2

v
⇠ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly di↵erent values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than

63

(image stolen from Irastorza-Redondo)

¡ QCD axions, 𝜇𝑒𝑉 mass range

¡ Velocity dispersion
𝑣 ≃ 270 𝑘𝑚/𝑠

¡ Axion figure of merit
𝑄 ∼ 2×10! ,   𝑄"#$ ∼ 10!

INTRODUCTION
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THE QUAX PROPOSAL
SEARCHING FOR GALACTIC AXIONS THROUGH MAGNETIZED MEDIA

CLAUDIO GATTI – QUAX COLLABORATION AXION AT THE CROSSROADS: QCD, DARK MATTER, ASTROPHYSICS ECT* Trento 2017/11/20

6HDUFKLQJ $[LRQV WKURXJK FRXSOLQJ ZLWK VSLQ� WKH 48$; H[SHULPHQW

�QG :RUNVKRS RQ 0LFURZDYH &DYLWLHV DQG 'HWHFWRUV IRU $[LRQ 5HVHDUFK � //1/ QLFROR�FUHVFLQL#SKG�XQLSG�LW
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$[LRQ�IHUPLRQ LQWHUDFWLRQ LV GHVFULEHG E\

L = ψ̄(x)(i!/∂ −mc)ψ(x)− igpa(x)ψ̄(x)γ5ψ(x)
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LNF (Frascati) LNL (Legnaro)

➤ Axion-electron coupling with 
ferromagnetic haloscope (QUAX a-e)

➤ Axion-photon coupling with 
classical haloscope (QUAX a-γ)

➤ R&D on resonant cavities

➤ Incoming classical haloscope for 
axion-photon coupling (QUAX a-γ)

INTRO: QUAX a-e   and QUAX a-𝛾
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Main results:

o Proposal
Phys. Dark Univ. 15, 135-141 (2017)

o QUAX a-e 2018
Eur. Phys. J. C 78, 703 (2018)

o QUAX a-𝛾 2019
Phys. Rev. D 99, 101101(R) (2019) 

o QUAX a-e 2020
Phys. Rev. Lett. 124, 171801 (2020)

o QUAX a-𝛾 2021
Phys. Rev. D 103, 102004 (2021) 
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LATEST AXION SEARCH WITH QUAX-a𝛾



LATEST RESULT

Data taken in January 2020

with the haloscope at Legnaro

Finally the paper is available
on PRD since May 2021

10.1103/PhysRevD.103.102004
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EXPERIMENTAL SETUP

Dilution refrigerator

𝑇$#%& = 90 𝑚𝐾

SC magnet

𝐵 = 8.1 𝑇

Bore: 150 𝑚𝑚

Length: 500 𝑚𝑚

Amplifiers

JPA

Cryogenic HEMT

Room-temp. HEMT
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JPA

the mixing term. Provided that EL=2> EJ, modes X and Y
can be tuned by varying ’ext while retaining their stability:
L!1
X;Y > 0 on the whole range of variation. However, there is

a range of fluxes for which L!1
Z < 0 where the device

departs from h’Zi ¼ 0 so that the expansion (1) is inap-
propriate. If the inductances are lowered even more such
that EL=4>EJ, then all three modes of the device are
stable for every value of ’ext but at the expense of signifi-
cant dilution of the nonlinear term. In contrast, as EL is
lowered below 2EJ, dilution of nonlinearity is minimized
but at the expense of the stability of the three modes. This
is why the JPC, for which EL ¼ 0, can operate only within
a small range of values of ’ext forbidding any tunability of
the device.

We have tested this new, tunable, mixing element de-
sign, by inserting the ring into a resonant structure consist-
ing of two !=2 transmission line resonators coupled to the
X and Y modes [Fig. 1(d)] as in Ref. [7]. The Z mode is

nonresonant and excited through resonator X using a
hybrid coupler [Fig. 1(d)]. By varying the externally
applied flux, it is possible to adjust the X and Y resonator
frequencies given by

!X;Y ¼ !0
X;Y

"2L!=2
X;Y=2

"2L!=2
X;Y=2þ LX;Yð’extÞ

; (2)

where !0
X;Y is the resonance frequency of the bare !=2

resonator without a ring, L!=2
X;Y ¼ 2Z0=ð"!0

X;YÞ its lumped-
element equivalent inductance [1], and Z0 its characteristic
impedance. As long as EL=4þ EJ cos’ext > 0, the ring
inductance LX;Y is given by

LX;Yð’extÞ ¼ #2
0

!
EL

2
þ EJ cos’ext

"!1
: (3)

The device presented in Fig. 1(c) is realized in a single
e-beam lithography step. The critical current of the
Al=Al2O3=Al Josephson junctions was designed to be in
the microampere range. The wide geometric linear induc-
tances cross-linking the ring are approximately given by
$0l, where l ¼ 100 $m is the length of each of the four
meanders. According to theory, they should present negli-
gible kinetic inductance [8]. The value of the ratio
EL=EJ ¼ 3& 2 should favor the stability of the X and Y
modes.

b

dc

FIG. 1 (color online). (a) Device schematic: four linear induc-
tances L cross-link a ring of four Josephson junctions. Each
subloop is biased by a magnetic flux ’ext#0. For L < L0

J=4, the
current through the inductances is zero, and the external flux
phase biases the junctions to ’ext. (b) The device is embedded at
the intersection of four transmission lines and couples to spatial
modes X, Y, and Z represented as arrows. (c) Optical microscope
image of the ring modulator. The meanders in the center of the
ring implement the four linear inductances from (a). The stripes
on the meanders are due to the fabrication process based on
shadow evaporation. (d) Simplified schematic of the setup used
to characterize three-wave mixing operation. The idler resonator
(X) is excited through a 180' hybrid coupler, while the signal
resonator (Y) is single-ended. The noise emitted by the voltage-
biased tunnel junction in its normal state is amplified through the
signal port.
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FIG. 2 (color online). (a) Dots: Measured resonance frequency
!Y of the signal cavity as a function of flux applied to the ring
modulator without the pump. Solid line: Fit of !Y using Eq. (2)
with !0

Y=2" ¼ 8:82 GHz, L ¼ 49 pH, and EJ ¼ #0 ( 1:9 $A
and including the known stray inductance around the loop 4LS ¼
200 pH (see Ref. [9]). (b) Reflection gain measured on the signal
port as a function of frequency for various values of the flux
indicated by the color lines in (a). Pump parameters are opti-
mized for each curve. The numbers on top represent the 1 dB
compression point (maximum input power) expressed in input
photon rate per dynamical bandwidth for six different working
frequencies coded by color.
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• Tunability: between 10.2 and 10.5 GHz

• Gain: 18 dB (up to 25 dB) in a 10 MHz 
bandwidth centered at 10.4 GHz

• Noise at Standard Quantum Limit (0.5K)
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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

N. R
och

8



RESONANT CAVITY

𝜈 = 10.4018 𝐺𝐻𝑧

𝑄' = 76 000

𝑄( = 36 000

𝑇𝑀010 mode
measured

at 𝑇 = 150 𝑚𝐾

• OFHC Copper cavity

• Cilindrical, 𝑟 = 11.05 𝑚𝑚

• Lenght 210 𝑚𝑚

Implemetation of JPA in axion haloscopes

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

Characterization of the JPA
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CALIBRATION

Johnson noise of about 95 mK on the circulator and on the
cavity (since they are thermally connected), corresponding
to an effective temperature of the circulator of 273 mK at
10 GHz. We monitor the temperatures with RuO2 ther-
mometers, one in thermal contact with the cavity and the
other with the mixing chamber. Due to some unexpected
behavior of the thermometers, we only estimate a temper-
ature between 100 mK and 150 mK in the mixing chamber
and between 200 mK and 250 mK on the cavity.
The JPA in our setup, first realized in [31], has noise

temperature expected at the quantum limit of about
0.5 K (including 0.25 K from vacuum fluctuations) and

a resonance frequency tunable between 10 and 10.5 GHz
by varying the pump amplitude and frequency and by
applying a small magnetic field for fine regulation. After
tuning the resonance frequency of the JPA to that of the
cavity, we measure a gain of 18 dB in a 10MHz bandwidth.

III. ANALYSIS AND RESULTS

We first measure the transmittivity of the rf lines and the
amplification gain as described in detail in [16]. Then we
calibrate the power scale by injecting a known signal.
Finally, we measure the system noise temperature, resulting
in Tn ¼ ð0.99# 0.15cal # 0.04stabÞ K, where the errors
result from the uncertainty in the calibration scale due to
a limited tunability of the coupling of antenna D1 and to the
temperature variation during the data-taking run. This
value, within the error, is in agreement with our estimate
of 0.83 K obtained from the single contributions reported in
Table I.
After setting the magnetic field to 8.1 T, we perform the

axion search for a total time Δt ¼ 4203 s with an ADC
sampling of 2 Ms=s, with the cavity tuned at a fixed
frequency of νc ¼ 10.4018 GHz. We compute the average
power spectrum with a fine frequency bin of 651 Hz,
corresponding to 1=16th of the expected axion-signal width
[32]; we then identify and remove IF noise bins, which
have a widthΔνIF ≪ Δνbin. We exclude from our analysis a
200 kHz frequency region around the local oscillator
frequency, νlo ¼ 10.4015 GHz, which is affected by 1=f
and pickup noise, also appearing when running the setup
with the magnet off. For the same reason we also exclude a
single bin in the cavity region; this has an off-resonance
counterpart, symmetric with respect to the local oscillator.
Performing the ratio of the left half of the spectrum to the
right half, the single bin and its counterpart perfectly
cancel; thus, they are considered noise bins and are
removed. This single bin and the 200 kHz region around
LO are the only features removed from the spectrum.
Finally, we consider only the region of the Lorentzian
distribution of the cavity power spectrum with an expected

FIG. 2. Schematics of the experimental apparatus. The micro-
wave cavity (orange) is immersed in the uniform magnetic field
(blue shaded region) generated by the magnet (crossed boxes).
A1 and A2 are the cryogenic and room-temperature amplifiers,
respectively. The JPA amplifier has three ports: signal (s), idler
(i), and pump (p). Superconducting cables (red) are used as
transmission lines for rf signals from the 4 K stage to the 150 mK
stage. Thermometers (red circled T) are in thermal contact with
the resonant cavity and the signal port on the JPA. Attenuators are
shown with their reduction factor in decibels. The horizontal lines
(blue) identify the boundaries of the cryogenic stages of the
apparatus, with the cavity enclosed within the 150 mK radiation
shield. The magnet is immersed in liquid helium.

TABLE I. Noise contributions estimated at the cavity resonance
frequency. “Vacuum” is the contribution of quantum fluctuations
of vacuum. The room-temperature HEMT (A2) contribution is
negligible. “Cables” refers to rf attenuation of cables, with the
only effect that of reducing the overall gain.

Source Gain [dB]
Noise

temperatures [K]
Input

noise [K]

Cavity % % % 0.078 0.078
Vacuum % % % 0.25 0.25
JPA 18 0.25 0.25
Cables −3 % % % % % %
HEMT (A1) 30 8 0.25
Total 0.83

SEARCH FOR INVISIBLE AXION DARK MATTER OF MASS … PHYS. REV. D 103, 102004 (2021)

102004-3

16% uncertainty due to limited
tunability of the coupling

Systematic due to temperature 
instability during data-taking

1) Transmittivity measurement of rf lines

2) Υ-measurement to obtain gain and noise temperature
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DATA TAKING AND QUALITY CUT
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Cavity resonance

Johnson noise of about 95 mK on the circulator and on the
cavity (since they are thermally connected), corresponding
to an effective temperature of the circulator of 273 mK at
10 GHz. We monitor the temperatures with RuO2 ther-
mometers, one in thermal contact with the cavity and the
other with the mixing chamber. Due to some unexpected
behavior of the thermometers, we only estimate a temper-
ature between 100 mK and 150 mK in the mixing chamber
and between 200 mK and 250 mK on the cavity.
The JPA in our setup, first realized in [31], has noise

temperature expected at the quantum limit of about
0.5 K (including 0.25 K from vacuum fluctuations) and

a resonance frequency tunable between 10 and 10.5 GHz
by varying the pump amplitude and frequency and by
applying a small magnetic field for fine regulation. After
tuning the resonance frequency of the JPA to that of the
cavity, we measure a gain of 18 dB in a 10MHz bandwidth.

III. ANALYSIS AND RESULTS

We first measure the transmittivity of the rf lines and the
amplification gain as described in detail in [16]. Then we
calibrate the power scale by injecting a known signal.
Finally, we measure the system noise temperature, resulting
in Tn ¼ ð0.99# 0.15cal # 0.04stabÞ K, where the errors
result from the uncertainty in the calibration scale due to
a limited tunability of the coupling of antenna D1 and to the
temperature variation during the data-taking run. This
value, within the error, is in agreement with our estimate
of 0.83 K obtained from the single contributions reported in
Table I.
After setting the magnetic field to 8.1 T, we perform the

axion search for a total time Δt ¼ 4203 s with an ADC
sampling of 2 Ms=s, with the cavity tuned at a fixed
frequency of νc ¼ 10.4018 GHz. We compute the average
power spectrum with a fine frequency bin of 651 Hz,
corresponding to 1=16th of the expected axion-signal width
[32]; we then identify and remove IF noise bins, which
have a widthΔνIF ≪ Δνbin. We exclude from our analysis a
200 kHz frequency region around the local oscillator
frequency, νlo ¼ 10.4015 GHz, which is affected by 1=f
and pickup noise, also appearing when running the setup
with the magnet off. For the same reason we also exclude a
single bin in the cavity region; this has an off-resonance
counterpart, symmetric with respect to the local oscillator.
Performing the ratio of the left half of the spectrum to the
right half, the single bin and its counterpart perfectly
cancel; thus, they are considered noise bins and are
removed. This single bin and the 200 kHz region around
LO are the only features removed from the spectrum.
Finally, we consider only the region of the Lorentzian
distribution of the cavity power spectrum with an expected

FIG. 2. Schematics of the experimental apparatus. The micro-
wave cavity (orange) is immersed in the uniform magnetic field
(blue shaded region) generated by the magnet (crossed boxes).
A1 and A2 are the cryogenic and room-temperature amplifiers,
respectively. The JPA amplifier has three ports: signal (s), idler
(i), and pump (p). Superconducting cables (red) are used as
transmission lines for rf signals from the 4 K stage to the 150 mK
stage. Thermometers (red circled T) are in thermal contact with
the resonant cavity and the signal port on the JPA. Attenuators are
shown with their reduction factor in decibels. The horizontal lines
(blue) identify the boundaries of the cryogenic stages of the
apparatus, with the cavity enclosed within the 150 mK radiation
shield. The magnet is immersed in liquid helium.

TABLE I. Noise contributions estimated at the cavity resonance
frequency. “Vacuum” is the contribution of quantum fluctuations
of vacuum. The room-temperature HEMT (A2) contribution is
negligible. “Cables” refers to rf attenuation of cables, with the
only effect that of reducing the overall gain.

Source Gain [dB]
Noise

temperatures [K]
Input

noise [K]

Cavity % % % 0.078 0.078
Vacuum % % % 0.25 0.25
JPA 18 0.25 0.25
Cables −3 % % % % % %
HEMT (A1) 30 8 0.25
Total 0.83

SEARCH FOR INVISIBLE AXION DARK MATTER OF MASS … PHYS. REV. D 103, 102004 (2021)
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Fitted cavity parameters

𝜈& = 10.40176 𝐺𝐻𝑧

𝑄! = 35 000

noise region
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ANALYSIS PROCEDURE

1) Discovery candidate claimed if power is in excess
of 5𝜎 (bins > 5 in the normalized residuals)

(actually account for the look-elsewhere effect, resulting in 
𝑍 > 6.2 in our case)

5− 4− 3− 2− 1− 0 1 2 3 4 5
Dickeσ )/fit P− obs( P

0

5

10

15

20

25

30

35

40

45

En
tri

es

Residuals

Gaussian fit

 0.033±Mean = -0.040 
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power of at least 10% of the peak value. The resulting
spectrum is shown in Fig. 3.
In order to extract the residuals, we model the system

composed of the cavity and the “Readout” line with an
equivalent electrical circuit. Using the transmission-line
formalism, we derive the following expression of the power
spectrum:

Pn ¼GTOTðωÞkBðT̃1þTA;totÞ

×
!

T̃1

TA;totþ T̃1

T̃c=T̃1þðQLδÞ2

1þðQLδÞ2
þ

TA;tot

TA;totþ T̃1

"
: ð3Þ

Note that TA;tot ¼ 0.50 K is the sum of the noise
temperatures of the JPA and HEMT (A1) amplifiers,
as reported in Table I. Here, T1 ∼ 270 mK is the effective
temperature of the circulator on the “Aux” line, and
Tc is the temperature of the cavity, which is left as a
free parameter. Low temperatures require the use of
Bose-Einstein distribution, so instead of T1 and Tc we
use the noise temperatures T̃1 and T̃c; the tilde stands for
kBT̃ ¼ hνc=ðexp ðhνc=kBTÞ − 1Þ þ hνc=2, including the
contribution from vacuum fluctuations. Therefore, the first
term in the big parentheses represents the contribution of
the circulator’s Johnson noise reflected by the cavity and
the thermal noise emitted by the cavity itself, while the
second term is the added noise of amplifiers. Here, QL is
the loaded quality factor, δ ¼ ðν=νc − νc=νÞ, νc the cavity
resonance frequency, and GTOTðωÞ is the total gain func-
tion. We fit the power spectrum by expressing GTOTðωÞ as
the 2nd and 4th order polynomials in the left and right
branches, respectively. Given the large number of unknown
parameters we fix all known quantities to the best of
our knowledge, taking into account measurement errors.

The best fit is obtained for νc¼10.40176GHz and QL ¼
35; 000, in reasonable agreement with our measurements.
When fixing the “Aux” circulator temperature to T1 ¼
273 mK, we obtain a cavity temperature Tc ¼ 250 mK,
compatible with our expectations. The fit has χ2=n ¼
1226=1032 and is shown by the red line in Fig. 3.
Changing T1 in an interval between 150 and 273 mK does
not impact the quality of the fit and just reduces the cavity
temperature down to about 100 mK in the former case.
Since the expected axion signal width is of about 10 kHz

in the lab frame [6,32], with a bin width of 651 Hz a power
excess is expected in about 16 consecutive bins. We
normalize the residuals obtained in the fit procedure to
the expected noise power σDicke ¼ 5.38 × 10−24 W derived
from the Dicke radiometer formula [33] using the system
temperature Tn ¼ 0.99 K,

σDicke ¼ kBT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δν=Δt

p
; ð4Þ

where Δt is the integration time. The distribution of the
normalized residuals is shown in Fig. 4 together with the
result of a Gaussian fit, showing a rms compatible with 1.
To claim a discovery candidate we require that power is

in excess of 5σ from the noise spectrum, corresponding to
some bins >5 in the normalized residuals. Correcting for
the look-elsewhere effect, the requirement would be to find
excesses greater than Z ¼ Φ−1ð1 − 2.87 × 10−7=NbinÞ,
where Φ is the cumulative of the normal distribution
and Nbin ¼ 1041 is the number of data bins, corresponding
to an effective number of Z ¼ 6.204. We did not find
any candidate, so we interpret our result as an exclusion test
for the axion existence in this mass range. A maximum
likelihood approach is used to compute the estimator ĝaγγ
from the data, with the logarithmic likelihood
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FIG. 3. Measured power spectrum. The red line represents the
model function used to obtain residuals.
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FIG. 4. Distribution of the residuals normalized to the expected
thermal noise.
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Residuals normalized to 

*Turner, Phys. Rev. D 42, 3572 (1990) 

2) Maximum likelihood method to etimate 𝑔#))

𝑅* residuals, 𝑆* expected power x Standard Halo Model*

−2 lnLðma; g2aγγÞ ¼
XNbin

i¼0

ðRi − Siðma; g2aγγÞÞ2

ðσmax
DickeÞ2

; ð5Þ

where we have assumed Gaussian statistics. The index i
runs over bins, Ri are the observed residuals, Si are the
model signals given by Eq. (1) multiplied by Eq. (2) and
convoluted with the full Standard Halo Model distribution
[32], and σmax

Dicke ¼ 6.41 × 10−24 W is the most conservative
noise power, obtained with the maximum temperature
allowed within its error. Note that the rhs of Eq. (5) is a
χ2 distribution. The estimator ĝ2aγγ is then evaluated by
solving ∂χ2=∂g2aγγ ¼ 0, and its error is calculated as
σĝ2aγγ ¼ ð1=2∂2χ2=ð∂g2aγγÞ2Þ−1=2. The maximum likelihood
procedure is repeated for each axion test mass, precisely
Nbin times, resulting in a step size of 651 Hz. Finally, we
calculate the limit to the axion-photon coupling with a
90% confidence level, power-constraining values of ĝ2aγγ
that underfluctuate below −1σ [34]. We show in Fig. 5 the
limit as a function of the tested axion masses, shown with a
colored area, together with a solid purple line showing the
expected limit in the case of no signal. The reference upper
limit of our search is the value at the maximum sensitivity
(the minimum of the purple line of Fig. 5), gCLaγγ < 0.766 ×
10−13 GeV−1 at 90% C.L.
In Fig. 6 we compare the limit gCLaγγ that we observed, in a

mass window Δma¼3.7 neV centered at the mass ma ¼
43.0182 μeV, with those obtained in previous searches.

IV. CONCLUSIONS

We report results of the search with a haloscope for
galactic axions with mass of about 43 μeV in a small
frequency region of 3.7 neV. By cooling the system to
about 150 mK in a dilution refrigerator and employing
a Josephson parametric amplifier with noise at the
standard quantum limit, we set a limit on the axion-
photon coupling of about a factor 2 from the QCD band.
We show directly that, even at a frequency as large as
10 GHz, haloscopes will soon have the sensitivity to
observe QCD axions. The total noise, estimated as twice
the standard quantum limit, can be further reduced by
improving the thermalization of the resonant cavity and
the line filtering, and by reducing the noise contribution
from the HEMT.
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3) Then, 90% CL:

Maximum Likelihood method

Likelihood function:

L(ma, g
2) =

Y

i

e�
(Ri�si(g

2))
2

2�2 . (1)

Ri are the measured residuals, si the expected signal, � the standard deviation of data
(Dicke equation in our case). The signal s is calculated as the expected axion power at
the resonance peak, multiplied by a Lorentzian shift between the cavity and the actual
axion mass, and modulated by the full Standard Halo Model distribution (see [Turner] or
[Haystac PRD96 123008 2017, eq. 14]):

s = Pax ⇥
1

1 + etc
⇥ f(⌫). (2)

For each bin, f(⌫) is integrated from the low edge to the high edge of the bin. Take �2
times the logarithm of the likelihood:

� 2 lnL =
X

i

(Ri � si)
2

�2
= �2, (3)

it is a �2 distribution. Maximizing the likelihood is equivalent to minimizing the �2. The
estimator ĝ2 of our parameter can be found imposing:

@�2

@g2
= 0 ) ĝ2 =

P
i RisiP
i s

2
i

. (4)

Actually, here si is the power divided by g2, or si ⌘ si(g2 = 1). Then, the error on the
estimator is

�̂ĝ2 =

✓
1

2

@2�2

@ (g2)2

◆�1/2

=
�pP

i s
2
i

. (5)

As before, si ⌘ si(g2 = 1). The ĝ2 parameter estimation is repeated for a number of
di↵erent ma values equal to the bin number in the analysis band, resulting in a mass
spacing of 651 Hz. The 90% CL upper limit for each mass value is

gCL =
q

ĝ2 + 1.28 �̂ĝ2 . (6)

Il valore di riferimento citato nell’articolo poi è quello con valore aspettato nullo, cioè
gCL =

p
1.28 �̂ĝ2 .

In realtà quello che abbiamo usato nell’articolo è un power-constrained limit (vedere
articolo arXiv:1105.3166). Per evitare fluttuazioni negative dei valori di g2CL, e per evitare
di sottostimare il suo upper limit mettendolo a mano, abbiamo applicato il seguente:

gCL =

(p
0.28 �̂ĝ2 if ĝ2 < �1�̂ĝ2p
ĝ2 + 1.28 �̂ĝ2 otherwise

(7)

In questo modo evitiamo che i dati fluttuino al di sotto di �1�.
NOTA PER ME: per questa analisi ho usato il file FFTanalysis ML v1.C. L’altro,

FFTanalysis ML v2.C è quello in cui ho provato la sliding window.

1
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AXION-PHOTON COUPLING RESULT
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A haloscope of the QUAX–aγ experiment composed of an oxygen-free high thermal conductivity-Cu
cavity inside an 8.1 T magnet and cooled to ∼200 mK is put in operation for the search of galactic axion
with mass ma ≃ 43 μeV. The power emitted by the resonant cavity is amplified with a Josephson
parametric amplifier whose noise fluctuations are at the standard quantum limit. With the data collected
in about 1 h at the cavity frequency νc ¼ 10.40176 GHz, the experiment reaches the sensitivity necessary
for the detection of galactic QCD-axion, setting the 90% confidence level limit to the axion-photon
coupling gaγγ < 0.766 × 10−13 GeV−1.

DOI: 10.1103/PhysRevD.103.102004

I. INTRODUCTION

The axion is a hypothetical particle that was first
introduced by Weinberg [1] and Wilczek [2] as a
consequence of the Peccei-Quinn mechanism to solve
the strong CP problem of QCD [3]. The axion is a pseudo-
Goldstone boson associated with an additional symmetry
of the Standard Model Lagrangian, which is spontane-
ously broken at an extremely high energy scale fa.
Axions, with mass ma ∝ 1=fa, may constitute the dark
matter (DM) content in our Galaxy [4]. Astrophysical
observations and cosmological considerations suggest a
favored mass range of 1 μeV<ma < 10meV [5]. Several
operating and proposed experiments rely on the haloscope

concept proposed by Sikivie [6] to probe the axion
existence; among them are ADMX [7,8], HAYSTAC [9],
ORGAN [10], CAPP-8T [11], CAPP-9T [12], RADES
[13], QUAX [14–17], and KLASH [18]. Dielectric halo-
scopes have also been proposed, like MADMAX [19]
and BRASS [20].
The classical haloscope detection scheme consists of a

resonant cavity immersed in a static magnetic field to
stimulate the axion conversion into photons through the
Primakoff effect. When the cavity resonant frequency νc is
tuned to the axion mass mac2=h, the expected power
deposited by DM axions is given by [21]
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where ρa ∼ 0.4–0.45 GeV=cm3 [22] is the local DM
density and gaγγ is the coupling constant appearing in
the Lagrangian describing the axion-photon interaction.
The second set of parentheses contains the vacuum per-
meability μ0, the magnetic field strength B0, the cavity
volume V, its angular frequency ωc ¼ 2πνc, the coupling
between the cavity and receiver β, and the loaded quality
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In conclusion, the optimization of the magnetic vol-
ume together with the quantum-limited readout and su-
perconductive cavities will allow the LNF haloscope to
perform an axion search with a scan speed up to about
20 MHz per day. Further improvements are expected by
the development of single microwave photons detectors
under study with the SIMP and Supergalax projects (see
below). In the case of a single-photon detector based
on the measurement of the state of a superconducting
qubit, with each qubit coupled to a cavity in the array, a
readout scheme similar to that discussed in [101] will be
used.

C. Data analysis

Data for this experiment comes from the down conver-
sion of the cavity output and subsequent sampling at a
frequency above the cavity linewidth. An O(1) MHz/s
data flux is expected for each cavity. Considering about
3 months of operation per year, a storage of about 1
MHz/s x 100 days x 86400 s = 9 TB for each cavity
per year would be necessary. This number is easily man-
ageable for the LNL haloscope. For the LNF haloscope
employing up to 7 cavities in a larger bandwith, up to 1
GHz, the higher data flux will be reduced by processing
the data with FPGA and writing to disk only the fraction
of power spectrum of interest for the analysis

For the analysis of the data, the QUAX collaboration,
besides using standard FFT and DFT based techniques,
will integrate in the system all the new analysis proce-
dures that are currently being developed by other groups
searching for DM axion (See [103], [104] and [105]).

D. Summary QUAX-a�: Primako↵ haloscopes

The best parameters for the two haloscopes in LNF
and LNL are summarized in Table III. By using Equa-
tion (9) we have calculate the scanning rates for the two
systems for the case of the KSVZ axion model with 95%
c.l. Two di↵erent detector conditions have been consid-
ered, namely in the standard quantum limit (NA = 0.5)
and with extra noise added by the detection chain as
NA = 1.5 photons. As it can be seen, a realistic scan
bandwidth of O(1) GHz should be feasible for both set-
ups. For the LNF haloscope we have assumed to operate
the multicavity scheme in the simpler case with the cavi-
ties tuned at di↵erent frequencies. A successful operation
of the cavities at the same frequency would improve the
scanning rate by a further factor Ncav = 7. As it can
be seen, a realistic scan bandwidth of O(1) GHz should
be feasible for both set-ups, thus covering the yet unex-
plored region 8.5 to 11 GHz, corresponding to the axion
mass range from 34 µeV to 44 µeV. Such physics reach
is plotted in Figure 18. With the LNL haloscope, hav-
ing the best peak sensitivity, albeit over a much sharper
band, some longer single runs can be envisaged. With

such runs collected data should have sensitivity to reach
the DFSZ model. We remind that the ratio of the ex-
pected axion power between DFSZ and KSVZ models is
about 1/7.3. For the LNL haloscope this would mean
increasing the single scan time from 69 s to about an
hour.
Of course, if the collaboration will be able to operate a

microwave quantum counter, all the performances will be
boosted by a significant factor, depending on the noise
rate of the detector (See Section VI). In such case, the
studied bandwidth will essentially be limited by the oper-
ating bandwidth of the counter, and reaching the DFSZ
model line will be a trustable goal.

TABLE III. Summary of the characteristics of the two QUAX
Sikivie Haloscopes.

LNF LNL

Magnetic field 9 T 14 T

Magnet length 40 cm 50 cm

Magnet inner diameter 9 cm 12 cm

Frequency range 8.5 - 10 GHz 9.5 - 11 GHz

Cavity type Hybrid SC Dielectric

Scanning type Inserted rod Mobile cylinder

Number of cavities 7 1

Cavity length 0.3 m 0.4 m

Cavity diameter 25.5 mm 58 mm

Cavity mode TM010 pseudoTM030

Single volume 1.5 · 10�4 m3 1.5 · 10�4 m3

Total volume 7⌦0.15 liters 0.15 liters

Q0 300 000 1 000 000

Single scan bandwidth 630 kHz 30 kHz

Axion power 7⌦ 1.2 · 10�23 W 0.99 · 10�22 W

Preamplifier TWJPA/INRIM DJJAA/Grenoble

Operating temperature 30 mK 30 mK

Performance for KSVZ model at 95% c.l. with NA = 0.5

Noise Temperature 0.43 K 0.5 K

Single scan time 3100 s 69 s

Scan speed 18 MHz/day 40 MHz/day

Performance for KSVZ model at 95% c.l. with NA = 1.5

Noise Temperature 0.86 K 1 K

Single scan time 12500 s 280 s

Scan speed 4.5 MHz/day 10 MHz/day
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LNL HALOSCOPE
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LNF HALOSCOPE
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LNF SUPERCONDUCTING CAVITIESThe axion mass range studied by haloscopes up to now
is limited to a few micro-electron-volts. Exploring larger
ranges at higher values requires the excitation of modes
with frequency above a few gigahertz where several
experimental limitations occur:

(i) The technology of linear amplifier limits the sensi-
tivity [13].

(ii) Conversion volumes are smaller since the normal
modes resonant frequencies are inversely propor-
tional to the cavity radius.

(iii) the anomalous skin effect reduces the copper
cavities quality factor at high frequencies.

Solutions to the first two issues are proposed for instance in
Refs. [14,15], respectively.
The optimum value of the Q-factor for haloscopes is

approximately 106, as estimated by the coherence time of
DM axions [16]. A 10 GHz copper cavity, cooled at
cryogenic temperature, barely reaches Q ∼ 105, a value
that rapidly decreases with increasing frequency. In this
paper, we present a substantial improvement obtained for
the quality factor with a “superconducting haloscope”
composed of a superconducting cavity (SCC) operated
in high magnetic fields. This activity has been done within
the QUAX experiment, which searches DM axions using a
ferromagnetic haloscope [16,17]. The same experimental
apparatus can be used as a Sikivie haloscope [10] exploit-
ing the TM010 mode of the cylindrical cavity. In this work,
we substitute the copper cavity with a superconducting one,
to increase the quality factor and thus the measurement
sensitivity. We refer to the Primakoff haloscope of the
QUAX Collaboration as “QUAX–aγ.”
In Sec. II, we describe the characterization of the SCC

and the measurement setup, while in Sec. III, we present the
results of the axion search done by operating the SCC in
magnetic field and the corresponding exclusion limit on the
coupling gaγγ . Finally, in Sec. IV, we discuss the future
prospects of the QUAX–aγ experiment for the Primakoff
axion search.

II. EXPERIMENTAL APPARATUS

A. Superconducting cavity

To increase the quality factor and match the optimal
condition for the coupling to cosmological axions, it is
natural to consider SCCs as they were widely studied in
accelerator physics. However, in axion searches, these are
operated in strong magnetic fields that, on the one hand,
weaken superconductivity and, on the other, are screened
by the superconducting material. To overcome both these
limitations, we designed a cavity divided in two halves,
each composed by a type II superconducting body and
copper end caps. Type II superconductors are in fact known
to have a reduced sensitivity to the applied magnetic field.
Moreover, magnetic field penetration in the inner cavity
volume may be facilitated by interrupting the screening

supercurrents with the insertion of a thin (30 μm) copper
layer between the two halves.
The cavity layout is shown in the upper part of Fig. 1,

featuring two identical copper semicells with cylindrical
body and conical end caps to reduce current dissipation
at interfaces. The cylindrical body is 50 mm long with
diameter 26.1 mm, while the cones are 19.5 mm long. For
the detection of axions through its interaction with the
electron spin [17], part of the cylinder was flattened to
break the angular symmetry and prevent the degeneration
of mode TM110. A finite element calculation performed
with ANSYS HFSS [18] of the TM010 mode used for
Primakoff axion detection gives a frequency νsimc ¼
9.08 GHz and a coefficient Cmnl ¼ 0.589 in a volume
V ¼ 36.43 cm3. The calculated field profile of this mode is
shown in Fig. 1. Because of this hybrid geometry, the
quality factor is expressed as

1

Q0

¼ Rcyl
s

Gcyl
þ Rcones

s

Gcones
; ð2Þ

where Rs are the surface resistances. The simulation yields
Gcones ¼ 6270.11 Ω and Gcyl ¼ 482.10 Ω. At 9 GHz and
4 K temperature, the surface resistance for copper is RCu

s ¼
4.9 mΩ [19]. A pure copper cavity with this geometry
would have QCu

0 ≃ 9 × 104, while an hybrid cavity with
copper cones and no losses on the cylindrical surface would
have Qmax

0 ¼ Gcones=RCu
s ≃ 1.3 × 106.

To test these promising simulation results, a prototype of
the cavity was fabricated as shown in the lower part of
Fig. 1. The inner cylindrical part of the cavity was coated
by means of a 10 cm planar magnetron equipped with a

FIG. 1. The upper image represents the electric field of
9.08 GHz TM010 mode in arbitary amplitude units, while the
lower photo is one of the two halves of the superconducting
cavity.
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NbTi target. The estimated coating thickness ranges
between 3 to 4 μm. To minimize the losses due to the
interaction of fluxons [20] with the superconducting micro-
wave current, only the cylindrical body, where the currents
of the mode TM010 are parallel to the applied field, were
coated, as evidenced by the different colors of the lower
picture of Fig. 1.
We characterized the cavity in a thermally controlled gas-

flow cryostat equipped with an 8 T superconducting magnet
located at Laboratori Nazionali di Frascati. No copper layer
was inserted between the two halves. Two tunable antennas
were coupled to the cavity mode and connected through
coaxial cables to a vector network analyzer for the meas-
urement of the reflection and transmission waveforms,
S11ðνÞ and S12ðνÞ. The unloaded quality factor Q0 was
extracted from a simultaneous fit of the two waveforms. An
expected systematic error of #5% follows from the fit
procedure. At 4.2 K and no applied external magnetic field,
we measured Q0 ¼ 1.2 × 106, in agreement with the maxi-
mal expected value Qmax

0 and corresponding to a surface
resistance of the NbTi RNbTi

s ¼ ð20# 20ÞμΩ. We repeated
the measurement for different values of the applied magnetic
field in the range 0–5 T both in zero-field cooling (ZFC)
and field cooling (FC), thus reducing the temperature
of the cavity without or with external magnetic field,

respectively. The results are shown in Fig. 2. For B¼2T,
the nominal field used in our axion search, we measured
Q2 T

0 ¼ 4.5 × 105, a factor of approximately 5 better than a
bulk copper cavity; at 5 TwemeasuredQ5 T

0 ¼ 2.95 × 105, a
factor of approximately 3.3 better than a copper cavity.
Comparing FC and ZFC measurements, we observe a
systematic difference below about 0.5 T due to magnetic
field trapping in the superconducting material. For higher
values, the measurements agree within the errors, showing
that the magnetic field is able to penetrate the cavity walls
and that the superconductor is in the flux flow state [21].
In a recent analysis [22], the variation of the surface

resistance of this cavity with the magnetic field was
interpreted by taking into account the vortex-motion con-
tribution within the Gittleman and Rosenblum (GR) model
[23,24]. In particular, the depinning frequency [23] was
estimated to be about 44 GHz. Below this frequency, losses
due to vortex motion are suppressed, while they are
maximal at higher frequency where the flux-flow resistivity
reaches the value ρff ¼ cffρnB=Bc2. Here, B is the applied
dc field, cff ¼ 0.044 is a correction taking into account
mutual orientation of fluxons and microwave currents,
ρn ¼ 7.0 × 10−7 Ωm is NbTi resistivity in the normal state,
and Bc2¼13T×ð1−ðT=TcÞ2Þ is the temperature-dependent
critical field [22]. With this set of parameters, we com-
puted, according to the GR model, the surface resistance of
NbTi for different values of the applied dc field and of the
cavity-mode frequency. Comparing it with the anomalous
surface-resistance of copper [19], we estimated the crossing
frequency for which the losses in NbTi are equal to the
losses in copper. The result is shown in Fig. 3. At
T ¼ 4.2 K, the NbTi cavity is expected to show lower
losses up to an applied field of about 4.5 T. For higher
fields, the crossing frequency rapidly decreases down to
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LNL DIELECTRIC CAVITIES
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Fig. 1. Sketch of the cavity with dielectric cylindrical shells.

from about 10*5, at room temperature, down to a fraction of 10*7 at
cryogenic temperatures for purest samples [22,23].

In the following we focus on the application of our dielectric cavity
to DM-axion searches. Many cavity-haloscope experiments are taking
data or have been proposed in recent years: ADMX [24], HAYSTAC
[25], ORGAN [26], CAPP [27], KLASH [28], RADES [29] and QUAX
[10]. When the resonant frequency of the cavity is tuned to the corre-
sponding axion mass, ⌫c = mac2_h, the expected power generated by
DM axions is given by [25]:

Psig =
0
g2�

↵2

⇡2
`3c3⇢a
⇤4

1
ù
0

�
1 + �

!c
1
�0

B2
0V CmnlQL

1
(1)

where ⇢a Ì 0.4 GeV/cm3 is the local DM density [30], ↵ is the fine-
structure constant, �0 the vacuum permeability, ⇤ = 78 MeV is a scale
parameter related to hadronic physics, g� the photon–axion coupling
constant with central value equal to *0.97(0.36) in the KSVZ (DFSZ)
model [31–34]. It is related to the coupling appearing in the Lagrangian
ga�� = (g�↵_⇡⇤2)ma. The second parentheses contain the magnetic field
strength B0, the cavity volume V , its angular frequency !c = 2⇡⌫c , the
coupling between cavity and receiver � and the loaded quality factor
QL = Q0_(1 + �), where Q0 is the unloaded quality factor. Cmnl is a
geometrical factor depending on the cavity mode:

Cm,n,l =
ÛÛÛî dV íE � íB0

ÛÛÛ
2

V B2
0 î dV ✏r E2

. (2)

where íE is the electric-field mode excited by the axion field.

2. Cavity design

In the proposed configuration, with two shells, the selected mode is
the pseudo-TM030, as given in Fig. 2, where we show the electric field
amplitude in one quarter of the cavity. The cavity resonant-frequency
f res was tuned to 10.9 GHz and the dielectric shells geometrical param-
eters (Rcyl_1, Rcyl_2, tcyl_1, tcyl_2 as defined in Fig. 1) were optimized to
minimize the losses in the outer walls. The choice of this frequency was
mainly given by the possibility of incorporating the resonator inside the
detection chain developed within the QUAX haloscope [35].

The longitudinal electric field and the azimuthal magnetic field are
shown in Fig. 3 as a function of the transverse coordinate, compared
with the results expected for an empty ideal cylindrical cavity operating
in the TM030 mode. The presence of the two sapphire shells reduces
the amplitude of the outer field lobes and simultaneously concentrates
the mode in the internal cylinder. This results in a larger form factor
C030 of the mode [36] and in reduced losses on the cavity outer-walls
and therefore in a higher quality factor. The ratio of the two H fields
on the outer wall of the cavity is about 9 and this gives a decrease
of the losses of around 2 orders of magnitude. The final design of
the cavity, optimized to reduce losses, with its main dimensions is
given in Fig. 4. The dimensions of the sapphire tubes reported here,

Fig. 2. (Color online) Electric field amplitude of the pseudo TM030 mode.

Fig. 3. Longitudinal electric field and azimuthal magnetic field as a function of the
transverse coordinate for the cavity with sapphire shells (continuous lines) and for an
ideal cylindrical cavity operating in the TM030 mode (dotted lines).

Fig. 4. Final design of the fabricated cavity with its main dimensions in millimeters.
Both end-plates have a conical shape to further reduce losses. See Fig. 10 for details
on the copper-cavity design and Fig. 11 for the final realization.

whose measurement is described in Section 3, deviates slightly from

the optimal values (see Table 1).

2
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Fig. 8. Sketch of the geometry showing the possible implementation of a tuning system
to change the resonance frequency of the cavity without affecting its performances.

Fig. 9. (Color online) Magnitude of the electric field when the distance between the
two halves is 3 mm.

Table 2
Expected frequency and quality factor for different distance �x between the two half
cylinders. The small variation of the value of Q for �x = 0 with respect to the value
in Table 1 is due to the different design of the cavity shown in Fig. 8.
�x [mm] f res [GHz] Q (106) C030 ù V (10*6 m3) C030 ù V ùQ (m3)

0 10.92 2.01 24.75 49.7
0.25 10.81 1.766 26.23 46.3
0.5 10.71 1.80 27.62 49.7
0.75 10.62 1.69 28.94 48.9
1 10.53 1.49 30.00 44.7
1.25 10.45 1.39 31.31 43.5
1.5 10.38 1.39 32.16 44.7

contained within the two half-shells. The mechanical design of such a
mechanism is still under development.

3. Cavity fabrication and mechanical tolerance

Two fine-grid sapphire-tubes 200 mm long were purchased from
ROSTOX-N [39]. Their optical axes (C-axis, 0001) are oriented along
the cylinder axis of symmetry within one degree, as stated by the
manufacturer. We measured, with 4 points per side, the tubes diameters
with a coordinate-measuring device at Laboratori Nazionali di Frascati:
the smaller one has inner diameter 21.36(10) mm and outer diameter
25.17(1) mm; the larger one has inner diameter 39.71(4) mm and
outer diameter 42.80(1) mm. The errors reflect the machine precision
(about 10 �m) or, if larger, the roundness, the maximal variation in the
values measured on both sides of the tubes. We measured eccentricities,
defined as the distance between the centers of inner and outer walls of
a cylinder, up to about 0.2 mm. The simulation results in Table 1 show
that although the quality factor is not sensitive to most of these small

Fig. 10. Technical drawing of the copper cavity housing the two sapphire cylinders.
Through holes for assembly and venting holes are not shown.

variations, an eccentricity of 0.2 mm of the larger tube, resulting in a
similar variation of the tube thickness, can reduce the quality factor by
a factor Ì 2.

The tubes were sent to Laboratori Nazionali di Legnaro (LNL) for
assembly inside the copper cavity. The technical drawing of the copper
cavity housing the two sapphire cylinders is shown in Fig. 10. It is
made of four pieces: two end caps and two lateral half sides. On the
internal side of each end cap two circular grooves are carved to hold
the sapphire cylinders in place. Each groove width is such so as to
avoid compression of the sapphire from the copper when cooling. For
the same reason, the depth of the grooves is 1 mm bigger than the
designed sapphire penetration depth. The inner cylindrical volume is
formed by combining the two side halves. The resulting cylinder has
an inner radius of 29 mm, while from the outside the structure has a
rectangular section. Three 1 mm diameter venting holes are also drilled
on one end cap for every separate volume that is formed in the interior
of the assembly. All the copper parts were polished by chemical etching
before being mounted.

When the two lateral sides are joint together and blocked with M5
non magnetic stainless steel (AISI 304) bolts, the two end caps can
still be moved independently and fastened. This allows for the easy
positioning of the sapphire cylinders while keeping one end cap out.
The cavity is normally operated keeping its axis vertical. For this reason
no specific holding system for the sapphire tubes has been designed yet,
and so they just keep their positions through gravity.

Three photographs of partial assemblies of the dielectric cavity are
shown in Fig. 11. The final assembly of the sapphire shells is done with
only one end-cap removed and the cavity in the vertical position.

4. Experimental characterization of dielectric cavity resonant
modes

We characterized the resonant modes of the dielectric cavity at
LNL in a LHe-cryostat at 5.4 K. We connected the cavity to two
fixed antennas subcritically coupled to the pseudo-TM030 mode and
placed it inside a vacuum chamber designed to allow operation in-
side cryogenic dewars. The vacuum chamber is equipped with two
rf feedthroughs and a thermometer measuring the temperature of the
cavity. The thermometer was mounted on the external surface of the
resonant cavity, thermally coupled to it. The temperature scale was
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Fig. 11. Partial assemblies of the dielectric cavity.

Fig. 12. Measured spectrum of the resonant modes of the dielectric cavity at 5.4 K
(continuous line) and 300 K (dashed line). The pseudo-TM030 is the lowest-frequency
peak, among the strong ones, and the pseudo-TM031 is the subsequent one.

calibrated within 1 K. The spectrum of the resonant modes, measured
at 300 and 5.4 K with a Vector Network Analyzer (VNA), is shown
in Fig. 12. We select the pseudo-TM030 as the lowest-frequency peak
with strong coupling with the dipole antenna. At room temperature the
pseudo-TM030 mode has a frequency ⌫030 = 10.886 GHz with quality
factor Q030 = (150, 000 ± 2000) where the uncertainty is estimated
from repeated measurements. The second peak at higher frequency
corresponds to the TM031 mode. The observed mode-frequencies are
in agreement with the values obtained in the simulated spectrum
shown in Fig. 6, corresponding to 10.915 GHz and 10.975 GHz for
the modes TM030 and TM031, respectively. A low exchange-gas pres-
sure, about 10*5 mbar, guaranteed slow cooling, preventing damages
due to differential contractions of copper and sapphire. Because of
thermal contractions, changes in the positions of the sapphire tubes
in their housings and variation of the sapphire dielectric constant, we

Table 3
Measured frequency and quality factor.
T ⌫ Q

300 K 10.886 GHz (150, 000 ± 2000)
5.4 K 10.916 GHz (720, 000 ± 10, 000)

observed drifts and crossings of modes which were however followed
by continuous measurement of the transmission spectrum. At 40 K the
mode frequency reached a plateau at ⌫030 = 10.916 GHz with quality
factor Q030 = 320, 000. We then added few mbar of He gas to speed
up the cooling that soon stopped at 5.4 K. Transmission and reflection
parameters taken at this temperature are shown in Fig. 13 as measured
from the port with higher coupling to the cavity, while on the other port
the reflected signal was barely visible. The measured loaded quality
factor is QL = 632, 000. The unloaded quality factor is calculated as
Q030 = (1+k)ùQL where k Ì (1*S11(⌫030))_(1+S11(⌫030)) is the coupling
to the antenna. We obtain Q030 = (720, 000 ± 10, 000) a very large
quality factor if compared with copper cavities at these frequencies and
temperatures with typical quality factor of less than 100,000. The error
reflects the stability of the measurement in time and the uncertainty on
the determination of the coupling k. We also observed a 10% variation
by moving the whole cryostat in order to change the alignment of the
sapphire tubes. However, missing a mechanical-movement system in
our setup, we could not investigate this effect further and we postpone
it until the movement system will be available. The measured quality
factor and frequency are summarized in Table 3. Among the causes that
may have reduced the quality factor estimated in our simulations are
the 0.2 mm eccentricity of the larger tube, as discussed in Section 3, or
to higher losses in the sapphire due to a loss tangent equal to 7.2ù10*6.
This value is larger than that observed in [22] but compatible with the
measurement in [23].

5. Conclusions

We realized a dielectric resonance cavity composed of two con-
centric sapphire hollow-tubes housed in a copper cavity. Placing the
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Tuning simulations:  500 𝑀𝐻𝑧
with Δ𝑥 = 1.5 𝑚𝑚

§ Concentric sapphire hollow-tubes
housed in a copper cavity

𝜈)() = 10.916 𝐺𝐻𝑧

𝑄) = 720 000

at 𝑇 = 5.4 𝐾
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LNL AMPLIFICATION

arXiv:2101.05815

§ Employment of a TWPA provided by collaborating group of Nicolas Roch (Grenoble),
based on superconducting nonlinear asymmetric inductive elements (SNAIL)
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§ Amplification over a large bandwidth (> 1 𝐺𝐻𝑧)
§ Noise temperature of about 2 photons

about
20 dB gain
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LNF AMPLIFICATION and MULTICAVITY SCHEME

Fabricated byTL + SQUIDs array

Traveling Wave Josephson Parametric Amplifier

Almost
40 db gain
(at single freq)
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TUNABLE CAVITIES

246 m
m

 

R 13.51 mm

Mode: TM010
Frequency: 8.578 GHz (at 0 deg)
Rod Rotation: from 0° to 80°
Frequency Shift: from 8.578 GHz to 8.854 GHz 
Tuning: ~ 276 MHz

Simulation of Copper cavity
tuned with a conductive rod
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➤ QUAX a-𝛾 has recently menaged to reach the QCD band

➤ We’re at work to:

§ Develop new resonant cavities

§ Handle quantum amplification

§ Improve cryogenics and magnets
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LNF

LNL

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

Quax 2025 projection: 2 GHz scan to the KSVZ line

CONCLUSIONS

23



THANK YOU!


