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We present the first analysis using RADES-BabyIAXO cavities as detectors of high-frequency
gravitational waves (HFGWs). In particular, we discuss two configurations for distinct frequency ranges
of HFGWs: cavity 1, mostly sensitive at a frequency range of 252.8–333.2 MHz, and cavity 2, at 2.504–
3.402 GHz, which is a scaled down version of cavity 1. We find that cavity 1 will reach sensitivity to strains
of the HFGWs of order h1 ∼ 10−21, while cavity 2 will reach h2 ∼ 10−20. These represent the best
estimations of the RADES-BabyIAXO cavities as HFGW detectors, showing how this setup can produce
groundbreaking results in axion physics and HFGWs simultaneously.
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I. INTRODUCTION

After their first direct discovery in 2015 by the LIGO
collaboration [1] in the 100 Hz band, gravitational waves
(GWs) are reshaping our understanding of the cosmos.
More concretely, these messengers bring new information
from previously undetectable events, and may be the key to
access the most primordial instances of the Universe. When
one considers the extraordinary progress in cosmology and
astrophysics when the whole spectrum of electromagnetic
(EM) radiation was used to explore the Universe, it is hard
to think what may happen when GWs in a broad spectrum
of frequencies will be discovered.
Out of the different possibilities, the “high frequency”

band of GWs has recently received increasing attention [2].
Different reasons explain the current interest: first, the
signals above the band of groundbase detectors (few kHz)
are not highly populated by known astrophysical events,

leaving a rich landscape of possible signals beyond the
standard model to search for without foregrounds; second,
higher frequency means smaller and faster devices, more
compatible with laboratory scales, where one can leverage
the revolution in sensing to look for these feeble signals.
From the universal coupling of gravitation, the possibil-

ities to search for HFGWs in the sensing frontier are
multifold. In this work, we will focus on one of the most
promising ones: their impact on microwave electromag-
netic cavities immersed in an intense magnetostatic field. A
GW propagating along an intense static magnetic field can
convert into an electromagnetic wave of the same fre-
quency [3,4]. If this happens inside a cavity of the right
size, this signal will accumulate, allowing the eventual
detection of the primordial signal. This simple idea has
been recently discussed in detail in [5–7]. The final
sensitivity depends not only on the ability to detect tiny
EM fields, but also on properties of the cavity, such as its
volume or quality factor. In this way, dark matter axion
detection experiments that make use of microwave resonant
cavities would constitute an ideal environment to probe for
HFGWs simultaneously. The axion is the most elegant
solution to the well-known strong CP (charge-parity)
problem in the framework of QCD, being a pseudoscalar,
spin zero particle which arises when broking the additional
U(1) symmetry proposed by Peccei-Quinn [8,9] in order to
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solve this issue. The axion has a coupling to photons,
implying that via the inverse Primakoff effect [10,11] they
can decay to photons when applying a strong external
magnetic field. If the generated photon is inside a cavity, it
can be eventually detected as a rf (radio-frequency) signal.
Several experiments have been proposed and developed
during the past 30 years [12–18], and along this work we
will focus on the BabyIAXO (preliminary stage of IAXO)
magnet, deriving results for GWs of frequencies between
252.8 to 333.2 MHz and 2.504 to 3.402 GHz.
A novel approach to the problem will be performed since

no system with tuning capability and ports for both axions
andGWs has been studied yet.We shall discuss how to adapt
the experimental setup to detect HFGWs, and perform a
quantitative study on how well the available system couples
to an incident HFGW. This study, involving a tuning system,
is especially relevant for the detection of stationary sources,
following the same philosophy as in the axion case. Hence,
superradiant black holes andGWbackgrounds are of special
interest for this kind of setup [5].
This paper is organized as follows: first, a brief com-

mentary about the BabyIAXO experiment is performed,
explaining its setup and capabilities; second, the electro-
magnetic design of the cavity for the RADES-BabyIAXO
haloscope as well as tuning system and ports is shown,
discussing its geometry and advantages, and how to adapt the
setup for the simultaneous detection of both dark matter
axions andHFGWs.After this, a numerical calculation of the
form factor between the HFGW and RADES-BabyIAXO
cavities is made paying special attention to the several values
that experimental parameters can adopt. In addition, a
calculation of the sensitivity estimation is performed, and
the expression for the scanning rate is obtained with a
formulation similar to the dark matter axion case.

II. THE BABYIAXO EXPERIMENT

The IAXO (International Axion Observatory) experi-
ment is one of the most ambitious projects in axion
searches, whose aim is to detect solar axions [19,20].
The intermediate stage, the BabyIAXO helioscope, will be
built as a stepping stone for the experiment, and it will be
composed of a cryostat and a dipole magnet with two bores
of 0.7 meters in diameter and 10 meters in length, providing
a transversal magnetostatic field of 2 T [21]. This magnet
gives the opportunity, in addition to operating as a helio-
scope, to search for dark matter axions with haloscopes,
and the RADES collaboration made a proposal to use
resonant cavities at low frequencies to search for dark
matter axions in the mass range of 1-2 μeV, expecting
competitive values in terms of axion sensitivity [22]. To
cover this mass range, four cavities were designed with a
frequency tuning system that allows to shift the operational
frequency during the data taking campaigns. Although
these four cavities share the same shape, the main differ-
ence lies in the diameter, which is larger for the cavity

operating at lower frequencies and smaller for the cavity
operating at higher frequencies, all maintaining the same
length of 5 meters. Therefore, two cavities can be placed in
each bore during the measurement operation, giving the
chance to search in parallel at different masses (using four
different cavities), or enhance the sensitivity by summing
coherently the signals (using four cavities with the same
dimensions). These cavities will be set in a cryostat system
based on cooling via cryocoolers and a closed helium
circulation loop [23], in order to cool them down to 4.6 K.
Plans to push this temperature down to tens of mK are set as
part of the recently granted ERC-SyG DarkQuantum with
dilution refrigerator (DL) technology. This will allow to
effectively get noise figures close to the standard quantum
limit with superconducting quantum interference devices
(SQUIDs).
As mentioned above, the properties of the RADES-

BabyIAXO haloscope allow for the search of HFGWs,
which can be done during the axion measurement time by
making small changes in the cavities designed for dark
matter search. A novelty of RADES-BabyIAXO is its kind
of tuning mechanism, which comes with its own chal-
lenges. Indeed, the introduction of this mechanism perturbs
considerably the electromagnetic modal field structure
inside the cavity and the coupling between the HFGW
and the resonant system is strongly modified. As a result,
the tuning system originally employed for scanning over a
mass range of axions can be useful for a frequency sweep to
detect HFGWs with different frequencies.

III. ELECTROMAGNETIC DESIGN

The electromagnetic study of the RADES-BabyIAXO
cavities was performed in [22], where a quasicylindrical
shape was adopted in order to avoid the degeneration of the
modes TE111 and maximize the volume, but not to fill
completely the bore in order to leave some space for cables
and instrumentation at both sides. Two cavities are ana-
lyzed in this article: the first one is the lower-frequency
cavity that has been designed to operate in the MHz range
(vhf and uhf bands), called cavity 1, and the second one is a
10 times scaled-down version of the first cavity working at
the GHz range (S-band), called cavity 2. This second cavity
would not be used in RADES-BabyIAXO, but has been
designed and manufactured as a test model of cavity 1 for
the GHz range. The tuning system incorporated in both
cavities consist of two metallic thin rectangular plates along
the longitudinal axis that turn simultaneously, shifting the
frequency of the operational EM mode. A schematic of the
cavity geometry is shown in Fig. 1, while Table I contains
the dimensions of the two designs.
It is well known that in dark matter axion experiments

using a cylindrical cavity immersed within a dipole magnet,
the resonant mode that provides the maximum coupling
between the radio-frequency (rf) electric field and the
external static magnetic field is the TE111 mode, which
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is a degenerate mode that, at the same resonant frequency,
has two polarizations orthogonal to each other [24]. In the
case of the RADES-BabyIAXO cavities, due to the
presence of the plates and with the condition a ≠ b, such
degeneracy disappears and both modes, quasi-TE111 with
vertical and horizontal polarization, adopt two distinct
frequencies.
In HFGW detection, the use of a second mode is of

special interest, as the gravitational wave can couple not
only to both modes [5,25], but it can excite them at the
same time if the bandwidth of the HFGW is higher than the
frequency gap between both modes. Thus, the modes
analyzed in this article are the quasi-TE111 with an initial
vertical polarization (oriented to the y axis in Fig. 1) and the
quasi-TE111 with an initial horizontal polarization (oriented
in the x axis), which we call mode 1 and mode 2,
respectively; the rf electric field pattern in the cavity central
plane z ¼ 0 is plotted in Fig. 2 for both modes. These
modes are affected differently by the tuning system, as it is
shown in Fig. 3. Mode 1 decreases its resonant frequency
when the plates are rotated, while mode 2 increases its
resonant frequency. Note that the tuning range is smaller for
mode 2 than for mode 1, being this range for mode 1, 43.33
and 523.5 MHz for cavities 1 and 2, respectively, compared
to the range of mode 2, 29.74 and 327.5 MHz for cavities 1
and 2, respectively.
The possibility to change the resonant frequency of both

modes gives the opportunity to search for HFGWs in a total

range of 73.1 and 850.9 MHz for cavities 1 and 2,
respectively. However, there is a frequency range where
it is not possible to scan, and it corresponds to the
frequency separation of both modes at the starting point,
i.e., when the angle of the plates is 0°. To avoid this
frequency gap, the cavity section should have a b=a ratio
around b=a ≈ 1.

A. Coupling ports

An important aspect of this experiment is how to couple
the EM signals generated by the HFGW, as the position and
type of port will determine which modes can be detected.
The port, proposed in [22], is a coaxial loop located at one
of the cavity ends that couples the magnetic field of mode 1.
In order to couple mode 2, the same concept can be used
although in this case the second coaxial loop is placed at the
other end of the cavity and must be rotated 90° with respect
to that of port 1 in order to couple to the mode 2 rf magnetic
field. Figure 4 shows a schematic view of the location of the
two ports in the haloscope, where port 1 is a coaxial loop
oriented ϕ1 ¼ 90° with respect to the XZ plane that couples
mode 1. Port 2 is another coaxial loop oriented ϕ2 ¼ 0°

TABLE I. Dimensions and operational frequency range of the
studied cavities. The thickness of both metallic plates is 1 cm.

Cavity model a (cm) b (cm) l (cm) Frequency range

Cavity 1 56 50.4 500 252.8–333.2 MHz
Cavity 2 5.5 4.9 50 2.504–3.402 GHz

MODE 1 MODE 2

FIG. 2. Electric field profiles of mode 1 and mode 2 in a
transversal cut of cavity 2 (also applicable to cavity 1) for plates
angle α ¼ 0°. Size and color of the arrows indicate the magnitude
of the electric field in linear (from more intense in red to weaker
in blue).
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FIG. 3. Resonant frequency variation during tuning versus
plates angles for (a) cavity 1 and (b) cavity 2.

FIG. 1. Schematic of the RADES-BabyIAXO cavities geom-
etry. The cavity (in blue color) has a quasicylindrical shape, with
dimensions a (width), b (height), and l (length), where the
relation b ¼ 0.9a is fulfilled. The metallic rectangular plates for
the frequency tuning are shown in dark gray color. The chosen
reference frame in the center of the cavity is shown in red.
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with respect to the XZ plane that couples mode 2.
Rotation angles are denoted as φ1 and φ2 for ports 1
and 2, respectively. Both loops can be rotated in order to
recouple during the frequency tuning process, that is, the
coupling coefficient β [24] can be varied by rotating
the loops.

B. Electromagnetic field change due to frequency
tuning mechanism

To illustrate the structure of the electromagnetic field
inside the cavities when the tuning plates and coaxial loops
are rotated, Fig. 5 shows both the electric field profile in a
cross section at the origin of the reference frame and the
magnetic field around one of the coaxial loops. As can be
observed in the E⃗ field row, the boundary conditions are
fulfilled as should be expected, as well as in the case of the
H⃗ row, where the coaxial loop must be rotated depending
on the structure of the mode magnetic field (i.e., depending
on the plates angle α).

IV. FORM FACTOR

This work is focused on the HFGW coupling to the
cavity related to the Gertsenshtein effect [3,4]: GWs will
convert into EM waves of the same frequency in the
presence of a background very intense magnetostatic field.
This coupling can be quantified by the following coupling
factor given by [5]

FIG. 4. Geometry of ports and plates inside the cavity.
(a) Motion representation of the loops for rf magnetic field
detection. (b) Definition of angle α of the plates with respect to
the x axis. (c),(d) Definition of angles φ1 and φ2 with respect to
the x axis.

FIG. 5. Electromagnetic field structure inside cavity 1 for mode 1. Size and color of the arrows indicate the magnitude of the
corresponding field in linear (from more intense in red to weaker in blue). A cross section of the electric field E⃗ is shown for different
plates angles α. In the same way, the magnetic field H⃗ is represented along port 2, where angle φ of the loop is fixed in each case to
obtain the required coupling.
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η̃mþ;×
¼ j RV E⃗mðr⃗Þ · J⃗þ;×ðr⃗ÞdVj

V1=2j RV E⃗mðr⃗Þ · E⃗mðr⃗ÞdVj1=2
; ð1Þ

where E⃗m is the rf electric field of the mth resonant mode
inside the cavity, ⃗Jþ;× the electric density current arisen by
a monochromatic HFGW for plus and cross polarizations
(see [5]), and V the volume of the cavity.
From this expression, when both the electric field and

density current are perfectly aligned, the form factor will

have maximum magnitude. However, the expression of J⃗
is relatively complex, making it nontrivial to analyze its
effect [26]. In particular, even though the static magnetic
field is oriented along the y axis, the HFGW can couple to
any cavity mode with different magnitudes of the coupling
factor. Therefore, it is of interest to perform a numerical
calculation of η̃mþ;×

making a sweep in the angle of
incidence of the HFGW (see Fig. 6), θ, and fixing the
remaining parameters to a given value. For this purpose, a
simulation of the rf electromagnetic fields inside the cavity
has been performed with the eigenmode solver of CST
Studio Suite software [27].
The study is divided in the following cases: first, a given

polarization of the HFGW (þ or ×) is selected; then, we
study a given plane of incidence in order to define θ
(defined with respect to the z axis in the XZ, YZ incidence
planes and to the x axis in the XY incidence plane); finally,
the tuning plates angle (α) is fixed to a given value, defined
with respect to the x axis. Results for the mode 1 of cavity 1
are shown in Fig. 7. Different values of α (0°, 30°, 45°, 60°,
and 90°) have been chosen in order to sweep the main
region of interest in which the structure of the electric field
is modified considerably. Any result of η̃mþ;×

associated to

FIG. 6. Scheme of HFGWs incidence in each plane.
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FIG. 7. Form factors for mode 1 in cavity 1 as a function of the incidence angle θ. Rows make reference to the two different
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Each plates angle (α) is illustrated with a different color: Green for α ¼ 0°, blue for α ¼ 30°, red for α ¼ 45°, cyan for α ¼ 60°, and
magenta for α ¼ 90°. In the η̃þ XZ plane and η̃þ YZ plane cases α ¼ 0° and α ¼ 90° cannot be seen since the coupling is much lower in
comparison to the rest of the angles. The same occurs for 0° in the η̃þ XY plane case.
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another different value of α can be interpolated from the
results shown here. The external magnetostatic field is
assumed uniform, constant, and oriented towards the y axis
in the calculations [28]. The result of the form factor varies
considerably with θ, generating the kind of diagrams
observed in Fig. 7 and 8. The existence of specific values
of θ for which the system is blind to the incident HFGW is a
crucial aspect of this analysis. In order to avoid these blind
spots, daily modulation of the HFGW signal can be taken
into account since the incidence angle of the gravitational
wave will change and so will the form factor pattern,
always provided that the source is stationary. In addition,
studying more cavity modes that differ in their electric field
structure can be useful to avoid blind spots [25]. An aspect
associated with these angles of sensitivity drop is that their
position in the polar plots does not vary considerably when
changing the plates angle α. Thus, one may employ two or
more cavities oriented towards different directions in order
to have full sky coverage.
A related aspect is the variation of the form factor η̃

with α. There are cases where the system is more sensitive
to an incident HFGW, as seen for instance in Figs. 7
and 8 when varying α from 0° (green) to 90° (magenta).

These changes can be as big as an order of magnitude. As a
consequence, when studying the coupling between a
HFGW and a resonant microwave cavity, the influence
of the tuning system is of special relevance. Moreover, this
aspect not only affects the rf modal electric field, but also
J⃗þ;× due to its dependence with frequency. This can be seen
when comparing results of Fig. 8 with Fig. 7, where it is
clear that not only an order of magnitude has been gained,
but also a change in the pattern of the η̃þ XY case can
be seen.
The form factor for mode 2 has also been computed.

Results are shown in Figs. 9 and 10. As it is seen in Fig. 2,
initially (α ¼ 0°), this cavity mode has its rf electric field
aligned with the x axis, which implies a different effect on
the form factor in the XY incidence plane during the
frequency tuning. The cases α ¼ 0° and α ¼ 90° on η̃×
XZ and YZ planes are of special relevance due to the
decrease of the form factor with respect to the rest of values
of the angle α, behavior that was also seen in the earlier
tables of mode 1 but for the þ polarization.
The same aspects discussed for mode 1 can be extrapo-

lated for mode 2: the presence of blind spots for given
values of θ in certain polarizations and incidence planes;
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the drastic change in the results when varying the plates
angle, seen for instance in the η̃þ XY plane case (Fig. 9);
and the change of the diagram pattern not only between the
two different cavities studied but also with respect to
mode 1.
The study of the form factor of mode 2 allows us to

duplicate the scanning frequency range, due to the split
evolution between modes 1 and 2 (see Fig. 3). Furthermore,
it is key to assess the origin of the detected rf signal, as we
now explain. Two situations are possible: both ports are
excited; or only port 1 or port 2 is excited. The first case
implies that the bandwidth of the detected rf signal is larger
than the frequency gap between modes for a given angle of
the plates. Since axions would not be able of exciting
modes 1 and 2 at once due to its expected bandwidth [29],
the signal could have been generated by a HFGW. If only
port 1 is excited, then a study of the daily modulation of the
signal must be performed in order to distinguish the
cosmological source. Finally, if port 2 is excited alone, a
consideration has to be taken into account. When varying
the plates angle the electromagnetic field is being distorted,
and as a consequence, an axion would be able to excite the
second mode. Even though this coupling would be lower
than the one of mode 1, it could be even more significant

than the coupling of a HFGW due to its expected low
amplitude. With that, it can be concluded that for this case a
study of the time modulation of the rf signal would be also
required.
Let us now be more explicit about the time variation of

the signal, given its relevance to identify the kind of
source behind the latter. For the axion case, the time
modulation of the signal arises when considering the
influence of the typical momentum of the axion field k⃗a,
introducing the spatial frequency term k⃗a · r⃗, where r⃗ is
the spatial coordinates vector of the cavity. Since k⃗a is
proportional to the velocity with which we see axions
from our laboratory reference frame, the consideration of
this term translates into a tiny daily modulation of the
signal, suppressed by velocity v ∼ 10−3c (being c the
speed of light in vacuum) of the axion galactic wind in
our galaxy, as compared to the main rf signal [30,31].
Higher masses of the axion (higher momentum) and
cavities of size comparable to the de Broglie wavelength
maximize the influence of this term. Regarding HFGWs,
the profile of the signal’s time modulation strongly
depends on which type of source produces the wave.
For instance, if the signal is produced by the collision
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comparison to the rest of the angles. The same occurs with α ¼ 30° and α ¼ 90° form factor for η̃þ XY plane case.
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between two primordial black holes, a chirping spectra is
expected, and a signal duration which may be rather short
[32,33]. Hence, the total time that the signal couples in
band with a resonant mode has to be considered, in
particular with respect to the tuning system employed
in the experiment. Recall that changing the angle α of the
plates inside the cavity modifies its resonant frequency,
allowing us to sweep over a frequency range. If the
HFGW bandwidth is high enough, a merging source may
generate a signal in the cavity for more than one angle of
plates α. The fundamental question is how much time we
integrate for a given value of α. One solution would be to
allow the system for fast readouts, where the frequency
change when moving the plates from one angle to
another is less than the frequency variation of the
HFGW. However, the mechanical tuning system can take
a few minutes to move from one of the angles studied to
another, and this possibility seems unlikely. A more
realistic strategy would be working with an array of
cavities tuned to different frequencies for a simultaneous
scan over a frequency range. This case is also favored, as
the existence of chirping may be used as a way to
confirm the origin of the signal, thus increasing detection
prospects.

Finally, superradiant clouds associated to new bosons of
mass mb can produce a stationary signal in our detector.
These are long-lasting phenomena around spinning black
holes of mass MBH ∼ ðGmbÞ−1 (G is Newton’s constant)
whose duration is over thousands of years and generate
HFGWs in the band ∼mb [34]. Thus, the tuning system of
our setup is ideal to search for this kind of sources. In this
case, the rotation of the Earth would generate an Oð1Þ
modification in the coefficients η̃þ;×, from the relative

rotation of k⃗GW with respect to the cavity. Another source of
persistent GWs is the stochastic backgrounds generated by
several sources, possibly of primordial origin [2]. The
treatment of the signals induced by GW backgrounds goes
beyond the current analysis.

A. Sensitivity estimation

At this point, a sensitivity estimation of the experiment
can be made. The expected power generated by the HFGW
inside the cavity can be expressed in Systeme International
units as [5]

Psig ¼
ε0
2
Qeffω

3
cV5=3ðη̃h0B0Þ2; ð2Þ
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FIG. 10. Form factors for mode 2 in cavity 2 as a function of the incidence angle θ. Rows make reference to the two different
polarizations of the HFGW and columns make reference to the three different planes in which the incidence of the HFGW is studied.
Each plates angle (α) is illustrated with a different color: Green for α ¼ 0°, blue for α ¼ 30°, red for α ¼ 45°, cyan for α ¼ 60°, and
magenta for α ¼ 90°. In the η̃× XZ plane and η̃× YZ plane cases α ¼ 0° and α ¼ 90° cannot be seen since the coupling is much lower in
comparison to the rest of the angles.
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where ε0 is the vacuum electric permittivity; Qeff is an
effective quality factor; ωc is the angular frequency of the
HFGW; V is the cavity volume; h0 is the gravitational wave
amplitude; and B0 is the external static magnetic field.
Since we do not have a specified source of interest, the
value adopted by Qeff will be the loaded cavity quality
factor QL. Of course, when making this decision it is
assumed that QGW ≫ QL (where QGW is the quality factor
of the GW), being in a situation in which the signal has
been detected only in one port. From here, we can obtain
the value of h0 that can be reached taking into account
Dicke’s radiometer equation for the noise power [24],
where Tsys is the sum of the noise temperature of the
cavity, i.e., its physical temperature, and the noise temper-
ature added by the readout chain, which is approximately
that of the first amplifier; kB is the Boltzmann constant; tint

is the integration time; and Δν is the frequency detection
bandwidth:

SNR ¼ Pd

kBTsys

ffiffiffiffiffiffi
tint
Δν

r
; ð3Þ

where Pd ¼ β
1þβPsig is the detected power (recall that β is

the coupling coefficient [24]). By fixing SNR > 3,

h0 >
1

η̃B0

�
Δν
tint

�
1=4
�
1þ β

β

6kBTsys

ε0Qeffω
3
cV5=3

�
1=2

: ð4Þ

Employing the values for the case of cavity 1 with mode 1,
α ¼ 0° in the XY plane for × polarization, and θ ¼ 0°
(which corresponds to the maximum form factor for this
case), we obtain the sensitivity expectation,

h0 > 9.38 × 10−22

 
1þβ
β

3=2

!
1=2�

0.3356
η̃

��
2 T
B0

��
Δν

1.03 kHz
2 min
tint

�
1=4
�
Tsys

4.6K
96010

Qeff

�
1=2

×

�
1.9 × 109 rad=s

ωc

�
3=2
�
1.1898m3

V

�
5=6

: ð5Þ

The value employed for the coupling factor, β ¼ 2, is
commonly used in axion haloscope experiments [35]. Since
the form factors obtained in this work vary up to 2 orders of
magnitude with respect to the one chosen for this calcu-
lation (as we have taken an average value, this variation can
act to either enhance or suppress the rf signal by an order of
magnitude), this must be considered just an illustrative
example of the achievable sensitivity that the RADES-
BabyIAXO setup can reach.
When referring to HFGW detection, contamination of

the signal by noise coming from different sources always
comes to mind. The methodology that will be followed for
noise reduction is the same as other dark matter axion
detection experiments: regarding thermal noise, it will be
characterized, by means of the Y-method [24], intermit-
tently throughout the data-taking campaign. In this way, the
noise introduced by the system will be correctly assessed,
such as the resonant noise of the cavity or the white noise
introduced by the amplifier. Relating to vibrational noise, a
study of the cavity resonant frequency stability must be
performed. Referring to the magnetic field, a study of its
effect on the measurements is made by carrying out the
noise characterization mentioned above with the magnet
switched on and off. Since the magnetic field can be the
source of different kinds of systematic errors, this pro-
cedure can help to avoid false candidates in the analysis of
the experiment results. In a realistic approach to the
experiment, a typical readout chain as the ones employed
in axion detection experiments would be applied, mainly
composed by a circulator, an amplifier, a heterodyne

receiver, and a vector network analyzer, as can be seen
in [36–38].
The sensitivity of (6) may be improved in a number of

ways: the integration time of 2 minutes may be extended, in
particular considering the possibility of stationary sources
of HFGW; lower temperatures inside the cryostat will be
achievable with DarkQuantum, reaching temperatures up
to tens of mK by the development of DL technologies and
quantum limited amplification with SQUIDs; the consid-
ered unloaded quality factor of the cavity is the cryogenic
one for pure copper, but this value can be improved by
coating the cavity with superconducting materials such as
rare-earth barium copper oxide or Nb3Sn [39]. The sensi-
tivity expectations for both cavities and modes are shown in
Table II. In each case, the employed value for the form
factor corresponds to the maximum one of the η̃× XY
plane cases.
The achievable sensitivities are still far away from the

expected sources [40]. However, it should be remarked
that these are the first steps in a dynamical field of
research. When comparing with previous efforts [2], it
can be seen that the BabyIAXO facility provides a

TABLE II. Sensitivity expectation of both cavities and modes
for h0=10−21.

Mode 1 Mode 2

Cavity 1 0.94 4.00
Cavity 2 5.45 23.01
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competitive sensitivity strain not only with respect to
other cavity microwave experiments but also with respect
to different detection techniques. Conservative values of
the experimental parameters have been employed for our
estimates, and there is much room for improvement of
the experimental parameters in the coming years. For the
sake of clarity, values of form factor, quality factor, and
volume for each case, obtained from simulations, are
shown in Table III.
Relative to signal processing, this is also an aspect where

the same procedure can be followed as in other axion
detection experiments. After time integration (which is
favorable for stationary sources), possible candidates are
selected. If possible, the integration time is increased to see
if the candidates are just noise deviations or potential
signals. If any of the candidates remain, a cross-correlation
between the expected frequency distribution for the HFGW
or the axion is performed. In addition, the magnet can be
turned off to observe if any deviation is just a systematic
introduced by this component of the setup. Furthermore,
considering noise reduction in the analysis procedure, the
application of the Savitzky-Golay filter has proven to be
useful (as it can be seen in [38]). However, signal
processing for HFGW detection in BabyIAXO is a topic
that will be discussed in future work.

B. Scanning rate

We can now perform a study of the scanning rate as is
commonly made in axion experiments but particularizing it
for the HFGW case. To deduce the detection rate expres-
sion, a similar approach to the one in [35,41] has been
followed, obtaining

dν
dt

¼
�ε0

2
ω3
cV5=3η̃2h20B

2
0

SNRkBTcav

�2
 β

ð1þβÞ
4β

ð1þβÞ2 þ λ

!
2

Q3
GWQL

ðQGW þQLÞ2
;

ð6Þ

where λ ¼ Tamp=Tcav, with Tamp the temperature of the
amplification stage and Tcav the physical temperature of
the cavity. Using the same parameters employed in the

sensitivity calculation section, this time in Eq. (6), we find
the results shown in Table IV.
Even though these numbers have been derived for the

mentioned experimental parameters, we must remark that
they can vary considerably since, for instance, η̃ depends on
the frequency of the incident signal.
The optimal β in order to maximize this figure of merit

can now be deduced, taking into account that QL ¼ Q0

1þβ,
where Q0 is the unloaded quality factor of the cavity. The
extreme of (6) will be achieved for the solution of

λβ4 þ ð−4þ 2λ − Q̃λÞβ3 þ ð8 − 12Q̃þ λ − 4Q̃λÞβ2
− 5Q̃λβ − 2Q̃λ ¼ 0;

where Q̃ ¼ Q0

QGW
þ 1. The result strongly depends on the

values that λ and Q̃ adopt as it can be seen in Fig. 11. In
dark matter axion detection with haloscopes, one sets
βopt ¼ 2, which is obtained when considering λ ≫ 1 and
Q̃ ≈ 1. However, for the case of BabyIAXO, due to
quantum limited amplification with SQUIDs and other
technologies, in the coming years it would be able to
decrease λ and increase Q̃. In this way, representative
values for this parameters taking into account these expect-
ations in quantum technology would be λ ¼ 5 and Q̃ ¼ 2,
thus obtaining an optimum coupling βopt ¼ 4. This β is
reached by fixing φ1 and φ2 to the appropriate value.
However, coaxial loops are a strongly sensitive device that

TABLE III. Value of the figure of merit parameters employed
for the sensitivity h0 calculation. Values for the form factor η̃
correspond in each case to the incidence angle that maximizes the
result in the XY plane, and for α ¼ 0° and cross polarization.

η̃ Ql V ðm3Þ
Cavity 1, mode 1 (θ ¼ 0°) 0.34 96010 1.20
Cavity 1, mode 2 (θ ¼ 317.4°) 0.10 71106 1.20
Cavity 2, mode 1 (θ ¼ 0°) 3.33 20970 1.10 × 10−3

Cavity 2, mode 2 (θ ¼ 222.3°) 0.10 14955 1.10 × 10−3

TABLE IV. Scanning rate of both cavities and modes in Hz/s.

Mode 1 Mode 2

Cavity 1 1.88 3.68
Cavity 2 464.16 937.83

2 4 6 8 10

5

10

15

20

FIG. 11. Behavior of the optimum coupling factor βopt when
varying λ and Q̃.

JOSÉ REINA-VALERO et al. PHYS. REV. D 111, 043024 (2025)

043024-10



require a fine-tuning depending on the real pattern of the
electromagnetic field.

V. CONCLUSIONS

This article examines the possibilities of using RADES-
BabyIAXO haloscope and a scaled version for higher
frequencies as HFGW detectors. For that, a calculation
of the form factor between HFGW and two RADES-
BabyIAXO cavities has been performed, analogously to
the dark matter axion case outlined in [25]. The complexity
of the electric current density generated by the HFGW
implies the coupling to a different set of modes supported
by the cavity. Two orthonormal quasi-TE111 modes have
been studied, obtaining different results for the two HFGW
polarizations, as well as for different planes and angles of
incidence. A novel approach to the HFGW detection has
been proposed in this work, since it is the first time that the
simultaneous detection of axion and HFGWs has been
studied. In addition, a realistic setup has been considered by
incorporating the presence of tuning plates and coupling
ports inside the cavity.
We have shown the relevance of this tuning system by

observing the drastic change in the form factor when
varying the plates angle. In addition, a sensitivity estima-
tion of both cavities has been calculated, obtaining for both
modes values of h0 ∼ 10−21 for cavity 1 and of h0 ∼ 10−20

for cavity 2 (cf. Table II). Having followed the same
methodology as in previously published work, these values
are deemed reliable and could be considerably improved
via optimization of the experimental parameters, with the
final goal of achieving sensitivities closer to that of possible
rf signals. Moreover, a qualitative study on how to
distinguish a signal generated by a HFGW or an axion
has been developed, concluding that RADES-BabyIAXO
cavities are capable of distinguishing both cases, in the case
of stationary signals. The study of the form factor has been
made for two orthonormal modes of both cavities, con-
cluding that these two modes can be used for HFGW
detection and, therefore, achieve a duplication of the
scanning frequency range. Our study can be easily
expanded to other higher-order resonant modes, provided
that the cavity contains the appropriate probes (loops or
monopoles) for these modes. Moreover, the scanning rate
has been derived in Eq. (6), following a similar approach to
that of the axion case. This allows to compute the optimal
coupling factor β maximizing the detection rate. The ideal
HFGW scenario for the RADES-BabyIAXO setup are
stationary sources, as superradiant black holes or stochastic
GWs backgrounds (the latter is not considered in this

study). Nevertheless, transient waves can also be detected
even though this depends on the bandwidth of the HFGW.
In conclusion, BabyIAXO has potential to be employed

as a HFGW detector, while still being used as a dark matter
axion detector. Since BabyIAXO is an experiment under
development, we have shown that it can be adapted with
minor modifications to detect HFGWs. Regarding future
directions, the employment of these cavities for an up-down
conversion-type detector can be considered, similarly to
[6,37]. In these setups, the resonant cavity is fed by a pump
mode and the presence of an axion or a HFGW can
generate a signal in a readout mode. As the frequency
gap between mode 1 and mode 2 can be small [42], the up-
down conversion may be useful to explore HFGWs of
frequencies below those considered in this work. By
changing the plates angle, scanning to higher frequencies
can be done since the gap between modes increases. Thus,
RADES-BabyIAXO setup has a high capacity to be also
considered as an up-down conversion detector.
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