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BabyIAXO is a helioscope under construction to search for an emission of the axion particle from the Sun.
At the same time it serves as an intermediate stage towards the International Axion Observatory (IAXO).
An integral component of this experiment is a low background X-ray detector with a high efficiency in the
1-10 keV energy range. Micromegas detectors are considered as baseline technology for BabyIAXO thanks to

the relatively high efficiency and very low background level. Other detector technologies developed to reach
better energy resolution while maintaining high efficiency and low background level are also under study. In
this paper, we review the BabyIAXO design and present the analysis of data taken with the prototype of an
IAXO Micromegas detector. A background level of 8.8 x 107 counts keV~' em~2s~! was reached.

1. Introduction

BabyIAXO is a helioscope under construction, which will search for
an emission of hypothetical axion particles (and axion-like particles)
from the Sun [1,2]. The axion is theoretically well motivated — it arises
when the Peccei-Quinn mechanism is used to solve the strong CP prob-
lem [3,4]. Axions couple to photons, which permits the transformation
of axions into photons via the Primakoff effect — and vice versa. In
addition, non-hadronic axion models also predict a significant coupling
of axions to electrons [e.g.5,6]. Simple models predicting relatively
heavy axions were already ruled out, thus if this particle exists, it has to
be very light and have a low interaction strength [7]. These properties
make the axion a well-suited dark matter candidate [8]. In addition,
there are several hints from astrophysical observations that dark matter
indeed might consist of axions. For example, observations of a too fast
cooling of white dwarfs and an anomalous transparency of the universe
to very high-energy gamma rays could be explained by axion-photon
oscillations [9-11]. The region of the parameter space motivated by
both white dwarfs and the transparency hint is partially in reach for a
next-generation helioscope like BabyIAXO [1].

A full review of the physics case relevant for BabyIAXO can be found
in the Ref. [12].
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2. The BabyIAXO helioscope

The principle of an axion helioscope is the following: a strong
magnet with a large volume is pointed at the Sun. Due to the large
density of virtual photons within this volume, axions coming from the
Sun can transform into X-ray photons via the inverse Primakoff effect.
At the end of the magnet, X-ray optics focus the resulting photons onto
ultra-low background detectors [13]. The discovery potential of such a
setup is defined by several parameters, which one intends to maximize:
the strength, length and volume of the magnet, the throughput of the
optics and smallness of the focal spot, the efficiency and background
level in the region of interest in the detector as well as the exposure
time tracking the Sun [1]. Even though BabyIAXO is a fully-fledged
helioscope that will explore relevant parameter space, it is considered
a prototype for an even larger experiment — IAXO, the International
AXion Observatory [2,14]. At the same time, BabyIAXO builds on
experience made with the CERN Axion Solar Telescope (CAST), which
took data until the end of 2021 and delivered current benchmark limits
over a wide range in the axion parameter space which are at the same
level as astrophysical limits [15].

BabyIAXO is going to be constructed at DESY in Hamburg, Ger-
many, and commissioning is expected to start in 2026. Following
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Fig. 1. A sketch of the BabyIAXO helioscope. Mounted in a frame on the drive system,
one can see the cryostat containing the magnet on the left, connected on the right to
the X-ray telescopes and the detectors within their veto-systems. The total length of
the helioscope is ~ 21 m.

developments are currently in progress:

+ Magnet: it is planned to use a 10 m long double racetrack-
coil design made of a superconducting Al-stabilized Nb-Ti/Cu
Rutherford cable that can provide a maximum magnetic field of
4 T. Two empty bores with each 70 cm diameter go through the
entire length of the common coil. The average magnetic field
within the volume will be between 2 and 3 T. A cryostat will
house the magnet and keep the cold mass at 4.5 K.

X-ray optics: two different Wolter telescopes will be used for
BabyIAXO [16]. One of them is a flight spare telescope of ESA’s
XMM Newton mission [17], the other is a custom design, drawing
from developments for NuSTAR, Athena and XRISM [18-20]. The
goal is to focus the X-ray signal onto a spot of less than 2.5 mm
radius on the detector located in the focal plane.

Drive system: the drive system will be able to rotate the helio-
scope, and to tilt it by 21° below and above the horizon, which
from the geographical location of DESY allows to track the Sun
for 50% of the time. While dealing with a load of up to 90t, the
system will keep a pointing precision of better than 0.01°.

The X-ray detectors, which are the final element in the chain to
detect axions, are described in detail in the next section.

A conceptual sketch of the current BabyIAXO design is shown in Fig. 1.
For more information, the design of BabyIAXO is presented in great
detail in the paper [1].

3. Low background X-ray detectors for BabyIAXO and beyond

The expected energy spectrum of solar axions converted into pho-
tons within the BabyIAXO magnet volume can be computed, showing a
distribution with a peak at ~ 1 keV (depending on the exact model) and
a tail that extends to ~ 10 keV [5]. Thus a detector with a low threshold
and a high detection efficiency in the 1-10 keV region is necessary. Due
to the expected rareness of events, a background level as low as possible
is required. In the baseline design it is intended to use a Micromegas
detector. In addition, further detectors are under development for later
stages of data acquisition, but so far none was able to demonstrate a
background level as low as achievable with the Micromegas detector.
The different detectors are listed in the following:

» Micromegas: a Micromegas detector is a gas-filled time projection
chamber with a pixelated readout structure [21]. The thickness of
the chamber volume is 3 cm, while the read-out covers a surface
of 6 x 6 cm? with 120 strips in each direction. A mesh is placed
just 50 pm above the readout and kept at a high voltage, creating
a drift region with the cathode, which doubles as entrance win-
dow, and an amplification region with the strip readout, which
serves as anode. A detector of this type is produced via the

Nuclear Inst. and Methods in Physics Research, A 1048 (2023) 167913

microbulk method using only radiopure copper and kapton [22].
Employing an appropriate gas mixture and pressure, a detection
efficiency of 60%-70% is reached in the region of interest. The
detector threshold is ~ 1 keV and mostly limited by the thickness
of the entrance window. The IAXO collaboration is working on
developing a few hundred nm thick silicon nitride windows to im-
prove the overall threshold. Furthermore, the use of xenon-based
gas mixtures allows the implementation of thinner windows, as a
good detection efficiency is reached at lower pressures as with
argon. A Micromegas detector was used at BabyIAXO’s prede-
cessor, the CAST experiment, where a background level of 1 x
10~ counts keV~! em~2s~! was reached [23].

GridPix: the GridPix detector is an evolution of the Micromegas,
where each hole in the mesh is read out by a single pixel of
a CMOS chip, utilizing the TimePix3 chip [24,25]. This detec-
tor allows single electron detection, a complete 3-dimensional
reconstruction of the initial charge cloud, and a dead time-free
read-out. A GridPix detector was used at CAST in 2014-2015
and achieved a background level of ~ 10~5 counts keV~! cm=2s~!
[24].

Silicon drift detectors (SDDs): SDDs are semiconductor detectors
with a point-like anode, resulting in a low capacity of the detec-
tor, which in turn improves the detector performance and allows
an energy resolution of ~ 130 eV at 6 keV. The advantage of these
detectors is that they do not require cryogenics. A setup with
SDDs would not need a window like for gas-filled detectors, which
makes it possible to achieve an energy threshold of < 500 eV [26].
Simulations based on measurements show that a background level
in the order of ~ 10~® counts keV~! em~2s~! is within reach [1].
Metallic magnetic calorimeters (MMCs): this detector consists
of an array of typically 64 pixels operated at a temperature <
100 mK. The heat produced by radiation in an absorber leads to an
temperature increase, which induces a change of magnetization
of a paramagnetic sensor sitting in a static magnetic field. This
change of magnetization can be read out using superconducting
pickup coils coupled to de-SQUIDs. This type of detector features
a very high efficiency and an excellent energy resolution in the
few eV range which would allow for axion spectroscopy once
detection is confirmed. In a setup without any shielding above
ground a background level of 3 x 10~ counts keV~! cm=2s~! was
determined [27].

More details and further detectors that are under consideration for this
project are described in the BabyIAXO design paper [1].

4. The IAXO-DO detector prototype setup

At the University of Zaragoza, a Micromegas prototype detector,
dubbed IAXO-DO, is installed and taking background data in order to
characterize it under different conditions and to improve the back-
ground rejection. The Micromegas is placed inside a lead shielding
of 20 cm thickness. This lead castle is surrounded by a veto system,
consisting of three layers of plastic scintillators. Cadmium sheets are
placed between and around the scintillators to capture neutrons. This
design approach was chosen to attempt not only the rejection of back-
ground signals induced by muons, but also by cosmogenic neutrons.
Both the Micromegas and the vetoes are read out by a total of 8
AGET ASICs [28]. A gas system recirculates the detector gas and allows
pressure and flow to be selected. In our measurements the mixtures
Ar (97.7%) + C4H,, (2.3%) and Xe (48.85%) + Ne (48.85%) + C,Hj,
(2.3%) were used. The isobutane (C4H;y) serves as a quencher. The
system is calibrated with a 5°Fe-source. The source is moved by a
remote controlled manipulator, connected to the evacuated volume in
front of the entrance window, thus it is not required to open the veto
for each calibration.
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Fig. 2. These plots compare data obtained with the 5°Fe calibration-source (blue histograms) and background runs (red histograms). The shaded area indicates the cuts applied
to each observable. All events outside the shaded areas are removed from the data. A: energy. The 5.9 keV peak is clearly visible in the calibration data; B, C: calibration and

background hit maps, respectively. The rings mark the fiducial area with radius 1 cm. In the calibration data, the shadow of the entrance window strongback is visible; D: o

2
xy? a

measure of the size of the energy deposit projected onto the readout plane; E: 62, a measure of the temporal length of the signal, i.e. the spread in the z direction; F: fraction of
energy outside the first track of an event; G: symmetry of the energy in the charge deposit; H: symmetry of the charge deposit in space.

5. Data analysis and characterization results

The analysis of the data acquired with the Micromegas detec-
tor is processed and analyzed using the REST-for-Physics software
framework [29]. This software processes the signals from the strips
and extracts spectra and 3-dimensional topological information of the
charge deposition. The multitude of observables extracted from each
event allows to define cuts which result in a very efficient background
rejection. The signature of an axion-like signal is determined by the
5.9 keV X-rays of the 5°Fe-source. In general, a low energy X-ray is
expected to leave a small, symmetrical charge deposit in the detector.
In the context of BabyIAXO, the signals of interest are located in a small
spot in the center of the detector read-out plane — the focal spot of the
telescope.

The data presented here was obtained by using the same Mi-
cromegas, which was previously installed at CAST, and using the
Xe-Ne gas mixture. Fig. 2 shows a comparison of observables of
calibration and background data and illustrates the cuts applied. These
cuts were optimized by maximizing the number of calibration events
preserved, while minimizing the number of events preserved in the
background data. In addition, a veto cut is applied to remove muon
events that managed to slip through the previous cuts. Combining
several background runs, 63 of initially 542 243 events pass all the cuts.
The total number of events was accumulated over the duration of 26
effective days of data taking within the fiducial area of the detector.
The remaining number of counts corresponds to a background level of
8.8 x 10~7 counts keV~' cm=2s~!. The efficiency of the cuts applied is
49.8%, meaning that they remove also half of the calibration events.
This low efficiency can be explained by issues in the data quality,
caused by noisy spots in the read-out (see the hitmaps in Fig. 2) and the
topological separation of the charge deposit due to several dead strips.

6. Conclusions and future developments

In this paper we presented measurements with a Micromegas de-
tector, demonstrating a background level of 8.8 x 10~7 counts keV~!

cm~2s~!. The goal of the detector development is to reduce the back-
ground level even more to 1 x 10~7 counts keV~! cm=25s!. To achieve
this, a second Micromegas prototype setup is under commissioning at
the Canfranc underground laboratory (LSC). This setup will help to
understand the contributions of cosmogenic and terrestrial background
sources better. In addition, radiopure electronics were developed and
will be used with the new prototype detectors. With the data presented
above, the veto system was not used up to its full potential (apart
from cutting muon events). First studies using more advanced cuts
depending on signal multiplicity and timing in the vetoes show already
an improvement in the background rejection. Software updates and
accurate Montecarlo simulations are in progress and will allow us to
better understand the signature of neutron-induced background and to
define more complex cuts using the veto.
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