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The surface detector of the Pierre Auger Observatory is an array of 1,600 stations using a water
Cherenkov detector (WCD) for particle detection. The array is undergoing a major upgrade known
as AugerPrime that involves adding scintillator surface detectors (SSDs) and radio antennas to
the existing WCDs. Each WCD is also equipped with a smaller photomultiplier tube added to
the original ones. As part of the upgrade, underground muon detectors are being installed in an
area with a higher density of surface detector stations. AugerPrime required the development of
new electronics to process the signals from all the new detectors and handle a higher sampling
rate, a more precise GPS receiver, an extended dynamic range, higher processing capacity, and
improved monitoring systems and memory. The deployment of the SSDs on top of each surface
detector station is currently completed together with the deployment of the new electronics. This
contribution will present the first data from the upgraded stations, emphasizing the performances
of the SSDs and the new electronics.
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Figure 1: (Left) A surface station upgraded with AugerPrime detectors. Visible are the SSD on top of the
WCD, together with the radio detector, which is the antenna on top of the SSD. The UUB is placed under
the dome (red annotation), which is visible between the top of the WCD and the bottom of the SSD. (Right)
Photo of a UUB, it when installed under the dome is primarily inserted in a metal shielding for protection.

1. Introduction

The Pierre Auger Observatory, situated near the city of Malargiie in the Pampas region of
Argentina, spans an area of 3000 km? and comprises 1600 water Cherenkov detector (WCD) surface
stations arranged on a triangular grid array with 1500 m spacing (SD-1500) [1]. Additionally, for
lower energy measurements, two nested arrays with the same type of surface station are used in
an infilled zone with a spacing of 750 m (SD-750) and 433 m (SD-433)[2]. Four fluorescence
detector (FD) sites overlook the array, each equipped with six telescopes, providing a field of view
of 30° x 30° in both azimuth and elevation. Three additional telescopes pointing at higher elevations
(HEAT) are located close one of the FD sites to detect lower energy showers.

Over its two decades of operation, the Pierre Auger Observatory has significantly contributed
to ultra-high energy cosmic rays (UHECRs) research. In 2015, the Auger Collaboration decided to
undertake a substantial upgrade known as AugerPrime [3] to investigate UHECR composition and
hadronic interaction effects at the highest energies. The AugerPrime upgrade involves the addition
of a scintillator-based surface detector (SSD) [4] and a radio detector (RD) [5] to each WCD surface
station. This configuration will improve the discrimination of the muonic and electromagnetic
components of the shower based on the distinct responses of each detector. Furthermore, the SSD
and RD offer complementary coverage angles, with the SSD optimized for more vertical showers
and the RD optimized for showers with higher zenith angles. As part of AugerPrime, in each surface
station, a small, 1-inch photomultiplier (sPMT) [6] has been added to the three existing large PMTs
(LPMTs) to extend the dynamic range. Also, underground muon detectors (UMDs) [7] are being
buried in the infill zone to measure the muon component directly. In Fig. 1 an upgraded station is
shown on the left with the SSD and RD installed on the top.

The surface detector electronics have been also upgraded [8] to acquire and manage the new
detectors. The previous electronics, known as Unified Board (UB), is replaced by a new board
called Upgraded Unified Board (UUB). The UUB, in addition to WCD, supports the SSD, RD,
UMD, and the sPMT, maintains backward compatibility with the current dataset and implements
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additional trigger types. A photo of UUB is shown on the right panel of Fig. 1.

2. The Upgraded Unified Board

The UUB has been designed to process the new signals from the upgraded surface station.
The UUB features a new analog-to-digital converter (ADC) with 120 MHz sampling (instead of the
UB’s 40 MHz) and 12-bit accuracy.

The board’s core is a Xilinx Zynq7020 system-on-chip, an embedded system between an
ARM processor and an FPGA. The firmware implements various digital functions such as the
ADC reading, the triggers generation, and the interfaces to the LED flashers, GPS receivers, and
memories. The UB trigger logic has been ported to the UUB FPGA. To not interfere with the
data taking during the deployment of the UUBs, the ADC traces of the three WCD PMTs are
digitally filtered and downsampled to reproduce the previous trigger characteristics. However, the
120 MHz full bandwidth ADC traces are transmitted and analyzed. Additionally, the enhanced
processing capabilities of the UUB FPGA allow for the implementation of new trigger types,
including combined SSD and WCD triggers acting on the full bandwidth ADC traces.

The UUB utilizes the Xilinx PetaLinux operating system, which runs on the ARM processor.
The local station data acquisition (LSDAQ) software [9] installed on the UUB handles high-level
functions such as data management and radio communication.

The detector synchronization is done by tracking the local 120 MHz clock variations relative
to the GPS 1 PPS signal. For the upgraded electronics, the Synergy SSR-6TF timing GPS receivers
were chosen. The FPGA, through the time-tagging module, manages the GPS and the data timing
in an entirely consistent way with the one designed for the UB. The verification of the timing
performances of GPS SSR-6TF receivers was done by using a synchronization cable to send timing
signals between two closely positioned (~ 20 m) upgraded stations. With this method, a timing
accuracy of about 5 ns was obtained, a result consistent with the laboratory measurements and the
timing granularity as implemented on the UUB.

The ADCs at the front-end of the UUB receive signals from various components: the four
photomultipliers that detect Cherenkov light from the WCD (the sSPMT and the 3 LPMTs) and the
PMT that collects light from the SSD. The LPMTs and SSD PMT signals are divided into four
high-gain and four low-gain signals, respectively. The gain-ratio is set by the electronics design
to be 32 in the case of LPMT channels and 128 in the case of SSD PMT channel to allow for
an extension of the dynamic range up to 20,000 MIP (minimum-ionizing particle) to match the
increased dynamic range of the WCD due to the introduction of the SPMT. The gain ratios were
subsequently measured in the laboratory, obtaining a value of 32.2 with a standard deviation of 0.3
for the LPMT channels, and a value of 126.7 with a standard deviation of 1.3 for the SSD PMT
channel (as shown in Fig. 2)

3. Calibration

The signals in the WCD are quantified in terms of the equivalent charge produced by a vertical-
centered through-going muon, commonly referred to as VEM (vertical-equivalent muon)[10]. The
SSD signals, similarly, are expressed in units of the mean signal charge produced by a MIP.
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Figure 2: Distribution of the gain ratio for the channel hosting the SSD PMT in UUB measured in the
laboratory during the boards testing.

Atmospheric muons passing through the detector serve as a reference for determining the value of
1 VEM and 1 MIP in ADC counts. However, since vertical-centered through-going muons cannot
be specifically selected, the charge spectra of omnidirectional muons, referred to as calibration
histograms, are continuously collected and employed to estimate calibration units.

Examples of calibration histograms from an upgraded station are shown in Fig. 3. The
distributions have two characteristic peaks: the first peak is caused by a convolution of low-energy
electromagnetic particle signals, while the second peak is due to omnidirectional through-going
muons. By fitting the position of the second peak and using pre-measured conversion factors to
convert the value from omnidirectional to vertical, the VEM charge is finally determined. The MIP
charge is obtained by fitting the second peak position in the calibration charge histogram from SSD
and using a conversion factor based on simulations. These histograms are sent to the central data
acquisition system (CDAS) as part of the event and are used in the offline event reconstruction to
convert raw traces into VEM and MIP units.

The ageing of the observatory detectors has an impact on the calibration histograms over time.
The ageing increases the attenuation of light in WCDs, which causes the second peak due to muons
to merge into the electromagnetic peak of the calibration histograms. In this way, the two peaks
are not easily distinguishable, and a fit of the second one to assess the VEM is more difficult.
By requiring a coincidence between the WCD and SSD detectors, a calibration histogram can be
produced in which the contribution of the electromagnetic background is suppressed and the second
peak is easier to fit. The impact and performances of this calibration method are described in [11].

Due to its size, the direct calibration of the SPMT with muons is not possible. However, by
selecting local low-energy showers, the sSPMT is cross-calibrated with the LPMTs. In this way, the
conversion factor § from the collected charge measured in ADC counts into a signal expressed in
VEM is obtained. With the SPMT the dynamic range of the WCD is extended up to 20,000 VEM
allowing a measurement of signals down to about 250 m from the shower core in combination with
the SSD. Besides, the good correlation between the calibrated WCD and SSD signals shown in ref.
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Figure 3: Example of calibration histograms of an upgraded station. (Left) The histograms of the three
LPMTs. (Right) The calibration histogram of the SSD.

[6], thanks to the extended dynamic range, clearly demonstrates the validity of the two independent
calibrations.

4. Status and Performances

The deployment in the array of new detectors and electronics is well advanced. The deployments
of SSDs, sPMTs and UUBs in the array has been successfully completed in all accessible areas in
June 2023. The deployments of RDs and UMDs are still ongoing.

During the deployment of the new electronics, data acquisition was not interrupted, and the
central data acquisition software (CDAS) and data analysis pipelines were updated for AugerPrime.
The acquired data was continuously monitored and analyzed to assess the long-term performances
of the detection stations. The subset of parameters monitored during the deployment includes the
RMS of the baseline of the ADC signal as an estimator of the noise of the electronics, the VEM
charge, the MIP charge, and the 8 factor to assess the setting of each PMT.

The environment to which the surface stations are exposed is hostile. The terrain is changeable
over 3000 km? of the array, and some detectors have to cope with corrosive air of high salinity, while
others have to deal with the dusty air of sandy soil. In addition, the array area is subject to strong
winds and severe thunderstorms that can have lightning strikes that interfere with the electronics.
At 1400 m altitude and with clear skies, day-night temperature variations often exceed 20 °C,
this causes fluctuating daily behavior of performance parameters due to temperature sensitivity of
PMTs. To cope with these variations and to keep the array as homogeneous as possible, the LSDAQ
software [9] handles these effects by operating an online calibration that defines a moving threshold
depending on the rate measured on the LPMTs.

The baseline RMS values of the high-gain channel for the three LMPTs are shown in the left
panel of Fig. 4. The distribution in particular shows the mean RMS value per station and is made
for all upgraded stations in the week following the end of the deployment in SD-1500. It shows
that the noise of the high-gain channel is in general less than 2 ADC counts, meeting the design
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Figure 4: The mean baseline RMS of the LPMTs high-gain (Left) and low-gain (Right) measured on all
upgraded stations in early July 2023.
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Figure 5: Map of daily mean values of the baseline RMS. Inhomogeneities resulting in darker vertical lines
correspond to noise due to lightning storms in the array.

requirements of the electronics. Similarly, the channels used for sSPMT and the low-gain of LPMTs
(right panel of Fig. 4) and SSDs are well below 1 ADC channel.

In Fig. 5 is shown the evolution of the daily mean baseline RMS expressed in ADC counts for a
subsample of detectors in the array during three months. On the vertical scale, station identification
numbers are shown. The uniformity in the horizontal lines indicates the stability of the detectors.
Furthermore, darker vertical lines due to the presence of lightning storms can be seen during this
period; the corresponding days are object of ongoing studies, aiming to identify intervals in the data
taking unsuitable for physics analysis. The daily mean value of the MIP charge is shown in Fig. 6
for the same period and the same subsample of stations. Very good stability in time and a general
uniformity among stations can be observed. The same was observed for the VEM value.

The distributions of the average VEM and MIP charge values are shown in Fig. 7 for all
upgraded detector on an example day of those studied in the maps. They show good agreement
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Figure 7: (Left) Distribution of the average VEM values measured in the upgraded array. The distribution
shows a mean of 1400+8 ADC counts. (Right) Distribution of the average MIP values measured in the
upgraded array. The distribution shows an average value of 110.4+0.2 ADC counts.

and general uniformity among stations of the calibration values in ADC counts evaluated by the
electronics. These distributions have remained stable until the end of the deployment with small
seasonal fluctuations $10% [4] [12] for the two averages values under study.

The cross-calibration factor 8 is continuously monitored to assess the status of each sSPMT.
During the deployment, the stability in time of the cross-calibration procedure was verified and the
expected trend of the 8 parameter with temperature has been confirmed. In particular, a yearly
evolution in the average of the cross-calibration factor as large as +=10% is observed, due to the
seasonal variation of the temperatures in the field. Moreover, a general uniformity over the SD array
has been found also for the SPMT cross-calibration, as can be seen in Fig. 8 where the distribution
of the average f factor per station is shown for an example day in early July 2023.
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distribution shows a mean value of 1.024+0.003 VEM/ADC counts.

5. Summary

AugerPrime involves the introduction of new detectors and upgraded electronics to improve

the discrimination of the electromagnetic and muonic components of EAS. The analysis pipeline

and monitoring software have been upgraded to analyze the data from the upgraded stations.

Currently, the deployment of SSD and UUB is completed, a subset of parameters were continuously

monitored to ensure that the design parameters were achieved and that the stations are properly

operating throughout the array. The results of the commissioning analysis show that the detectors

are performing as expected and good uniformity and long-term stability are obtained.
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