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This paper presents the first search for dark matter axions with mass in the ranges 76.56 to
76.82 µeV and 79.31 to 79.53 µeV using a prototype setup for the MAgnetized Disk and Mirror
Axion eXperiment (Madmax). The experimental setup employs a dielectric haloscope consisting of
three sapphire disks and a mirror to resonantly enhance the axion-induced microwave signal within
the magnetic dipole field provided by the 1.6T Morpurgo magnet at CERN. Over 14.5 days of
data collection, no axion signal was detected. A 95% CL upper limit on the axion-photon coupling
strength down to |gaγ | ∼ 2 × 10−11GeV−1 is set in the targeted mass ranges, surpassing previous
constraints, assuming a local axion dark matter density ρa of 0.3 GeV/cm3. This study marks the
first axion dark matter search using a dielectric haloscope.

Introduction—Axions have become prominent candi-
dates for cold dark matter (DM) [1–4]. They were orig-
inally introduced to explain the absence of CP-violating
effects in quantum chromodynamics (QCD) through the
Peccei-Quinn (PQ) mechanism [5–8]. In the well moti-
vated post-inflationary PQ-symmetry breaking scenario
the axion mass required to match the observed DM den-
sity is expected to be in the range ma ∼ 40 to 180 µeV [9].
In the following, the term axion will refer to both, QCD
axions and axion-like particles.

In an external magnetic field Be, axions convert to
photons and source an oscillating current with frequency
corresponding to ma, given by Ja = gaγBeȧ [10], with
gaγ the axion-photon coupling strength and ȧ the tem-
poral derivative of the axion field. Cavity searches are
a promising approach to detect axions [11]. They are
designed to convert axions from the DM halo into mi-
crowave photons using a resonator in a magnetic field.
Several cavity searches [12–18] have already put signifi-
cant constraints on |gaγ | for 1 µeV . ma . 40 µeV, with
first efforts being underway to test higher ma [19–21],
which are challenging to probe with cavity experiments
as their size must be adjusted to match the wavelength of
the generated photon. At higher ma values, correspond-
ing to higher frequencies of the generated photon, this
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results in a reduced volume for resonant axion-photon
conversion, thereby decreasing sensitivity.

The MAgnetized Disk and Mirror Axion eXperiment
(Madmax) [22–24] makes use of the dielectric haloscope
concept to access the well-motivated mass range ma >
40 µeV. This concept, based on the magnetized mirror
axion DM search idea [25], uses a booster composed of
a set of parallel dielectric disks and a metallic mirror to
enhance a potential axion signal, effectively decoupling
the conversion volume from the wavelength and thereby
overcoming the limitation of typical cavity experiments
towards higher masses.

Due to the large de Broglie wavelength of the con-
sidered non-relativistic DM axions of O(10m), Ja is as-
sumed to be uniform over the extent of the booster.
This leads to an oscillating electric field uniform across
a single medium with dielectric permittivity ǫ. The field
Ea exhibits discontinuities at the boundaries of differ-
ent media, resulting in the emission of traveling waves
with frequency corresponding to ma ensuring the conti-
nuity of the total electric field. The signal power Psig due
to the coherent emission from multiple surfaces in rela-
tion to the power emitted by an ideal magnetized mirror,
P0, is enhanced by the frequency dependent boost factor
β2 = Psig/P0. By adjusting the disk positions its center
frequency and width can be tuned. This makes it pos-
sible to boost the potential DM axion signal compared
to the magnetized mirror concept [25] in dedicated mass
ranges. The sensitivity of a Madmax prototype setup to
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Figure 1: Exploded schematic view of the Madmax prototype CB200 and the receiver chain. The shaded region represents
the components exposed to the B-field.

|gaγ | for a specific signal to noise ratio (SNR) is [10]

|gaγ | = 4× 10−11 GeV−1
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with system temperature Tsys, radius r of the disks and
mirror, effective data-taking time ∆t, and the local axion
DM density ρa.

The Madmax Collaboration has made significant
progress in advancing the development of a future large-
scale dielectric haloscope [26–33]. Small-scale setups have
successfully validated the dielectric haloscope approach
in dark photon DM searches [34, 35], specifically with
a broadband Madmax prototype [35]. Here we demon-
strate for the first time tunability in a Madmax proto-
type. By combining a prototype booster with an exter-
nal dipole magnetic field, it marks the first axion DM
search using a dielectric haloscope, probing previously
unexplored parameter space.

Experimental Setup—To perform the axion search,
the Closed Booster 200 (CB200) Madmax prototype is
used. As illustrated in Fig. 1, it consists of an alu-
minum mirror and three sapphire circular disks of 1mm
thickness, each with a diameter of 200mm and distanced
by separation rings enclosed in an aluminum casing, a
Rexolite© microwave lens and an aluminum taper, all
controlled at O(10 µm) precision [33]. In contrast to the
design used in Ref. [35] and envisioned for the Madmax

design, the prototype is enclosed by conductive bound-
aries, resulting in fixed boundary conditions, such that
only a limited number of cylindrical wave-guide modes
within a given frequency range exists inside the booster.
This significantly simplifies modelling of the electromag-
netic response and allows to determine the boost fac-
tor with fewer dedicated measurements. Approximately

84% of the axion induced power couples to the funda-
mental transverse electric TE11 mode as calculated by
the modal overlap formalism. The emitted TE11 power
emissions are coupled into the receiver chain by a lens
and a taper specifically designed for this via a 50Ω trans-
mission line. The power output of the system is cou-
pled to a heterodyne receiver system, consisting of a
series of low noise amplifiers (LNAs) and filters, and a
Rohde & Schwarz FSW43 real-time spectrum analyser
(SA), which streams time-domain data to a computer
where it is Fourier transformed on GPUs with ∼ 0.11 s
coherent integration length. The resulting power spec-
tra are averaged in batches of 8047 single spectra, corre-
sponding to roughly 15min measurement time each. The
receiver system has a bandwidth of ∼ 250MHz, which is
approximately centred around the respective boost factor
peak, a resolution of 9Hz and provides negligible dead-
time. It was configured for each run to acquire data
around the frequency of the expected maximum boost
factor. A Y-factor method [36] is adopted to calibrate
the output of the receiver system to system temperature
Tsys. Tsys is dominated by the higher than expected noise
of the receiver chain of ∼ 230 K. (Pictures of the full setup
can be found in Fig. S1 of the suppl. material.)

Two different disk spacing configurations were used
to search for axions: Configuration 1 is designed to
be sensitive around 18.55GHz and Configuration 2
around 19.21GHz, corresponding to axion masses around
76.72 µeV and 79.45 µeV, respectively. Frequency adjust-
ment is done by proper choice of the width of separation
rings between adjacent disks and between mirror-facing
disk and mirror: 12.52mm, 12.25mm and 8.38mm (from
left to right in Fig. 1) for configuration 1 and 11.89mm,
12.25mm and 8.02mm for configuration 2. The widths
are optimized for a resonance of the TE11 mode between
mirror and adjacent disk. A O(µm) change in separa-
tion between mirror and closest disk results in O(MHz)
frequency shift of the boost factor distribution. The
peak frequencies for both configurations were precisely
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Table S1: Summary of the physics-runs used in the analysis.

f(max β2) [GHz] measurement time [h] median B field [T]

18.531 13.5 1.58
18.543 73.75 1.01
18.557 159.0 1.01
19.196 40.75 1.27
19.215 61.25 1.58

Figure S5: Exemplary system temperature spectra (Tsys) obtained from broadband measurements (dashed red) and a power
spectrum from an axion physics-run (solid black). For the latter, only a reduced frequency range around the TE11 mode
resonance is recorded. The Tsys spectrum obtained from the booster model (solid magenta) is superimposed with the band
around the line indicating the systematic uncertainties. For the broadband measurements, the model describes well the standing
wave pattern induced by the amplifier noise (∼ 230 K, see text) inside the booster, but not the fine structures indicating the
limitation of the one-dimensional model. For the physics-run power spectrum, a zoom to the TE11 booster mode region is
shown in the inset and a good agreement with the model is observed. The shift of the TE11 resonance peak frequency between
broadband and physics spectrum can be attributed to environmental effects, specifically the tuning mechanism being affected
during magnet ramp up/down – the shift shown is the biggest observed in all datasets. To match the resonance position of the
physics-run measurement after the system stabilized, the distance between mirror and closest disk used in the booster model
was adjusted, requiring O(µm) changes from the previously determined parameters.






