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1. Introduction

In the past three decades, the field of ground-based gamma-ray detection has developed rapidly.
Various Imaging Atmospheric Cherenkov Telescopes (IACT) and particle detector arrays are now
looking at the TeV-PeV gamma-ray sky, studying sources and searching for the origin of cosmic rays.
The high-altitude particle array-based detectors, such as Milagro [1] and its successor HAWC [2],
demonstrated that ground-based detection of gamma-ray showers is feasible and identified many
new sources in the northern sky. The larger 1 km2 LHAASO [3] ground array in China extended
the energy range, finding PeV sources, so-called Pevatrons.

Simultaneously, these detectors also capture air showers induced by cosmic rays (in the order
of 104 more than gamma-ray induced air showers). Because cosmic rays are charged particles,
they are harder to trace back to their sources, but their abundance allow for precise measurements
of composition and source populations. Additionally, cosmic-ray air showers allow for the study
of hadronic physics not easy accessible by particle accelerator, like the LHC, experiments. By
performing hybrid measurements of, for example, the muonic component (particle-based detection)
and electromagnetic component (fluorescence or radio-based detection) of air showers one can
study the differences in hadronic interaction models and investigate open problems such as the
muon puzzle [4]. At the very highest energies (>EeV), this deficit has been clearly established, but
in the PeV-EeV range much variation exists between results of various experiments (mainly limited
by systematic uncertainties). In recent years, the AERA detector at the Pierre Auger Observatory
showed the feasibility of measuring the muon deficit using hybrid techniques (>4EeV) [5], and the
upcoming SWGO-TURBO, described in this proceeding, aims to tackle hybrid measurements at
lower energies (>a few PeV ).

1.1 Southern Wide-field Gamma-ray Observatory (SWGO)

The Southern Wide-field Gamma-ray Observatory [6] is a ground-based air shower detector,
currently in development, and planned to be built in the next few years at Pampa la Bola in the
Atacama Astronomical Park in Chile. It will be an array of about 1 km2 at an altitude of 4770 m,
with an array of about 3000-5000 Water-Cherenkov Detectors (WCDs) and 800 radio antennas.
Its goal is to study the southern gamma-ray sky at energies between a few 100s of GeV to PeV,
complementing LHAASO, but most importantly, covering the galactic center region. SWGO will
look for new sources and study known sources such as TeV halos and microquasars in detail. With
its wide field of view, it will also be able to observe transient sources, studying AGNs, GRBs, and
providing follow-up to multi-messenger events (neutrinos, GW, etc.). In addition, it will be able to
study cosmic-ray air showers in great detail. By combining the muon-tagging ability of the WCDs
and the independent energy and mass estimation of the radio antennas, all synchronized at sub-ns
timing resolution, it will be able to study air shower physics in great detail at energies between PeV
and EeV.

1.2 The Utility for Radio Beam-formed Observations (TURBO)

The Utility for Radio Beam-formed Observations (TURBO) will consist of about 800 radio
antennas, covering the same area as the WCD array. Fig.1 (left) shows a triangular grid with a station
spacing of 40 m, which will be used in this work for a simulation study. The final layout might be
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Figure 1: (left) Concept design of the TURBO station layout with a regular triangular 40 m-grid within the
confines of a concept layout of the SWGO WCD array. (right) Concept of a TURBO station with a height
of 0.8 m and two orthogonal dipole antennas. The final design may vary based on the current optimization
studies.

slightly different in density and size. The array will detect pulsed radio emission from extensive air
showers in the 50–200 MHz frequency band and be triggered by water-Cherenkov detectors. Each
station will consist of 2 dipole antennas based on the horizon antenna design [7]. Fig.1 (right) shows
a schematic of the antenna design. The setup will be fully wired, and time-synchronised with a White
Rabbit system, providing sub-ns timing resolution for radio interferometry. Interferometry allows
for sub-0.1-degree shower-axis reconstruction and high-precision 𝑋max (and the full longitudinal
profile) reconstruction[8], and it has been demonstrated by AERA that one can obtain an independent
shower energy estimation using radio [9]. The SWGO WCD array aims to measure up to around
45◦, whereafter the number of particles in a typical cascade reaching the ground decreases rapidly.
TURBO aims to enhance SWGO’s sensitivity and effective aperture for photons above PeV energies
by extending the zenith angle range to 𝑍 = 45 − 70◦.

2. Optimizing TURBO for photon showers

In the following sections we describe the work we have performed to optimise the TURBO
design for a low-energy threshold, i.e. to “dig into the radio-noise floor”, to lower the current
detection threshold of radio arrays (about 𝐸 = 1016.5−17.0 eV [9, 10]) as close to the PeV range as
possible. The aim is to close the gap to the current highest detected photon-shower (LHAASO,
3.7 PeV [11]), to enable the first radio detection of photons. We will present a framework to
combine the information of Corsika gamma-ray simulations (the signal), NEC antenna simulations
(the directional sensitivity), ASIRA [12] interferometric shower reconstruction (the precision), the
galactic radio-background sky (the noise), and the gamma-ray sky (the sources), and then use this
to inform the choices of the antenna and array design. In section 2.1 we will look at the expected
signal-to-noise ratio as a function of the zenith angle and in section 2.2 at the expected energy
threshold. In section 2.3 we look at changing the antenna design to match our directional sensitivity
to this. Finally, in section 3 we describe the next step to also include the full sky sensitivity,
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the radio-background sky, and the known gamma-ray sky to optimize our detection threshold and
exposure for expected gamma-ray source locations.

2.1 Sensitivity to the shower zenith angle
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Figure 2: Corsika/CoREAS air shower simulations of 1 PeV gamma rays for three zenith angles (𝑍 = 40◦,
𝑍 = 60◦, 𝑍 = 70◦, from left to right, respectively), showing the maximum of the y-component of the electric
field trace, after a band-pass cut of 50−200 MHz, and without added noise. Each point represents an antenna
position in the ground plane, and has been obtained from interpolation from a star-shaped simulation grid of
208 stations (8 spokes of 600 m in radius in the shower plane, with decreasing density with radius) using the
method from [13].

The key parameter for an interferometric reconstruction is the number of stations 𝑁 . The
coherent radio signal roughly scales with 𝑁 , while incoherent noise will scale roughly with

√
𝑁 .

For the altitude of TURBO (4770 m) the depth of the shower maximum 𝑋max of a (PeV-EeV) shower
is roughly at ground level for zenith angles of 𝑍 < 40◦. This means that most of the shower will not
produce observable radio emission and there will be some coherence loss for emission produced
close to the observer antennas. This effectively sets a lower limit on the useful zenith angle when
aiming to get a low energy threshold. On the other hand, for large zenith angles the radio footprints
grow too large to fit in the TURBO area. This sets an upper limit on the useful zenith range. In
between these limits one has the competing effects of a lower 𝑁 for lower 𝑍 and adding more noise
per signal-station at higher 𝑍 . One thus expects an optimal signal-to-noise somewhere in this range.

We generate a Corsika/CoREAS simulation library of gamma-induced air showers at 1, 10,
and 100 PeV, with a range in zenith (and azimuth) angles. We simulation on a (shower plane)
star-shape grid of 208 stations and interpolate [13] this to obtain radio traces for a triangular grid
of 698 stations as in Fig 1. Fig.2 shows the radio footprints for 1 PeV showers with zenith angles
of 𝑍 = 40◦, 60◦, and 70◦. Below 𝑍 = 40◦ the average 𝑋max is below ground, so the footprint size
remains roughly constant, but decreases in amplitude with lower 𝑍 . For 𝑍 = 70◦ the Cherenkov ring
has grown larger than the array size so the amount of signal will fall off rapidly at higher 𝑍 . Note
that for 10 and 100 PeV the illuminated area doesn’t change much; the higher amplitudes (increasing
the footprint size, relatively) are roughly offset by the increase in interaction depth (shrinking the
Cherenkov cone). So the target zenith range remains valid for the entire simulated energy range
(with just slightly higher lower 𝑍 limit for higher energies due to the deeper showers).

2.2 Estimation of the gamma energy threshold

Fig.2 showed single-station electric field amplitudes of only about | ®𝐸𝑦 | = 2 𝜇V/m for a PeV
shower (where | ®𝐸 | scales roughly linearly with shower energy 𝐸CR) while the typical RMS noise
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Figure 3: left: Example of a coherent geomagnetic electric field pulse at 𝑋max for a 100 PeV gamma shower
at 𝑍 = 60◦ (black line, scaled down by a factor of 50 for visibility), formed from beamforming the individual
stations’ pulses (colored lines). right: Signal-to-noise ratio as a function of zenith angle for three primary
energies.

is expected to be on the order of 25 𝜇V/m. To dig the signal out of the noise floor we use the
Air Shower Interferometric Reconstruction Algorithm (ASIRA) [12]. It calculates the time delay
for each antenna to a location in space, delays the signals accordingly, and then sums the electric
field traces. By scanning through space, one can identify the location of the coherent emission,
effectively imaging the longitudinal profile of the electromagnetic part of the shower. Fig.3 (left)
shows an example of the coherent pulse at the maximum of the longitudinal profile for a 100 PeV
shower at 𝑍 = 60◦ with added galactic background radio noise from the GSM2008 model (about
RMS= 25 𝜇V/m). The colored lines are the individual station pulses (only just rising above the
noise floor) and the black line is the resulting coherent pulse, scaled down by a factor of 50 for
visibility, resulting in an SNR= 𝑚𝑎𝑥(𝐸𝑦)/RMS of about 65. Fig.3 shows a simplified version of
this estimation by simply adding the maxima of all Corsika radio pulses fully coherently 1 and
taking an RMS noise of 25 𝜇V/m per station. We dynamically select the stations such that the SNR
is optmized 2. This is then done as a function of zenith angle and for the three primary energies.
The figure shows that one obtains the best SNR values peaking around 𝑍 = 40− 60◦. This matches

1This is nearly equivalent to what ASIRA would give at the shower maximum (the typical coherence fraction there is
0.98), with the exception of some coherence loss due to uncertainty in the shower axis reconstruction, timing uncertainty,
and noise, and some coherence loss when the footprints grow larger than the array (yet to be understood).

2Which is roughly the same selection as one would get with a 1.5 Cherenkov radii cut.
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nicely with the goal of extending the photon sensitivity beyond 𝑍 = 45◦, while still giving a good
overlap with the WCD. One can also see that SNR= 1 is reached somewhere between 5 and 10 PeV,
indicating that the energy threshold for photon detection is likely around that range. It will still
depend on the SNR requirements for a good reconstruction (needing a SNR of at least a few).
This estimation also does not include all noise sources (system noise, signal chain losses, time
dependence of the galactic noise), all systematic effects (partial footprints, azimuthal dependence),
or possible optimizations (denser station layout, frequency band cuts, or reducing noise relative to
signal by optimizing the directional antenna sensitivity), so this energy threshold estimation might
change somewhat.

2.3 Gaining sensitivity with antenna-design optimization
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Figure 4: Simulated 𝜙-polarization component of the vector effective length (VEL) for one antenna arm as a
function of frequency and zenith angle for mast heights of ℎ = 0.8 m (left) and ℎ = 1.4 m (right). Red bands
indicate enhanced sensitivity due to constructive interference between direct and ground-reflected signals.

We model the directional sensitivity of our radio station (Fig.1, right) using the 4NEC2 sim-
ulation code. The two antenna arms, to first order, give simple dipole sensitivity patterns, with
the addition of ground (and metal base) reflections, which will reflect radio waves and construc-
tively/destructively interfere at particular wavelengths in certain directions. One can vary parameters
such as the antenna mast height or antenna width to move sensitivity around in frequency and zenith
angle. Similarly one can rotate the station, and potentially the antenna plane (tilt one or two arms)
to also move around polarization sensitivity, potentially boosting sensitivity to the geomagnetic
emission (𝑣𝑥𝐵 direction) in desired parts of the sky. In Fig.4 we show one example of the effect of
changing the antenna design; we show the 𝜙-polarization of the vector effective length (VEL) of one
antenna arm (in the azimuthal direction orthogonal to the arm) as a function of frequency and zenith
angle. The left panel shows an antenna with a ℎ = 0.8 m pole, and the right for ℎ = 1.4 m. The red
bands show where the reflections cause constructive interference (at ℎ = 𝜆/4, 3𝜆/4, . . .), boosting
sensitivity relative to the average sky response. These bands can be seen to move in frequency and
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zenith angle by changing the mast height. Since our sensitivity to air shower signals peaks in the
𝑍 = 45 − 70◦ range (Sec. 2.2), one can try to vary the antenna design to optimise the sensitivity in
the range (boosting the air shower signals and noise from that part of the sky), while consequently
suppressing sensitivity to the rest of the sky (reducing some of the background noise).

3. Towards a full detector optimization framework

LST = 22 LST = 22

Figure 5: Various signal- and noise-related quantities plotted in galactic coordinates (Mollweide projection)
at the SWGO site. Top left: Fermi TeV sky, superimposed with the SWGO FOV up to zenith angles of
45◦ (white) and 60◦ (gray) (adapted from [14]). Top right: GSM2008 radio sky temperature model at
200 MHz [15]. Bottom left: vector effective length (𝐻𝜃 + 𝐻𝜙) at 200 MHz, for a ℎ = 0.8 m antenna at
LST= 22ℎ at the SWGO site. Bottom right: normalized electric field scaling from geomagnetic emission
(| ®𝐸 | ∼ |𝑣𝑥𝐵|) at LST= 22ℎ.

To effectively optimize the antenna design, one has to simultaneously consider the frequency
dependence of the air shower signals and the background noise, and where on the sky this high-
performance zenith band will be pointing, for both potential gamma sources and brighter parts of the
radio background sky. Current work is being done to combine these considerations into a combined
Python framework to vary the design (array layout and antenna design) and evaluate high-level
reconstruction quantities (such as the arrival direction and 𝑋max resolution, low-energy threshold,
and exposure to potential source regions). Fig.5 show part of the framework where we have
combined the Fermi gamma-ray sky (top left), radio background sky (top right), antenna sensitivity
at a single point in time (bottom left) and scaling of the dominant geomagnetic emission (bottom
right). All are shown in a shared galactic coordinate frame, set by the SWGO site location and a
randomly chosen local sidereal time of 22ℎ. These maps show various aspects of the directionality
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and time-dependence of quantities scaling with either signal or noise, and can be used to simulate
the full operation over time of a particular detector design. This framework aims to be general, such
that one can test the performance of any future radio array by simply loading the site and detector
parameters.

4. Conclusion and outlook

In this work, we have presented the current status of SWGO-TURBO and the first steps
towards optimizing a radio array and antenna design for PeV photon detection and hybrid cosmic-
ray measurements. Using Corsika gamma-ray air shower simulations and ASIRA interferometric
reconstruction, we showed estimations of the signal-to-noise ratio as a function of zenith angle and
energy. The SNR is expected to peak around zenith angles of 𝑍 ∼ 40 − 60◦, making TURBO
complementary to the SWGO WCD array by extending the sensitivity to larger zenith angles and
providing an independent measurement of the electromagnetic shower component. The estimations
indicate that the photon detection threshold of a few PeV might be achievable, potentially enabling
the first detection of photon-induced air showers with a radio array. The exact performance will
depend on the interplay between the antenna response and quantities such as the air shower signal,
the interferometric reconstruction performance, time- and sky-dependent background noise, and
the expected source location regions. A Python framework is under development to optimize the
array layout and antenna design for photon sensitivity and air-shower reconstruction performance.
Ultimately, TURBO aims to provide hybrid capability for SWGO, enabling new studies of the
southern PeV gamma-sky and charged cosmic-ray physics in the PeV-EeV transition region.
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