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Within the framework of the CAST experiment at CERN, a new experimental group for developing
haloscopes in search of dark matter axions emerged in 2016, the RADES collaboration, which has
pioneered several multicavity technologies for these detectors. Recently, a new group appeared at
MPP in 2022 and has carried out over the last year axion detection research, including the design
and fabrication of a mechanically tuned 9 GHz resonant cavity that will be installed in a 10 mK
temperature and 12 T magnetic field cryostat. This work describes the updates of the research
carried out in this project and other RADES collaborators.
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1. Introduction

Axion particles are dark matter candidates that could also solve the strong CP problem [1–4],
and they have been searched for the last decades by many experiments. If they exist, they could be
dark matter in the mass range between 1 and 1000 𝜇𝑒𝑉 . Although their interaction would be very
weak, it is thought that axion-photon coupling should exist in the vanilla axion models, thus opening
a window for their detection. The conversion concept is based on the so-called inverse Primakoff
effect [5]. In the case of haloscopes, which search for axions that would have been created in the
early universe and that would constitute the galactic halo (often referred to as relic axions), they
employ high-Q microwave cavity technologies immersed in high magnetic fields to enhance this
axion-photon conversion [6]. There are other axion detectors, such as helioscopes, which direct
their detectors towards the sun as they try to detect axions that may have been created inside the
star.

Examples of current haloscope experiments include ADMX [7] and CAPP [8], which search
for axions at frequencies below and above 1 GHz, respectively, with remarkable sensitivities. Other
collaborations looking for axions at other axion masses (or frequencies) are HAYSTAC [9, 10],
QUAX [11, 12], and FLASH [13, 14]. RADES (Relic Axion Detection Exploratory Setup) is a
collaboration of different universities and research centres worldwide, created in 2016 within the
framework of the CAST (CERN Axion Solar Telescope) experiment for the search for dark matter
axions with haloscopes [15]. Its main milestone was based on the implementation of the mul-
ticavity concept in haloscopes in order to increase their volume without reducing the frequency,
a problem that has long persisted in the axion community. Also, the CAPP team developed and
implemented an efficient high-frequency haloscope using a multi-cell cylindrical cavity method
[16, 17]. This method reinforces the volumetric growth of the haloscopes while maintaining the
operating frequency. To date, the RADES team has carried out 3 campaigns of axion measurements
with haloscopes. The first one was done at the CAST dipole magnet (experimental volume with 9 T
of magnetic field at 1.9 K) in 2018 with a multicavity based on 5 subcavities operating at 8.38 GHz,
the results of which were published in [18]. The second one was at CERN-SM18 (11.7 T at 1.9 K)
in 2021 with an HTS (High-Temperature Superconducting) cavity operating at 8.84 GHz, obtaining
a small tuning range due to pressure changes in the helium (see results in [19]). The last data
acquisition was recently carried out with an improved HTS cavity (higher quality factor) and setup
at SM18 again, and its results are currently under analysis.

Section 2 describes the experiments conducted at the RADES subgroup at the Max Planck
Institut für Physik (RADES-MPP). Section 3 shows the updates from other teams in the RADES
collaboration. Finally, Section 4 gives conclusions and future lines of work for these experiments.

2. RADES-MPP team

The RADES-MPP group has carried out several studies related to axion haloscopes. Each of
them is detailed below.
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2.1 Cylindrical cavity with vertical cut tuning

One of the main projects in this team was the design, simulation, fabrication, and electromag-
netic characterisation of a resonant cylindrical cavity operating at 9 GHz with the 𝑇𝑀010 mode
(height of 200 mm and diameter of 25.5 mm), with a frequency tuning system based on its vertical
fabrication cut, achieving a shift in frequency by adjusting the gap between the two fabricated halves
of the cavity. In the axion community, one of the most commonly used frequency tuning systems
is the insertion and rotary movement of rods inside the resonant cavities, thus modifying their
electromagnetic field and thus the resonant frequency. However, it has been seen that this tuning
system with vertical cut provides improvements in terms of form factor, quality factor, and tuning
range [20]. In Figure 1a a picture of the manufactured cavity with its tuning assembly is shown.

(a) (b)

Figure 1: (a) Manufactured housing of the cylindrical cavity (based on two symmetrical halves) with the
vertical cut. The cavity is attached to some pieces of its tuning system assembly. Two cavity versions have
been manufactured, one in standard copper and the other in OFHC (Oxygen-Free High Conductivity) copper
for better thermalization. (b) 3D model of the coupling readjustment system.

This type of vertical cut, which has been previously used on rectangular and quasi-rectangular
cavities in RADES (see [20] and [21]), allows to reduce the quality factor detriment that occurs
when fabricating a resonant cavity structure. Moreover, in this collaboration, frequency tuning has
been previously carried out by inserting different gaps in this cut (the larger the gap, the lower the
resonant frequency) in a rectangular multicavity [20]. However, it has never before been carried
out in cylindrical cavities, the most widely used geometry in the axion community, because of its
adaptation to the experimental space in the magnets used for data acquisition.

An extensive study of this cylindrical cavity and its performance in quality factor and form
factor, key parameters in a haloscope experiment, with this tuning system has been carried out in
this subgroup. These studies involve the characterisation of the cavity at room temperature (300 K)
and cryogenic (4 K) with different systems with motors (for the gap adjustment) adapted to these
temperatures. Also, a bead-pull measurement has been conducted for the extraction of the real
electric field patterns, providing a measurement for the form factor parameter and the identification
of the axion mode. We plan to use this cavity for axion data acquisition in a system reaching mK
temperatures, which will be explained in the following section.
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In addition, an input/output coupling readjustment system (𝛽 parameter) has been developed,
given by the introduction of the port antennas (coaxial SMA panel for our case) inside the cavity
volume (see Figure 1b). The value of 𝛽 is an important parameter in a data campaign with
haloscopes, and, in a system with frequency tuning, its continuous adjustment is needed since
it varies with the frequency and must be kept fixed (𝛽 = 2). The developed system consists of
the movement of a semi-rigid coaxial cable through a holder with finger gaskets (to maintain the
position without high friction) on one port, thanks to a motor or positioner (different according to
the temperature of our experiment, at 300 K, 4 K or mK). Several studies have been carried out, the
data of which are currently being analysed.

2.2 LD-250 dilfridge system

As discussed in Section 1, the RADES collaboration has carried out 3 campaigns of axion
measurements, all of them in cryostats with temperatures above 1.9 K. Today, several experimental
groups in the axion community make use of dilfridge systems that reduce temperatures to levels
of about 10 mK. Recently, the RADES-MPP group has acquired and installed a Bluefors dilfridge
system (the LD-250 system [22]) with a solenoid magnet implemented inside. Figure 2a shows a
picture of this system’s different stages (plates) of thermalisation, being the bottom one, the mK
plate. The installation of the solenoid magnet in this system, together with various shieldings, is

(a) (b) (c)

Figure 2: (a) Plates of the Bluefors LD-250 dilfridge system: 50 K plate (𝑇 ≈ 40 K), 4 K plate (𝑇 ≈ 2 K),
Still plate (𝑇 ≈ 750 mK), CP plate (𝑇 ≈ 200 mK), and MXC plate (𝑇 ≈ 7 mK). (b) Encapsulation of some
of the plates and installation of the solenoid magnet (grey structure at the bottom). (c) 3D model of the
cross-section in the region of the experimental cylindrical space (area illuminated in red).

shown in Figure 2b. The experimental space (see Figure 2c), where the RADES cavity can be
installed, is about 400 mm in length and 68 mm in diameter. The cavity described in the previous
section has been designed with the dimensions of this space in mind, as axion data are to be taken
with such a haloscope in this system.

This cryostat has already been installed in the RADES-MPP laboratory, giving 𝑇 ≈ 10 mK
with 𝐵 = 12 T when the experimental volume is empty. The next steps focus on implementing
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quantum noise-limited amplifiers, developing a haloscope setup, experimenting with single photon
counting, and the first axion data campaign at MPP.

2.3 Other studies

Also, at the RADES-MPP group, we are assisting with the analysis of data taken in the axion
data campaigns within the RADES collaboration (the last one being the one taken in November
2024). For this, the stored data are post-processed in software by eliminating systematic errors,
unifying spectra, and implementing fits to find out whether the axion has been found or not. If the
axion is not found, a new limit is set in the electromagnetic spectrum.

3. Other activities in the RADES collaboration

RADES is a collaboration with common goals, like quantum limited axion detection. We are
carrying out tasks related to 3 topics or Working Groups (WG): WG-cavities, WG-analysis, and
WG-detection. For example, the RADES-UPCT/UV group is developing low-frequency cavities
( 𝑓 ≈ 300 MHz), with relatively large dimensions (2 × 5 meters long cavities) to be installed in the
future in the BabyIAXO experiment, which will have an experimental space of 600 mm in diameter
and 10 m in length [23]. In addition, research is being done on other R&D strains in the axion
community, such as the implementation of superconducting materials (HTS), electrical tuning with
varactors, tuning with ferroelectric [24] and ferromagnetic materials, use of metamaterials, the de-
sign of new cavity topologies with higher volume and quality factor [25, 26], and the development
of cavities for the detection of gravitational waves at microwave frequencies [27].

On the other hand, the RADES-Mainz group has developed the SUPAX experiment, based on
a haloscope operating around 8.3 GHz at 4 K temperature developed for the search of dark photons
at masses of 34 𝜇𝑒𝑉 . The first results are published in [28].

4. Conclusions and future work

The RADES group has made several advances in haloscope experiments, like the development
of cavities for different frequencies, the implementation of several setups in cryogenic systems,
or the analysis of data from axion campaigns. In particular, the RADES-MPP group is taking a
next step with the implementation of a tunable haloscope that plans to be installed in a 10 mK
temperature system with 12 T magnetic field for axion data taking.

Some of the future lines inside this team are the development of a data acquisition protocol
for this tunable haloscope, the acquisition and performance tests of quantum-limited amplifiers
(Travelling Wave Parametric Amplifier or TWPA), and the investigation of single photon (Qubit
devices) readout technologies in the framework of the QuantERA-QRADES [29] project.
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