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Abstract. Peccei and Quinn proposed axions to solve the strong CP problem. Axions later
turned out to be an excellent candidate for cold dark matter. They may have a mass of around
100 peV if generated after cosmic inflation. The MADMAX collaboration aims to detect post-
inflationary QCD axion using a new detector concept, the dielectric haloscope. It detects axion-
induced traveling waves from boundaries of different media, boosted by layers of dielectrics. We
report the current progress and future measurement plan for a proof-of-principle setup. We also
report the current development of the prototype detector and the full MADMAX experiment.

1. Introduction
The nature of dark matter is one of the most enigmatic mysteries today, and the axion is a
compelling candidate [1]. Peccei and Quinn originally introduced axions to explain the lack
of CP violation in quantum chromodynamics (QCD) [2, 3, 4, 5]. They promoted an angle, 6,
that parametrizes the CP violation from a constant to a dynamic field. € naturally converges
to a minimum at zero as the universe expands, effectively solving the Strong CP problem. The
residual minuscule 6 oscillating around zero can constitute the dark matter content of the current
universe. Unfortunately, the oscillation’s tiny amplitude and unknown frequency, or mass mg,
make axion detection extremely difficult.

While the allowed m, range is vast, certain scenarios prefer a narrow range around 100 ueV.
In post-inflationary scenarios, where axion generation follows cosmic inflation, different causally
connected patches of the universe may start with any initial 8 between —m and 7. The 6 values
are mixed over the progress of cosmic evolution, and the 6 we observe today is an average of all
possible initial values. Recent lattice-QCD calculation suggests m, around 100 peV [6].

Axions can couple to photons:
Ling = ga'yE - B0, (1)

where E and B are electric and magnetic fields, and g, parametrizes the coupling strength. In
the laboratory, we can interpret the interaction as an axion field sourcing an electric field under
the influence of a magnetic field. The axion induced-electric field E¢ is written as following:

Ea — _ga’yBea
€

(2)
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Here B, is the external magnetic field, a is the axion field § multiplied by the PQ-symmetry
breaking energy scale f,, and ¢ is the electric permittivity of the medium.

Most current experiments use cavities to resonantly enhance E® [7, 8]. While they have been
exceptionally successful at m, = O(10) eV, their efficiency decreases rapidly with increasing
mass as their volume decreases proportional to photon wavelength. The detection of post-
inflationary axion requires a different technique.

2. Dielectric haloscope

By detecting axion-induced traveling waves, a dielectric haloscope can be scaled up to be sensitive
to QCD axions [9]. As pointed out in Eq. 2, E* depends on the electrical permittivity of the
medium; maximum in vacuum (E§ = 1.3 x 107 [V/m] for 10 T), and zero inside metal. At
the boundaries of different media, the difference of E* means an unnatural discontinuity that
can be resolved by traveling waves emitted from these boundaries [10]. The traveling wave has
a frequency corresponding to the cold dark matter axion mass; a mono-energetic peak above
the background on the power spectral density is the experimental signature. The traveling wave
detection differentiates a dielectric haloscope from the conventional resonant cavities; the 1D-
like structure is readily scalable. Traveling wave collectors such as horn antenna or tapered
waveguides reflect little, improve the matching with the detector, and minimize the unwanted
longitudinal standing wave mode that can interfere with the mode of interest. Parasitic higher
modes mostly reflect from an antenna or tapered waveguide and do not enter the receiver.

A metallic mirror is the simplest system that emits axion-induced traveling waves. The
traveling wave E7 cancels out E® at the mirror’s surface: Ej = —E§. Unfortunately, the power
of the Ej is extremely small; ~ 10727 [W/m?] for QCD axions in 10 T, much lower than the
typical sensitivity of state of the art detectors.

Fig. 1 shows how reflections of dielectrics boost Ej. A dielectric reflects a fraction of Ef
back to the mirror, which in turn induces more traveling waves from the mirror to cancel out
the new incident wave. A transformed reflectivity I" at the position of the mirror changes E by
—HLF. This ratio diverges to infinity as I' — —1. More energy is stored between the mirror and
the dielectric, and we can detect a portion of the energy leaks through the dielectric. Multiple
layers of dielectrics can transform the impedance of the free space — or the receiver system —
close to 0 [11]. The matched impedance transfers more axion-induced energy from the mirror
to the free space. For larger systems with more (> 5) disks, we have to consider E” from each
dielectric surface, and the work is in progress.

Be
(RRARRARNRRNRRRARNRRNRANI

Figure 1. Schematic of a dielectric
haloscope idea. The axion induces

a
an oscillating electric field Ef in
TTTTTTT I the vacuum. This field induces a
traveling wave E from a metallic
mirror to be detected by a receiver.

A dielectric disk reflects a portion
of EJ and changes the amount of
the detectable power.
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3. CB100 setup & ALP search at Morpurgo
We built a 100 mm-closed booster (CB100) setup to prove the feasibility of the dielectric
haloscope concept. The setup consists of a mirror, three sapphire disks, and a parabolic taper



as shown in Fig 2. Aluminum rings secure the spacings between the disks and the mirror. An
aluminum cylinder houses the setup. The sapphire disks are 1-mm thick, and the rings have
an inner diameter of 96 mm. The aluminum rings and the tube form conductive boundaries in
which only circular waveguide modes can travel. We use TE11 mode for its strong coupling to
the axion-induced electric field.

Figure 2. CB100 setup consists
of a mirror, three sapphire disks,
and a taper. Distances between the
disks are chosen to maximize the
axion-induced emission from the
mirror at 19 GHz.

We maximize the axion-induced emission from the mirror at 19 GHz by choosing the spacings
between the disks and the mirror. In conjunction with the sapphire’s thickness and electric
permittivity, the spacings transform the TE11-mode impedance of the circular waveguide closer
to the surface impedance of the mirror (check [11] for more details). Simulations show that the
CB100 system can output 2200 times more power relative to a simple mirror of the same area.
The signal is guided by the parabolic taper [12] and measured by a receiver.

Fig. 3 shows measured and simulated reflectivity around 19 GHz at room temperature. The
peak at 18.77 GHz is the designed peak that couples to the axion field. The measured group
delay agrees well with the simulation, but the measured loss is higher than the simulation. The
dominant source of the loss is due to the field leakage at the rim of the disks. Most other
peaks originate from unwanted modes at the taper. Reflectivity measurements at liquid helium
temperature are in progress.

The MADMAX collaboration will search ALP dark matter using the proof-of-principle
detector. The collaboration will have access to the Morpurgo magnet [13] during the SPSS
shut down of January 2022. With a 1.6-T dipole magnetic field, 300 MeV/cm? local dark
matter density, 410 K of system temperature, a signal-to-noise ratio of 5, efficiency of 0.85,
axion line width of 20 kHz, and four days of measurement, the expected sensitivity of axion-
photon coupling g~ will be
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with the lowest limit at 78.58 pueV. Fig. 4 shows the exclusion limit.

4. Prototype & Full MADMAX
The MADMAX collaboration plan for a prototype as a scaled-down version of the full MADMAX
detector for technical R&D [14]. It aims to demonstrate that the construction and operation
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Figure 3. CB100 Reflectivity measure-
ment is compared with simulation; magnitude
(top), group delay (bottom). Both measure-
ment and simulation correctly show the main
boosting peak near 19 GHz. The measure-
ment shows higher loss than predicted by sim-
ulation.

Figure 4. CBI100 detector can probe
axion-like particles down to 4.8 X
10~ GeV~! at 78.58 peV. The figure
also shows an exclusion from CAST and
area preferred by QCD axion models.

of a dielectric haloscope in cryogenic and high magnetic field are feasible. Its booster consists
of 20 disks of 30-cm diameter. The dielectric surfaces also emit axion-induced signals that will
constructively interfere at the frequency of interest. Piezo positioners, in conjunction with laser
interferometers, precisely position the disks for tuning. A focusing mirror and antenna collect
the signal from the dielectric haloscope and send it to a receiver chain. The whole system is
cooled down to liquid helium temperature to suppress background noise. German Research
Foundation recently funded the prototype cryostat that will be installed in the low-radiation
laboratory at the University of Hamburg. Once the technical study is finished, the collaboration
will use the prototype inside the Morpurgo magnet for the ALP search.

While cryogenic piezo positioners are key components, few commercially available models
satisfy the complex requirements of the experiment. Janssen Precision Engineering developed a
new cryogenic piezo positioner. The unit successfully operated at liquid helium temperature in
a cryostat at Max-Planck-Institut fir Physik. We will further test the unit in a 5-T field of an
ALPS II magnet at DESY.

Low-noise quantum amplifiers such as traveling wave parametric amplifiers (TWPAs) [15, 16]
can benefit the prototype. NEEL institute at Grenoble developed a reverse Kerr TWPA that
operates at 6-10 GHz with a noise temperature near the standard quantum limit [16]. The
group is designing an improved version that can work above 10 GHz.

The final MADMAX detector aims to detect the QCD axion in 40-400 peV. It consists of up
to 80 1-m? area dielectric disks inside a 9-T dipole magnetic field. Fig. 5 shows its schematics.
The magnet will use niobium-titanium superconductors inside a copper jacket. CEA Saclay and
Billfinger Noell are designing the magnet. They recently tested the conductor against quench.
DESY will host the final MADMAX experiment in the north hall of the HERA experiment.
Fig. 6 shows the projected sensitivity of the prototype and final MADMAX. We expect to start
the measurement using the final MADMAX from 2028.
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Figure 5. The final MADMAX detector consists
of a 80 1-m? dielectric disks inside a 9-T dipole
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