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Abstract. The axion is a hypothetical low-mass boson predicted by the Peccei-Quinn
mechanism solving the strong CP problem. It is naturally also a cold dark matter candidate if its
mass is below ~ 1 meV, thus simultaneously solving two major problems of nature. All existing
experimental efforts to detect QCD axions focus on a range of axion masses below ~ 25 ueV. The
mass range above ~ 40 peV, predicted by modern models in which the Peccei-Quinn symmetry
was restored after inflation, could not be explored so far. The MADMAX project is designed to
be sensitive for axions with masses (40-400) ueV. The experimental design is based on the idea
of enhanced axion-photon conversion in a system with several layers with alternating dielectric
constants. The concept and the proposed design of the MADMAX experiment are discussed.
Measurements taken with a prototype test setup are discussed. The prospects for reaching
sensitivity enough to cover the parameter space predicted for QCD dark matter axions with
mass in the range around 100 peV is presented.

1. Introduction

Most experiments looking for dark matter axions are sensitive in the axion mass range below
~ 25 peV [1]. This mass range is plausible in the scenario where Peccei-Quinn (PQ) symmetry
was broken before inflation. So far no experimental effort has reached the sensitivity to
potentially detect dark matter axions in the mass ranges preferred by post inflationary PQ
breaking. [2, 3].

The MADMAX experiment makes use of the dielectric haloscope concept of placing several
discs made of material with high dielectric constant and low dielectric loss in front of a mirror
inside a strong magnetic field [4, 5]. The axion-photon conversion rate is proportional to the
square of the magnetic field strength. It has been argued that using 80 discs made from LaAlOj
with dielectric constant € ~ 24 can lead to a power boost of the signal with respect to the power
emitted from a mirror by up to 5 orders of magnitudes [5]. If such a power boost can indeed
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be achieved, a sensitivity could be reached that allows for scanning the dark matter axion mass
range between ~ 40 peV and ~ 400 peV.

2. Experimental Concept

The basic concept of the experimental approach of the MADMAX experiment is depicted in
Fig. 1. The booster consisting of one mirror and ~ 80 adjustable discs is placed inside a dipole
magnet with ~ 10T field strength parallel to the surfaces of the discs. By adjustment of the
distances between the inividual discs, the frequency range within which a significant power
boost is obtained can be varied between 10 GHz and 100 GHz, corresponding to the frequencies
of photons induced by ~ 40 ueV and ~ 400 ueV axions, respectively. The obtainable mean boost
factor in a given frequency range is roughly inversly proportional to the bandwidth within which
the boost factor is adjusted and thus enhanced [6]. This enables a search strategy in which first a
broader (tens of MHz) frequency range is investigated using a specific disc setting and all signal
candidates with significance higher than a defined threshold are subsequently re-measured with
an increased boost factor using disc spacings resulting in maximal resonance of the boost factor
curve, i.e. minimal bandwidth and thus maximal obtainable boost factor. Depending on the
frequency range being investigated, the disc spacings vary and the length of the booster ranges
between ~20cm and 2m. This also imposes the requirement on the length of the magnet.
The booster will be housed
in a separate cryogenic vol-
ume. This allows for control
of the temperature of discs,
mirror, waveguide walls and
mechanical infrastructure to
avoid background from black
body photons.  The signal
emitted from the booster setup
is reflected by a parabolic mir-
ror, concentrating the power
into a corrugated horn an-
tenna at the end of the cryo-
genic volume. The signal can
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dielectric discs parabolic cryogenic be detected using a receiver
@: ~1m Mirror volime system based on heterodyne
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Figure 1. Schematic sketch of the concept. the MHz regime. The power

boost of the booster system
depends roughly linearly on the dielectric constant of the disc material [6, 7]. In consequence a
material with high dielectric constant € should be chosen. Additionally the dielectric loss tan d
within the material should be as low as possible. From this point of view LaAlO3 with e =24 and
tand ~ 1075 at the relevant frequencies seems to be a viable choice that still needs experimental
verification. By adjusting the disc positions the frequency range within which the power boost
factor is high can be adjusted between 10 GHz and ~ 100 GHz.

3. First proof of principle measurement
The predicted power of microwaves produced by dark matter axions of a disc with 1m? area
inside a 10T magnetic dipole field is roughly 2-10727 W [8]. With a power boost of 10* the
expected power is of the order 10723 W, detectable by state of the art receivers.

The principle of signal detection proposed for MADMAX is based on heterodyne mixing
of a preamplified signal. After a first stage low noise preamplifier, the signal is shifted to
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intermediate frequencies and further amplified and filtered. A digital sampler with internal Field
Programmable Gate Arrays providing real time fast Fourier transform is used to integrate and
store the signal. Such a system with a HEMT as first stage preamplifier and three intermediate
frequencies has been built. Depending on the HEMT preamplifier used, such a system can
be sensitive in the frequency range up to ~40GHz.For higher frequencies an alternative
preamplification technology still would have to be developed. A weak signal with 17.8 GHz
and a power of 10722 W has been injected into the liquid helium cooled HEMT preamplifier.
After an integration time of 28 hours the signal could be detected with > 6 o significance using a
Lorentzian cross correlation function with a half width of 8 kHz. Fig. 2 (left) shows the baseline
subtracted signal and the cross correlated signal in the interesting frequency range. A clear peak
can be observerd at the intermediate frequency corresponding to the 17.8 GHz signal.

1 —signal
=x-correlated signal

Power deviation from mean baseline [1022 W]

4 Copper Dielectric y

i discs
9.82 9.87 9.92 9.97 10.02 10.07 10.12 10.17 mirror Sapphire! \
Frequency [MHz] (Sapphire)

Wave Horn
guide antenna

Mirror

Figure 2. Left: Zoom into the intermediate frequency range where the 10722 W signal has been
identified. The red curve gives the baseline subtracted signal, while the blue curve displays the
Lorentzian cross correlated signal. Right: Test setup with a mirror and five sapphire discs.

In order to verify the predicted power boost behavior a smaller booster test setup with up
to five sapphire discs (¢ ~ 9, tand ~ 1075 ) in front of a mirror was built. The idea is that
if reflectivity, transmissivity and group delay behavior of a system are shown to agree between
simulation and measurement, the boost factor behavior of the system can be reliably obtained
from classical electro-magnetic calculations as well [6]. The used setup is shown in Fig. 2 (right).
A signal with adjustable frequency can be injected into the system through a horn antenna.
The signal is reflected by a parabolic mirror into the system. The response signal of the system
is back-reflected by the parabolic mirror into the horn antenna and is recorded by a network
analyzer. The measured group delay and reflectivity behavior as a function of frequency can be
compared to simulations. This is shown in Fig. 3 (left). The agreement between measured and
simulated reflectivity and group delay curves is remarkable.

Placement of the discs happens via precision motors attached to the individual discs. In
order to set the disc positions to achieve a desired boost factor curve, the following algorithm
has been implemented. In a first step the desired boost factor and frequency range are defined
and ideal disc positions as well as the group delay and reflectivity behavior of the system are
calculated. The discs are driven to the calculated disc position. Note that this position is, due to
mechanical tolerances, not necessarily as precise as needed. A reflectivity measurement is done
from which the group delay is calculated. The group delay is compared with simulation. If the
result is improved, disc positions are saved as the last best guess. Based on the last best guess,
the disc spacings are varied randomly. Steps are repeated iteratively. The random variations are
reduced, if no improvement is found for a certain number of trials, until disc positions converge.
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Figure 3. Left: Measured and simulated group delay and reflectivity of a 3-disc-plus-mirror
system. Right: Reproducibility and correlations of disc positions. The off diagonal scatter plots
show the correlations between the three different disc positions after convergence of the disc
placing algorithm. The diagonal histograms show the distribution of disc positions found.

For a one-disc-plus-mirror setup the reproducibilty of the disc position of about 2 um could
be achieved. For a three-disc-plus-mirror system the reproducibility and correlations of positions
of individual discs are shown in Fig.3 (right). It is clearly visible that the solutions found are
highly correlated among the discs. While the reproducibilty of the indvidual positions is of the
order tens of pum, nevertheless the group delay as a function of frequency and hence the boost
factor curves could be reproduced reliably. Work is presently in progress to understand the
behavior of systems with an increased number of discs.

Fig.4 shows the sketch of an upgraded
setup that allows for investigation up to
20 discs.  This setup is presently under
commissioning at the MPP.

4. Outlook and expected sensitivity

Presently the viability of building a dipole
magnet with required field strength and aper-
ture is being investigated in two independent
design studies. A realistic implementation
could be based on a racetrack design with an
active shield [9]. As a first step it is planned to
build a prototype magnet with smaller aper-
ture and a magnetic dipole field of ~3T.

Before building a full scale experiment, it
is planned to test the mechanical feasibility using a prototype booster with ~ 20 discs of
diameters ~ 30 cm inside the prototype magnet. Also it needs to be understood how the physical
temperature of the setup influences the noise temperature of the receiver system. This will be
done by performing noise measurements of different waveguides and disc setups inside a dedicated
liquid helium cryostat.

Once the concept has been verified for a larger amount of discs and a larger disc diameter,
the full scale experiment could be built. DESY Hamburg is presently discussed as a possible
site. The expected sensitivity of a system with 80 discs with 1m? area each inside a 10T
field is shown in Fig.5. Here it is assumed that a power boost of 5-10* can be achieved for
a bandwidth of 40 MHz and a frequency stability of the boost factor behavior of 1 MHz. The

Figure 4. Sketch of the test setup for up to 20
sapphire discs.
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signal loss due to diffraction is assumed to be negligible. A noise temperature of 8 K and a
signal width of 1076 is assumed. With above assumptions, using Dickes radiometer equation
[10], in each 40 MHz window within 7 days of measuring time a senstivity could be reached that
allows for scanning the KSVZ and DFSZ model specific predictions for dark matter axions.
Fig.5 also shows existing limits and projected sensitivities of other proposals or technologies.
Assuming conservatively that
the time needed to re-arrange
the disc settings of the booster
for different frequency ranges
or for improving the boost fac-
tor by narrowing the frequency
range equals one day, a to-
tal time of ~80 days will be
needed to scan 1 GHz of band-
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Figure 5. Sensitivity estimate of the MADMAX approach
5. Conclusions in the axion-photon coupling vs. axion mass range compared
Presently there are no dark to existing limits and senstivities of other approaches. Details
matter axion experiments that can be found in [11].
are sensitive to the mass range
predicted by the scenario where
Peccei-Quinn symmetry break-
ing happened after inflation. The MADMAX experiment could fill this gap by exploiting the
dielectric haloscope method. First proof of principle calculations and comparison to measure-
ments with a down sized setup containing five sapphire discs with 20 cm diameter in front of a
mirror are encouraging. Extrapolating the obtained results to a larger setup with 80 discs with
1m? surface in a 10 T magnetic field results in an experiment that could be sensitive to the
parameter range predicted by most common dark-matter axion models.
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