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The Auger Radio Detector (RD) will increase the sky coverage and overall aperture for mass-

sensitive measurements of ultra-high-energy cosmic rays with the Pierre Auger Observatory. The

installation of over 1600 dual-polarized short aperiodic loaded loop antennas (SALLAs) on an

area of about 3000 km2 will enable the detection of highly inclined air showers via the emitted

electromagnetic radiation in coincidence with the Auger water-Cherenkov detector array (SD). The

combination of complementary information from both detectors yields a strong sensitivity to the

mass composition of cosmic rays.

We will present the expected performance of the RD to detect and reconstruct inclined air showers.

This study features comprehensive sets of Monte-Carlo generated air showers, utilizes a complete

description of the instrumental response of the radio antennas, and in-situ recorded background.

The estimation of an energy- and direction-dependent aperture yields an expectation of about 3900

events with energies above 1019 eV being detected during 10 years of operation. From a full event

reconstruction, we quantify the achievable energy resolution to be better than 10% at and beyond

1019 eV. With this at hand, the potential to measure the number of muons and discriminate between

different cosmic-ray primaries in combination with the SD using inclined air showers is presented.

The discrimination between proton- and iron-induced air showers yields a figure-of-merit of 1.6.

Acoustic & Radio EeV Neutrino Detection Activities (ARENA)

7–10 Jun 2022

Santiago de Compostela, Spain

1 Speaker

2 Full author list at http://www.auger.org/archive/authors_2022_06.html.

© Copyright owned by the author(s) under the terms of the Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:fschluter@icecube.wisc.edu
mailto:spokespersons@auger.org
https://pos.sissa.it/


P
o
S
(
A
R
E
N
A
2
0
2
2
)
0
2
8

Expected performance of the Auger Radio Detector

1. Introduction

Inclined air showers with zenith angles beyond 60◦ to 65◦ can be detected by kilometer-sparse

radio-antenna arrays [1]. Such arrays can be upscaled cost effectively to provide a sufficient aperture

of ≳ 1000 km2sr to detect cosmic rays at the highest energies from 1019 eV to 1020 eV. In highly

inclined air showers, the electromagnetic cascade is absorbed in the atmosphere and only muons

reach the ground. However, radio antennas allow us to measure the electromagnetic radiation from

those electrons which is only very weakly correlated with the primary cosmic ray mass and thus

enables an unbiased estimation of the cosmic ray energy. In contrast, the muon content of an air

shower is strongly correlated with the cosmic ray mass. Hence, combining a radio and particle

(muon) detector allows to infer the mass of the primary cosmic ray [2].

With the currently ongoing AugerPrime upgrade [3], the Pierre Auger Observatory is extending

the mass-composition sensitivity of its 3000 km2 large Surface Detector (SD). The upgrade constitutes,

among other things, the installation of a 3.8 m2 scintillator panel on most, and the installation of

a dual-polarized short aperiodic loaded loop antenna (SALLA) on all, existing water-Cherenkov

detector (WCD) stations. While the WCDs in combination with the scintillator panels provide

electron-muon separation due to their different responses to electrons and muons for vertical showers1,

the Radio Detector (RD) in combination with the WCDs2 provide electron-muon separation for

inclined air showers until close to the horizon. Thus the RD increases the overall aperture and sky

coverage of mass-sensitive detections with the upgraded observatory. Both aspects are crucial for

anisotropy studies.

In this work, we investigate the performance of the RD employing Monte-Carlo (MC) air shower

simulations, and a detailed simulation of the instrumental response of the RD. A particular focus

is set to answer the following three questions: I) What is the efficiency of the RD to detect air

showers and how many air showers will it detect? II) How precisely can we determine the cosmic ray

energy for the detected air showers? III) In combination with the SD, how well can we discriminate

between light and heavy cosmic rays, e.g., between proton- and iron-induced air showers? For a

comprehensive write-up of this analysis see chapter 8 and 9 in [4].

2. The Auger Radio Detector

The Auger Radio Detector will consist of a dual-polarized SALLA antenna mounted on each

WCD, yielding a total of 1661 antennas situated on a hexagonal grid with a spacing of 1.5 km. The

SALLAs are polarized in the East-West and North-South directions and are, including the subsequent

signal processing chain, sensitive to the electromagnetic emission in the 30 to 80 MHz band. The

electric field is recorded with a sampling rate of 250 MHz for 8.192 𝜇s with a 12 bit analog-to-digital

converter (ADC) once the WCD beneath sends a trigger. The entire signal chain amplifies the signals

by ∼ 23.6 dB. For a more detailed description of the technical design of the RD see chapter 3.4 in

[4].

Since November 2019, seven station equipped with readout electronics have been deployed on

site. Those stations have recorded first air shower signals and ambient as well as electronic noise.

1Those measurements are limited to 𝜃 ≲ 60◦ as the effective area of the scintillator panels scales with cos 𝜃.

2In the following we refer to as SD although, strictly speaking, the RD is part of the SD as well.
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A pilot calibration campaign using the galactic radio emission as a reference signal estimates an

absolute gain accuracy of ∼ 10% [5]. For this work we use noise data recorded since September

2021 with updated readout electronics to realistically describe the radio background at the site.

3. Simulating events for the Radio Detector

In order to estimate the expected performance of the Radio Detector as accurately as possible,

we have to mimic the data which will be recorded by antennas as realistically as possible. This

endeavor can be divided into the simulation of the physics signals arriving at the detector units for

a given air shower and the simulation of the instrumental response to those signals. To simulate

the particles and radio emission arriving at the ground we used CORSIKA and its radio extension

CoREAS [6]. We simulated air showers initiated by proton, helium, nitrogen, and iron primaries with

an inclination of 𝜃 ∈ [65◦, 85◦] and energy of 𝐸 ∈ [1018.4 eV, 1020 eV]. The ambient conditions

match those of the Pierre Auger Observatory. To simulate the instrumental response of the WCDs as

well as the radio antennas we used the official Offline simulation and reconstruction framework of

the Pierre Auger Collaboration. The simulation of the instrumental response of the radio antennas

encompasses: the directional sensitivity of the SALLA antennas, signal amplification and attenuation

due to the readout via a low-noise amplifier, signal transmission through a cable, filtering with a

filter amplifier, and sampling and digitization with the ADC. To the digitized simulated signals we

add recorded noise traces. We assume that the sensitivity among different antennas varies by 5% in

amplitude, i.e., we apply a Gaussian smearing on the amplitudes of individual antennas by 𝜎𝐴 = 5%

prior to digitization. The timing resolution, which is dominated by the GPS clocks, is simulated

with 𝜎𝑡 = 6 ns. This procedure is only conducted for air showers which triggered the SD and for

antennas with a trigger from the WCD beneath.

4. Expected detection rate with the Radio Detector

Before, determining the detection efficiency and subsequently the event rate, the (simulated)

recorded data from the antennas need to be reconstructed. The reconstruction procedure aims

to unfold the instrumental response and determine the incoming electric field. For more details

see [4, 7]. From the reconstructed electric field traces a signal-to-noise ratio SNR is determined,

the energy fluence, i.e., the energy deposit per unit area, is calculated, and the signal arrival time

is determined. To estimate the detection efficiency we first have to define a detection criterion.

We require at least three antenna stations with a SNR ≥ 10 (see [4, Eq. (8.2)] for definition). A

SNR ≥ 10 is found to efficiently suppress the false identification of noise pulses with a signal purity

of over 99%. Furthermore, three stations allow inferring first air shower properties such as the

arrival direction from radio data alone. However, it should be noted that precise reconstruction of, in

particular, the air shower energy is not possible with only three antenna stations.

Now, we count all air showers fulfilling this criterion as a function of their energy and zenith

angle and divide them by all showers triggering the SD in the corresponding bin. We use all

SD-triggered air showers instead of all simulated air showers to mitigate a lower trigger efficiency

of the SD in simulations w.r.t. real observations due to the muon deficit in simulations [8]. Fig. 1

(left) shows the detection efficiency for several energy bins (color-coded) as a function of the zenith
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much less affected by systematic effects promises to allow for a clear separation between different

astrophysical mass-composition scenarios.

7. Conclusion

We presented results of an end-to-end, Monte-Carlo powered simulation study of hybrid

detection with the Radio Detector and (particle) Surface Detector of the upgraded Pierre Auger

Observatory. A full characterization of the performance of the RD in terms of the accessible event

rate and achievable energy resolution has been performed demonstrating that I) the available statistics

with ∼ 3900 detected events above 1019 eV will improve on that of comparable measurements

(inclined FD-SD hybrid events) by more than one order of magnitude, and II) the estimated energy

resolution is with ∼ 6%, given current assumptions about the detector, very promising. With

those results the potential of RD-SD hybrid events to separate between air showers initiated by

different primaries, and to determine the average mass composition of ultra-high-energy cosmic

rays, has been studied. It was found that RD-SD events provide a very competitive separation

power with a Figure-of-Merit = 1.6 and the potential to discriminate between different astrophysical

mass-composition scenarios.
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