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The ongoing AugerPrime upgrade of the Pierre Auger Observatory will yield sensitivity and
precision for measuring ultra-high energy (UHE) cosmic rays that are significantly improved
over the baseline design. A key part is the installation of the Radio Detector (RD), consisting
of loop antennas mounted on top of each of the 1660 water-Cherenkov detectors (WCD). These
antennas, with polarizations both parallel and perpendicular to Earth’s magnetic field, are sensitive
to inclined air showers and will also improve the sky coverage and exposure of the observatory.
Of special interest is the great sensitivity to the electromagnetic component of air showers,
yielding new information for the reconstruction of the primary mass, energy and arrival direction.
Complementing traditional particle detectors like the WCD, the combination of both yields new
opportunities to detect rare primary particles, e.g. UHE photons and neutrinos with a large
identification probability.

Here we present the status and future prospects of the RD. With mass production and deployment
ongoing, we show air shower statistics and reconstructions of the already installed detector stations.
We detail the layout and integration of the RD, demonstrating the potential of the observatory
including radio measurements and RD triggering, especially to detect air showers with weak
particle footprints. We show that the new trigger enables the measurement of events for which

traditional particle detectors are less sensitive.

38th International Cosmic Ray Conference (ICRC2023)

Nagoya, Japan ]

The Astroparticle Physics Conference

*Speaker

© 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/


https://www.auger.org/archive/authors_icrc_2023.html
mailto:spokespersons@auger.org
https://pos.sissa.it/

Status and expected performance of the AugerPrime Radio Detector Jannis Pawlowsky

1. Introduction

The Pierre Auger Observatory is the largest detector for measuring ultra-high energy cosmic
rays (UHECR). The observatory consists of 4 fluorescence telescope sites (FD) and 1660 water-
Cherenkov detectors (WCDs) covering an area of ~ 3 000 km?. While most of the WCDs are ordered
in a triangular grid with 1.5 km spacing, a smaller area with 61 WCDs has a spacing of 750 m and
433 m. This area has a large overlap with the Auger Engineering Radio Array (AERA) [1], which
consists of 150 radio antennas covering an area of 17 km?. The combination of all detectors makes
the Pierre Auger Observatory the most sensitive detector for detecting UHECR and other rare and
presumed particles like ultra-high energy neutrinos and photons.

In order to further increase the trigger efficiency, mass sensitivity and exposure of the observa-
tory, the AugerPrime Upgrade [2] is ongoing. Based on the success of AERA [3], a main component
is the Radio Detector (RD) [4]. Each WCD will be complemented by a radio antenna mounted on
top which is sensitive to the electromagnetic (EM) component of the air shower. Especially, air
showers with high zenith angles can then be detected, where the WCD is less sensitive to. This will
increase the aperture of the observatory by ~ 25% and significantly increase the mass sensitive sky
coverage [5].

2. Status of the Radio Detector

The design of the detector is a further developed antenna, originally designed for LOPES and
used by AERA and Tunka-Rex [6], featuring two loop antennas with polarizations both parallel
and perpendicular to Earth’s magnetic field. The antenna can be seen in Fig. 1. The antenna
arms, in combination with the loops, make the detector sensitive to electric fields in all directions,
including the vertical component. This is particularly important as the antenna is designed to
measure inclined air showers. Due to the large geometric distance with a lot of traversed mass from
the shower maximum to the shower core on the ground, the electromagnetic (EM) component is
already absorbed in the atmosphere, and only the muons reach the detectors, spread over a larger
area. This renders the WCD less sensitive to inclined air showers. However, the RD still captures
the radio emission produced at the shower maximum, making it a valuable addition to the WCD.
Due to the great sensitivity to the EM component, an energy resolution better than 10 % is expected.

Since the radio footprints of inclined air showers can spread over large areas [7-9], the plan is
to equip all WCDs with an antenna on top. With the array fully equipped, we expect more than 3 000
eventsabove 10 EeV within 10 years. The deployment is currently being carried out in two steps.
Initially, the antenna is mounted together with the pre-amplifier, and the digitizer is installed at a
later stage due to its delayed production date. As of 2023/07/12, 197 antennas have been deployed
at a rate of approximately 8 additional antennas per working day. Among them, 38 have a digitizer
installed (two central stations at the same location and three rings of stations around them). The
area covered by these stations is approximately 70 km?, making the RD currently four times larger
than AERA and the largest cosmic-ray radio detector worldwide. The digitizers for the remaining
array will be delivered later in larger batches and each can be installed within minutes. Therefore,
it is estimated that the deployment will be completed in early 2024.
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Figure 1: (Large image): the status of the deployment. The blue stars indicate the stations that are
fully functional and taking data. The purple pentagons are the stations with mounted antenna but missing
electronics. The grey points are the stations that still have to be equipped. For comparison, the area of AERA
is sketched. (Upper right image): Zoom of the measuring stations. Two central stations with three rings (36
stations) around them. (Lower right image): Picture of a WCD with mounted antenna.

The deployment of the 38 functional stations was carried out in two phases. The central stations
and the innermost ring of stations (8 stations) have been operational since 2019 and served as a test
array. Since March 2023, they have been in a stable configuration. In June 2023, the two outer
rings were added. Since the quality of reconstruction depends on the number of signal stations, the
following differentiation will be made between these two phases, indicated by the abbreviations N8
and N38.

3. Measurement of cosmic rays

Despite the limited number of data-taking stations, the RD has already detected air showers
with large radio footprints. Figure 2 illustrates an example event, demonstrating the information
obtained from the air shower through the RD. The air shower was observed by five triggered WCDs,
where the RD had a maximum energy fluence of approximately 1600 eV/m?, indicated by the size
of the data points. The color coding provides information about the timing of the signal at each
respective station, allowing for estimation of the arrival direction of the air shower. In this particular
event, the air shower arrives from near south with a zenith angle of 72.5°. By combining the signal
strengths at the signal stations and the arrival direction, an energy estimation (see also Sec. 4) of
11.6 EeV is obtained.
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Figure 2: An example air shower is shown. (Left): Measured radio footprint of the air shower. Each dot
represents one detector stations, the colors indicate the arrival times, while the size represents the signal
strength. (Right): The average frequency spectrum of the event in case of a signal in the trace (top) and no
signal in the trace (bottom) is shown.

Another intriguing aspect is the measured frequency spectrum. The right side of the figure
displays the spectrum for cases with a signal and without a signal in the trace. Both spectra are
clearly defined by the bandpass filter, which suppresses frequencies outside the range of 30 MHz
to 80 MHz. Within this band, the amplitudes of different frequencies are stronger and remain
consistent. In the presence of a signal, the amplitude is approximately 1.5 times higher than in the
no-signal case. The background, seen in the non-signal traces, is featureless besides certain peaking
frequencies. They can be attributed to known sources and suppressed during the reconstruction
process. An example is the 67 MHz line originating from a TV station. Overall, the frequency
spectrum exhibits the expected characteristics, with a well-defined sensitive band and amplitude
dependent on the air shower signal. This provides a foundation for reconstructing these air showers
on a large scale.

4. Hybrid measurement of events

The RD is sensitive to the EM-component of the shower and is therefore ideal to reconstruct the
EM-energy of the air shower. This can be done by fitting the Lateral Distribution Function (LDF).
Here, we take the calculated station distance to the shower axis r and the reconstructed geomagnetic
station energy fluence fge, and fit an empirical function [10] to it:
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where f; and the shower core coodinates are free parameters and rg, o, p, drl, § and rgp are
shape parameters fixed by the estimated shower maximum. An exemplary LDF fit is depicted as
an inset of Fig. 3. With the shape parameters and the integration of the curve (see [10]) one gets
the EM-energy of the air shower. Besides shower-to-shower fluctuations and a dependency on the
primary particle composition, this energy is then correlated to the primary energy of the CR.
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Figure 3: Comparison of the estimated energy of the  Figure 4: Comparison of measured and simulated
particle detector and EM energy of the RD. Air showers  signals. Each point is the mean of ten simulations

are separated in N8 (triangles) and N38 (points) data.  for this station, the different colors and markers
The color scale indicates the reconstructed zenith an-  indicate the different events used.
gle.

As previously mentioned, the RD is most sensitive for inclined air showers, especially for zenith
angles between 65° and 85°, while the WCDs are sensitive for more vertical events. Nonetheless,
they have an overlap where both their reconstructions should be reliable and accurate. We can
compare the calculated and long established energy estimation of the WCDs with an estimate of the
EM-energy by the RD. This can be seen in Fig. 3. Each data point represents one reconstructed air
shower, the colors indicate the reconstructed zenith angle. An event selection was done, requiring
at least one radio station within a signal-to-noise ratio of 10 within 1.5 Cherenkov-radii. In addition
at least 5 signal stations should be available for both RD and WCD. One observes a good agreement
between both reconstructions, which is expected as the EM-part contributes the most to the shower.
The result is satisfactory for the amount of stations existing, and a larger containment of the radio
footprint will probably lead to even better results. This will likely decrease the uncertainty of the
RD estimation too, as more signal stations would reduce the fit uncertainty. Additionally, a self
standing radio geometry reconstruction (which is only possible with the containment of the radio
core) would improve this aspect.

5. Comparison of measurements with simulations

The comparison of the RD energy reconstruction with the WCD demonstrates a good under-
standing of the reconstruction. However, maybe equally important, is the understanding of the
detector itself. Especially being able to simulate a proper detector response across the whole range
of detected signal strengths is of importance. For this purpose, we compare the measurements of
various air showers of high reconstruction quality with simulations done with COREAS [11]. Every
air shower was taken ten times and a Gaussian smearing was applied each time to the reconstructed
air shower (primary energy, zenith angle, azimuth angle), which corresponds to the uncertainty
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of the WCD reconstruction (see Tab. 1). We then simulate the detector response with the Pierre
Auger analysis framework, Offline [12]. The comparison of the measured and simulated signals is
shown in Fig. 4, where each point represents the mean of one detector station. The distance to the
gray dashed line serves as an evaluation of how well our detector is described in the simulations.
Deviations from the line can result from biases in the shower reconstruction where especially the
core position has a major effect, statistical uncertainties, and uncertainties in the detector descrip-
tion. It is also notable that these factors can compensate each other. Nonetheless, the plot gives
the impression that an accurate detector description is given. The simulated signals are in good
agreement with the measured signals. Larger deviations seem to be grouped event wise, which
indicates biases in the shower reconstruction and simulation settings. Small improvements to the
detector description are in progress to further improve the result.

Table 1: Air shower geometries used for Fig. 4.

Energy [EeV] | Zenith angle [°] Marker in plot
1.34 £ 0.37 70.7 £ 0.4 Downward triangle

2.62 +0.56 78.5+£0.2 Squares
4.90 +0.78 75.6 £0.2 Pentagons
8.21 +0.97 71.6 £ 0.2 Right triangles
1.88 £ 0.55 82.9 + 0.6 Circles

6. Development of an RD trigger

One of the goals of the AugerPrime Upgrade is to increase sensitivity to UHE neutral particles,
which would directly pinpoint their respective sources. The detection of such induced air showers
would be a major achievement and could help solve puzzles like the unknown source of UHE
particles. Here, the RD could play a key role in measuring and precisely reconstructing these
events. In particular, UHE photons produce nearly pure EM showers, but neutrinos could also
result in such showers. In the case of an inclined neutral air shower, the EM particles are absorbed
in the atmosphere before reaching the ground, and only a few muons can reach particle detectors
on the surface. Nonetheless, the radio signal remains strong as it is not absorbed and can travel
hundreds of kilometers through the air. Hence, detection and accurate reconstruction are still
possible. These circumstances come with the downside that one measures in the regime, where
WCDs or other particle detectors in general are less sensitive to trigger neutral air showers. A
stand-alone solution using radio detectors is needed.

Since there are no existing triggers that fulfill the requirements, a new trigger is under develop-
ment that solely relies on the radio signal measured by the stations. The trigger fits into the general
scheme of the Pierre Auger Observatory’s triggering system [13], which will be briefly outlined
here. First, the stations individually send out low-level triggers to the central triggering system
when a specific threshold for the radio signal is reached (additional vetoing mechanisms, such as
checking for air shower-like structures, are also used). Afterwards, the central triggering system
decides, based on 3-fold coincidence of stations and fulfilling various other physics conditions,
whether to save the data from the stations as an event.
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From the beginning of 2023 to March 2023 (only during the N8 configuration), we tested the
RD trigger and evaluated the data. Several events were measured that were only triggered by the RD
and had no particle trigger contribution. Figure 5 shows an exemplary event of this kind. All signals
measured in this event exhibit an air shower-like structure. It should be clarified that these events
can still be caused by noise that triggered the stations, as there is no significant particle signal seen
in the WCD, and some sources can cause such signals. Although the source remains uncertain and
no reliable reconstruction of the measured events is possible, the test can be evaluated as successful
since air shower-like events were measured and the background trigger rate was acceptable. The
trigger is still under further development, and it is promising that it can be implemented for all
stations in the future.
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Figure 5: (Left): Map of the RD triggered stations. The color code indicates the time of the signal. (Right):
Measured signals for both polarization and different stations. All signals show air shower like structure.

In addition to the hardware implementation, the effect of the trigger was also simulated [14].
We simulated a broad range of air showers with COREAS and reconstructed them in Offline. A
version of the trigger with an optimistic threshold of 25 ADC counts was applied to the COREAS
simulations, and the detector response was evaluated. A threshold of 25 ADC counts is one of the
lowest values that the trigger can have while still being compatible with hardware limitations like
the maximum bandwidth of data transfer. The major limiting factor is the noise level, which is in
the order of a few ADC counts. The results are shown in Fig. 6. It can be observed that including
the RD trigger leads to a significant increase in the trigger probability for all investigated zenith
angle ranges compared to using only particle triggers. The same trend is visible for the energy
dependence, except for the combination of the lowest zenith angle range and energy bins where no
significant increase is obtained. The weighted trigger efficiency (following an E ~2 energy spectrum)
increases by almost a factor of four, from approximately 12 % to 46 %. For a more conservative
trigger threshold of 60 ADC counts, the trigger probability doubles from 12 % to 25 Y.
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Figure 6: Shown is the simulated photon trigger efficiency with implemented RD trigger with 25 ADC
counts trigger threshold for different energy bins. The colors indicate the investigated zenith angle range, the
dashed line represents the current setup without an RD trigger.

7. Conclusion

We have presented the status and progress of the RD of the AugerPrime Upgrade. We have
shown that significant progress was made to ensure a fast deployment and reliable data taking. First
results of the measurements indicate a good understanding of the detector and results comparable to
the other detectors at the observatory. Additionally, we gave an outlook on developing a stand-alone
RD trigger. This will make the RD even more sensitive to neutral cosmic rays.
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