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We present the design and science case for a new array of radio antennas to be located at the
Pierre Auger Observatory. Six stations of three SKALA antennas each will be deployed around a
single water-Cherenkov surface detector triggering the radio readout. The planned antenna layout
will allow for the detection of cosmic rays above a few tens of PeV and reach full efficiency for
vertical air showers at several hundred PeV in primary energy. The array will thus be a pathfinder
to demonstrate that fully-efficient radio detection in combination with the underground muon
detectors already present at the location is possible. This will enable combined studies of the
muon component and the depth of shower maximum, relevant for hadronic interaction models
studies and more accurate determination of the cosmic-ray mass composition in the energy range
of the Galactic-to-extragalactic transition.
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A new array of radio antennas at the SD-433 of the Pierre Auger Observatory Stef Verpoest

1. Introduction

High-energy cosmic rays interacting in the Earth’s atmosphere produce large particle cascades,
known as extensive air showers. The deflection of charged particles in the geomagnetic field and a
time-varying negative charge excess at the shower front produce broadband radio emission, which
can be observed with antennas at the ground. Over the last two decades, radio detection has become
a mature technique to study cosmic-ray air showers [1, 2]. Complementary to ground-based particle
detectors, radio antennas provide a direct measure of the cosmic-ray energy and the longitudinal
shower development.

The Pierre Auger Observatory [3] in Argentina is the largest cosmic-ray detector in the world,
instrumenting over 3000 km2 with over 1600 water-Cherenkov detectors, overlooked by fluorescence
telescopes. Recently, the installation of radio antennas on top of the water-Cherenkov detectors for
the observation of horizontal air showers was finished as part of the AugerPrime upgrade, consti-
tuting the Auger Radio Detector (RD) array [4]. Before that, the Auger Engineering Radio Array
(AERA) [5] already demonstrated the maturity of the radio technique through e.g. a measurement
of the depth of shower maximum (𝑋max), finding results compatible with fluorescence measure-
ments [6, 7]. Radio upgrades for improved cosmic-ray detection are also ongoing at the IceCube
Neutrino Observatory [8]. A planned enhancement consists of deploying scintillation detectors and
radio antennas [9] within the footprint of the surface detector, IceTop [10]. Likewise, the future
IceCube-Gen2 [11] project is planned to include a surface air-shower array consisting of the same
detectors [12, 13].

A prototype station of scintillator panels and radio antennas has been running at the South Pole
for several years, demonstrating the detection of air showers in coincidence with IceTop [14, 15].
Such a station was also deployed at the Pierre Auger Observatory and has successfully detected air
showers in coincidence with the water-Cherenkov detectors of the Surface Detector (SD) array [16].
In the future, this will allow for cross checks between the observatories and may enable a cross
calibration of the cosmic-ray energy scales.

In this contribution, we describe the plan to deploy more radio antennas at the Auger site,
located within the SD-433, the densest part of the Auger SD array, with an inter-detector spacing of
433 m [17]. The planned new array will consist of 18 antennas and may serve as a pathfinder for a
larger array in the future. The antennas will be deployed as a relatively dense array, complementing
the sparser AERA and RD array by being sensitive mostly to vertical and lower-energy showers. It
will also operate in a higher frequency band than the 30-80 MHz band used by AERA and the Auger
RD. The goal of this pathfinder array is to demonstrate the detection of near-vertical air showers with
full efficiency, i.e. to be able to detect and successfully reconstruct all near-vertical showers above
a certain energy threshold, given that they arrive within a certain distance from the array. We also
want to demonstrate the combined measurement of 𝑋max and the muon content 𝑁𝜇 in air showers,
leveraging the Underground Muon Detector (UMD) [18] co-located with SD-433. A combined
measurement of 𝑋max and 𝑁𝜇 would provide improved mass-composition sensitivity [19, 20], and
would allow to perform tests of air-shower development and the hadronic interaction models used
to simulate it.

The planned location and layout for the array are shown in Fig. 1. In the following sections,
we discuss the technical design and optimization of the array layout in more detail.
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Figure 1: Planned locations for antenna deployment at the Pierre Auger Observatory. Left: Map showing
the locations of the SD-433 detectors and AERA antennas. SKALA antennas and TAXI DAQs are shown
by the red crosses and black squares respectively. The existing IceCube-Gen2 prototype station is shown
near the Central Radio Station (CRS). The antennas inside the grey square are those planned to be deployed.
Right: Zoom-in of the square containing the planned antenna locations from the left plot. The center of the
plot represents the SD station, Lety Jr., around which the antennas will be deployed. Also shown are the
nearby UMD modules. The dashed lines represent how the antennas are connected to the DAQ, defining
which antennas belong to the same station.

2. Array layout & technical design

The planned layout for the array consists of 18 antennas grouped in six stations of three antennas
each. The station design is inspired by the IceCube-Gen2 surface detector stations discussed in
Section 1. The detector stations will consist out of a data-acquisition (DAQ) system, known as
TAXI, to which three radio antennas are connected, with a nominal frequency band of 70 MHz to
350 MHz for the complete system. The antennas are of the SKALA-v2 type and were originally
designed for the SKA-low instrument [21]. In contrast to the prototype station for the IceCube
surface array, there will be no scintillation detectors; the antenna readout will be triggered from the
water-Cherenkov detector of a nearby SD station. The six stations are planned to be deployed in a
hexagon centered on a single SD station, Lety Jr., as shown in Fig. 1. The exact layout, mainly the
distance from Lety Jr. to the antenna-station centers and the distance of those station centers to the
antennas, was optimized based on simulations, as discussed in Section 3.

A local trigger from the central water-Cherenkov detector will be used for the simultaneous
readout of all radio antennas. The trigger signal is transferred from the Upgraded Unified Board
(UUB) of the SD station, over six optical fibers, to each of the TAXIs, which have been modified
to accept this external trigger (see Fig. 2 (left)). Filtering and merging of the events recorded on
the individual TAXIs will happen offline by comparing to events with an SD array trigger, as a
large fraction of the single-detector triggers will originate from events without any significant radio
signal.
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Figure 2: Left: Schematic showing how the six TAXI DAQs are triggered simultaneously by the SD station
using optical fiber. Right: Schematic showing how the TAXIs connect to a WhiteRabbit (WR) switch in the
Central Radio Station (CRS) for timing and communication.

For timing and communication, the TAXIs will be connected to a WhiteRabbit switch [22]. A
single WhiteRabbit switch is located in the Central Radio Station of AERA. An 8-fiber cable will
run from the switch to a fiber patch box installed at the central SD station, where individual fibers
will split off to connect to the TAXIs (see Fig. 2 (right)). The radio traces read out by the TAXIs
will be transferred over these fibers and stored locally in the Central Radio Station for further
offline filtering and processing. Each antenna station (TAXI + three antennas) will be powered
autonomously using solar panels and batteries.

3. Simulation study of the detection efficiency

A simulation study was performed to optimize the exact layout of the hexagon of antenna
stations. The metric that was optimized for is the rate of near-vertical showers above the full-
efficiency threshold for reconstruction. For simplicity, we considered only showers with cores
contained within the antenna array. The problem therefore came down to optimizing the trade-off
between a lower efficiency threshold and a larger array size. Given the choice to deploy a hexagon
of six stations around a single SD station, as described in Section 2, only few degrees of freedom
are left to optimize. These are the distance from the central SD station to the centers of the antenna
stations, the distance from the antenna-station centers to the antennas, and the rotation of the antenna
stations.

Air showers from proton primaries were simulated at fixed energies between 1016.5 eV and
1018.25 eV, and at fixed zenith angles from 0◦ to 40◦ in 10◦ increments, while the azimuthal angle
was chosen randomly. CORSIKA [23] and CoREAS [24] were used to simulate the particle
cascade and its radio emission. We only simulated the response of the radio detector, as the full-
efficiency threshold to trigger SD-433 of 1016.8 eV is below the expected threshold for the radio
reconstruction [25]. We simulated the full response of the antenna and electronics chain, after which
noise measured with the same antenna and electronics close to the deployment site was injected.
Each simulated air shower was resampled five times for the detector simulation, with a core position
randomized within a circle centered on the central SD station and the radius defined by the furthest
antenna.
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Figure 3: Expected reconstruction efficiency as a function of primary cosmic-ray energy for different
simulated zenith angles. A shower is considered well-reconstructed if it has at least five antennas with a
high-SNR signal and a directional reconstruction within 5◦ of the true value (see text for details). Only air
showers with a core inside the circle defined by the outermost antennas of Fig. 1 are considered.

Following the background frequency spectrum and air-shower analysis presented in Ref. [16],
simulated waveforms were bandpass filtered to 110 MHz to 185 MHz, after which a filter to suppress
peaks in the background spectrum was applied [26]. To define the reconstruction efficiency, events
containing signals with a high signal-to-noise ratio (SNR) in at least five antennas, as well as a
successful directional reconstruction, were selected. High SNR was in this case defined as the
95th percentile of the SNR distribution of measured background waveforms. A plane-wave fit to
the peak signal times in the antennas was then performed to obtain a simple reconstruction of the
arrival direction. The reconstruction is considered successful if the reconstructed direction has an
opening angle of less than 5◦ from the simulated direction. We assume that for this selection of
events, also an 𝑋max reconstruction would be possible in the future.

The full efficiency threshold is defined as the energy above which 97% of showers would
be reconstructed, for each simulated zenith angle separately. The total rate of events above full
efficiency was calculated by integrating the efficiency over energy and zenith from the threshold
upwards, assuming the H3a model for the cosmic-ray flux [27], and taking into account the solid
angle and area of the circle in which showers were simulated. The dependence of the efficiency on
the azimuth was not treated explicitly.

The rate calculation was performed for SD-TAXI distances between 60 m and 100 m, TAXI-
antenna distances between 20 m and 40 m, and rotations of 0◦, 90◦, and 180◦, where 0◦ corresponds
to an antenna station having one TAXI-antenna arm pointing directly away from the central SD
station. As expected, denser layouts typically lowered the energy threshold, at the cost of a reduced
detection area. Several layouts with a similar performance were found. The final decision was made
for an SD-TAXI distance of 80 m, a TAXI-antenna distance of 35 m, and a rotation of 180◦, taking
into account also practical deployment considerations. This is the layout shown in Fig. 1

The reconstruction efficiency curves obtained for this layout are shown in Fig. 3. For showers
up to 30 degrees in zenith, full efficiency is obtained around 1017.5 eV or 300 PeV. Around 45
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events per year are expected above the full reconstruction efficiency threshold with the shower core
contained within the antenna footprint, and a total number of about 500 events taking into account
also the lower energy events. Note that we only included near-vertical and contained events in
these estimates; the total event rate is thus expected to be significantly higher. We also note that
the threshold based on the simple SNR cut can likely be lowered through improved filtering or the
application of machine learning techniques, as in Ref. [15].

4. Conclusion and outlook

We have presented plans to deploy an array of SKALA antennas at the SD-433 array of the
Pierre Auger Observatory. The array will consist of 18 antennas, organized in six stations with a
central DAQ each, deployed in a hexagon around a central SD station. The readout of the antennas
will be triggered by the water-Cherenkov detector of this SD station, and communication and timing
will be provided through a connection to the AERA Central Radio Station.

We aim to demonstrate the radio detection of near-vertical air showers with full efficiency.
Simulations show that this is expected to be possible above cosmic-ray energies of several hundred
PeV. In addition, we aim to perform combined measurements of the depth of shower maximum and
the muon number in the shower, by combining the radio measurements with measurements by the
UMD.

The deployment of the antennas and DAQ hardware is expected to happen in early 2025.
Successful deployment and demonstration of the physics goals may encourage studies into further
deployment of antennas at SD-433. A larger dense array in this location could, through combined
measurements of 𝑋max and 𝑁𝜇, improve our understanding of cosmic-ray composition in the energy
range of the Galactic-to-extragalactic transition, and allow for unique tests of hadronic interaction
models.
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