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Abstract The axion emerges in extensions of the Standard
Model that explain the absence of CP violation in the strong
interactions. Simultaneously, it can provide naturally the cold
dark matter in our universe. Several searches for axions and
axion-like particles (ALPs) have constrained the corresponding parameter space over the last decades but no unambiguous hints of their existence have been found. The axion mass
range below 1 meV remains highly attractive and a well motivated region for dark matter axions. In this White Paper we
present a description of a new experiment based on the concept of a dielectric haloscope for the direct search of dark matter axions in the mass range of 40 to 400 μeV. This MAgnetized Disk and Mirror Axion eXperiment (MADMAX) will
consist of several parallel dielectric disks, which are placed
in a strong magnetic ﬁeld and with adjustable separations.
This setting is expected to allow for an observable emission of axion induced electromagnetic waves at a frequency
between 10 to 100 GHz corresponding to the axion mass.
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1 Introduction
Axions are hypothetical low-mass bosons predicted by
the Peccei–Quinn (PQ) mechanism, which explains the
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absence of CP-violating effects in quantum chromodynamics (QCD) [1–4]. Axions could also provide the cold dark
matter (DM) of the universe [5–7] and as such are among
the few particle candidates that simultaneously resolve two
major problems in physics.
Assuming axions make up most of the DM in the universe,
their mass m a is expected to be less than ∼ meV (cf. [8,9]
and references therein). Mass values higher than ∼ 20 meV
are excluded due to astrophysical constraints, see [10] for a
review and [11–13] for updates and descriptions of recent
anomalies. The existing experimental efforts for DM axion
searches focus on an m a range below ∼ 40 μeV. This is
motivated by the realignment mechanism of the axion ﬁeld
providing the right amount of DM in scenarios in which the
PQ symmetry is broken before inﬂation and never restored
thereafter. Among these experimental efforts are microwave
cavity searches [14] such as ADMX [15,16], ORGAN [17],
HAYSTAC [18–20] or CULTASK [21], which have begun to
probe part of the axion parameter space.
In scenarios in which the PQ symmetry is broken after
inﬂation, the realignment mechanism now along with decaying topological defects provides a cold DM axion density
that matches the observed value if the axion mass m a is of
the order of 100 μeV [22–27]. One recent attempt to improve
the numerical simulations points to a more concrete mass
value of m a ∼ 26 μeV [28] but still faces large theoretical
uncertainties [29].
We propose to search for QCD axion DM in the mass
range around 100 μeV, using a dielectric haloscope [30].
This concept makes use of the “dish antenna” idea [31] and of
additional signal enhancements possible by having multiple
dielectric layers [32]. The proposed MAgnetized Disk and
Mirror Axion eXperiment (MADMAX) will consist of a mirror and about 100 dielectric disks each about 1 m2 large with
adjustable separations placed inside a homogeneous 10 T
strong magnetic dipole ﬁeld.
This White Paper gives a summary of the principles upon
which dielectric haloscopes are based, followed by a description of the ﬁrst baseline design that could be used for the
search of axions with mass in the range of 40 to 400 μeV. The
results of measurements at a test setup are presented, which
lead us to the conclusion that it should be realistic to build an
experiment that can cover a large fraction of the parameter
space including the unexplored one predicted for DM axions
in the post inﬂationary PQ symmetry breaking scenario.

2 Theoretical motivation
2.1 Strong CP problem
In the standard model (SM) of particle physics, violation
of CP in the strong interactions is controlled by just one
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parameter, the θ angle. This angle appears as the sum of
two contributions with a-priori unrelated origins: the angle
deﬁning the vacuum of QCD, θQCD , and the common phase
of the quark mass matrix, Arg Det Mq , related to the Yukawa
couplings of the Higgs sector. Observable effects derive only
from this combination. When we redeﬁne quark ﬁelds to
make their masses real, the phase appears as the coupling
constant of the topological charge density operator of QCD,
i.e., the SM Lagrangian contains a term
αs μν
αs
θ G a G μνa ≡
θ Ea · Ba
8π
2π

(2.1)

which violates parity, time-reversal and thus CP. In (2.1)
aμν ≡
G μνa denotes the QCD ﬁeld-strength tensor with G
1 μναβ
G αβa being its dual, color index a = 1, . . . , 8, and Ea
2
and Ba the illustrative chromo electric and chromo magnetic
ﬁelds, respectively. Non-zero values of θ imply CP violating observables such as nuclear electric dipole moments but
none of these effects have been observed to date. As a key
example, the electric dipole of the neutron is predicted to be
dn = 2.4 × 10−16 θ e cm [33] but the most recent experiment
[34] concluded that |dn | < 2.9 × 10−26 e cm, so θ must be
extremely tiny, θ < 1.3 × 10−10 . This is an amazingly small
upper limit, especially if we consider that the only other CP
violating phase in the SM, the CKM angle δ13 = 1.2 ± 0.08,
is not particularly small and also comes from the quark mass
matrix. Indeed, the smallness of CP violation gives us a hint
that some dynamical mechanism could be at work to suppress
the effects of the θ term in Eq. (2.1).
2.2 Axions
In the year 1977 Peccei and Quinn proposed a mechanism
to solve the strong CP problem, often considered to be the
most elegant to date [1,2]. The vacuum energy density of
QCD depends on θ , i.e., VQCD = VQCD (θ ), and its absolute
minimum lies1 at θ = 0 [36], which is CP conserving. If θ
is interpreted to be a dynamical ﬁeld, VQCD (θ ) becomes the
potential energy of that ﬁeld so that the expectation value θ 
will be dynamically driven to zero, explaining the absence
of CP violation.
This mechanism relies on a global U(1)PQ symmetry
that breaks spontaneously at the PQ scale f a . A modelindependent consequence is that excitations of θ (x) around
the minimum of the potential represent a new particle, the
axion [3,4]. The dynamical θ (x) ﬁeld needs a kinetic term
f a2 (∂μ θ )(∂ μ θ )/2. The axion ﬁeld is the canonically normalized version of θ , a(x) = θ (x) f a . Values of f a  108 GeV
Strictly speaking, this would only happen if δ13 = 0 but CP violation is transmitted by quantum corrections to the QCD sector and the
minimum gets shifted from θ = 0 by a small amount. See [35] for a
review.
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Fig. 1 Overview of axion
masses m a (equivalently f a )
excluded by a variety of
astrophysical and cosmological
arguments (blue) or laboratory
searches (gray) together with
experimental prospects (green)
and axion cold DM predictions.
Pre- and postinﬂation PQ
breaking scenarios are explained
in Sect. 2.4

are excluded experimentally and astrophysically, so the axion
offers a window to discover physics at ultra-high energies not
testable by current accelerator techniques.
The cancellation of θ  is dynamical, leading to residual
oscillations of θ around the minimum, which are expected for
generic initial conditions. As the age of the universe is ﬁnite,
these oscillations are quasi-classical ﬁeld oscillations that
could constitute today’s cold DM referred to at the realignment mechanism [5–7].
The axion mass is given by

 12
10 GeV
,
(2.2)
m a = 5.70(6)(4) μeV
fa
where the numbers in brackets denote the uncertainty in the
last digit, dominated by the uncertainty in the up-down quark
mass ratio (ﬁrst bracket) and higher order effects (second
bracket) [37]. The interaction of the axion with electric ﬁelds
E and magnetic ﬁelds B is given by the Lagrangian density
Laγ =

a
α
Caγ E · B
2π
fa

with

Caγ = 1.92(4) −

E
,
N
(2.3)

the ﬁne structure constant α, and the model-dependent ratio
of the electromagnetic and colour anomalies E/N of the PQ
symmetry. Again the number in brackets refers to the uncertainty in the last digit [37]. These numbers are quoted as
recently obtained at NLO in chiral perturbation theory [37].
The topological susceptibility entering in equation (2.2) has
also been calculated from ﬁrst principles exploiting lattice
QCD, with a similar uncertainty (see reference [26]). One
should however note that Caγ might vary by up to two orders
of magnitude in somewhat more exotic axion models [38,39].

2.3 Landscape and constraints
The constraints on axion models are usually quoted on a
speciﬁc coupling, e.g., Caγ as a function of m a . A broad
picture is shown in Fig. 1. A combination of stellar evolution and cosmological arguments together with experimental
searches rule out axions with f a < 3 × 108 GeV corresponding to m a > 20 meV. A signiﬁcant part of the axion parameter
range is excluded by the impact that axion emission would
have in different stellar objects: SN1987A, horizontal branch
and red giant stars in globular clusters, white dwarfs and the
Sun (see [10] for a summary and [11,12] for updates). Interestingly, some of the observed systems such as white dwarfs,
horizontal branch stars in globular clusters and the tip of the
red giant branch of the globular cluster M5 show a slight
preference for non-standard energy loss and could be hinting
at an axion or ALP with f a ∼ 109 GeV [12,40].
The broad picture of experimental limits on any ALP (and
including QCD axions such as the KSVZ axion) coupled to
photons is shown in the m a –gaγ plane in Fig. 2, where
gaγ =

α Caγ
.
2π f a

(2.4)

For a recent review on the constraints and prospects for experimental detection of the axion, including this and other couplings, we refer to [41].
2.4 Axion dark matter
DM axions can be produced in the early universe by at least
two processes: in reactions from SM particles in the thermal
bath (thermal axions) and by the vacuum realignment mech-
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Fig. 2 Constraints on a generic
ALP with mass m a and coupling
to photons gaγ . Also shown are
the prospects for the reach of
IAXO, ALPS-II and the axion
DM search experiments
ADMX2, ADMX-HF and
CAPP

anism (non-thermal axions) [5–7]. The cold, non-thermal,
population is the one that can provide the right amount of
cold DM. Axion cosmology is reviewed in [8,9].
In the vacuum realignment mechanism, the axion ﬁeld
starts with certain initial conditions, which then evolves,
driven by its potential energy, VQCD . The axion DM yield is
thus determined by initial conditions and not by thermodynamic processes. Two types of axion cosmologies are considered which generally differ in the order of two critical events:
cosmic inﬂation and the PQ symmetry breaking [22,23].
In scenario A inﬂation happens after the PQ symmetry
breaking. One patch is thereby inﬂated to encompass our
observable universe while smoothing θ to a single initial
value of the misalignment angle θi . Accordingly, the initial value of the axion ﬁeld in our local universe is unique –
up to quantum ﬂuctuations – and it is fundamentally unpredictable from ﬁrst principles. In this scenario, one can have
the complete amount of cold DM in the form of cold axions
for any value of f a  109 GeV assuming a suitable value
of the initial universal misalignment angle θi , see [26]. Several examples for the resulting relic axion density today ρa
are plotted as blue lines together with the observationally
inferred cold DM matter density indicated by the horizontal
dashed line in Fig. 3.
In scenario B inﬂation happens before the PQ symmetry
breaking. The axion ﬁeld keeps a patchy structure from the
PQ symmetry breaking until today as the initial conditions
of the axion ﬁeld were essentially random in each causally
disconnected patch of the universe. Because of this, one can
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Fig. 3 Relic axion DM density in the universe today ρa as a function
of the axion mass m a (equivalently f a ) for several values of the initial
misalignment angle θi in scenario A and scenario B (N = 1) according
to [22,23]. Also shown is the thermal component whose contribution
to ρa increases towards high mass values

perform a statistical average to obtain a prediction for the
relic axion density today from the realignment mechanism
as a function of f a . However, scenario B is complicated by
the presence of cosmic strings and domain walls, because
the axion ﬁeld forms a network of global cosmic strings after
the PQ symmetry breaking. The ensuing axion domain wall
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problem is automatically solved when the domain wall number is N = 1 or by a suitable PQ symmetry breaking if
N > 1 [42]. In processes like string decays some energy
converts into long-wavelength axions which will also contribute as DM. Assuming N = 1, the scenario B prediction
from [23] is shown as a thick red line in Fig. 3 (the errors have
been slightly enlarged as discussed in [27]). A recent direct
calculation with an effective large string-tension technique
favours instead a value smaller by a factor of 4, giving the
correct abundance for m a  26 μeV [28]. The recent study
about the string network attractor and axion production [29]
conﬁrms a smaller value than [23] but highlights that the
extrapolations needed are not under control by current simulations so that much larger values are possible. We therefore
consider the mass range
26 μeV  m a  1 meV

186

Fig. 4 A dielectric haloscope consisting of a mirror and several dielectric disks placed in an external magnetic ﬁeld Be and a receiver in the
ﬁeld-free region. A focusing mirror (not shown) could be used to concentrate the emitted power into the receiver. Internal reﬂections are not
shown. Figure taken with permission from [30]

(2.5)

to be best motivated one in scenario B with m a ∼ 100 μeV as
a typical corresponding value for the DM axion mass. Further
discussions are given in [22,23,28,29,43–47].
We will aim to detect the DM axions bound to our galaxy
which we assume to provide the full local galactic DM density of ( f a m a )2 θ02 /2 ∼ 300 MeV/cm3 . Their velocity dispersion on Earth is described by the galactic virial velocity
va ∼ 10−3 . The corresponding de Broglie wavelength is
λdB = 2π/(m a va ) = 12.4 m (100 μeV/m a )(10−3 /va ) and
thereby of macroscopic size. Indeed, in our axion DM search
experiment described below, we expect to probe an axion
ﬁeld that behaves as an (approximately) homogeneous and
monochromatic classical oscillating ﬁeld θ ∝ θ0 cos(m a t)
with θ0 ∼ 4 × 10−19 and a frequency of νa = m a /(2π ) in
the microwave range.

3 Foundations of the experimental approach
The most sensitive experiments to date are based on cavity resonators in strong magnetic ﬁelds (Sikivie’s haloscopes [14]) such as ADMX [15], ADMX HF [18] or
HAYSTAC [20]. However, these approaches are optimal for
m a  40 μeV, which has been considered to be a substantial part of the natural range for axion DM in scenario A.
If the resonance of the cavity is tuned to the axion mass,
the cavity can be understood as a forced oscillator with a
large axion-induced excitation. The length scale of the cavity needs to be approximately λa /2 where λa = 2π/m a is
the Compton wavelength given by the axion mass. As the
emitted power of the cavity scales with the size of the cavity,
this approach is impeded for small wavelengths and therefore small cavity sizes. For even lower values of m a nuclear
magnetic resonance techniques like CASPEr [48] or with LC

circuits [49,50], e.g. ABRACADABRA [51] and DM-Radio
[54], could be effective.
The mass range favored in scenario B (2.5) and m a 
40 μeV in particular is not covered by current experiments
with a sensitivity sufﬁciently high to probe QCD axion DM
scenarios. In various proposals the cavity concept is extended
to this mass range by employing higher mode resonators,
such as in ORPHEUS [52], ORGAN [17] or RADES [53].
In addition, ﬁfth-force experiments [55] could search in this
region, but would not directly reveal the nature of DM.
In [30] a new concept to cover this important gap was
introduced that is capable of discovering ∼ 100 μeV mass
axions. The main idea of this concept is to exploit constructive interference of electromagnetic radiation emitted
at several surfaces as well as resonant enhancement. This is
achieved through a series of parallel dielectric disks with a
mirror on one side, all within a magnetic ﬁeld Be parallel to
the surfaces as shown in Fig. 4 – a dielectric haloscope.
As discussed in [30] the output power P of the dielectric
haloscope per unit area A is


Be 2 2
P0
W
P
= β2
= 2.2 × 10−27 2 β 2
Caγ ,
(3.1)
A
A
m
10 T
which implicitly depends linearly on the galactic axion DM
density which is here assumed to make up all of the galactic
cold DM density; cf. Sect. 2.4. Moreover, β 2 is the power
boost factor that represents the enhancement of the output
power of the dielectric haloscope with respect to the output
power P0 of one single magnetized mirror only [31]. The
value of β = β(νa ) as a function of frequency is calculated
by matching the axion-induced electric ﬁeld in each region
(dielectric disk or vacuum) with left and right-moving electromagnetic waves of frequency νa as imposed by the continuity of the total electric and magnetic ﬁelds parallel to the
disk/mirror surface (E|| and H|| , respectively) at the inter-
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faces [56]. The quantum ﬁeld calculation [57] of the power
agrees with the classical calculation.
The desired enhancement, β 2  1, comes from two
effects, which generally act together but can be differentiated
in limiting cases. These effects depend on the optical thick√
ness of each disk δ = 2π νd , where d is the physical thickness,  the dielectric constant, and ν the frequency under consideration. This sets the transmission coefﬁcient of a single
√
√
disk, found to be T = i2 /[i2  cos δ + ( + 1) sin δ].
When δ = π, 3π, 5π, . . ., the disk is transparent (|T | = 1)
and the emission from different disks can be added constructively by placing them at the right distance. When |T | < 1,
the spacings can be adjusted to form a series of leaky resonant
cavities where E-ﬁelds are boosted by reﬂections between
the disks. In general, both the simple sum of emitted waves
and resonant enhancements are important.
After choosing  and the thickness of the disks d, the
distances between disks remain as the only free parameters
of the dielectric haloscope, still leaving considerable control
over the frequency response. Different types of conﬁgurations are relevant: a conﬁguration with a ﬂat response over
a large frequency range ν reduces the need for frequent
disk repositioning, but suffers from smaller power boost factors β 2 . Conﬁgurations with a larger β 2 over a narrow range
ν allow to discard statistical ﬂuctuations and do precision
axion physics in case of a discovery.
2
The behavior
 2of β can be predicted using the area law:
the integral β dνa is constant for a ﬁxed set of disks,
which holds exactly when integrating over 0 ≤ νa ≤ ∞, and
is a good approximation for frequency ranges containing the
main peak [56]. This behaviour allows one to trade width
for power and vice versa. In addition, an increase in the
number
of disks gives approximately a linear increase in
 2
β dνa . The area law is illustrated in Fig. 5 which shows
β 2 (νa ) for a dielectric haloscope consisting of a mirror and
20 disks (d = 1 mm,  = 25). Spacings have been selected
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to maximize the power boost factor β 2 for three ranges of
ν with νβ = 1, 50 and 200 MHz each equally centered
on 25 GHz.

4 Proposed experimental setup for the search of dark
matter axions
4.1 Design sensitivity and constraints from technology
The goal is to build a dielectric haloscope, based on the experimental concept described in Sect. 3, that is sensitive to axion
DM in the mass range 40 to 400 μeV. The corresponding frequency range to be covered is roughly 10 to 100 GHz. The
feasibility of achieving this goal is discussed in the following
sections based on Eq. (3.1) and considering the constraints
imposed by available technologies and materials.
Current state of the art electromagnetic receiver systems
are able to detect signal powers of roughly 1 × 10−22 W
for a few days measurement time and for frequencies below
40 GHz. Such receiver systems are also used in radio astronomy applications. They have noise temperatures Trec of a
few K. More details about the receiver are discussed in
Sect. 4.2.
The magnetic ﬁeld Be needs to be parallel to the disk
surface as introduced in Sect. 3. This requires ideally a dipole
magnet that encloses the entire booster setup. To obtain a
detectable power emission, a minimum value for the ﬁgure
of merit B 2 A is 100 T2 m2 , where B = Be here and below.
The magnet will be discussed in more detail in Sect. 4.3.
The disks need to have high dielectric constants , and
small dielectric losses tan δ. They need to be mechanically
stable such that disks with large surfaces and a few millimeter
thickness can be manufactured. Several materials are considered for this purpose, for example LaAlO3 , with  ≈ 24 and
tan δ ≈ 10−6 at low temperatures [58,59]. It seems realistic
to manufacture tiled LaAlO3 disks of signiﬁcant size, which
is discussed in more detail in Sect. 4.4.
With these technological constraints, it follows from Eq.
(3.1) that the power boost factor β 2 needs to exceed a value
of ∼ 104 to make an axion signal detectable. The expected
sensitivity and the measurement strategy are discussed in
more detail in the sections below.
4.2 The receiver

Fig. 5 Power boost factor β 2 (νa ) for conﬁgurations optimized for
νβ = 200, 50 and 1 MHz (red, blue and grey) centered on 25 GHz
using a mirror and 20 dielectric disks (d = 1 mm,  = 25). Figure
adapted from [30] with permission
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The proposed principle of microwave detection for the frequency regime below ∼ 40 GHz is based on heterodyne mixing of a preampliﬁed signal [60]. This is sketched in Fig. 6.
After the ﬁrst low noise preampliﬁer stage (HEMT) and preﬁltering, the signal (RF) is shifted to intermediate frequencies (IF) by mixing a carrier frequency into the signal. At the
intermediate frequencies the signal is further ampliﬁed and
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noise temperature of zero. Realistic systems with lossy disks
will have ﬁnite emissivity and will therefore need cooling.
Furthermore, the antenna and supporting structures thermally
radiate. This can be suppressed by cooling the whole setup.
These requirements can only be achieved with the booster
being enclosed in a cryostat. With these boundary conditions
the benchmark power of 1 × 10−22 W can be detected by the
receiver within a few days measurement time.
Fig. 6 Basic block diagram for heterodyne detection. By mixing the
signal at frequency ν with a local oscillator signal at frequency νLO , the
signal is shifted to ν + νLO and ν − νLO . One of them is selected with
a band-pass and successively detected

ﬁltered. Finally, the signal is at a frequency that is accessible to digital 16 bit samplers, which have internal FPGAs
that provide real time fast Fourier transform calculation with
subsequent integration and storage of the signal.
As mentioned above, state of the art detector technology
requires different systems for the frequency ranges 10–40
GHz and above 40 GHz. For the lower frequencies, HEMT
detectors [61], as widely used in the radio astronomy community, can be utilized. For the baseline design we propose
HEMT receivers from Low Noise Factory2 for the lower frequency range. This frequency range is the initial focus of the
experiment motivated by the mass region that is predicted
for the DM axion, as discussed in Sect. 2.4. For the high frequency range new detectors working at the quantum noise
limit or below still have to be identiﬁed and developed.
The sensitivity of the receiver can then be calculated using
Dicke’s radiometer equation [62,63],
Psig
S
=
N
k B Tsys



tscan
ν

(4.1)

where k B is the Boltzmann constant. Tsys is the total system
noise temperature which consists of the receiver noise temperature Trec and the additional noise from the booster and
its surroundings Tbooster , such that Tsys = Trec + Tbooster . Psig
is the expected photon signal power (3.1) corrected by the
experimental efﬁciency, tscan is the scanning time for an individual measurement of a given bandwidth, and ν = 10−6 ν
is the predicted axion line width at given frequency ν.
Given the state of the art receiver noise temperature of
Trec ≈ 6 K the noise of the remaining system, in particular the booster, should not exceed a few K. For the discussion in the following sections a value for the booster noise
of Tbooster ≈ 2 K will be used. The noise of the booster is
calculated from the actual physical temperature multiplied
by its emissivity, i.e., its effectiveness in emitting thermal
radiation. The emissivity equals the absorption coefﬁcient.
A perfect mirror would have no absorption and therefore a
2

www.lownoisefactory.com.

4.3 The magnet
According to Eq. (3.1), the emitted power is proportional
to the square of the magnetic ﬁeld component B parallel to
the surface and the area A of the surface. Together with the
necessity to collect the generated power by antennas facing
the surfaces of the disks, this implies that a dipole ﬁeld is
preferred. When designing a magnet for the haloscope, the
quantity B 2 A is to be maximized. At the same time, the maximum length and width of the setup imposed by the coherence
requirement, signal attenuation in the disks, and mechanical
constraints need to be considered.
Taking the discussion in Sect. 4.4 into account, a dipole
magnet suitable for the experiment should reach a B 2 A value
of 100 T2 m2 . This could be realized with a magnetic ﬁeld
strength of 10 T, with a bore of 1 m2 allowing to host disks of
similar size. As discussed in Sect. 4.4 this ﬁeld should extend
over a length of up to 200 cm .
Two independent conceptual design studies are presently
being ﬁnished. They are performed in the framework of an
innovation partnership [64].
Both innovation partners have investigated several different dipole-magnet concepts: cosine-theta [65], canted cosinetheta [66], racetrack [67] and block designs [68]. They independently came to the conclusion that it is technologically
feasible to produce a dipole magnet compatible with the
required B 2 A value of 100 T2 m2 and a ﬁeld homogeneity of 5% within the geometrical boundary conditions set by
the experiment and the infrastructure at the planned experimental site at DESY, Hamburg. Such a magnet would be built
according to the block design using NbTi superconductor at
1.9 K. In order to respect the maximum peak ﬁeld inside
the coils consistent with NbTi superconductor, the magnetic
ﬁeld would be 9 T, while the disk diameter would be 1.25 m.
As a ﬁrst step a demonstrator coil for veriﬁcation of the
feasibility of the proposed conceptual design will be built.
First estimates of the time schedule indicate the possibility
for a delivery of the full scale magnet to the experimental site
around 2025.
4.4 The booster
The requirements for the booster follow from the design sensitivity and the constraints from receiver and magnet tech-
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Fig. 7 Calculations of the power boost factor β 2 with 20 LaAlO3 disks
( = 24) for six different disk spacing conﬁgurations. For each conﬁguration β 2 > 2.5 × 103 is achieved over a range of νβ ∼ 250 MHz.
The 250 simulations performed with random Gaussian variations of the
disks spacings with a precision of σ = 15 μm are plotted on top of each
other

nologies which were discussed in the sections above. The
signal power of the booster needs to be of the order of
 1 × 10−22 W to be detectable by state of the art radiometers. According to Eq. (3.1), the factor β 2 needs to exceed
four orders of magnitude with a B 2 A value of 100 T2 m2, for
example with a disk size of 1 m2 and magnetic ﬁeld of 10 T.
Following the calculations outlined in Sect. 3, the power
boost factor β 2 is determined using an idealized scenario
with planar disks and without diffraction. Figure 7 shows the
power boost factor β 2 as a function of frequency resulting
from these calculations using 20 disks made from LaAlO3
( = 24). Six different conﬁgurations of disk spacings have
been used. For each conﬁguration the disk spacings are chosen such that the boost factor exceeds β 2 > 2.5×103 within a
frequency range of νβ ∼ 250 MHz. For each conﬁguration
the calculation was repeated 250 times with Gaussian variations of the disks spacings with a precision of σ = 15 μm.
This indicates that position uncertainties of 15 μm are well
acceptable in this frequency range, changing β 2 typically less
than ∼ 5%.
The frequency at which sizable β 2 values occur in the
range νβ can be seamlessly shifted by changing the spacings between the disks. The area law then implies that for
a narrower νβ setting a higher power boost β 2 can be
achieved.
Further idealized simulations showed that the power boost
β 2 can easily exceed ∼ 5×104 for a setup with 80 disks [69].
Given the axion mass range to be covered, the distances
between the disks range from ∼ 1.5 mm at 100 GHz to
∼ 20 mm at 10 GHz. The number of 80 disks would neces-
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sitate a length of the system of up to 200 cm (low frequency
setup).
The booster could consist of movable disks connected to
precision rails on which they can be positioned by precision motors via pistons. While the precision of the pistons
of motors themselves can be easily controlled to the sub μm
level, the mechanical transmission from motors to disks in
a high magnetic ﬁeld and cryogenic environment as well as
gravity can lead to sizable uncertainties in the exact disk positioning. Technology to ensure in-situ adjustable disk spacing
with high enough precision in the experimental surrounding
with 10 T magnetic ﬁeld and cryogenic ambient temperature
is currently being investigated and developed.
The material used for the dielectric disks has to fulﬁll the
following criteria:
• High dielectric constant   10: As discussed in [56]
the output power can be increased with a higher dielectric constant , as the discontinuity of the axion-induced
ﬁeld on a disk surface increases. In addition, a higher 
can enhance the boost factor by making the system more
resonant. Moreover, the disks are more difﬁcult to manufacture for high  as they need to be thinner for a given
optical thickness δ and their placement more precise. The
optimal  is therefore a trade off between various effects.
• Low dielectric loss tan δ  10−5 : Similar calculations as
in Sect. 3 and [56] have shown that up to 50% of the total
output power in a 80 disk booster is lost for tan δ = 10−6
in the most resonant conﬁgurations. For more broadband
conﬁgurations, higher losses with up to tan δ ∼ 10−5 are
acceptable.
• Mechanically stable.
• Appropriate cryogenic properties down to 4 K.
• Affordable.
Presently lanthanum aluminate (LaAlO3 ) is envisioned as
the baseline candidate for its high permittivity ( ≈ 24 )
and small loss (tan δ ≈ 10−6 ) also at low temperatures [58,
59]. An alternative material could be sapphire (Al2 O3 ) [70,
71] which has a permittivity of  ≈ 11.5 and a loss angle
tan δ ≈ 10−4 . Other materials are under investigation.
The technology to produce sufﬁciently large disks with
high enough precision (surface roughness of ∼ μm) needs
to be developed. The concept of disk tiling is currently under
investigation. Tiled disks are made from several smaller
pieces of dielectric material that are glued or connected otherwise to form a single, stable large disk. Preliminary results
from 3D simulations show that the emitted power of a tiled
disk with gaps of λa /10 is not signiﬁcantly reduced compared to the one emitted by a monolithic disk. Indeed, the
emitted power is only reduced according to the smaller area
of the tiled disk within the uncertainties of the simulation.
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Fig. 8 Preliminary baseline design of the MADMAX approach. The
experiment can be divided into three parts: (1) magnet (red racetracks),
(2) booster – consisting of the mirror (copper disk at the far left), the
80 dielectric disks (green) and the system to adjust disk spacing (not
shown) – (3) the receiver – consisting of the horn antenna (yellow) and
the cold preampliﬁer inside a separated cryostat. The focusing mirror
is shown as an orange disk at the right. The ﬁgure is not to scale

Also ﬁrst transmission measurements with a tiled ceramic
disk showed no measurable effect.
An important task is to suppress contributions to the noise
temperature Tsys from the booster and its surrounding. As
discussed in Sect. 4.2, the added system noise needs to be
less than ∼ 2 K. The main noise component is expected from
thermal radiation of the disks with the support system, the
walls surrounding the booster and the antenna. Therefore the
booster needs to be enclosed in a cryogenic environment that
allows to operate the booster at a temperature of 4 K.
A baseline design with 80 disks is assumed for the sensitivity study in Sect. 4.5. A schematic of the proposed MADMAX approach is shown in Fig. 8.
The experimental setup can be divided into the three main
components:
• The dipole magnet with a B 2 A value of 100 T2 m2 over
a length of 2 m,
• the booster, consisting of a mirror ( = ∞) at the far
end and the ∼ 80 dielectric disks that can be positioned
within a few μm precision by motors,
• the receiver, including the focusing mirror and the
antenna, which is used for detection of the emitted power.
As discussed in Sect. 4.2 the initial focus of the experiment is in the frequency range 10–40 GHz. The extension to
higher frequencies will be done at a later stage. For higher
frequencies diffraction effects are expected to become less
pronounced but the mechanical precision requirements on
the booster setup will become more demanding.
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mate assumes that a power boost factor of β 2 ∼ 5 × 104
over a bandwidth of νβ ∼ 50 MHz can be achieved with
80 LaAlO3 disks with a surface area of 1 m2 in a 10 T magnetic ﬁeld. For the receiver a detection efﬁciency of 80% and
a measurement time of ∼ 4 days , system noise temperature
of 8 K and minimum signal-to-noise ratio of S/N = 4 for
each frequency band are assumed.
The resulting sensitivities obtainable with the MADMAX
approach for DM axions and hidden photons with a mass in
the range 40 to 400 μeV using the above assumptions and the
Dicke equation (4.1) are shown in Figs. 9 and 10, respectively.
A signiﬁcant part of the parameter space predicted for DM
axions in the post inﬂationary PQ scenario could be probed.
For hidden photons, the kinetic mixing angle χ is analogous
to gaγ and the search does not require a magnetic ﬁeld [31,
75]. Also a parameter space consistent with hidden photons
as DM could be probed down to χ  10−15 .
The measurement strategy depends on the required measurement time to detect a 1×10−22 W signal with the desired
signiﬁcance and the time needed to readjust the disk spacings to change the frequency band of the power boost factor
β 2 . The Dicke equation (4.1) suggests that the measurement
time for a scan over a ﬁxed frequency range is inversely proportional to the square of the signal power Psig , where Psig
itself is proportional to β 2 . The measurement time is further proportional to the number of individual scans per GHz,
given by 1 GHz/ νβ , such that the total measurement time
is inversely proportional to β 4 νβ . Since the area law suggests β 2 νβ ∼ const, it is in principle favorable to make
β 2 big and νβ small, until the measurement times become
comparable to the readjustment times for the disks. Increasing the boost factor further decreases νβ and thus requires
more readjustments, which in turn increase the total scan time
again.
The readjustment time, during which no data is taken,
is conservatively estimated to be around a day. The measurement time further depends on the system noise which
is assumed to be Tsys = 8 K and the detection efﬁciency,
for which we assume ∼ 80%. Note that the numbers stated
in the above considerations are preliminary estimates with
respective uncertainties. Under the stated assumptions one
ﬁnds that the mass range between 40 and 120 μeV could
be scanned within ∼ 5 years [56], showing the experimental
feasibility of this approach. The mass range above 120 μeV
requires additional R&D especially for the detection technique and could be covered with detectors working at or
below the quantum limit for the required frequency range.

4.5 Expected sensitivity and measurement strategy

5 Proof of principle measurements with ﬁrst test setup

The sensitivity of the proposed setup is calculated from the
baseline design discussed in the previous sections. This esti-

First proof of principle systems for the booster and the
receiver have been assembled and tested. A receiver sys-
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Fig. 9 Projection of sensitivities for DM axions and ALPs on the
axion–photon coupling gaγ as a function of the axion mass. The lines
denoted by DFSZ and KSVZ show representative gaγ values associated with the corresponding two most popular classes of QCD axion
models. For the MADMAX projection, a setup with 80 dielectric disks
each with an area of 1 m2 and a magnetic ﬁeld of 10 T parallel to the
disk surfaces has been assumed. Also shown are sensitivity projections

for prototype setups with 5 and 20 disks both with 30 cm disk diameter
in a 3 T magnetic ﬁeld. In addition, an approximate projection of the
reach of future cavity experiments is shown. The projected sensitivities
are compared to existing limits from ADMX [15,16], other haloscope
experiments [13], from HAYSTAC [18] and ORGAN [17]. Also the
IAXO [72] sensitivity for solar axions and ALPs is indicated

Fig. 10 Projection of sensitivities for hidden photons on the kinetic
mixing parameter χ as a function of the hidden photon mass. For the
MADMAX projection, a setup using 80 lanthanum aluminate disks
each with an 1 m2 area have been assumed. Also shown are sensitivity projections for prototype setups with 5 and 20 disks with 30 cm

disk diameter. The projected sensitivities are compared to existing limits from ADMX and other haloscope experiments for hidden photon
searches from [73], from ADMX-HF [18] and from the latest Tokyo
results [74]. The area above the black line represents the parameter
space where hidden photons are not a good DM candidate [73]

tem based on a HEMT preampliﬁer and heterodyne mixing as described in Sect. 4.2 has been set up. Additionally, a ﬁrst proof of principle booster with up to

5 sapphire disks has been built and the electromagnetic
response was tested for different cases of equidistant disk
positions.
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Fig. 11 Receiver chain of the presented proof of principle receiver

The setups were used for ﬁrst proof of principle measurements, and are described in more detail in the following subsections. These measurements indicate that the assumptions
on 10–30 GHz receiver sensitivity and disk placement precision, necessary to estimate the sensitivity of the MADMAX
approach, are realistic.
5.1 The proof of principle detection system
The detection system of the “proof of principle setup” consists of a three-stage heterodyne receiver with subsequent
Fast-Fourier signal analysis (Fig. 11). The high sensitivity
of the receiver is achieved by an InP-HEMT operating at an
ambient temperature of 4 K. The ampliﬁer has a noise temperature of 5–6 K and a gain of 33 dB, which is sufﬁcient to
determine the noise performance of the receiver. Afterwards
the frequency down-conversion is done at room temperature
to a center frequency of 26 MHz with a total bandwidth of
approximately 50 MHz. Data acquisition happens using four
time-shifted digital 16 bit samplers with a sampling rate of
200×106 /s and internal FPGAs for real time FFT calculation
and subsequent averaging. This method allows the reduction
of the system dead-time from 75% to less than 1%. The binwidth of the Fourier transform is 2.048 kHz.
First measurements with the receiver have been performed. A “fake-axion” signal with a level of ∼ 1.2 ×
10−22 W and a bandwidth of about 10 kHz was injected. The
4K background temperature of the signal injection was determined by the liquid helium environment. This fake axion
signal could be detected in a cross-correlation within two
days measurement time with  4.8 σ separation from background. The power spectrum is shown in Fig. 12. The receiver
thus meets the ﬁrst expectations. Further improvements to
reduce the system noise temperature are ongoing.
5.2 The proof of principle booster
As outlined in previous sections, the power boost factor β 2
can be calculated, considering the axion-induced emitted Eﬁeld amplitude from each individual disk and the propagation of each of these signals throughout the booster [56]. This
implies that transmissivity and reﬂectivity of the haloscope
are correlated to the boost factor curve. As the boost factor

Fig. 12 Test signal at 18.4 GHz and a power of ∼ 1.2 × 10−22 W
recorded with the presented receiver setup. The region of the signal
is shown in the inset together with the background ﬁt (top inset) and
the residuals from the background ﬁt (lower inset). The test signal is
detected with a signiﬁcance of  4.8 σ . The arrow indicates the location
of the inset. Adapted from [76]

cannot be measured directly, the correlation with the group
delay, transmissivity and reﬂectivity is exploited. Hence,
transmissivity and reﬂectivity can be used to verify the simulated boost factor behavior and support the disk placement
procedure during the actual operation of the experiment. In an
ideal loss-less booster the magnitude of the reﬂectivity will
always be unity. Therefore, it is more feasible to consider its
phase or the group delay τg = −d/dω, with  the phase of
the reﬂected signal and ω the angular frequency. The group
delay can be qualitatively understood as the mean retention
time of reﬂected photons within the booster, mapping out
resonances. The correlation between boost factor and group
delay is shown in Fig. 13 (right) for a set of four equally
spaced disks at 7 mm distances. In such a case it manifests
predominantly in the correlation to the group delay peak at
the highest frequency.
In order to show that a booster with the predicted electromagnetic properties can actually be built and to study effects
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Fig. 13 Left: Prototype booster with 4 disks installed. Right: Simulated (blue) and measured (red) group delays for a typical 4 disk setup after
optimization of disk spacings. The corresponding power boost factor is shown as gray dashed line

that not accounted for in the idealized 1D calculations, the
prototype setup shown in Fig. 13 (left) has been developed. It
consists of up to ﬁve sapphire disks placed in front of a copper
mirror. The disks have a dielectric constant of  ≈ 9.4 perpendicular to the beam axis, a thickness of 1 mm, and a diameter of 200 mm. Precision motors change their position with
an accuracy of a few μm after accounting for temperature
effects and mechanical hysteresis. The phase and amplitude
of a reﬂected signal at a given frequency can be measured
using a Vector Network Analyzer (VNA) connected to the
antenna shown in Fig. 13.
The temporal stability was investigated using long term
(∼ 15 h) reﬂectivity measurements with up to 4 installed
disks without any disk movement. The frequency stability
of a single observed group delay peak was on the order of
± 2 MHz. This corresponds to an uncertainty in disk position of less than a micrometer. The variations are attributed
to mechanical vibration or thermal contraction in the setup.
Compared to the envisioned boost factor bandwidth of 50
MHz, this indicates that long-term stability of the system is
sufﬁcient even under without active vibrational damping and
with temperature ﬂuctuations of the order ±1 ◦ C.
The conﬁguration of physical disk positions is found by
matching the group delay of the system to the prediction of
the 1D model. To this end optimization schemes need to be
employed, minimizing the number of function evaluations –
corresponding to a realignment of the setup and measurement
of the electromagnetic response – while avoiding convergence in local minima. Simple implementations of a genetic
[77] and Nelder–Mead [78] algorithm have been tested. The
convergence criterion requires changes of the motor positions
of less than a μm. Figure 13 (right) shows a typical group
delay ﬁt for a case of four equidistant disks at 7 mm distance.
For disk spacings of 8 mm the situation corresponds to a maximal power boost of ∼ 700 at a frequency of ≈ 22.4 GHz
with a FWHM of ∼ 180 MHz. While the Nelder–Mead algorithm converges signiﬁcantly faster, the genetic algorithm
seems to be less prone to converge to local minima. Figure 14
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shows the distribution of motor positions after repeating the
optimization multiple times. While the repeatability in single spacings is better than ∼ 40 mm, the electromagnetic
response is degenerate in the disk spacings, such that higher
disk separations at the one end can be partially compensated
by smaller spacings on the other end of the booster. To infer
the effect on the power boost factor, the disk positions in the
model are optimized such that the model predicts the various
measured group delays. The change in frequency and power
2
2
≈ 10 % βmax
boost are outlined in Fig. 14, being βmax
and f ≈ 10 % FWHM. We conclude that our system can
be aligned to match the predicted response and achieve the
desired boost factors within acceptable accuracy for up to
ﬁve disks at equidistant spacings of 6–9 mm. A more detailed
paper on this setup is in preparation.

6 Towards realization of MADMAX
6.1 Prototype
The receiver sensitivity has been veriﬁed experimentally as
discussed in Sect. 5.1, while a basic test of the precision
of disk placement has been performed for a setup with four
disks of 20 cm diameter and a mirror as discussed in Sect. 5.2.
Before a full scale experiment can be built, many components still need to be investigated and developed. The full
R&D programme of the coming years is beyond the scope
of this paper. Some of the ongoing investigations include the
following:
• All proposed components have to be tested for their performance in a strong magnetic ﬁeld of up to 10 T and at
cryogenic temperatures of 4 K.
• For the ﬁnal size of the experiment the required accuracy
of relevant parameters (precision of disk positioning, disk
thickness, surface roughness, loss mechanisms) need to
be tested against available technology.
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Fig. 14 Reproducibility of ﬁt results. Left: Motor position offsets di
after ﬁtting the physical disk positions such that the measured group
delay matches the simulation. Right: Boost factor amplitude and posi-

tion variation after ﬁtting the model to each of the measured group
delays corresponding to the data points in the left plot

• A technology to produce thin dielectric disks with plane
surfaces with areas up to 1 m2 has to be developed and
tested, e.g., disk tiling.
• Procedures to measure the properties of dielectric disks
such as permittivity and loss factor need to be adapted.
• A concept to position the disks inside a strong magnetic
ﬁeld in vacuum and at cryogenic temperatures down to
4 K has to be developed.
• The system noise behavior has to be studied down to
temperatures around 4 K, including the noise behaviour
of the booster itself and its surroundings (tube, holding
structure).
• The simulation of the experiment needs to be tested for
realism up to the full scale of the experimental device.
The preliminary 1D calculations need to be extended to
realistic full 3D simulations.
• The scaling behavior of the power boost factor β 2 with the
number of disks and their area has to be studied further.
The area law (Sect. 3) holds in 1D, while effects such
as diffraction, dielectric loss and others may modify the
behavior.
• The beam shape of the system needs to be studied, and a
suitably matched antenna system needs to be devised.
• The receiver technology for low frequencies, based on
heterodyne mixing needs to be optimized, while new
technologies for high frequencies need to be explored.
• The feasibility of manufacturing a dipole magnet fulﬁlling the requirements of the experiment needs to be
studied in terms of cost and availability of technology.

The central component towards accomplishing these goals
and to obtain a better understanding of the fundamental concept of the experiment will be a prototype system with smaller
dimensions. The prototype setup will have a smaller number
of disks (≈ 20) each with a smaller diameter (≈ 30 cm) than
in the full scale experiment.
This prototype booster will be used to study adjustment
of disk positions for a deﬁned frequency and bandwidth. The
cryogenic performance of the mechanical parts will be studied in a dedicated cryostat that allows the components to
be cooled down to 4 K. It is also foreseen to test the prototype booster inside magnetic ﬁelds of a few T. It is presently
being investigated whether a suitable magnet could be
available.
The prototype represents a stepping stone towards the
development of technologies to be used in the full experiment. Beyond that, the prototype will also provide competitive physics results, covering regions in the axion DM phase
space that have not been probed experimentally before, if a
suitable magnet can be found.
As shown in Fig. 9, with a setup consisting of ﬁve disks
with 30 cm diameter in front of a mirror inside a 3 T magnetic
ﬁeld, a sensitivity could be achieved that can probe uncovered regions of DM parameter space, and which exceeds the
projected sensitivity of the proposed IAXO experiment for
solar axions [72], which does not depend on cosmological
assumptions. A setup with 20 disks improves the sensitivity
on gaγ a factor of two compared to a ﬁve disk setup.
As shown in Fig. 10, even without a magnet, a prototype
setup could considerably improve the existing limits in the
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search for DM hidden photons and probe into unexplored
territory in the allowed parameter space. Even a ﬁve disk
setup would improve the limit obtained in reference [74]
for ∼ 50 μeV hidden photons by more than two orders of
magnitude.
6.2 Experimental site
DESY Hamburg has offered the MADMAX collaboration
to host the experiment at the HERA north hall. It has
been veriﬁed to be a suitable site for the experiment: It
fulﬁlls the space and infrastructural requirements and is
∼ 20 m below the surface. It has enough overburden to
sufﬁciently shield electromagnetic radiation present at the
surface. First background measurements at the site in the
frequency range between few kHz and ∼ 20 GHz have been
performed. Above 1 GHz the measured background consistently had a level < −100 dBm; no signal could be detected.
Between 100 MHz and 1 GHz some signals from radio stations, telecommunication and emergency communication
transmitters are present, but also in this frequency range the
general noise was consistently less than −100 dBm. No correlations with RF activities of the PETRA and FLASH RF
infrastructure – ongoing during the measurements – were
found. The cryogenic infrastructure necessary for the magnet
and booster operation already exists and needs to be adapted.
Furthermore, the iron yoke of the H1 detector is still in the
hall and could be used as yoke for the MADMAX magnet.
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7 Conclusions
Axions are very well motivated particle candidates that can
explain both the strong CP problem and the DM problem
simultaneously. Their coupling to photons through the Primakoff effect makes them detectable in principle in the laboratory. This has been and is being exploited in experiments
relying on the concept of resonant axion to photon conversion
in cavities. These experiments are sensitive enough to probe
axions as DM candidates in the axion mass range below ∼
40 μeV. The axion mass range above 40 μeV, which is predicted by theoretical models where the PQ symmetry breaking occurs after inﬂation, is not yet experimentally explored.
We propose a new experiment, MADMAX, a dielectric
haloscope. We have shown that simulations and ﬁrst experimental tests of the concept are very promising. This lead us to
the conclusion that this approach is experimentally scalable.
We introduced the baseline design of the MADMAX experiment. This experiment consists of three main components:

6.3 Timeline

1. A booster with ∼ 80 disks with area ∼ 1 m2 made from
a material with high dielectric constant and low dielectric
loss in front of a mirror. The distances between the disks
need to be adjustable in a range from 2–20 mm with a
precision of a few μm.
2. A magnet with an aperture to host the booster. The magnetic ﬁeld parallel to the disks along with the size of the
disk area needs to achieve a B 2 A value of 100 T2 m2 .
3. Receivers that can detect microwaves with a power of
∼ 10−22 W in a few days of measurement time in the
range 10–100 GHz.

As ﬁrst steps it is planned to answer scientiﬁc and strategically important questions that have the potential to inﬂuence the design of the experiment. They will be addressed
within the next 3–4 years using the prototype setup described
above. Also a demonstrator magnet is planned that will prove
the feasibility of the technology. Already during this time,
physics results will be achieved using the prototype cryogenic booster.
Based on the results from the prototype studies a ﬁnal
design will be devised. It is envisioned to start building the
ﬁnal experiment once results from the magnet demonstrator setup and MADMAX prototype experiment are available, approximately in the year ∼ 2022. The time scale to
start data taking is mainly driven by the production of the
magnet.
The plan outlined in this paper would allow to probe the
axion DM mass range between ∼ 40 and 120 μeV. Until
then new detection techniques with quantum limited detectors would be developed to allow the sensitivity range of
the experiment to be extended up to an axion mass of ∼
400 μeV.

The whole setup needs to be installed in an environment with
low electromagnetic noise. Presently the HERA hall north at
DESY, Hamburg has been identiﬁed as a site.
In the next 2–3 years a smaller prototype with disk diameters of ∼ 30 cm will be designed and produced. This will
allow to verify the scalability of the technologies investigated
so far. Such a setup would probe uncovered parameter space
and provide competitive results in the search for hidden photons and also for ALPs if a suitable magnet can be identiﬁed.
Once the prototype is commissioned, the construction of
the ﬁnal experiment will be envisaged, taking the experience with the prototype into account. In case of a smooth
implementation, ﬁrst measurements with a sensitivity high
enough to probe DM QCD axions could be taken starting
from ∼ 2025. It would need roughly ten years to probe the
whole mass range between 40 and 400 μeV predicted for
axion DM in the case of PQ symmetry breaking after inﬂation. This proposal presents the so far only known approach
to cover this very well motivated mass range for axions and
is complementary to other axion DM searches discussed in
the literature.
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