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Abstract: We describe the results of a haloscope axion search performed with an 11.7 T
dipole magnet at CERN. The search used a custom-made radio-frequency cavity coated
with high-temperature superconducting tape. A set of 27 h of data at a resonant frequency
of around 8.84 GHz was analysed. In the range of axion mass 36.5676 µeV to 36.5699 µeV,
corresponding to a width of 554 kHz, no signal excess hinting at an axion-like particle was
found. Correspondingly, in this mass range, a limit on the axion to photon coupling-strength
was set in the range between gaγ ≳ 6.3 × 10−13 GeV−1 and gaγ ≳ 1.59 × 10−13 GeV−1 with
a 95% confidence level.
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1 Introduction

The QCD axion is a theoretically well motivated, hypothetical pseudoscalar particle beyond
the Standard Model of particle physics. In addition to providing a solution to the strong
CP problem [1–3], axions are an ideal candidate for dark matter [4–8]. If axions are created
in a post-inflationary scenario, their present cosmic density and required mass, and their
corresponding coupling to photons, can in principle be computed (see for example [9]).
Numerical simulations have indicated a mass of around a few tens of µeV, with recent
work pointing to higher masses [10], although with substantial uncertainties related to the
production of cosmic defects and possible non-standard expansion histories of the early
Universe. This motivates the search presented here and numerous other set-ups. A full list
of results of haloscope searches is maintained in [11].

Various experimental techniques have been developed in the search for QCD axions as
dark matter candidates. Many rely on the inverse Primakoff effect [12]. Following the original
haloscope proposal by P. Sikivie [13], a radio-frequency (RF) cavity immersed in a strong
external magnetic field is used to detect a resonant photon produced through the interaction
of the axion and magnetic fields. Led by the ADMX collaboration [14], the parameter space
around a few µeV has been probed down to the coupling values implied by the benchmark
KSVZ and DFSZ models (see [15] for a recent overview).

One of the main limitations of these techniques are the noise sources determining the
effective temperature at which the resonant cavity signal can be extracted. This constrains the
experimental sensitivity and the limiting value of the coupling constant gaγ that can be reached
by the experiment. Many ideas have been developed to reduce the noise level and to increase
the signal by maximising the magnetic field, cavity quality factor and other parameters [16–22],
leading to the exclusion of an impressive parameter space in the µeV region.

To search at higher axion masses, resonant cavities become smaller as the inverse
proportion of the mass, reducing the sensitivity to gaγ because of the smaller volume, and also
because the quality factor of the resonant cavity can be reduced with increasing frequency.
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Hence, other techniques have been proposed above ≈ 50 µeV, such as the MADMAX concept,
a series of dielectric plates that can coherently radiate an axion field, assembled in a ‘booster’
that amplifies the signal and enables an axion scan between 50 and 100 µeV [23]. Another
proposed experiment, ALPHA [24], aims to exploit plasma properties at relatively large
axion masses.

The region between a couple of µeV and 50 µeV is a challenging one where cavities are
reduced in size and therefore have lower quality factors due to worsened surface-to-volume
ratio. In order to increase the volume at high resonant frequencies, the RADES collaboration
(Relic Axion Dark matter Exploratory Set-up) has developed multi-cell cavities. A first axion
search analysis was realised with a cavity array immersed in the 9 T CAST dipole magnet
at CERN, and results were reported in [25].

Here we explore the prospects of increasing the quality factor of small cavities by using
high-temperature superconducting (HTS) tapes, and present a search in the region centered
around 36.5687 µeV. The SM18 magnet at CERN, reaching a magnetic field value of 11.7 T,
was used [26]. Although no frequency tuning was planned1 in advance, a small amount of
tuning occurred owing to temporal pressure variations in the helium bath inside the magnet,
which led to an effective tuning of our system over a 312 kHz frequency range.

A technical article on the performance of ReBCO (Rare-earth Barium Copper Oxide)
tapes that were used has been previously published [28]. We note that this is not the first
report of the use of superconductors to boost quality factors of cavities: in [29] a NbTi cavity
was used at 2 T, and the CAPP experiment also used YBCO tapes2 [30]. The novelty of our
measurement lies in the fact that the data was taken in an 11.7 T magneto static field.

In this work we also present an analysis pipeline that introduces new novelty elements
like the usage of Principal Component Analysis to deal with the background noise produced
by the electronics. This method showed promising results for non-standard background noise
and has a lower impact on the axion line-shape compared to the standard Savitzky-Golay
approach. Moreover, a modified Lorentzian analytical function was developed to better
handle the power spectra produced with the new procedure.

This article is structured as follows: in section 2, we describe our measurement set-up
and the concepts underlying the cavity design, and we provide the relevant cavity and
environmental parameters. Section 3 details the data selection and the analysis procedure.
Results of the axion search are given in section 4. The conclusions are presented in section 5.

2 RADES HTS cavity and experimental set-up

2.1 Cavity, HTS tapes and data acquisition

As reviewed in [31], previous results obtained in RADES relied on the use of cavities similar
to microwave filters, i.e. with irises in between smaller sub-cavities. For this search, a quasi-
cylindrical cavity shape was used. It was designed by adapting a rectangular cavity geometry

1Such tuning is utilised at CAPP-HeT-SC, see [27].
2Although, the CAPP cavities are designed for a solenoid magnet. They, therefore, use a different mode

with a different geometric factor. The resonance frequency (∼6.9 GHz) is lower than the RADES cavity
(∼8.8 GHz).
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Figure 1. Left: direction of the surface currents (red showing the region of maximum surface current
flow) for the TE111 mode (axion mode) from CST Studio Suite® simulations. Center: the cavity
assembly prototype uncoated and a coin for size comparison. Right: the copper coated cavity covered
with ReBCO tape. The cavity body has an inner length of 80 mm, a width of 18.8 mm, and a height
of 24 mm. The corners are rounded with a radius of 9 mm.

by rounding the corners, allowing easy coating with the superconducting tapes. The left
hand side (l.h.s.) of figure 1 shows a simulation of the surface currents flow in the cavity for
the TE111 mode (axion mode) of the cavity employed in this search. The current flows are
maximal along the long side of the cavity and minimal at the rounded ends of the cavity.
The cavity is cut along the electrical field lines such that no currents flow across the gap of
the cavity halves. The middle picture of figure 1 shows the cavity prototype assembled before
coating, and the right image shows both cavity halves coated. A first layer of copper coating
was applied. A high temperature superconducting tape, ReBCO provided by the company
THEVA [32], with the critical magnetic field above 100 T, was taped on the inner surface
omitting the rounded ends. In this region, the surface currents are shallow, and having only
copper in this region affects the cavity’s quality factor by less than 8 % [28].

The coating of the cavity was performed at ICMAB [33] in Barcelona where a method
was developed to solder the tapes in the cavity with the substrate side facing outwards.
Subsequent substrate removal exposed ReBCO to the RF field. The distribution of the
superconducting ReBCO material in the cavity ensured that no RF currents were crossing
the tapes. This method was previously tested on small flat samples and showed good results
in performance compared to copper in magnetic fields up to 9 T, see [34, 35].

The quality factor of the cavity coated with HTS tape improved by a factor of 1.5
compared to a copper cavity and was therefore used for data taking. This value was lower
than predicted. Without magnetic field, we expected an improvement of Q0 compared to the
copper reference cavity by a factor of 5-6, but we only measured an improvement by a factor
of 2 without magnetic field and 1.5 with magnetic field. The reason for the lower quality
factor is the bending radius of the cavity geometry as it is smaller than the critical bending
radius of the tape used. As we know, coated conductors lose their superconducting properties
below the critical bending radius [36, 37]. Studies to improve this value are ongoing. More
details on the cavity design and coating method can be found in [28].

Here we summarise the parameters of the cavity design which are relevant to the axion
search analysis, such as the volume V and the form factor C representing the overlap of the
magnetic field with the resonant mode [25]. Both depend on the cavity geometry and are
minimally affected by uncertainties like the thickness and quality of the soldering, fabrication
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Figure 2. Left: experimental set-up for RADES axion data-taking in a 11.7 T dipole magnet at
CERN’s SM18 hall in superfluid helium. Right: Wiring diagram of the set-up in the configuration for
noise floor measurements to determine the noise temperature and for the quality factor measurements.

errors, and coating thickness. The cavity consists of a 316LN stainless steel main body (with
fabrication uncertainties 20 µm) coated with a 30 µm thick copper layer to which soldering
tin and ReBCO tape (thickness (40 ± 5) µm) were attached. Considering all these layers and
the contraction of the stainless steel body by 0.3% through a temperature change from 300 K
to 4 K [38], the volume was calculated to be V = 0.0288 ± 0.0002 L and the form factor
C = 0.634 ± 0.001 using simulations in CST Studio Suite® [39].

For data-taking, the cavity was connected to a cryogenic low noise amplifier from Low
Noise Factory of type LNF-LNC6-20C [40], which was connected to the data acquisition
system (DAQ) from TTI Norte [41]. The DAQ consists of an analog and a digital stages.
The analog part amplifies the input signal with a 54.4 dB LNA and then converts it to an
intermediate frequency centered at 140 MHz using a Local Oscillator (LO). The digital stage
has a bandwidth of 12 MHz with a bin resolution of 4577 Hz, see [25, 42].

2.2 High field dipole magnet

The HTS cavity was immersed in the bore of a 2-m long dipole magnet in a single coil
configuration which can reach magnetic fields higher than 11 T; for more details see [26].
Another copper-coated cavity of the same design was concurrently installed and served as a
“monitoring” cavity. A Hall sensor (Arepoc HHP- NPs) attached to the cavities assembly
allowed the alignment of the cavities in the magnetic field before the cool-down of the magnet
and measurements of the field during operation. One copper cavity surface was aligned
with the Hall probe, and the HTS cavity was lined up with the copper cavity. At ambient
conditions, the static magnetic field at a very low current was surveyed with the Hall probe to
find the axis of the magnetic field. We expect less than 5 % deviation of the field compared to
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the maximum B-field. This deviation is taken into account in the errors. During data taking,
the magnet was kept at a current of I = 11 850 A, corresponding to a magnetic field B = 11.7
± 0.1 T which is constant along the cavity. The magnet and the cavity assembly were inserted
in a cryostat filled with liquid helium. The l.h.s. of figure 2 shows the experimental set-up.
The helium in the magnet bore was superfluid and the cavities were kept at a temperature of
T = 1.897 ± 0.008 K during data-taking. A Cernox resistance sensor was attached to each
cavity for temperature measurement. The fluid around the cavity ensured the temperature
was constant over the cavity length.

During the data-taking period the pressure of the system fluctuated over a range of
p = 1.27 to 1.36 bar, causing a slight variation of the helium relative dielectric constant,
εr (1.9 K, 1.36 bar) = 1.058 (calculated from HEPAKTM [43]) of less than 0.01 %. This
resulted in a tuning of the resonant frequency over a range of 312 kHz. The pressure during
the data taking depended on installations in the SM18 hall at CERN and the resulting
environmental noise conditions, and was most stable during the weekend and at night, when
most of the data were acquired.

2.3 Performance parameters

Besides volume and form factor, essential performance parameters for the axion search
are the quality factor, coupling, amplification, and noise temperature. To enable a direct
measurement of these parameters, a microwave switch was installed in the set-up.

The cavity has two ports, while one port is weakly coupled (terminated for the axion
search - port (1)), we aim for critical coupling at the second port (strongly coupled - port(2)),
i.e., a coupling between the cavity and the receiver chain of β = 1.0. To minimise the
attenuation of the signal coming from the cavity, the strongly coupled port was chosen to be
as close as possible to the amplifier. For this reason, the top port in figure 2 is the strongly
coupled port. This port was connected to a switch by a copper RF cable of l = 1.0 ± 0.1 m
length. A cryogenic low-noise amplifier was connected directly to the switch allowing to bypass
the amplifier to perform resonant frequency and quality factor measurements and obtain
QL and β. The quality factor and coupling were monitored on two subsequent days before
the data-taking using a vector network analyser (VNA), this will be labelled as calibration
data. By measuring the transmission coefficient S21 a loaded quality factor of QL = 36 656 ±
1832 was obtained3 and a coupling of β = 0.81 ± 0.04 at 11.7 T by measuring the reflection
coefficient S11 [44]. Both values remained constant within their error bars for a frequency
range of 295 kHz during the period we monitored the Q-value.

Figure 3 l.h.s. shows one set of S-parameter of the calibration measurements that were
performed in the experimental set-up in comparison to simulations. They are in good
agreement, which was necessary since the form factor was calculated using simulations.
Moreover, the neighbouring resonances are at 7.97 GHz and 9.05 GHz. Any type of mode
mixing can be excluded. Figure 3 r.h.s. shows the unloaded quality factor versus magnetic field,
which displays no hysteresis during ramp-up and ramp-down, demonstrating the robustness of
the magnetic flux configuration at these high magnetic fields where the HTS is fully saturated.

3A 5% uncertainty was taken for QL and β to account for the systematic uncertainties of the system.
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Figure 3. Left: comparison of the measured S-parameters (transmission S21 - green, reflection S22
- yellow) and the simulated S-parameters (transmission S21 - red, reflection S22 - blue) of the HTS
tape cavity. The measured S-parameters were used for quality factor and coupling calculation of
the HTS cavity during the calibration measurements at 1.9 K and 11.7 T. For the plot, cable losses
were calibrated after the measurement. Right: unloaded quality factor versus magnetic field for the
HTS tape cavity at 1.9 K for ramp-down and subsequent ramp-up in comparison to a copper coated
reference cavity of the same shape at zero magnetic fields.

To determine the noise temperature of the system a direct power method was chosen.
Therefore, it was important to know the gain of the low noise amplifier (LNA). Thanks to the
switch, it was possible to inject an RF signal in the cavity and measure the outgoing power at
the other port. This could be done by going through the amplifier once and by-passing it for
a second measurement. Since the cables in both lines are almost of the same length (1.70 m
for the bypassing line versus 1.80 m for the amplifier line) it allowed good measurements
of the gain, which was measured to be 37.4 ± 0.9 dB.

To measure the noise floor of the cryogenic low noise amplifier (LNA), the LNA was
terminated with a 50 Ω cold load that was connected to the RF switch as shown in the wiring
diagram in the right hand side (r.h.s.) of figure 2. For this measurement, another room
temperature amplifier (54.4 dB) connected between the LNA and spectrum analyser (SA)
had to be added to amplify the RF signal above the noise floor of the spectrum analyser. A
wiring diagram for the noise floor measurement of the LNA, by-passing the cavity, is shown in
the right hand side (r.h.s.) of figure 2. The noise floor was measured to be -71.1 ± 0.2 dBm.
With this value the noise power Pamp of the LNA taking into account the attenuation from
the cables and the gain provided by the amplifiers was calculated using equation (2.1) to
Pamp = 157.8 ± 1.9 dBm which corresponds to a noise power density of Pd = 0.05 dBm Hz−1.

Pamp[dBm] = NF − GainLNA − GainDAQ + Cablescryo + Cableswarm (2.1)

A list of the contributions for this calculation can be found in table 1.
The cable attenuation at 300 K and 10 GHz is quantified by the vendor as 1.45 dB m−1 [45].

In this set-up, the cables have a temperature gradient from 1.9 K to 300 K and the measurement
was performed at frequencies below 9 GHz. Therefore the cable attenuation is expected to
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Parameter Value Unit

Noise floor -71.1 ± 0.2 dBm
Gain LNA 37.4 ± 0.9 dB

Gain DAQ amplifier 54.4 ± 0.3 dB
Cryogenic cables -3.1 ± 0.4 dB

Warm cables -2.0 ± 0.1 dB

Noise power Pamp -157.8 ± 1.9 dBm

Table 1. List of contributions used for noise power Pamp calculation with direct noise measurement
method.

be smaller than given in the datasheet, especially in the 1.9 K region. During operation,
the cable attenuation for the amplifier line could not be measured, but the S-parameters
from the line cavity port (2) - switch - VNA gave an estimate of the attenuation. An
attenuation of 3.1 ± 0.4 dB for the 3.7 m long cable chain was measured. The attenuation of
the cable chain including the amplifier was estimated to have the same attenuation, which
is a very conservative approach. Finally, the amplifier noise temperature was calculated
using equations (2.2) and (2.3).

Pamp[W] = 1/1000 · 10
Pamp[dBm]

10 (2.2)

Tamp = Pamp
kb · ∆ν

(2.3)

Where kb is the Boltzmann constant and ∆ν the bandwidth corresponding to 3 kHz for
our measurement. The noise temperature of the LNA was calculated to be Tamp = 4.1 ±
0.8 K. This value is in good agreement with the noise temperature given in the datasheet
of the amplifier (3.5 K at 9 GHz) [40].

To take into account the contribution of the cable from the cold attenuator to the
amplifier (90 mm length, losses of 0.2 dB), the formula for the noise temperature of the
amplifier is given by:

Tamp-new = (L − 1)Tamb + Tamp, (2.4)

where Tamb is the physical temperature of the cable (2.1 K), and L is its linear loss factor
(1.05). The new noise temperature of the amplifier would be 4.2 K.

To obtain the system noise temperature the contributions of the physical temperature
of the cavity (Tcav = 1.9 K) and the thermal noise attenuated by 27 dB injected through
the weakly coupled port (Tcoupling = 300 K/500 = 0.6 K), need to be added to the amplifier
noise temperature [46].

Tsys = Tamp-new + Tcav + Tcoupling (2.5)

This results in a system noise temperature of Tsys = 6.7 ± 0.8 K. The total noise temperature
is primarily determined by the noise temperature of the cryogenic amplifier, as its high gain
minimizes the contribution of subsequent stages.

– 7 –
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Due to the fact that access to the experimental facility was restricted in certain measure-
ment intervals, it was necessary to measure the described performance parameters outside
the data-taking interval.

3 Selection and analysis of data

The data used for this analysis were collected between the 13th and 15th of November 2021.
A power spectrum was taken every t = 5.368 68 s and consists of 2622 frequency bins in
a 12 MHz span centred at the intermediate frequency (IF) of 140 MHz. The LO frequency
can be set using the following equation:

IF = x0 − LO, (3.1)

where x0 ≈ 8.842 GHz is the centre frequency of the cavity. The LO frequency was switched
once per hour between two different LO frequencies (l1 = 8.700 481 644 GHz and l2 =
8.704 143 756 GHz). This was done in order to sample amplifier noise that was later used
to remove part of the electronic background as described below. With these two LO values
we made sure there was enough separation between the position of the cavity peak at the
IF range as shown in the l.h.s. of figure 5. For this analysis we used approximately 27 h
at l1 and 22 h at l2.

The analysis in this paper was designed following a special procedure with the goal of
removing the electronic systematic of the read-out system. The analysis steps are outlined
as follows:

1. Division of the power spectra of l1 by the average spectrum of l2.

2. With a DAQ calibration sample, characterise the cavity spectral profile, the electronic
background (EB) and its time variability using Principal Component Analysis (PCA).

3. Remove the EB of the data-taking power spectra using a fit function based on a modified
analytical Lorentzian function and the PCA.

4. Combine the individual spectra using a weighted sum to construct the Grand Unified
Spectrum.

5. Remove the remaining systematic structure using a Savitzky-Golay (SG) fit.

6. Search for an axion by fitting its lineshape to the spectrum.

7. If no signal is observed, a 95% confidence level exclusion plot is created using Bayesian
statistics.

Detailed description of steps 1, 5 and 6 can be found in [25]. In this work we will focus on
the improvements made over previous analysis to remove the EB and the systematic residual.

In the off-the-shelf DAQs known to us, there is always a limit to the amount of hours
that can be combined before a systematic residual becomes larger than the statistical
noise fluctuations. Having a good control and understanding of this systematic residual is

– 8 –
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fundamental for the axion signal sensitivity to be limited by the statistical noise fluctuations
rather than the EB.

Our 12 MHz span for a single power spectrum is larger than the average span of other
axion experiments which is between 1 and 5 MHz. This allowed for the cavity response at
the two different IF to be completely covered within these 12 MHz, as shown in the l.h.s. of
figure 5. This let us do the first step of the analysis pipeline. Moreover, l1 and l2 did not
need to be tuned during the data-taking period because the tuning range of the cavity centre
frequency was completely covered by the frequency span of the DAQ.

However, it turned out that the custom-made electronics of our DAQ imprinted a
characteristic wave-like EB (see the l.h.s. of figure 5) to the signal. The standard axion search
analysis steps described in [47] could not account for that EB and the associated systematic
residuals produced by the DAQ, in particular its time variations which prevent a simple
calibration and removal. We therefore investigated other ways of handling the correction
of these structures, and we opted for using PCA.

To characterise this EB of the DAQ, we took calibrating data using a noise source as
an input signal. The gain curve was computed using the following equation:

G = Ph − Pc

Th − Tc
, (3.2)

where Ph and Pc are the powers measured by the DAQ when the noise source was on and
off, respectively, and Th and Tc are the noise equivalent temperatures for the noise source
on and off, respectively.

A set of 13 gain curves was produced to perform the PCA, a statistical technique that
performs a linear transformation of the original data into a new coordinate system where
the variation of the data is described by its Principal Components [48]. The gain curve
measurements were done outside the SM18 environment after the data-taking period was
finished. Figure 4 shows the PC of the EB. Time variations of the EB during the data-taking
period can then be modelled as a linear combination of the PC. A SG filter [49] (with W
= 141 points and a polynomial degree N = 3) was applied to the PC to smooth out the
noise fluctuations in the measurements to produce the gain curves. The optimum SG fit
parameters (W, N) were identified by scanning the parameters and comparing the residuals
distribution for each combination of parameters with an expected Gaussian distribution.

Note that the spectra used to create the PC and characterise the EB were produced using
independent sets of data taken when the DAQ was isolated from the rest of the experimental
set-up. This is an advantage compared to the previous axion search in RADES, where the EB
is removed only with a SG fit applied directly on the data: the PCA helps remove systematics
without causing any attenuation of any possible axion signal.

In ideal conditions, the resonance peak of a haloscope can be described using a Lorentzian
function. However, our data could not be fitted in this way. Instead, we noticed the data
could be fitted by a Lorentzian function multiplied by a linear term (see equation (3.3)). We
attribute this modified cavity resonance profile to the presence of reflecting waves between
the cavity and the low noise amplifier (LNA) due to the lack of a RF isolator between the
two of them, although we were unable to positively identify the source of this modification.
A linear term multiplying the Lorentzian function is used, which is found to fit the measured
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Figure 4. In blue the first eight principal components of the DAQ gain curve. In orange the SG fit
applied to them to smooth out the noise fluctuation.

profile perfectly as far as the measurement noise allows us to tell. Following this approach,
each spectrum obtained after performing step 1 of the analysis, denoted as δd

ik, where i
represents the i-th spectrum and k the physical frequency (PH = IF + l1), was fitted with
the following function:

f(x) =
((

1 +
A0(1 − (x−x0

D1
))

1 + (x−x0
D1

)2

)
/

(
1 +

A1(1 − (x−x1
D2

))
1 + (x−x1

D2
)2

))
× (a0 + a1 · x + p1 · gPC

1 (x) + p2 · gPC
2 (x) + . . . + p7 · gPC

7 (x)) ,

(3.3)

where the first two terms describe the modified Lorentzian functions measured at the two LO
frequencies. The amplitudes are given by A0 and A1, x0 and x1 are the centre frequencies
for the two LOs, and D1 and D2 are their full widths at half maximum. The gPC

s (x) (s
= 1,. . . ,7) are the SG fits of the PC (see orange line of figure 4). The ps represent the
weights given to each PC.

To make sure that the fit gave meaningful values for x0 and Q-loaded, the calibration
measurements (see figure 3) were used to compare the values measured by the VNA (which
are described by a standard Lorentzian function with a well known physical model) with
the ones given by the fit function. The centre frequency x0 was similar for both Lorentzian
models, while the Q-value of the modified Lorentzian was higher by an offset of around 9500.
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Figure 5. Left: typical spectra for two different LO frequencies (l1 = 8.700 481 644 GHz in blue and l2
= 8.704 143 756 GHz in orange). Upon changing the LO frequency, the cavity resonance peak changes
position in the IF frequency. Right: in blue an example of a δd

ik spectrum obtained by the division of
two spectra taken at two different LO frequencies. In red the fit function produced by equation (3.3).

The Q-values given by the fit during the calibration were similar within uncertainties to the
ones measured during the data-taking period. Since the offset is known, the real physical
Q-loaded during data-taking corresponds to the value measured with the VNA during the
calibration and this value was the one used for the exclusion limit described below.

The r.h.s. of figure 5 shows a fit function on top of one δd
ik spectrum. The δd

ik spectra
are then divided by their corresponding fit function and centred at zero:

δn
ik = δd

ik

fik
− 1. (3.4)

If the fit is able to remove the EB, the δn
ik spectra should be samples of a Gaussian

distribution centred at µ = 0 and standard deviation σt = 1/
√

∆ν · t, where ∆ν =4578 Hz is
the resolution bandwidth of a single bin and t = 5.368 68 s is the integration time of each
spectrum. The l.h.s. of figure 7 shows the histogram of all δn

ik/σt.
As described in section 2, pressure changes inside the cryostat resulted in a tuning range

of 312 kHz.4 To obtain an adequately weighted spectrum accounting for this tuning, the
spectra were re-scaled by Lorentzian functions denoted Lik

5

Lik(x) = 1
1 + 4Q2

L(x/x0 − 1)2 , (3.5)

where the centre frequency used is the x0 value given by the fit to each individual spectrum
(see equation (3.3)), and QL is the loaded quality factor, with the value of QL = 36656
measured with the VNA during the calibration measurements done before the data-taking

4Almost 85 % of the time was taken within a narrower effective tuning range of 55 kHz.
5Note that the Lorentzian Lik is normalised to 1 at x = x0, to match the axion power Pa given in

equation (4.5) at the resonance frequency.
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period as detailed in section 2. The re-scaled δs
ik and standard deviation σs

ik were computed as:

δs
ik = δn

ik

Lik
, (3.6)

σs
ik = σn

i

Lik
. (3.7)

Here, the noise of each spectrum i, σn
i , is not the theoretical value σt, but is instead computed

directly from the dispersion of the frequency bins in each spectrum; in practice there are
small jumps in this dispersion at the level of ∼ 2% caused by small systematics, but in any
case changing this noise does not change our results significantly.

The weighted Grand Unified Spectrum (GUS), shown in the l.h.s. of figure 6 can be
computed using the weighted sum of the power spectra [47]:

δg
k =

∑
i

δs
ik · wik, (3.8)

where the weights wik are given by

wik = (σs
ik)−2∑

i′(σs
i′k)−2 . (3.9)

The standard deviation of the weighted GUS spectrum is similarly computed as

σg
k =

√∑
i

(σs
ik)2 · w2

ik. (3.10)

However, σg
k needs to be corrected due to the fact that on the first analysis step the

spectra are divided by the average spectrum of l2, which has its own noise fluctuation
σl2 = 1/

√
∆ν · tl2 , where tl2 = 22 h is the total time taken for the spectra with local oscillator

l2. The corrected standard deviation is given by:

σg∗
k =

√
(σg

k)2 + (σl2)2. (3.11)

For the frequency range of interest (see section 4), we find that the GUS that is obtained
with this procedure still contains a systematic which dominates over the statistical fluctuations,
originating from residual EB (see l.h.s. of figure 6). A SG fit (labelled δSG

k ) with W = 27 and
N = 3 was done to characterise this residual. The residual was removed to create the final
weighted GUS (δf

k = δg
k − δSG

k ). The r.h.s. of figure 6 shows the result after the systematic
residual was removed. The histogram of the normalised spectrum (δf

k /σg∗
k ) exhibits the

expected Gaussian distribution (see r.h.s. of figure 7).
This procedure induces an attenuation and distortion of the axion signal (see section 4),

but the effect is smaller than the one evaluated in our previous analysis [25], where the SG fit
was done with W = 15 and N = 3. A larger window moves the cut off frequency of the SG
filter to lower frequencies reducing the attenuation of the axion signal [42], an improvement
that is obtained thanks to the PCA that we have applied. Moreover, with this new analysis
approach the EB and systematic residual removal was achieved for the whole frequency span
of our DAQ. This allows the analysis procedure to work on a broader frequency range.
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Figure 6. Left: in blue the weighted GUS δg
k. The distribution is inconsistent with a statistical

noise distribution. The SG fit appears in orange. Right: final weighted GUS δf
k resulting from the
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4 Results

We now proceed to analyse the section of the GUS that has the highest signal-to-noise
ratio and is therefore most interesting to limit any possible presence of an axion signal. We
choose a frequency interval to cover the tuning range of the central frequency of the cavity
in the data set that we have analysed, plus the frequency interval for which the sensitivity
drops by 3 dB from the maximum of the Lorentzian peak, on either side. This corresponds
to a total frequency interval of 554 kHz, from approximately 8.842 01 GHz to 8.842 56 GHz,
shown in the r.h.s. of figure 6.

To test for the presence of any possible axion signal with the theoretically expected form
of the axion line shape for our Galactic halo, we use a discretised version of the modelled
axion line shape [47]:

Dq =
∫ νa+q∆ν

νa+(q−1)∆ν
f(ν)dν, (4.1)

where νa is the axion frequency, q labels the bin number, ∆ν the resolution bandwidth and
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Figure 8. Left: normalised power of the distorted and attenuated axion line shape. Right: amplitude
A (in units of normalised power excess) of the axion signal provided by the fit for each of the probed
axion frequencies.

f(ν) is the normalised frequency line profile based on the standard isothermal spherical
dark matter halo model [47, 50]. We then apply the same SG filter that is applied to the
data to remove the systematic electronic residual in order to obtain the attenuated and
distorted axion line shape (as described in [42]), Dd

q . The resulting model line profile is
shown in the l.h.s. of figure 8.

This model fit function,

y = A · Dd
q , (4.2)

where A (the only free parameter in the fit) is the amplitude of the axion signal, is then
used to search for an axion signal on the weighted GUS.

The r.h.s. of figure 8 shows the value of A obtained at each frequency step of width ∆ν.
The largest excess in the amplitude plot has a 2.10σ local significance. A search including
a misalignment (δνa) within a bin width between the axion frequency νa and the DAQ k

frequencies yielded the highest outlier at a local significance of 2.12σ only. Thus no significant
signal above statistical fluctuations was observed.

The amplitude of the upper limit (AUL) was computed using Bayesian statistics [25]:

1
N

∫ AUL

0
e−(
∑

k
S(δf

k
,A)/2)dA = 1 − α, (4.3)

where N is the normalization factor, S(δf
k , A) is the χ2 function (both given in [25]) and 1-α

is the credibility level (CL) of the upper limit. For this analysis a 95% CL was used.
By multiplying the AUL values by the noise power (PN = kbTsys∆ν), we convert them

into power values. An exclusion limit is established using:

AUL · PN = Pa (4.4)

and the conversion power Pa is given by:

Pa = g2
aγρa

1
ma

B2V C
β

1 + β
min(QL, Qa)η, (4.5)
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Parameter Symbol Value

Axion DM Density ρa 0.45 GeV cm−3

Total cavity volume V (0.0288 ± 0.0002) L
Magnetic field B (11.7 ± 0.1) T

Loaded quality factor QL (36 656 ± 1832)
Coupling factor β (0.81 ± 0.04)

Form factor C (0.634 ± 0.001)
Cable attenuation η (0.85 ± 0.04)
Noise Temperature Tsys (6.7 ± 0.8) K

Table 2. List of the environmental parameters used for the computation of the upper limit on the
axion-photon coupling.

where gaγ is the axion-photon coupling, ρa = 0.45 GeV cm−3 [51] is the local dark matter
density, ma is the axion mass, B is the magnetic field strength, V is the volume of the cavity,
QL and Qa are the loaded cavity and axion quality factor respectively, C is the geometric
factor, β is the coupling coefficient between the cavity and the receiver chain and η is the
attenuation factor between the cavity output port and the LNA, which was estimated from
the cable data sheet. Table 2 summarises the values used for this analysis. Note the largest
error in these experimental parameters affecting our upper limits is that in Tsys, and that
we do not include any error in the DM density ρa.

An exclusion limit between gaγ ≳ 6.3 × 10−13 GeV−1 and gaγ ≳ 1.59 × 10−13 GeV−1

was obtained for the range 36.5676 µeV < ma < 36.5699 µeV. The error propagation of the
experimentally determined physical quantities included in equation (4.5) is used to determine
the magnitude of the systematic uncertainties. These uncertainties are represented as the
green band in the insert of figure 9. They were disregarded in the estimation of the exclusion
limit since they account for less than 10% of the error.

Figure 9 shows the result of this analysis in the context of other haloscope searches:
a competitive limit is set by RADES at an axion mass slightly lower than the QUAX
results [19, 29, 52] and above the highest ADMX-Sidecar limit [53].

5 Conclusions

This work presents the analysis and results of the first data-taking campaign of the RADES
group with a superconducting RF cavity. The use of a ReBCO taped cavity increased the
quality factor compared to an usual copper coating by 50 %. Other studies have shown that
this type of superconducting coating can yield an even higher increase of the quality factor,
but this was limited here due to the 9 mm curvature radius of the cavity corners. There is a
pathway we have started to overcome these limitations. Firstly, we are changing the tape
provider to Fujikura, which has a critical bending radius smaller than the bending radius of
the cavity. Together with an upgraded coating procedure for a new cavity we demonstrated a
quality factor improvement by a factor of five with no magnetic field applied [63]. Secondly,
if one wants to reach even higher quality factors, there are two main aspects that have
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Figure 9. Axion mass versus axion-photon coupling phase-space. In blue the RADES axion-photon
coupling exclusion limit with 95% credibility level presented in this article. Other haloscope results:
RBF [54], UF [55], ADMX and ADMX-SideCar [16, 53, 56, 57], CAPP [17, 58, 59], HAYSTAC [18, 60],
QUAX [19, 29, 52] and ORGAN [20, 61] and the CAST solar axion results [62] are plotted for
comparison, see [11] for a full list of references and the raw source for the plot. Inset: zoom-in of
the parameter range probed in this work (36.5676 µeV < ma < 36.5699 µeV), where the green region
represent the uncertainty of the measurement. The l.h.s. of the spectrum shows less sensitivity because
fewer data were recorded at those frequencies.

to be replicated. (a) To operate in a Lorentz force-free configuration, that is where the
B-field is parallel to most of the tape plane. (b) Avoid curved cavities as much as possible.
In this regard, a polyhedral cavity that fulfils these two conditions has been designed for
measurements in solenoid magnets. Thirdly, other steps will need to be done to reach the
highest possible quality factors, such as polishing the sides of each facet of the polyhedral
cavity to properly align them.

No signal excess has been found in the data analysed here when fitting the line-shape of
a conventional axion dark matter halo model, in the range (36.5676 µeV < ma < 36.5699 µeV)
using 27 h of data. The obtained upper limit for the axion-photon coupling in our narrow
frequency range is below the prior CAST limit [62] by more than two orders of magnitude. In
addition, it improves the previous RADES search, which was made at a slightly lower cavity
frequency, by a factor of 2.5 in the sensitivity to gaγγ . A difficulty encountered in our data
analysis has been the presence of an excess of residual electronic systematics in the spectral
analyser we used, which we have attempted to reduce using a Principal Component Analysis
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Method. This has helped reduce the level of systematics but it has still caused problems
in degrading our sensitivity; nevertheless, the problem should be resolved with improved
equipment and experimental protocols in upcoming experiments in RADES.

Additional RADES R&D initiatives are under progress, including testing taller HTS-
coated cavities as well as mechanical [64], ferroelectric and ferromagnetic tuning [65, 66] that
should allow a search over a broader frequency range.

On the very long term, RADES envisages a data-taking in the magnet of the babyIAXO
haloscope, with striking sensitivity in the 1-2 µeV mass range [67].
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