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Abstract. As part of the ongoing AugerPrime upgrade of the Pierre Auger Observatory, we are deploying
short aperiodic loaded loop antennas measuring radio signals from extensive air showers in the 30 — 80 MHz
band on each of the 1,660 surface detector stations. This new Radio Detector of the Observatory allows us
to measure the energy in the electromagnetic cascade of inclined air showers with zenith angles larger than
~ 65°. The water-Cherenkov detectors, in turn, perform a virtually pure measurement of the muon component
of inclined air showers. The combination of both thus extends the mass-composition sensitivity of the upgraded
Observatory to high zenith angles and therefore enlarges the sky coverage of mass-sensitive measurements
at the highest energies while at the same time allowing us to cross-check the performance of the established
detectors with an additional measurement technique. In this contribution, we outline the concept and design of
the Radio Detector, report on its current status and initial results from the first deployed stations, and illustrate
its expected performance with a detailed, end-to-end simulation study.

1 Introduction

The Pierre Auger Observatory is currently undergoing the
AugerPrime upgrade [1]. In addition to equipping ev-
ery water-Cherenkov detector (WCD) with a surface scin-
tillator detector (SSD) [2] and improving the dynamic
range and the readout electronics, every WCD will also be
equipped with a dual-polarized antenna measuring the ra-
dio signals from extensive air showers in the 30 — 80 MHz
band. With the 1.5 km spacing of the Auger surface detec-
tor (SD) array, this will allow the measurement of inclined
air showers, with zenith angles beyond ~ 65°, which
have been both predicted by simulations [3] and confirmed
with measurements of the Auger Engineering Radio Ar-
ray (AERA) [4] to illuminate areas of tens of km? with
detectable radio signals. For such geometries, the elec-
tromagnetic cascade of extensive air showers will be ef-
fectively absorbed in the atmosphere, and the WCDs will
measure the virtually pure muon content of the particle
showers. The radio antennas, in contrast, are purely sen-
sitive to the electromagnetic cascade of the air showers.
The combination of the two provides very good sensitiv-
ity to the mass composition of the primary cosmic rays,
with different systematics from the combination of WCD
and SSD measurements provided by AugerPrime for more
vertical air showers.

In this article, we will shortly describe the concept and
design of the Auger Radio Detector (RD), report on its cur-
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rent status and plans for deployment, and finally present
the results of an end-to-end simulation study of its ex-
pected performance.

2 Concept of the Auger Radio Detector

The Auger RD builds on the available infrastructure of the
upgraded SD. An upgraded detector station including a ra-
dio antenna is shown in Fig. 1. Two aluminum rings form-
ing the dual-polarized antenna are mounted on a fiberglass
mast in which the signal cables are contained. The mast
is fixed by an aluminum frame directly connected to the
structure of the SD tank (not touching the surface scin-
tillator detector beneath). Guy wires additionally support
the mast and reduce vibrations that could otherwise be in-
duced by strong winds.

The antenna is a Short Aperiodic Loaded Loop An-
tenna (SALLA) [6], a revised and improved design based
on the one originally developed in the context of AERA
[7]. It features a simple mechanical design, minimizing
cost and easing handling and maintenance. With its di-
ameter of 122 cm, it is tailored at the frequency range of
interest of 30 — 80 MHz, for which it delivers a virtually
uniform response with very little dispersion. The antenna
features a 392 Q resistor at the bottom which shapes the
antenna’s main lobe towards the zenith and suppresses de-
pendence on structures below the antenna, in particular the
SSD, the WCD and potentially variable ground conditions.
Although originally designed for AERA, the SALLA was
not favored at the time because its resistor leads to a de-
creased sensitivity; only ~ 10% of the captured signal in-

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 283, 06002 (2023)
UHECR 2022

https://doi.org/10.1051/epjconf/202328306002

Figure 1. Photo of a prototype RD station in the field. The dual-
polarized SALLA antenna is mounted on a fiberglass mast held
in place by an aluminum frame, which is connected directly to
the WCD tank. Guy wires help suppress vibrations. The addi-
tional RD readout electronics is encapsulated in the dome visible
in the foreground.

tensity is available at the input of the low-noise amplifier at
the top of the rings. However, this is not a relevant prob-
lem for the Auger RD, as it aims at the detection of the
highest-energy cosmic rays, where signal strengths are not
a limiting factor.

The concept for the readout is illustrated in Fig. 2.
Each of the two antenna channels is read out by an analog-
to-digital converter with a sampling rate of 250 MHz and
a dynamic range of 12 bits. Before digitization, the signals
are amplified by a total of 36 dB and filtered by a band-
pass filter with a width of 30 — 80 MHz. An FPGA (not
shown in the diagram) coordinates data exchange with the
Upgraded Unified Board (UUB) which queries 2,048 sam-
ples of the radio data whenever a trigger was received from
the WCD. In the future, we plan to also include informa-
tion from the radio detector in the trigger decision, which
would be useful in particular for the detection of photon-
induced air showers.

Finally, the data are sent via the existing wireless com-
munications system as part of the regular data stream. Fur-
ther monitoring information, such as a regular characteri-
sation of the Galactic radio background, will in addition
be transmitted as part of a monitoring data stream.

3 Status of the Auger Radio Detector

The design of the RD hardware has undergone several iter-
ations with various prototypes and has been finalized after
completion of a critical design review. Since November
2019, a hexagonal configuration of seven prototype RD

stations have been operated within an RD engineering ar-
ray (RDEA). The mechanical structures have proven to
withstand the harsh conditions of the Argentinian pampa,
and also the electronics have performed within specifica-
tions. At the site of the RDEA, the background situa-
tion is very favorable with very low rates of pulsed radio-
frequency interference (RFI) and a comparatively clean
measurement band.

In Fig. 3 we show events measured over the course of
12 months, triggered by the WCDs, for which at least one
pulsed signal above Galactic background was seen at the
expected time. The left panel shows the distribution of ar-
rival directions, and as usual for air-shower radio emission,
a north—south asymmetry can be seen due to threshold ef-
fects related to the angle the shower makes with the Earth’s
magnetic field (cf. magnitude of the Lorentz force). The
right panel shows the distribution of the cores of the de-
tected air showers.

For the calibration of the detector we perform cal-
culations of the antenna directional gain pattern using
the NEC2 code and in-the-lab measurements of the re-
sponses of the LNAs, the filteramplifiers and the digitiz-
ers. These characteristics and full capability for reading
in and processing measured data as well as simulations
have already been included in the Offline analysis frame-
work of the Pierre Auger collaboration [8], building on
the analysis functionality previously developed for AERA
[9]. For an in-situ absolute calibration, we then compare
the frequency- and local-sidereal-time-dependent power
received from the sky with a model of the Galactic back-
ground folded through our above-mentioned detector re-
sponse. The comparison shows that the two are in agree-
ment within ~ 5% [10], confirming the accuracy of the
characterisation of the system and illustrating the feasibil-
ity of a continued absolute calibration on Galactic back-
ground signals [11].

With the design finalized and proven, we have initiated
mass production of the required 1,660 units plus spares in
2022. Except for some cables, the LNAs and the RD dig-
itizer boards, the required hardware is already on site in
Malargiie and being assembled for deployment. After a
temperature-cycling and in-the-lab characterization of the
LNAs, they and the missing cables will be shipped to Ar-
gentina shortly. The production of the digitizers currently
suffers from delivery chain disruptions resulting in the un-
availability of certain components. That said, deployment
of a first series of complete detectors is envisaged in the
first half of 2023, and the deployment of the full RD array
is envisaged to be completed by the end of 2023.

4 Expected performance of the Auger
Radio Detector

In an earlier publication [12], we had estimated the ex-
pected performance of the Auger Radio Detector in terms
of achievable event statistics, detection threshold and po-
tential for muon-number measurements on the basis of
a signal model and an assumed background. Here, we
present a study based on a fully realistic, end-to-end sim-
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Figure 2. Schematic diagram for the RD readout chain and its connection to the existing Surface Detector electronics via the Upgraded

Unified Board (UUB). Updated from [5].
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Figure 3. Data taken with the RD engineering array over the course of 12 months. Left: Angular distribution of air showers for which at
least one radio pulse with a signal-to-noise ratio (SNR) exceeding a value of 7.22 (defined as the maximum amplitude squared divided
by the RMS power in a noise window) was seen in at least one antenna at the expected pulse arrival time after triggering the readout by
the WCDs. Right: Distribution of the impact points of the showers for which an air-shower radio signal was detected.

ulation of the actual detector response, Monte Carlo sim-
ulations with the CoOREAS code [13], and an event recon-
struction approach tailored to radio detection of inclined
air showers [14], using realistic uncertainties and only in-
formation that will also be available in measured data.
This allows us to provide a detailed account of the ex-
pected performance of the Auger RD in terms of event
statistics, detection threshold, achievable energy resolu-
tion, potential for muon number measurements, and mass
composition sensitivity.

4.1 Simulation setup

As a basis for this study, we use CORSIKA [15] simu-
lations, including CoREAS [13] for the simulation of the
radio emission, for proton, helium, nitrogen and iron nu-
clei arriving with zenith angles in the range from 65° to
85° following a sin?@ distribution, energies sampled uni-
formly in the logarithm of the energy in the range from
1084 eV to 10202 ¢V, and random, uniformly distributed
azimuth angles. The atmosphere and magnetic field con-
figuration were chosen with representative values for the

site of the Auger Observatory. A total of ~ 8,000 simu-
lations each were generated with the QGSJETII-04 [16]
and Sibyll 2.3d [17] interaction models and used to derive
the results presented in this article. An additional 8,000
simulations probing the effects of more conservative par-
ticle thinning and the influence of seasonal changes in the
atmospheric conditions were also generated and used for
further cross-checks.

These simulations undergo a realistic end-to-end de-
tector simulation using the Auger Offline analysis frame-
work. The particle content of the showers is used to sim-
ulate the triggering of the WCD stations; only radio sig-
nals of particle-triggered stations are used in the following.
The radio signals are convolved with the direction- and
frequency-dependent antenna gain for the dual-polarized
antennas, followed by bandpass filtering, signal amplifi-
cation and digitization. Actual measured noise from the
RDEA stations is added to the simulated ADC traces. A
Gaussian smearing with a width of 5% is applied to the
ADC traces of individual antennas to mimic uncertainties
and variations from antenna to antenna. Finally, the sig-
nal timing is smeared out with a Gaussian of width 6ns to
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mimic the accuracy reachable by the GPS timing system,
yielding “simulated traces like measured data”.

4.2 Detection efficiency, aperture and event
statistics

First, we study the detectability of air showers with the
Auger RD. We deconvolve the detector response and re-
construct the electric field traces. On the basis of these
we determine a signal-to-noise ratio (SNR), measured as
the ratio of the square of the maximum, Hilbert-enveloped
electric field, divided by the RMS power determined from
a noise window. We consider a signal detectable if it ex-
ceeds an SNR of 10, which ensures a signal purity of bet-
ter than 99%. We count a shower as “detected” if three
antennas were triggered to be read out by the associated
WCDs and exceeded this SNR-threshold. The detection
efficiency we then calculate as the ratio of such-detected
showers and the number of showers that triggered the SD.
(Calculating the ratio to all simulated showers would un-
derestimate the detection efficiency because of the muon
number deficit in simulations; the SD trigger simulation
would be too pessimistic.)

The resulting detection efficiency with the Auger Ra-
dio Detector as a function of energy and zenith angle is
shown in Fig. 4 (left). It is obvious, and expected, that the
zenith angle has a much higher influence on detectability
than the energy, as it governs the size of the radio-emission
footprint and thus is the main factor determining whether
a signal can be detected in three antennas coincidentally.
The Auger Radio detector will be fully efficient as of ~ 70°
zenith angle.

Using the detection efficiency as a function of zenith
angle and energy, we calculate the aperture of the Auger
Radio Detector and show it as a stacked histogram in Fig. 4
(right). Here, we only account for air showers which have
their impact point inside the geometrical area of the Auger
SD, i.e., only contained events. A factor of cos 6 arises
from the projection of the array area to the plane normal
to the incoming direction and explains why the contribu-
tions of the most inclined air showers to the aperture be-
come small, even though their detection is fully efficient
for the full energy range from 10'%°eV to 10%*2eV. In
contrast, the lower zenith angles provide a larger aperture
at the highest energies, but detection becomes inefficient at
low energies. Note that, for the highest energies, the aper-
ture approaches the geometrical optimum. These results
are in reasonable agreement with the earlier, much more
simplified, estimates reported in reference [12].

In a next step, we multiply the aperture with the
cosmic-ray flux as published in reference [20] to determine
the number of detectable events. For an assumed measure-
ment period of 10 years, the expected event statistics are
shown in Fig. 5. The quoted numbers denote the integral
event statistics for showers above a given threshold energy.
The blue data points refer to the expected event numbers
if all detected events are counted; the red points refer to
only those bins in zenith angle and energy for which the
detection efficiency is at least 97%. For the highest ener-

gies of 10! eV or higher, we expect between 3,000 and
4,000 cosmic rays in 10 years.

4.3 Expected energy resolution

In a next step, we evaluate the resolution of the energy re-
construction achievable with the Auger Radio Detector. It
should be noted that radio detectors measure the electro-
magnetic energy of the air shower, i.e., the energy content
of the electromagnetic cascade. This can be converted to
cosmic-ray energy with knowledge of the invisible energy,
but strictly speaking is dependent on the mass of the pri-
mary particle. In terms of mass composition sensitivity,
however, it is anyway preferable to directly use the elec-
tromagnetic energy in conjunction with the muon number
as measured by the particle detectors, which will be ex-
plored in the following subsection.

To reconstruct the electromagnetic energy E., from
radio measurements, one first determines the energy flu-
ence, i.e., the energy deposited in the form of radio emis-
sion in the 30 — 80 MHz band per unit area, at every an-
tenna position with a detectable signal. After an area in-
tegration and the application of corrections for the effects
of the angle to the magnetic field and the air density at
shower maximum, one can then determine the corrected
radiation energy, an accurate estimator for the energy in
the electromagnetic cascade of an air shower [21-23].

For the Auger Radio Detector, we use a reconstruc-
tion procedure tailored specifically to inclined air showers
based on a signal model that explicitly separates the geo-
magnetic and charge-excess emission in inclined air show-
ers and also takes care of geometrical early-late asymme-
tries in the signal distributions on ground [14]. In the fol-
lowing, we only use air showers with a detectable signal
in at least five antennas, and we discard events with zenith
angles below 68°. We estimate an initial impact point of
the shower from the SD reconstruction and the arrival di-
rection of the shower from RD signals using a spherical
wavefront model. With some loose quality cuts on the
sampling of the radio-emission footprint and the quality
of the signal-distribution fit, survived by ~ 95% of the
simulated showers, we retrieve the energy reconstruction
performance illustrated in Fig. 6 (left). The scatter plot il-
lustrates a 1:1 correlation between reconstructed and true
electromagnetic energy, with an improvement of the res-
olution towards higher energies (and thus signal-to-noise
ratios). In the right panel, a more quantitative character-
isation of the reconstruction quality is shown in terms of
histograms of the ratio of reconstructed versus true electro-
magnetic energy, both for the simulation set as a whole and
for the subsets for particular types of the primary particle.
No significant biases are present; the energy resolution is
at the level of ~ 6%.

4.4 Expected mass composition sensitivity

The goal of the upgraded Pierre Auger Observatory is to
exploit separate measurements of the electromagnetic and
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least 97%. For comparison, the number of inclined air showers measured with both the Auger Surface and Fluorescence Detectors is

shown in green [18], and the total statistics of air showers measured with Fluorescence Detectors worldwide at energies of 1
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muonic content of air showers for mass composition mea-
surements. (The combined measurement breaks the de-
generacy in the muon number scaling with both energy and
mass of the primary particle.) While for vertical air show-
ers the separate measurement of the two components is
achieved by the combination of the WCD and the SSD, for
inclined air showers the combination of the RD and WCD
is used. The RD delivers an accurate measurement of the
electromagnetic energy of an air shower, while the WCD
measures the virtually pure muon content of inclined air
showers. The combination thus allows us to study the
muon content of extensive air showers, as has previously
been performed using the combination of WCD and Fluo-
rescence Detector data [18], yet with orders of magnitude
lower statistics than will be possible with the RD, as illus-
trated already in Fig. 5.

094 eV or

We first investigate an (unrealistic) mixture of 50%
proton and 50% iron showers that have been reweighted
to follow the actual, steep energy spectrum of cosmic rays
at reconstructed electromagnetic energies above 10 eV
with the statistics expected for ten years of measurement
time. With the standard SD reconstruction for inclined
air showers, we determine R,, a measure for the muon
content in air showers relative to the expectation for a
simulation template at an energy of 10'° eV. We remove
a non-linear scaling with electromagnetic energy and de-
fine r = R,/(Eem/10EeV)*?'. The scatter plot and cor-
responding profiles for  shown in Fig. 7 (left) illustrate
the separation between proton and iron primaries in the
normalized relative muon number. The figure of merit

FOM = [(rp) — (ree)l/ /o-%p +02, = 1.60 +0.05, which is



EPJ Web of Conferences 283, 06002 (2023)
UHECR 2022

https://doi.org/10.1051/epjconf/202328306002

1500 0=0.99, N = 4339
20.0 = & Looe2 1= 0995
He: 4 =0.99, — di — 0_992+0.057
12501 T , < 0063 (I,ne: 33862 —005
N: u =1.00, -
=195 1000 [ ;:0‘061200
e: p=1.00,
< 8 3 o~ boe2
: S s -
= N R
bD | I
500 :
—
18.5 2501 095 1.00 1.05 ;
uto
18.5 19.0 19.5 20.0 0 0.6 0.8 1.0 1.2 14
lg(EgIE / eV) Eem / E(l;/rInC

Figure 6. Left: Reconstructed electromagnetic energy versus Monte Carlo true electromagnetic energy as expected for the Auger
Radio Detector. Right: Histograms illustrating the performance of the energy reconstruction for the whole simulation set as well as the

subsets for different primary particle types.

949 479 293 126 60 8 5

2.5 ‘ - p .« Fe
3 v
520 ‘ T
[} i i |
m i
oy 1
g —
\E 1.5 T
oy : : |
~ 4 a1
~ 1.0
19.0 19.2 19.4 19.6 19.8 20.0
logyo(Ecr/eV)

—— QGYJETI-04 ¢
Sibyll-2.3d

maximum-rigidity ¥ FD

¢  photo-disintegration

N
=)

=
&)

=
=)

g

R,/ (Ru) (Ry)/(Ecr/ 10" eV)

o
)
-
__H_
——
>
<
g
-
—— —_—
e

] 2 i P
| # *
* M ¢ *‘ ¢ ¢ l Fe
0.0 ]
18.5 19.0 19.5 20.0
logio(Ecr / €V)

Figure 7. Left: Separation power between proton and iron primaries of the relative muon number normalized by the electromagnetic
energy as a function of cosmic-ray energy. Right: Discrimination power between to different mass composition scenarios using the
mean muon number (top) and the fluctuations in the number of muons (bottom) for combined measurements with the Auger Radio and
Water Cherenkov Detectors in 10 years. In green, for comparison, measurements made previously with the Auger Fluorescence and
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an excellent value comparable to that of depth of shower
maximum measurements with a near-perfect resolution
below 10 gcm™2. Key to this success is the excellent en-
ergy resolution of ~ 6% of the Auger Radio detector; the
sensitivity would strongly suffer from a worse energy res-
olution, especially for the steep spectrum of cosmic rays
at the highest energies.

Finally, we investigate the mass composition sensitiv-
ity for more realistic mixed composition scenarios, namely
the ones chosen for the original preliminary design re-
port for the upgrade of the Pierre Auger Observatory
[24]. One of the scenarios is a maximum-rigidity sce-
nario whereas the other one represents a mass composi-
tion as expected from photo-disintegration. Again, we use
the actual, steep cosmic ray spectrum and the expected

event statistics for ten years of measurements. The re-
sults are shown in Fig. 7. Note that we here normal-
ize on cosmic-ray energy Ecr after converting to it from
E.n with a linear function determined from simulations,
Ecr = Eem - [1.1426 — 0.0328 log,o(Eern /10 EeV)]. The
upper panel shows the mean number of muons as a func-
tion of energy. The error bars show the statistical uncer-
tainties and illustrate the vastly improved statistics with
respect to previous measurements with the Fluorescence
and Water Cherenkov Detectors [18] shown by the green
data points. However, measurements of the mean num-
ber of muons suffer from relatively large systematic uncer-
tainties, as illustrated by the error caps of the green data
points, arising to a large extent from uncertainties in the
absolute energy scale of the measurement. The combined
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RD/WCD data are expected to have a systematic uncer-
tainty on a similar scale as shown here for the FD/WCD
data. The situation is much more favorable when mea-
suring the fluctuations in the number of muons as a func-
tion of primary energy, as illustrated in the lower panel.
Here, systematic uncertainties due to the absolute energy
scale cancel out. Measurements with the Radio and Wa-
ter Cherenkov Detectors will therefore provide a powerful
means to differentiate scenarios for the mass composition
of cosmic rays at energies above 10'? eV.

5 Conclusions

We have reported on the design, status, and expected per-
formance of the Auger Radio Detector. This detector will
consist of a dual-polarized short aperiodic loaded loop an-
tenna on top of each surface detector, measuring radio sig-
nals in the 30 — 80 MHz band. The design of the Radio
Detector is final and has been proven to work in an engi-
neering array of seven detectors operating since November
2019. Measurements with the engineering array have suc-
cessfully confirmed the compatibility of the calibration in
the laboratory with an absolute calibration on the Galactic
radio emission, and have also successfully demonstrated
detection of radio pulses from extensive air showers. Mass
production of the RD components is mostly complete, ex-
cept for the digitizer electronics which suffer from con-
tinued delivery chain disruptions. Nevertheless, complete
deployment of the Auger Radio Detector is envisaged for
the year of 2023.

Meanwhile, the Offline analysis framework of the
Pierre Auger Observatory has successfully been enabled
for analyzing RD data. The detector has been character-
ized in detail in the analysis software, allowing us to per-
form an end-to-end simulation study of the expected per-
formance of the RD on the basis of CoOREAS simulations
and measured background data. With this, we have shown
that the RD will achieve full efficiency for air showers
above ~ 10'3% eV for zenith angles above ~ 70°. We have
quantified the aperture and predicted the expected number
of detectable cosmic rays as a function of energy, yielding
between 3,000 and 4,000 events in 10 years above 10 eV,

Furthermore, an algorithm for the reconstruction of the
electromagnetic energy of air showers measured with the
RD has been developed and implemented in the Offline
analysis framework. Under fully realistic conditions, em-
ploying realistic uncertainties and using only information
that will also be available in actual measurements, this re-
construction achieves a resolution on the electromagnetic
energy of ~ 6%, with no significant bias, not even between
different types of primary particles.

This excellent energy resolution is key to exploiting
the mass composition sensitivity of combined measure-
ments of the Radio and Water Cherenkov Detectors. We
have studied this sensitivity for a realistic, steep spectrum
of air showers, showing that the figure of merit for a sep-
aration of proton and iron primaries lies at an excellent
value of 1.60. For more realistic mass composition sce-
narios, we have demonstrated that in particular the fluc-
tuations in the number of muons measured by the combi-

nation of Radio and Water Cherenkov Detectors will be
a powerful means to determine the mass composition of
cosmic rays at the highest energies.
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