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Abstract
Gaseous Time Projection Chambers (TPCs) with Micromegas pixelated readouts are being used in dark
matter searches and other rare-event searches, due to their potential in terms of low background lev-
els, energy and spatial resolution, gain, and operational stability. Moreover, these detectors can provide
precious features, such as topological information, allowing for event directionality and powerful signal-
background discrimination. The Micromegas technology of the microbulk type is particularly suited to
low-background applications and is being exploited by detectors for CAST and IAXO (solar axions) and
TREX-DM (low-mass WIMPs) experiments. Challenges for the future include reducing intrinsic back-
ground levels, reaching lower energy detection levels, and technical issues such as robustness of the de-
tector, new design choices, novel gas mixtures and operation points, scaling up to larger detector sizes,
handling large readout granularity, etc. We report on the status and prospects of the development ongo-
ing in the context of IAXO and TREX-DM experiments, pointing to promising perspectives for the use of
Micromegas detectors in direct dark matter searches.

Keywords: Micromegas, time projection chambers, dark matter, axions, underground physics
DOI: 10.31526/JAIS.2024.549

1. INTRODUCTION
The nature of dark matter (DM) is one of the most intriguing and elusive phenomena in modern physics. Despite its overwhelming
abundance in the universe, accounting for about 27% of its energy density, DM’s nature and properties remain unknown. Various
theoretical models propose that DM consists of weakly interacting massive particles (WIMPs) that could be produced in the early
stages of the Big Bang. Direct detection experiments for WIMPs aim to observe the scattering of WIMPs from our galactic halo
as they interact with nuclei in a low-background underground detector, measuring the recoil energy. Mainstream WIMP experi-
ments rely on the properties of WIMPs suggested by the so-called “WIMP miracle”, which refers to the nontrivial coincidence that
particles with masses around O(100) GeV and annihilation cross-sections at the electroweak scale produce relic densities roughly
corresponding to the observed dark matter density. However, despite enormous progress in experimental sensitivity, so far there
is no sign of WIMPs in underground experiments. This fact, together with the absence of clear clues from indirect DM searches or
colliders, leads researchers to shift focus to other approaches or candidates. One interesting option is that of WIMPs with masses
substantially below 10 GeV, which could be motivated by particular phenomenological scenarios, notably the asymmetric DM
paradigm [1, 2]. Their nuclear recoils would lie below conventional energy thresholds and would have remained undetected so
far. Moreover, altogether different DM candidates at the low-mass frontier, like axions or axion-like particles, are emerging as very
attractive alternatives. Axions are very well motivated by theory, as they solve the strong-CP problem of the Standard Model [3].
Despite being very light particles (masses below eV), axions would be produced nonthermally and nonrelativistically at early times
and therefore are excellent DM candidates. Although direct detection of DM axions employs techniques very different than those of
the WIMP detectors, the fact that axions are produced in the Sun offers other detection opportunities without parallel in the WIMP
sector. Experiments looking for solar axions, known as axion helioscopes, trigger their conversion into X-rays in strong laboratory
magnetic fields. The detection of the resulting X-rays shares similar experimental requirements to low-mass WIMP detectors, given
that both need a very low background in the keV region. The material discussed below is framed in both low-mass WIMP and solar
axion searches.
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Most of the conventional direct detection WIMP experiments, targeting relatively heavy (i.e., “WIMP miracle” inspired)
WIMPs, are based on their capability to accumulate a large quantity (several tons) of target mass and exposure, and their abil-
ity to discriminate nuclear recoil signals from other backgrounds, thus reaching an extraordinarily low background level. At the
moment, the most successful technique in doing so is noble liquid detectors (typically in double phase), e.g., [4, 5], having reached
the highest sensitivity to O(100) GeV WIMPs as DM candidates. However, if the WIMP mass is sufficiently low, the nuclear recoil
produced in the detector will be below the discrimination threshold (and eventually below the hardware threshold of the detector).
A new category of experiments, targeting low-mass WIMPs of few GeV and below, have emerged during the last years. These ex-
periments prioritize low-energy threshold over large exposure. Without discriminating capabilities, they face higher backgrounds
and the typical target masses are still at the kg scale. Moreover, maximizing the radiopurity of materials and understanding the
systematics of the detection right at the threshold are crucial challenges in this quest.

The experimental race toward the low-mass WIMPs includes, among others, small-size bolometer arrays (as CRESST-III [6],
CDMSLite [7], or Edelweiss [8]), point-contact germanium semiconductor detectors (as CDEX [9]), or highly pixelized Si detectors
(as DAMIC [10]). In this context, as will be argued below, gaseous Time Projection Chambers (TPC) with Micro-Pattern Gaseous
Detectors (MPGD) readout planes also constitute very promising options, as they combine the low threshold allowed by the charge
amplification in gas, together with good scalability prospects and a rich event information thanks to the patterned readout. In
fact, gaseous TPCs have long been explored in the context of WIMP searches but mostly focused on their potential as directional
DM detectors, in which the WIMP-induced nuclear recoil track is imaged and its direction determined. In the case of positive
detection, the directional signal of a WIMP is considered the most unmistakable signature of a DM origin. But directional sensitivity,
although possibly only realistic in gas TPCs, is still very challenging. In order to adequately image a few keV recoils, radical
TPC implementations are needed, like, e.g., the operation at very low pressure (of O(100) Torr), very high granularity readouts,
or negative-ion drift. In this context, MPGDs, and Micromesh Gas Structures (Micromegas) in particular, are being explored by
projects like DRIFT [11], MIMAC [12] or CYGNO [13]. These efforts have resulted in successful prototypes. However, the realization
of a full-scale experiment with competitive sensitivity remains challenging, but certainly something to be attempted if, in the future,
a positive signal is seen in a nondirectional experiment. Directional-specific challenges will not be reviewed in this paper, in which
we focus on the more conventional application of Micromegas readout planes in (nondirectional) low-mass WIMP detectors, in
which somewhat high pressure is preferred as a way to increase exposure.

Experiments like NEWS-G [14] and TREX-DM [15], the latter equipped with Micromegas, are both attempting to search for low-
mass WIMPs using high-pressure gaseous targets. The charge amplification occurring at the TPC anode offers a natural strategy for
reaching very low-energy thresholds, which are decoupled from the detector size (contrary to many other detection technologies
in which the detector size determines the threshold via the capacitive noise), and thus also with good scalability prospects. The
traditional complexity associated with conventional TPCs (mechanical and electronics-wise) is however not a good match for the
high radiopurity specifications of DM experiments. NEWS-G solves this issue by going to an innovative spherical geometry in
which the anode “plane” is reduced to a small spherical electrode placed at the center of the detector. The utmost simplicity of the
detector comes at the expense of less event information. In its turn, TREX-DM relies on the advances achieved in modern MPGDs,
in particular Micromegas, in terms of robustness and simplicity of construction, while keeping the conceptual complexity of a
highly pixelated readout. Here, and in most of the experiments, pixels are read in X and Y strips to reduce the number of electronic
channels. The challenges in developing and implementing Micromegas in experiments like TREX-DM are the main theme of this
paper. Central to these efforts is the possibility of building MPGDs out of very radiopure materials, as is the case of microbulk
Micromegas planes.

As already mentioned, the detection needs in axion helioscopes share similar features with the low-mass WIMP experiments,
as both pursuits confront the challenge of extremely low rates and low energy (∼keV) levels for the expected signal events. Indeed,
the technology developed for TREX-DM readouts was itself based on an early low-background application in the CAST axion
helioscope [16]. These detectors are now being further improved, as baseline options for the focal point detectors of the future
BabyIAXO and IAXO axion helioscopes [17], as will be reviewed later on.

In the first section, we will briefly review how these detectors have been used in experiments like CAST and how they are being
prepared for IAXO, both devoted to axion searches; and in TREX-DM, looking for low-mass WIMP signals. Then, we will report
on progress: in lowering the energy threshold (Section 4), lowering backgrounds (Section 3), and other technical issues (Section 5),
along with an analysis of how these improvements have had an impact on TREX-DM sensitivity (Section 6). We will finish with a
summary of future perspectives and their impact on sensitivity (Section 6) and some conclusions (Section 7).

2. MICROMEGAS IN DIRECT DM SEARCHES: AXIONS (CAST/IAXO)
AND WIMPS (TREX-DM)

The last decades have witnessed significant advances in the development of gaseous Time Projection Chambers (TPCs) based on
Micromegas technology. A review of the current status and future development of Micromegas detectors for physics and applica-
tions with references can be found here [18]. Here, we will focus on direct DM searches.

Many of the ideas and developments presented in this section have their origin in the T-REX project which involved an intensive
R&D on low-background applications of gaseous TPCs with the aim of studying the applicability of Micromegas readouts of TPCs
to rare-event searches (WIMP searches, axions, and double-beta decay) [19, 20]. Here, we will focus on axion searches, summarizing
the role of Micromegas in CAST and prospects for IAXO/BabyIAXO, and on the potential of these detectors for low-mass WIMPs
in the TREX-DM experiment.
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Axion helioscopes utilize powerful magnets directed toward the Sun to convert solar axions into X-rays. The energy distribution
of these photons follows that of the solar axions, which typically lie at the 1–10 keV range, peaking around 4 keV. The CERN Axion
Solar Telescope (CAST), the most powerful axion helioscope to date, was operational at CERN for almost two decades. It used a
9-Tesla prototype magnet from the Large Hadron Collider (LHC), with a length of 9.3 m, 2 apertures of 15 cm2, and the ability to
track the Sun for about 3 hours daily through elevation and azimuth drives. CAST has not detected any solar axion signals, setting
upper limits on photon-axion coupling [21, 22, 23].

The International Axion Observatory (IAXO) [25] is the next-generation axion helioscope designed to detect solar axions and
axion-like particles (ALPs). This project is focused on constructing a sizeable 20 m long toroidal magnet comprising eight super-
conducting coils, specifically optimized for axion research. Within this magnet, eight 60 cm diameter bores equipped with X-ray
optics will focus signal photons into 0.2 cm2 spots, captured by ultralow-background X-ray detectors. Detection technologies like
microbulk Micromegas, similar to those in CAST, are being considered. The magnet, optics, and detectors are mounted on a drive
system to track the Sun for approximately 12 hours a day, on average.

BabyIAXO [17] is intended as a test platform for the components of IAXO (like the magnet, optics, and detectors) at a scale
relevant to the final system. Additionally, it functions as a fully operational helioscope capable of exploring important physics on its
own and possibly making new discoveries. The BabyIAXO magnet will have two 10 m long, 70 cm diameter bores, accommodating
detection lines (optics and detectors) similar in size to those planned for IAXO. Figure 1 compares CAST and IAXO/BabyIAXO
sensitivities [26].

FIGURE 1: Sensitivity plot of IAXO and BabyIAXO, in the ga-ma parameter space, showing the QCD axion (yellow) band, the
CAST bound, and other current (solid) and future (dashed) experimental and observational limits. Laboratory limits are shown in
grey, with dark and light blue for helioscopes, and dark and light green for haloscopes. See [17, 24] for more details on the plot.

Maximizing the figure of merit of axion helioscopes [27] requires low-background X-ray detection methods and potential X-ray
optics for better signal-to-noise ratios. CAST used extensively Micromegas detectors to detect low-energy X-rays since the first
stages of the experiment [28, 29, 30, 31]. While evolving over time, Micromegas detectors have maintained their basic design: a
small TPC with a Micromegas readout (Figure 2). X-rays enter the detector via a gas-tight window, which is also the cathode of
the TPC, and initiate ionization in the conversion volume, which has been designed to stop the signal photons while minimizing
background: typically of a length of 3 cm height and filled with argon at 1.4 bar in addition to a small quantity of quencher (e.g.,
2% isobutane). The ionization cloud drifts to the Micromegas readout, where signal amplification occurs. These detectors have a
finely pixelized (typical pitch of ∼0.5 mm) readout plane, providing detailed 3D information about the ionization cloud. The small
total active area of 36 cm2 easily contains the potential signal, concentrated on a few mm2 thanks to the use of X-ray optics (see Fig.
15 of [26]).

The success of these detectors in CAST is attributed to several factors:

(i) Micromegas readouts excel in radiopurity through the microbulk technique, using only highly pure materials like polyimide
and copper. They allow primary signals to be extracted from the detector to a distant and shielded point for front-end
electronics, avoiding potential radioactivity sources like soldering or connectors. All components, including the chamber’s
body, X-ray window, and connectors, undergo rigorous screening and are made from radiopure materials (see Section 3).

(ii) These detectors offer detailed imaging of ionization signatures in gas, enabling the identification of signal-like events. The
patterned anode and digitized temporal wave-forms of the pulses induced in each of the patterned strips form the basis for
developing advanced algorithms that distinguish signal X-ray events from other background events.
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(iii) To minimize external background sources, these detectors can be shielded passively and actively. While borrowing concepts
from underground experiments, considerations must be made for specific constraints like the magnet’s space and weight,
the presence of cosmic rays due to operation at the surface, and the inherent sensitivity and rejection capability of the Mi-
cromegas detectors.

FIGURE 2: Drawing and pictures of the CAST microbulk Micromegas [32]. Detector sketch showing the main components of the
detection chamber (center). The 36 cm2 active area covering the 14.55 cm2 projection of the magnet’s bore, whose pixels are read in
X and Y columns (120 × 120 strips) using DAQ electronics based on the AFTER chip (left). The X-ray window: a gas-tight, 4-5 µm
aluminized mylar® foil glued on a spider-web patterned copper strong-back that withstands the differential pressure to the magnet
vacuum system (right).

The Micromegas detectors proposed for BabyIAXO are based on previous CAST detectors, with a focus on enhancing radiop-
urity. They have been built with 18 mm thick radiopure copper walls and PTFE gaskets. A polyimide field shaper is included to
improve drift field uniformity and decrease border effects. One prototype, IAXO-D0, is already in operation at the University of
Zaragoza, housed in a shielded setup with a 20 cm thick lead castle. It is equipped with new data-acquisition (DAQ) electronics
based on the AGET chip [33] as a substitute for the AFTER (ASIC For TPC Electronics Readout)-based front-end card (FEC) [28].
The AGET has an autotrigger function, which allows creating a trigger from individual strips without the need for the mesh signal
serving as an external trigger: the mesh presents a much higher capacitance than each of the anode strips; thus, using this char-
acteristic of the AGET chip, and noise reduction techniques, the energy threshold was improved from 1 to 1.5 keV [21] to levels
of 450 eV and below (see Section 4). A closed recirculation gas system is used in view of the use of Xe-based gas mixtures. The
main improvement with respect to the CAST Micromegas detector is the thicker lead shielding and a 4π veto shielding specially
designed to tag cosmic-induced events. A second prototype has been installed underground at the Laboratorio Subterráneo de
Canfranc (LSC), to study its performance in the absence of cosmic rays.

Regarding WIMP searches, gaseous TPCs offer versatility in target elements and robust tracking capabilities and achievee re-
markably low thresholds due to gas amplification. Moreover, recent advancements in electronics and novel radiopure Micromegas
improve the scalability prospects (Section 5) and minimize the background (Section 6) for these detectors. In this context, TREX-
DM is a prototype aimed at testing the feasibility of a Micromegas-based TPC for detecting low-mass WIMPs. The detector can
accommodate an active mass of approximately 0.300 kg of Ar at 10 bar or approximately 0.160 kg of Ne at 10 bar, with an energy
threshold below 400 eV, utilizing exclusively radiopure materials.

TREX-DM is currently installed at the Canfranc Underground Laboratory (LSC), located in the Spanish Pyrenees. The struc-
ture of TREX-DM includes a copper vessel, 0.5 m in diameter and length, which can hold up to 12 bars, divided into two active
volumes by a central cathode. Each volume is surrounded by a field shaper ensuring a uniform drift field, made of copper strips
on polyimide with separating resistors, and the ionization signal drifts toward the Micromegas readout planes at both endcaps
(Figure 3).

The microbulk Micromegas readouts of TREX-DM have a 25 × 25 cm2 active surface, with 256 low-capacity strips per axis,
linked to four connector prints at the readout sides. It is the largest single-piece microbulk Micromegas readout built so far. Efforts
to control and further reduce the radioactivity of these planes (especially 40K contamination) and details on a noncommercial
Face-to-Face connection concept are described in Section 3.

Additionally, channel tracks and vias are more spaced apart from grounded areas. Regarding pattern and interpixel distance,
the new design enhances hole quality, thereby improving detector performance in terms of gain and energy resolution. Increasing
the pixel separation from 50 µm to 100 µm reduces the likelihood of leak currents between pixels in the case of short-circuits with
the mesh. The acquisition is based on AGET-based electronic boards allowing an effective energy threshold as low as 400 eV, and
plans to substantially lower it are described in Section 4.

A first background model study of TREX-DM was carried out in [34], using the REST-for-Physics code [35]. The inputs for
simulations were the measured flux of environmental backgrounds at LSC (γ, n, µ), and the radiopurity data of components taken
from measurements from an extensive material screening program to select components (mainly based on Ge γ spectrometry at
LSC, complemented by GDMS, ICPMS and BiPo-3 measurements—see [34] for details). Moreover, the most relevant contributions
were identified: the copper vessel, activated cosmogenically after spending a few years at sea level, which could be mitigated
by constructing a new vessel, and the 40K activity in the Micromegas readout. However, the effects of radon and radon-induced

4

https://lsc-canfranc.es/en/the-lsc/


Journal of Advanced Instrumentation in Science JAIS-549, 2024

FIGURE 3: Picture of the TREX-DM detector opened in the LSC clean room, showing the copper vessel, the field cage inside, and the
endcap with the readout plane and the connectors (flat cables) to the electronics (left); a new PTFE piece stops copper fluorescence
without affecting the homogeneous parallel electric field (center); and the new microbulk Micromegas readout plane (right).

activity were underestimated (see Section 3.3). Contributions from muons and environmental neutrons were estimated under
control in simulated conditions, thanks to background rejection capabilities and shielding. Results of the background model for
Ar+1% isobutane and Ne+2% isobutane mixtures at 10 bar suggested very competitive values of a few counts/keV/kg/day.

3. PROGRESS IN LOWERING BACKGROUNDS
Background events in Micromegas detectors, as in all rare-event searches, come both from intrinsic radioactive contaminants
present in the detector components and from external radiation. General strategies to monitor and control these background
sources, typically scrupulous screening of detector components, or shielding techniques, will not be reviewed in this paper. We
will focus on a few particular topics that are of specific concern for Micromegas systems like the ones here studied.

First of all, we will review the efforts to quantify and improve the intrinsic radiopurity of the microbulk Micromegas themselves
(Section 3.1), a question that is central to the motivation to use these devices in low-background experiments. As will be seen, at
the moment the background induced by its radioactivity is well below the experimental level measured in CAST/IAXO and
TREX-DM. The second topic regards DAQ electronics. The complexity of TPCs comes in part from the need to instrument a large
number of readout channels. This is typically done using specialized high-channel-density digitizing chips and front-end boards.
The Micromegas allow for implementations such that the electronic cards be placed relatively far from the readout, extracting
the signal via long flat cables that extend themselves from the very Micromegas plane, thus permitting shielding from typical
radioactive electronic components. Nevertheless, placing the electronics closer would bring improvements in threshold and signal
quality. We review below (Section 3.2) the efforts to produce what will be the first TPC high-channel-density DAQ electronics with
radiopurity specifications. Our third topic regards the background produced by 222Rn and its progeny (Section 3.3). Despite the
fact that this is a well-known problem in many low-background experiments, the way it produces background events in our case
is very particular. On the one hand, the lightness of the gas target, together with the superb topological information of highly
pixelated readouts, makes the typical α or β emissions of these isotopes highly suppressible. On the other hand, the absence of self-
shielding (due to the lightness of the target mass), as well as fiducialization in the Z direction, allows for some very-low-energy
emissions from the 222Rn progeny at the inner surfaces to directly populate the signal region; a case typically neglected in the
literature, because this radiation hardly reaches the sensitive volume in conventional experiments. Finally, we discuss the problem
of high-energy cosmic neutrons in surface experiments (Section 3.4), like the case of IAXO. Absent in underground environments
(eliminated after a few meters of rock1), they are very penetrating in a surface setup and require particular shielding designs able
to tag the specific topology of the neutron-induced event.

3.1. Intrinsic Radiopurity of Micromegas Planes
Traditionally, Micromegas were made by suspending a mesh over anode strips. The mesh was easy to replace for reparations, but
it was difficult to maintain a uniform gap over a large area. In the last two decades, new methods have emerged for attaching
the mesh to the anode with greater precision. In bulk Micromegas [36], the mesh is encapsulated within insulating spacers (pillars)
attached to the anode, resulting in a unified structure comprising the mesh, pillars, and anode. In microbulk detectors [37], the mesh,
pillars, and readout structure are produced via chemical etching out of a single double-sided copper-clad polyimide foil, offering
not only a low-radioactivity budget but also a more uniform amplification gap compared to other Micromegas types, resulting in
better resolution. In parallel with progress with DAQ electronics, these concepts can also lead to a lower energy threshold and a
better spatial resolution.

The above-mentioned low radiopurity budget of the microbulks is attributable to the radiopure materials, mainly copper and
polyimide, that they are made of. The radioactivity of Micromegas readout planes was first studied in depth and quantified in

1Except for a very small amount produced by the few high-energy muons reaching the rock environment of the underground lab.
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[38]. Samples representative of the raw materials as well as manufactured readouts were analyzed by germanium spectroscopy at
the LSC. On the one hand, two samples were part of fully functional Micromegas detectors: a microbulk readout plane (formerly
used in the CAST experiment) and a polyimide Micromegas anode structure without mesh. On the other hand, two more samples
were just raw foils used in the fabrication of microbulk readouts, consisting of polyimide metalized with copper on one or both
sides. The raw materials were confirmed to be very radiopure, bounding their contamination to less than tens of µBq/cm2 for the
natural 238U and 232Th chains and for 40K. Despite their relevance, these bounds were still relatively modest when expressed in
volumetric terms due to the small mass of the samples. Therefore, more sensitive screening techniques and more massive samples
were considered for the study of new Micromegas readouts prepared in controlled conditions applying different procedures.

Some of the first samples were prepared for analysis at the BiPo-3 detector [39]. This detector was developed by the Su-
perNEMO collaboration and operated at the LSC with the aim of measuring the extremely low levels of 208Tl and 214Bi, produced in
the decays of the natural chains of 232Th and 238U, in the foils that contain the double-beta decay emitter studied in the experiment.
Placing a thin sample foil between two thin layers of scintillators, it is possible to register the BiPo events from the chains by detect-
ing the electron energy deposition in one of the detectors and the delayed alpha signal in the opposite one, reaching sensitivities
down to the few µBq/kg level. The CAST microbulk Micromegas detector, a Cu-polyimide-Cu foil, and faulty Micromegas circuits
produced at CERN were analyzed in the BiPo-3 detector, deriving upper limits at the level of 0.1 µBq/cm2, or even less, of 214Bi
and 208Tl [19, 34]. Other foils related to the use of Micromegas made of pyralux, polyimide-epoxy, and polyimide-diamond were
also measured in BiPo-3. An updated account of the measurements of these samples with BiPo-3, including additional statistics
that is being analyzed at present, is under preparation for a forthcoming publication.

A dedicated development to quantify, understand, and reduce as much as possible the radioactivity of Micromegas readouts,
especially the 40K content, has been undertaken by combining controlled production at CERN and a series of radioassays at differ-
ent steps of production using HPGe detectors at the LSC. A first massive sample (with a total surface of 12373 cm2) was prepared
at CERN, consisting of GEM glued on polyimide, as it is done for microbulk Micromegas. The use of tap water during the cleaning
process was shown to introduce relevant uranium contamination, quantifying activities of the upper parts of the 238U and 235U
chains. Then, new samples (with total surfaces of 7000 cm2 and 51734.5 cm2) of microbulk-equivalent Micromegas were prepared
at CERN. As baths containing potassium are typically used during Micromegas production (in the polyimide etching step and
in the cleaning step), a new bath was applied to try to neutralize the potassium permanganate. Tap water was avoided and only
deionized water was used. Several long measurements (around two months each) using different ultralow-background HPGe de-
tectors at the LSC were carried out during the whole process applied on these samples to quantify the activity of the natural chains
of 238U, 235U, and 232Th as well as of primordial 40K by gamma spectroscopy, and the first results obtained can be found at [34].
The cleaning procedure has been shown to be effective, with the lowest 40K activity quantified being 0.102± 0.030 µBq/cm2, which
means a reduction of factor ∼34 with respect to the value quantified in the first analyzed sample. More recently, a study of the
radiopurity of a witness sample (with a total surface of 8250 cm2) of the microbulk Micromegas produced at CERN for TREX-DM
has been performed. Figure 4 shows some of the described Micromegas samples. A future publication with all the details is in
preparation.

The obtained results, combining different techniques to quantify ultralow radioactivity levels and after specific developments
for production at CERN, confirm the suitability of the use of Micromegas as extremely radiopure readouts for rare-event searches.

3.2. Radiopure Electronics
DAQ electronics for TPCs are relatively complex boards, requiring the handling and digitization of a large number of channels.
Due to this, in current detector implementations, the front-end boards are placed outside the shielding, relatively far from the de-
tector, thus avoiding radiopurity requirements. The versatility of the microbulk plane design, which can accommodate lateral slaps
prolonging the signal strips as extensions of the microbulk foil itself, easily allows for this. However, the possibility of reducing the
distance the signal needs to travel until the front-end cards would help to reach lower electronic noise and lower thresholds while
adding simplicity and robustness to the readout implementation.

With this goal, the development of the first version of Micromegas DAQ electronics with radiopure specifications was launched.
The previous nonradiopure acquisition board (dubbed ARC) has been divided into two, the new front-end (FEC) and back-end
(BEC) cards. The new FEC will be placed very closely to the Micromegas and will sustain some radiopurity specifications, while
the BEC can be placed relatively far and will contain standard nonradiopure components (see left of Figure 5). Mounted on a clean
polyimide substrate, each FEC hosts one state-of-the-art, high-channel-density, autotriggered STAGE chip from CEA/Saclay, the
successor of the AGET chip currently in use in TREX-DM. All components have been screened for radiopurity, and, whenever
possible, replaced with a cleaner option. The radioactivity of the chips themselves has also been quantified. A first round of boards
has recently been manufactured and is ready for commissioning (see right of Figure 5). The radioactivity target of this first version
of radiopure FEC is below 40 mBq of 232Th, 600 mBq of 238U, and 30 mBq 40K, being the ceramic capacitors responsible for most of
the contamination. A posteriori screening of the whole board is still pending. As a reference, the background level expected due
to the presence of this FEC close to the detector in IAXO is estimated to be below 10−10 counts/keV/cm2/s, well below the target
background for BabyIAXO and IAXO. The impact of such electronics on TREX-DM is under study. Preliminary discussions with
colleagues from the NEWS-G collaboration are ongoing on the possibility of implementing these boards also in that experiment. To
our knowledge, it is the first attempt to produce an electronic board of such complexity with radiopure specifications. More details
of this effort will be given in a future publication.

Another related problem is the need to connect the large number of signals typical of TPCs, in a radiopure way. Although
microbulks can be designed with extensions bringing the signals relatively far from the detector, thus reducing the need of ra-
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FIGURE 4: Pictures of some of the Micromegas samples prepared at CERN and screened with HPGe detectors at the LSC: the one
first produced and operated (Sample #0), after production and different cleaning processes (Samples #1-2), and a massive sample
prepared for sensitive screening (Sample #3).

diopure connectors, the aforementioned effort of placing the FEC closer would also require new connection solutions. A variety of
high-density commercial connectors exist, but, despite substantial research [40], none of them shows satisfactory radiopure spec-
ifications. To solve this issue, the concept of a Face-to-Face (FtF) connector has been developed and tested at the University of
Zaragoza. In a FtF connector, the pad array footprints in both flexible (polyimide) substrates are aligned and press against each
other by means of carefully designed mechanics, so that the connection is done just by contact of the confronted pads, without
any soldering or intermediate connecting piece. The pressing mechanics are made of copper and expanded PTFE, both highly
radiopure. Specifications on pad dimensions and pitch, as well as on the pressing parameters, have been derived after exhaustive
prototyping and testing, to assure a high degree of reliability and robustness [41]. An example of the FtF footprint can be seen at
the sides of the latest version of TREX-DM microbulk, in Figure 3.

3.3. Mitigation of the Effects of Radon and Its Progeny
222Rn and its progeny, along with surface contamination induced by exposure to 222Rn, can pose challenges in direct DM searches
(or rare-event experiments in general), where very low background levels are required. 222Rn is usually one of the leading back-
ground sources in most of the experiments (e.g., in XENON1T [4]), and this has been found to be the case in TREX-DM as well.

222Rn is a naturally occurring radioactive isotope present in the primordial 238U decay chain and therefore can be found in
most materials. Given its gaseous nature and its relatively long half-life (it is the longest-lived isotope of Rn, with t1/2 = 3.82 days),
its emanation from the inner surfaces of materials can reach the active volume of the detector, where the β decays of its progeny
(and the subsequent low-energy electrons and X-rays) can induce signal-like events, making it hard to eliminate them by means
of fiducialization or offline techniques. There are essentially two approaches to mitigate the effect of 222Rn in direct dark matter
searches: active removal of 222Rn from the system, and careful selection of materials with a low 238U content. While these ap-
proaches have been extensively developed in mainstream WIMP experiments, there are two issues that make the 222Rn problem in
gas dark matter detectors like TREX-DM a specific problem. Firstly, powerful distillation methods to remove 222Rn [42] developed
by liquid noble detectors cannot be used in experiments like TREX-DM, which runs with gas mixtures (in this case, Ar or Ne with a
small percentage of isobutane). This means that we need to rely on hot filters or traps to counteract the effect of material emanating
222Rn, as discussed in the following. Secondly, the high density and full fiducialization capabilities of noble liquid detectors led to
the concept of self-shielding to mitigate the effect of surface contaminations, something that is not possible in the lighter gaseous
media.

In order to eliminate 222Rn from the system, several materials can be used as radon traps, with molecular sieves and activated
charcoal being two of the most used ones. 222Rn, being a chemically inert noble gas, can only be trapped via physical adsorption
through van der Waals forces. The strategy is to slow down 222Rn long enough through adsorption/desorption processes so it
decays in the trapping material. Its daughters, being electrically charged, can be indefinitely trapped in the material. In order for
the adsorption to work, the trapping material must be highly porous, with a pore size big enough to trap 222Rn. Also, keeping
the 222Rn trap at low temperatures (typically at dry ice temperature) is preferred, since this prolongs the trapping lifetime [43].
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FIGURE 5: Electronics scheme to reduce radioactivity and increase signal-to-noise ratio. The radiopure FECs are close to the detec-
tor while the not radiopure BECs are separated by a shield (left). FEC design (right-top) and constructed, ready to be used in IAXO
(right-bottom). On the right and left of both images are the pins for FtF connectors, and, in the center, the STAGE chip.

This idea was tested in TREX-DM, without yielding the expected result: likely due to the limitations in lowering the temperature
imposed by the quencher in the gas mixture (the boiling point of isobutane is −11.7◦C).

Molecular sieves are crystalline materials with regular porous structures of a specific size. These pores are such that molecules
or atoms below the diameter of the pore can be adsorbed, while bigger molecules are not captured. This allows for a sharp discrim-
ination in terms of molecular size. On the other hand, activated carbon (or charcoal) has a wider range of pore sizes. It is a form
of carbon treated (activated) to have a high degree of porosity, which significantly increases its surface area. Both molecular sieves
[44] and activated carbon [45] have been found useful in selectively targeting 222Rn in gases used in ultrasensitive rare-event exper-
iments. One of the problems with both is the self-emanation of 222Rn, making it critical to select materials with low 238U content,
and using the minimum quantity needed to achieve the 222Rn requirements of the experiment. In this respect, low-radioactivity
molecular sieves have been developed and tested in the context of rare-event experiments [46].

Apart from actively removing 222Rn from the system, it is essential to use low-radioactivity materials. One of the main chal-
lenges stems from the purifiers used in some gas-based rare-event experiments to keep the humidity and oxygen content in check
when operating in recirculation mode (the gas is reused once injected). These oxygen and humidity filters have been demonstrated
(by both TREX-DM and other experiments) to emanate 222Rn in different quantities [47]. In general, commercially available fil-
ters do not meet the radioactivity requirements, and some experiments such as NEWS-G have developed their own custom-made
filters, carefully choosing the filtering materials and the quantities [47]. One solution to avoid this problem altogether is to con-
tinuously flow and dispose of the target gas. A slight variation of this alternative is the semisealed open-loop approach which is
especially suited in those cases where the target gas is expensive or difficult to acquire. It involves selecting the minimum flow rate
needed to compensate for the outgassing and leaks of the detector vessel, thus keeping the gas clean. If the leak-tightness of the
experiment is good, as is the case of TREX-DM, very low flow rates (<1 l/h) can be employed, resulting in one renovation every
few weeks, a situation that resembles a seal-mode scenario. Shifting to this operation mode successfully reduced the background in
TREX-DM by an order of magnitude, getting rid of the 222Rn emanation problem altogether, and effectively achieving a low-energy
level of O(80) counts/keV/kg/day.

In addition to volumetric 222Rn, surface contamination from long exposure to atmospheric 222Rn can be a potential background
source. In particular, deposition of long-lived 210Pb (t1/2 = 22.3 years), especially on the inner surfaces facing the detector volume,
can produce a low-energy background due to the emission of X-rays and low-energy electrons. Lighter gas mixtures (Ar- or,
especially, Ne-based mixtures), such as the ones used in TREX-DM, are more affected by these low-energy emissions of the decay
chain, whereas these emissions are often neglected in experiments using heavier gas mixtures (such as Xe, which provides better
self-shielding) and/or dual-phase TPCs, which allow for 3D fiducialization.

Again, there are two ways of tackling the problem: active removal of the contamination, and screening and protection of the
materials used. As for the first approach, removing a thin layer (∼ few mm) of the material, either mechanically or by chemical
means (e.g., using nitric acid), has been proven to be successful in getting rid of surface 210Pb [48]. However, when the contami-
nation directly affects elements where the first approach is not feasible (e.g., the surface of the detectors themselves, or a very thin
(∼µm) surface such as the mylar® cathode used in TREX-DM), one has to resort to the use of materials with low intrinsic 210Pb
content, as well as to isolate all the materials as carefully as possible. At the moment, this background is considered the limiting
component in TREX-DM, and efforts are ongoing to reduce it. The success of these efforts will determine the sensitivity of future
data-taking campaigns, discussed in Section 6.

Given that both 222Rn and 210Pb are α-emitters, mapping the rate of these particles in special low-gain runs is a good way
to monitor the presence of these contaminations in the detector. We have experimentally established an approximately one-to-
one correspondence between the reduction of high-energy alpha rate and background in the WIMP region of interest, something
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qualitatively understood via preliminary simulations. More thorough simulation-based studies are ongoing. In this context, a
high-sensitivity detector that exploits the capabilities of the Micromegas detectors for the reconstruction of alpha particle tracks,
dubbed AlphaCAMM (Alpha CAMera Micromegas) [49], has been recently developed and is currently under commissioning.
AlphaCAMM will be able to screen flat α-emitting samples with high sensitivity and is expected to become a crucial tool in the
quest to mitigate the 210Pb background in TREX-DM and other experiments, as further discussed later in Section 3.5.

3.4. Cosmic Neutrons for Surface Operation in IAXO
Cosmic rays play a significant role in generating background events in Micromegas setups situated at sea level, as is the case of
axion helioscopes. They can penetrate the detector shielding, ionizing gas directly, and may also interact within the shielding,
producing secondary fluorescence in the detector’s innermost regions, affecting, thus, the lower energy spectrum.

In the framework of the CAST experiment, measurements were carried out at both the University of Zaragoza and the LSC to
assess the impact of cosmic muons on the background levels of Micromegas (see Section 3.5). Studies at the surface level with the
CAST detector, partially vetoed, showed background levels [21], an order of magnitude higher compared to measurements carried
out at the LSC [50]. Only the penetrating muons reach this depth, although their flux is reduced by 5 orders of magnitude compared
to that on the surface. Even if the muon-tagging efficiency of vetoes is close to 99%, there is still an irreducible contribution at the
surface, attributed to cosmic neutrons, a hypothesis supported by simulations.

The first simulation-based background model for IAXO-D0 was presented in 2019 [51]. The background contribution due
to intrinsic contaminations of the detector materials and components was bounded below <10−7 counts/keV/cm2/s [52]. As
anticipated, cosmic rays make the most substantial contribution to the background. Among these, cosmic muons generate the
highest number of raw background events, approximately 7.2 × 10−4 counts/keV/cm2/s , followed by neutron-induced events,
which are an order of magnitude lower at around 1.2 × 10−5 counts/keV/cm2/s. Cosmic gamma rays contribute minimally to
the raw background, below 6 × 10−7 counts/keV/cm2/s. Yet, following the application of discrimination criteria based on the
ionization topology in the Micromegas volume, the contributions from all three sources are reduced to a comparable order of
magnitude, each approximately a few times 10−7 counts/keV/cm2/s, and the combined contribution from cosmic rays (muons,
gamma rays, and neutrons) after discrimination is less than 1.6 × 10−6 counts/keV/cm2/s. This result is compatible with previous
background assessments focused only on cosmic muons in the CAST Micromegas setups, without considering the presence of
cosmic neutrons. However, after veto tagging, the simulated muon contribution drops to values below 10−8 counts/keV/cm2/s,
lacking relevance with respect to the neutron contribution, which still remains around 5 × 10−7 counts/keV/cm2/s. According to
this simulation-based evidence, cosmic neutron-induced events could be the dominant source for the background of current type
of IAXO-like Micromegas detectors, if not properly vetoed with specific neutron-sensitive active shielding.

The IAXO-D0 Micromegas prototype detector has been installed in the IAXOlab of the University of Zaragoza, with the ob-
jective of taking background data, proving simulations, and optimizing its performance under various conditions. To minimize
the effect of natural radiation, the detector has been shielded with 20 cm of lead and surrounded by a 4π muon veto. The analysis
shows that the veto system results in a decrease of the background level in the central region of the detector and in the energy re-
gion of interest (RoI) for solar axions ([2–7] keV) down to 9.8× 10−7 counts/keV/cm2/s. This number is still higher than what was
achieved underground, supporting the cosmic neutron contribution hypothesis. Further efforts have been undertaken to differen-
tiate neutron-induced background, implementing a veto system with 3 layers of plastic scintillator panels (Figure 6) and cadmium
sheets surrounding each panel.

FIGURE 6: Simulation of a cosmic neutron interaction in the IAXO-D0 setup (left). Picture of the IAXO-D0 setup showing the
triple-layer veto system (right).

Dedicated simulations for this setup indicate that primary neutrons interacting within the setup generate secondary neutrons,
which, when captured in cadmium sheets, produce gamma rays detectable in the scintillators. Consequently, neutron events typ-
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ically result in multiple signals in the veto channels, occurring over several tens of microseconds [53]. These simulations have
helped to understand the neutron background of our detector; dedicated publications are being prepared with all the details.

The results of the analysis of the IAXO-D0 data show the lowest background level ever achieved at the surface level with
this type of detector: 8.6 × 10−7 counts/keV/cm2/s with an efficiency of 79% for calibration events. The identification of cosmic-
neutron-induced signatures in the veto system allowed reducing the background level by 13% in the energy RoI, with respect to the
background level obtained without this handle (but with all other conventional background discrimination criteria). A paper on
new background studies, including intrinsic and environmental contamination, as well as veto effects on cosmics, is in preparation.

3.5. Roadmap Toward Lower Levels
Even though the measurement just described represents the lowest background event rate ever achieved at the above-ground level
with any detector in the IAXO RoI, it still falls short of the levels measured with similar detectors underground. Another prototype,
known as IAXO-D1, has been installed underground at the LSC. IAXO-D1 serves two primary objectives: firstly, to compare its data
with IAXO-D0, installed on the surface, in order to study the impact of cosmic rays; and secondly, to replicate the background level,
which was previously measured, below 2× 10−7 counts/keV/cm2/s in the [2–7] keV range [54], in a previous underground setup.
This setup was a replica of a CAST microbulk detector, shielded with 10 cm of external lead and 2.5 cm of an inner copper layer,
and fluxed with N2 to prevent radon intrusion. The IAXO-D1 setup introduces a new design where new Micromegas detectors
have been built to higher standards of radiopurity, with passive shielding consisting of 20 cm of lead shielding and 1–2.5 cm of
internal copper. IAXO-D1 was installed and commissioned at the LSC in 2022 and has been continuously taking data in different
configurations in 2023. Preliminary results (see Figure 7) show background levels of (5.5 ± 1.0) × 10−7 counts/keV/cm2/s with
a Xe-Ne mixture, while an even lower background level of about (1.7 ± 0.5)× 10−7 counts/keV/cm2/s is obtained with Ar. This
unexpected result (Xe was preferred a priori to avoid the 37Ar contamination present in natural Ar gas) may indicate the presence
of radon in the Xe-Ne gas mixture. The origin of this contamination is thought to be due to emanations from the moisture/oxygen
filters required for closed-circuit operation in the case of the Xe-Ne mixture, whereas no filters are used during open-loop operation
in the case of the Ar mixture.

FIGURE 7: Background level evolution of IAXO-D0 and IAXO-D1. The black dot shows the background level reached by IAXO-D1
at the surface level. The red squares represent IAXO-D1 background levels at the LSC with Xe-Ne, while the blue triangles show
the evolution of IAXO-D1 background levels with Ar.

The most challenging issue in reducing the Micromegas background in axion searches is the tagging of cosmic ray-induced
neutrons. As explained in Section 3.4, the background at surface level may be dominated by cosmic ray-induced neutrons, resulting
in nuclear recoils with a similar topology to X-ray events, and therefore cannot be distinguished by event topology. Therefore, the
implementation of a highly efficient active veto with neutron tagging capabilities could lead to a background reduction of the
Micromegas detectors to their intrinsic level. A new line of research has recently been started to develop a passive and active veto
based on the novel LiquidO technique [55]. It consists of a heavily doped opaque liquid scintillator with highly granular readout
and 3D topological capabilities. On the other hand, the intrinsic background level measured at the LSC may still be limited by the
39Ar isotope present in the Ar mixture used as conversion gas in the Micromegas. A further background reduction is expected by
replacing Ar with Xe. However, the use of Xe typically requires gas purification and recirculation, where the removal of the 222Rn
contamination is particularly challenging. As explained in Section 3.3, different strategies to minimize this contribution are being
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investigated. The current state of the art of the background level using low background techniques in axion searches, together with
the measurements carried out at the LSC, is shown in Figure 7.

In the case of TREX-DM, the background levels measured in the 2022 campaign were unexpectedly high, of the order of
1000 counts/keV/kg/day. The substitution of contaminated components and the 222Rn mitigation strategy commented on in Sec-
tion 3.3 jointly worked to bring it down to the order of 80 counts/keV/kg/day. Dedicated studies conclude that the background
level is currently limited by 222Rn contamination and its progeny. An exhaustive material radioassay campaign for TREX-DM has
been carried out [15, 34], mainly based on germanium gamma-ray spectrometry but complemented by other techniques like GDMS
or ICPMS. However, these techniques are not adequate to measure concentrations of particular isotopes that can produce alpha
surface contamination, like 210Pb or 210Po. The AlphaCAMM detector will allow us to select the proper raw materials to use inside
the TREX-DM chamber, to reduce the background from high-energy events and therefore the low-energy background in the region
of interest, and will provide an accurate input for the background model in TREX-DM.

4. PROGRESS IN LOWERING THE ENERGY THRESHOLD
It has already been mentioned that a low-energy threshold is an important characteristic for DM experiments and also for helio-
scopes; in the first case, it permits sensitivity to lower WIMP masses, while in the second it opens the possibility of studying other
physics cases, like the solar axion flux mediated by the axion-electron interaction, a channel that would produce axions of lower
energies than the Primakoff solar axions [56]. Gaseous detectors present an intrinsic amplification that could, in principle, allow for
very low thresholds, yet in practice, detector features and configurations (readout area, sensor capacitance, electronic noise, and
general complexity) impose limitations that set a threshold typically limited to a fraction of a keV. A threshold of 450 eV has been
routinely achieved with the last CAST Micromegas detector [30] (and even down to 100 eV in particularly optimized calibration
runs in the CAST X-ray tube setup at CERN, Figure 8 ). Thresholds slightly below 1 keV have been achieved in TREX-DM.

FIGURE 8: The 1.5 keV X-ray spectrum taken with a microbulk Micromegas in the X-ray tube of the CAST-lab at CERN points to
an energy threshold of around 100 eV. Full spectrum (left) and a zoomed image for energies below 1 keV (right). The X-ray signal
(in blue) has been obtained after requiring signals in X and Y directions to raw data (in red).

One promising way to substantially improve the energy threshold is to increase the detector gain by using hybrid readout
planes based on Micromegas detectors with a preamplification GEM (Gas Electron Multiplier) plane (see Figure 9) [57]. In the labo-
ratory of the University of Zaragoza (IAXOlab), two setups were prepared: in one, a GEM foil was suspended on top of a small test
microbulk Micromegas (2 cm diameter, non segmented anode) in a chamber where measurements were performed at pressures of
up to 10 bar; in the other, a larger-area GEM was suspended on top of a microbulk Micromegas, spare for the TREX-DM experiment
(area of 25 cm × 25 cm fully segmented anode), in a chamber that cannot withstand more than atmospheric pressure. Data were
taken in the laboratory (Figure 9) using Ar + 1% isobutane and Ne + 2% isobutane from 1 to 10 bar, achieving preamplification
factors from 12 (Ne + 2% isobutane at 10 bar) to 100 (Ar + 1% isobutane at 1 bar). Preamplification factors depend on the pressure
of the gas, but even in the worst scenario (factor 12 with Ne + 2% isobutane at 10 bar), the GEM-Micromegas system could poten-
tially reach energy thresholds down to single-ionization electron. More systematic measurements of this preamplification stage are
ongoing for different gas mixtures and different detector parameters and will be published in a dedicated paper. In any case, the
current results are already very promising, and a program to implement this preamplification stage in TREX-DM is being carried
out.
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FIGURE 9: A sketch with the idea of a GEM foil suspended above the Micromegas mesh, offering a preamplification stage (left).
Energy spectra were obtained at two different GEM voltages, where there is a clear separation between the peaks with (centered at
µ = 518 and µ = 801) and without (centered at µ = 69 and µ = 63) preamplification stage.

5. OTHER TYPES OF TECHNICAL PROGRESS: ROBUSTNESS, EASE OF
CONSTRUCTION, AND SCALABILITY

One of the big challenges that many of the rare-event searches face is the possibility of scaling up to bigger volumes. This holds
mainly for the WIMP searches, in contrast to the solar axion searches, where the dimension of the detectors can be kept small
(thanks to the focusing of the signal by the X-ray optics). When looking for WIMPs, one needs to maximize the amount of target
material offered for interaction, which leads to an increase to much higher volumes and/or pressures of operation, particularly in
the case of gaseous detectors, such as TREX-DM. The increase in volume brings an increase in the active surface of the readout
planes, which can be complicated, as the construction of big surfaces entails technical challenges.

Micromegas detectors of the first generation as big as 40 × 40 cm2 were built in the early 2000s [58, 59]. On the other hand,
several experiments with needs of big surfaces, like the T2K experiment, the MAMMA project of ATLAS or CLAS-12, employ big
surfaces of bulk Micromegas of up to 3 m2 in the case of the modules of the Atlas Muon Spectrometer [60]. However, as mentioned
above, it is the microbulk Micromegas that is most interesting for the rare-event searches, because of the low radioactivity levels it
presents.

With the help of the CERN Micro-Pattern Technology (MPT) workshop, and since the invention of the microbulk Micromegas,
we have been involved in the production and testing of increasingly bigger surfaces of this particular type of the Micromegas
family. Figure 10 shows a series of pictures of the evolution in an active area of the microbulk planes. The infrastructure employed
for the fabrication of the microbulks, along with the pressings to accommodate the two-layer anode readout, restricts the safe
construction to planes with radii of the order of 20 cm to 25 cm. The largest area microbulk Micromegas so far are the ones built
for the TREX-DM experiment (see Figure 3). In order to cover larger areas, a dead-zone-less tesselation concept was developed in
the context of the PandaX-III experiment, including an electrode around each module as an electron reintegration system (or rim
electrode), as well as effective radiopure extraction of signal channels of each module, via extension of the readout planes similar
to the ones already shown above for the TREX-DM module. A first prototype [61], including a set of 7 microbulk Micromegas
modules, each with an active area of 20 × 20 cm2, arranged in a 2-3-2 configuration to cover a total area of 0.3 m2, successfully
tested the concept and is shown in Figure 11. Based on the tessellation idea, a TPC that will house 140 kg of enriched Xenon with a
reading plane formed by 52 Micromegas modules is currently being commissioned in the PandaX-III experiment [62].

Another ongoing project is the extension of segmented-mesh microbulk technology to large-area detectors for rare-event
searches. In a segmented-mesh Micromegas, in addition to the anode being segmented into strips, the mesh is also divided into
several sections, each electrode providing thus one dimension, X or Y. This technology [63], successfully applied to the detection
of neutrons for beam profile monitoring [64], can hold certain advantages over standard microbulk designs. One important advan-
tage would be the mitigation of the risk of short circuits between the mesh and strips, thereby eliminating dead channels; another,
resolving issues related to low-energy events through a full XY identification. This latter aspect is important to improve the quality
of event information for events close to the threshold and thus of interest for experiments like TREX-DM. The project aims not only
to demonstrate the stable operation of large-area detectors but also to optimize pitch granularity, offering improvements in event
reconstruction and topological discrimination for various rare-event searches.

In the near future, there are plans to explore the possibility of using a microbulk Micromegas with a resistive coverlay on the
anode. The idea of a resistive Micromegas originated for applications where the particle flux is high (e.g., [65]), but it has been
applied in many other cases. Covering the segmented anode with a resistive material presents several advantages for the operation
of the detector; namely, it improves the stability of the detector, protects it against the damaging effects of sparks, and even protects
the readout electronics. In the case of rare-event searches, one expects that adding a resistive layer would allow a stable operation
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FIGURE 10: Evolution of Micromegas plane sizes over the years: from a radius of 3 cm to the TREX-DM readout size of 25× 25 cm2.

in high gains for long times. The purpose of this R&D is to prove that and to study if the resistive materials are radiopure enough
for low background requirements.

6. SENSITIVITY IMPROVEMENT IN TREX-DM TO LOW-MASS WIMPS
The absence of a positive signal in mainstream experiments, as introduced in Section 2, highlights the need for a broader exploration
of the parameter space for WIMPs, including lower mass ranges that may have been previously overlooked. TREX-DM was built
to search for WIMPs with masses below 10 GeV, using neon as its main gas, or even argon depleted in 39Ar. The current levels of
background (80 counts/keV/kg/day) and energy threshold (below 1 keV), recorded in TREX-DM in 2022, are not sufficiently low
in order to reach the sensitivity required to probe unexplored regions of low-mass WIMPs and must be improved. In this section,
we comment on the implementation in TREX-DM of some of the techniques discussed in the previous sections and the effect on
the sensitivity of the experiment that these are expected to confer.

Figure 12 displays multiple sensitivity curves of the experiment for 1 year of exposure time, assuming spin-independent inter-
action, standard values of the WIMP halo model, astrophysical parameters, and detector parameters discussed below. The depicted
curves represent the evolution of the sensitivity with each projected improvement: scenario A represents the experimental param-
eters attained during past campaigns, scenarios B-E projected for the short to mid-term, and scenarios F-G for the long term, with
a chamber scaled up by a factor of 10.

The components that enter in direct contact with the active volume of the detector, and therefore would possibly contribute
to the measured background levels are the Micromegas planes, the field cage, the cathode, and the gas itself. The microbulk Mi-
cromegas installed in TREX-DM in 2018 for physics runs at the LSC [66] were replaced by new microbulk Micromegas in 2022. The
new design is more robust from the point of view of the operation stability but also more radiopure, since a novel clean process to
reduce the 40K during the fabrication has been applied, reducing the contamination of 40K (see Section 3.1). These measurements
estimate the contribution of the Micromegas to the background level of the order of 1 count/keV/kg/day.

A comprehensive study of the background origin has led to the conclusion that the principal contribution is due to alpha
particle surface contamination, mainly coming from the cathode, likely due to the radon progeny attached to it. Preliminary results
point toward an improvement in the background level of one order of magnitude if this component is removed. The cathode
consists of a copper frame where a thin foil of aluminized mylar® is tensed.

In parallel, a fiducial cut of 18× 18 cm2 out of the total 25× 25 cm2 of the Micromegas has allowed quantifying the high-energy
events emitted only from the cathode, but there is still an important population of events emitted from the field cage that, as in the
case of the cathode, are likely due to the radon progeny. These events can be discriminated by topology studies at the expense of
the detector-sensitive volume. These two results demand the substitution of the cathode material and of the field cage walls as the
first steps to take.

In regards to the energy threshold, the implementation of the preamplification stage discussed in Section 4 is expected to take
place in the short term: the GEM foils shown in Figure 9 are ready to be installed.This improvement is expected to bring the energy
threshold of TREX-DM, which was 900 eV during the 2022 data-taking campaign at 4 bar, down to 50 eV, which will have a very
important impact on the sensitivity in the low-mass regions below 1 GeV. Scenarios B and C in Figure 12 represent the expected
sensitivity after the successful reduction of the background level and the energy threshold after the improvements described. Of
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FIGURE 11: Design and charge readout plane with microbulk Micromegas modules in a 2-3-2 configuration. Adapted from [61].

course, the validity of these scenarios depends on the absence of new, unforeseen background sources at lower energies, something
that is not uncommon in the new type of ultralow-threshold WIMP experiments.2

Moreover, the gas mixture also plays an important role in the sensitivity of TREX-DM. The first sensitivity prospects were
estimated for a quantity of isobutane such that the mixture could be classified as nonflammable (1% in argon and 2% in neon) [15].
As expected, these prospects were better for Ne- than for Ar-based mixtures (scenarios A-C in Figure 12); however, the current
difficulty in obtaining Ne favors the use of Ar mixtures. Interestingly, the difference between the two mixtures can be reduced with
the increase of isobutane in Ar, as noted when compared with scenarios D-G. In addition, the increase of isobutane in the mixtures
leads to higher sensitivity to WIMP’s masses below 1 GeV, mainly due to the increase of lower mass nuclei in the target.

Given this evidence, and taking advantage of the more isolated new site where TREX-DM is installed, the LSC recently accepted
the request to operate with flammable mixtures with up to 10% of isobutane; higher concentrations do not improve significantly
the sensitivity and could potentially pose difficulties to the operation of the detector. The use of flammable mixtures requires the
application of new safety measurements at the experimental site. These safety measurements are being currently designed and will
be implemented in the short-mid-term.

7. CONCLUSIONS
We have briefly reported on the application of Micromegas planes in the search for dark matter, particularly the case of low-mass
WIMPs with TREX-DM, and solar axions with BabyIAXO. In both cases, Micromegas offer promising prospects in terms of low
background and competitive sensitivity to the sought signals. We have stressed various challenges associated with the particular
implementation of these readouts, and the ongoing efforts to overcome them. In the case of solar axions, small Micromegas TPCs
for the focal point of axion helioscopes are at the moment the most competitive technology. Micromegas prototypes for BabyIAXO
have demonstrated background levels below 10−6 counts/keV/cm2/s in the signal region and, when placed underground, almost
down to 10−7 counts/keV/cm2/s, the level targeted for the experiment. Efforts are ongoing to develop active shielding techniques
to tag cosmic-neutron-induced events, which are held responsible for preventing reaching this background level also above ground.

In the search for low-mass WIMPs, current TREX-DM sensitivity is hampered by the 222Rn progeny present on the inner sur-
faces of the detector, which is believed to dominate the background at low energies. Efforts are ongoing to mitigate this contamina-
tion. If successful, the level of radiopurity achieved in the TREX-DM Micromegas planes and the rest of the detector parts suggests
that very competitive background levels down to 1 count/keV/kg/day should be achievable. Combining that with a substantial
improvement in energy threshold coming from an additional GEM preamplification stage that is already developed and prepared
for commissioning, promising sensitivity close to the single electron, TREX-DM could soon achieve leading sensitivity to WIMPs
of few GeV and below. The extent of this assertion will depend very much on the possible presence of unforeseen background
sources at such low energies, something not uncommon in this type of experiments.

Future improvements in Micromegas implementations in rare-event searches rely on further enhancing radiopurity (both of
readout planes or related equipment, like its associated electronics), better robustness from new enhanced layouts (segmented
mesh concept, resistive anode), better energy threshold (via less noisy layouts, e.g., by placing front-end DAQ closer to the readout,
and/or via higher gain, with resistive designs or with preamplification stages), optimized gas mixtures (the planned use of Xe in

2See the EXCESS series of workshops, devoted to low-mass WIMP searches.
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FIGURE 12: WIMP-nucleon cross-section vs. WIMP mass exclusion plot, with current bounds from experiments and TREX-DM,
under different conditions for TREX-DM shown in the table at the top-right and 1 year of exposure time. Each scenario is plotted
with Ne-based (black) and Ar-based (grey) mixtures.

IAXO or the use of higher amount of isobutane in TREX-DM), or, in general, achieving better understanding of limiting background
sources beyond the intrinsic ones (the issue of 222Rn in TREX-DM or the cosmic neutrons in IAXO). In any case, the associated
developments continue vigorously and future prospects remain compelling.
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P. Brun, N. Bykovskiy, D. Calvet, J. M. Carmona, J. F. Castel, S. Cebrián, V. Chernov, F. E. Christensen, M. M. Civitani, C. Cogollos, T. Dafnı́,
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A. Ortiz de Solórzano, S. Oster, H. P. Pais Da Silva, V. Pantuev, T. Papaevangelou, G. Pareschi, K. Perez, O. Pérez, E. Picatoste, M. J. Pivovaroff,
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M. Krčmar, M. Kuster, B. Lakić, P. M. Lang, J. M. Laurent, A. Liolios, A. Ljubičić, G. Luzón, S. Neff, T. Niinikoski, A. Nordt, T. Papaevangelou,
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A. Liolios, G. Luzón, S. Matsuki, V. N. Muratova, C. Nones, I. Ortega, T. Papaevangelou, M. J. Pivovaroff, G. Raffelt, J. Redondo, A. Ringwald,
S. Russenschuck, J. Ruz, K. Saikawa, I. Savvidis, T. Sekiguchi, Y. K. Semertzidis, I. Shilon, P. Sikivie, H. Silva, H. ten Kate, A. Tomas, S. Troitsky,
T. Vafeiadis, K. van Bibber, P. Vedrine, J. A. Villar, J. K. Vogel, L. Walckiers, A. Weltman, W. Wester, S. C. Yildiz, and K. Zioutas. Conceptual
design of the International Axion Observatory (IAXO). Journal of Instrumentation, 9(05):T05002, 2014. doi:10.1088/1748-0221/9/05/T05002.
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G. Galanti, L. Garrido, D. Gascon, L. Gastaldo, C. Germani, G. Ghisellini, M. Giannotti, I. Giomataris, S. Gninenko, N. Golubev, R. Graciani, I.
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H. Mirallas, L. Obis, A. Ortiz de Solórzano, and O. Pérez. AlphaCAMM, a Micromegas-based camera for high-sensitivity screening of alpha
surface contamination. Journal of Instrumentation, 17(08):P08035, 2022. doi:10.1088/1748-0221/17/08/P08035.

[50] A. Tomas, S. Aune, T. Dafni, G. Fanourakis, E. Ferrer-Ribas, J. Galán, J. A. Garcı́a, A. Gardikiotis, T. Geralis, I. Giomataris, H. Gómez, J. G.
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