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Abstract. Operating since 2004, the Pierre Auger Observatory has yielded several important
results. The suppression of the flux around 5×1019 eV is now confirmed without any doubt,
a large-scale dipole anisotropy has been found for energies above 8×1018 eV, as well as an
indication for some intermediate-scale anisotropy at the highest energies. Furthermore, strong
limits have been placed on ultra-high-energy photons and neutrinos. In order to elucidate
the origin of the flux suppression at the highest energies and search for composition-enhanced
anisotropies, the Auger Collaboration is currently upgrading the Observatory. In the framework
of the upgrade, called AugerPrime, the array of 1660 water-Cherenkov detectors is equipped
with plastic scintillators, allowing us to enhance the composition sensitivity. The station
electronics is also upgraded, including better timing with up-to-date GPS receivers, higher
sampling frequency, and increased dynamic range. Currently, more than 40% of the surface
detectors have been upgraded, and the commissioning studies are well advanced. In this paper,
the design of the AugerPrime surface detectors will be presented, and the performance obtained
from the analysis of the first data will be discussed.

1. Introduction

The Pierre Auger Observatory [1] is located near Malargüe, Mendoza, Argentina. The surface
detector (SD) array of the observatory consists of 1600 water-Cherenkov detectors (WCD) on a
1500 m triangular grid covering 3000 km2. Another 60 WCDs form an infill region. The array is
overlooked by four fluorescence detector (FD) sites each containing 6 telescopes viewing a 180◦

azimuth by 30◦ elevation field of view. Three additional telescopes at one of the sites can be
tilted 30◦ higher to view lower energy showers at their maximum and overlook a 30 km2 infilled
surface array with a 750 m spacing. Extensive air showers (EAS) induced by ultra-high-energy
cosmic rays (UHECRs) are sampled at ground level by the SD. The FD measures the EAS
development by detecting the nitrogen UV light produced by the shower particles along their
passage through the atmosphere. Additional instrumentation for R&D on muon and radio-based
detection is also located on the site.

Since the start of its operation in 2004, the Pierre Auger Observatory has made significant
contributions to the study of UHECRs (see ref. [2]). In order to make further progress and more
fully harness the power of statistics, the Auger Collaboration decided to improve the sensitivity
to the composition of the SD. The observatory is therefore undergoing a significant upgrade of
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(faster sampling for ADC traces, better timing accuracy, increased dynamic range), enhance the
local trigger and processing capabilities (more powerful local station processor and FPGA), and
improve calibration and monitoring capabilities of the SD stations. Backwards-compatibility
with the current dataset will be maintained by retaining the current timespan of the PMT
traces and providing for digital filtering and downsampling of the traces to emulate the current
triggers in addition to any new triggers. The design objectives also aim for higher reliability
and easy maintenance.

The anode channel of the large XP1805 PMTs is split and amplified to have a gain ratio
of 32. The signals are filtered and digitized by commercial 12-bit 120 MHz FADCs. We have
chosen to use commercial 12-bit 120 MHz AD9628 FADCs, which achieve this performance with
minimal power consumption, an important consideration due to the low station power budget
(10 W without additional solar panels required for RD). The anode channel of the SSD PMT is
split, one is amplified to have a gain ratio of 32 and the other one is attenuated by a factor of 4.
This yields a total gain ratio of 128. The signals are filtered and digitized similarly to the WCD
PMT signals. The expected dynamic range for SSD is 20,000 MIP. The SPMT anode signal
is also digitized with 12-bit at 120 MHz in a separate channel. The overlap in the dynamic
ranges of LPMTs and SPMTs is about 5 bits which is sufficient to obtain the cross-calibration
for SPMTs and still allow us to extend the dynamic range up to 20,000 VEM.

Synchronization of the detectors is provided by tracking variations of the local 120 MHz clock
with respect to the 1 PPS signal of the Global Positioning System (GPS). For the upgraded
electronics we have selected the Synergy SSR-6TF timing GPS receivers. This receiver is
functionally compatible with the Motorola Oncore UT+ GPS, the one that is used with the
current electronics. The fundamental architecture of the time-tagging firmware module parallels
the time-tagging design concept used in the current electronics and is implemented in the
UUB board FPGA. The on-board software for initialization of the time-tagging modules, GPS
hardware control, and timing data is similar to the current one, with minor modifications needed
for the new UUB hardware. The intrinsic GPS device accuracy after the applied granularity
correction (the so-called negative sawtooth) is ≈ 2 ns.

A micro-controller (MSP430) is used for the control and monitoring of the PMT’s high
voltage, the supervision of the various supply voltages and the reset functionality. For that
purpose, it controls 16 logic I/O lines, steers a DAC with eight analog outputs, and senses
through multiplexers up to 64 analog signals with its internal ADC. The MSP430 also provides
a USB interface and is tied via an I2C-bus to an EEPROM and a pressure sensor. More than
90 monitoring variables - including currents and voltages of the power supply and the PMTs -
are managed by the slow-control software.

The various functions (front-end, calibration, time tagging, trigger, monitoring) are
implemented on a single board, the Upgraded Unified Board (UUB). An architecture with an
FPGA containing an embedded ARM processor is used. The heart of the UUB is a Xilinx Zynq
FPGA with two embedded ARM Cortex A9 333 MHz microprocessors. It is connected to a
4 Gbit LP-DDR2 memory and 2 Gbit Flash memory. The FPGA implements all basic digital
functions like the read-out of the ADCs, the generation of triggers, the interface to LED flasher,
GPS receiver, clock generator, and memories. High-level functions like the data handling and
communications with the radio transmitter are implemented under LINUX. The trigger and
time tagging functionalities are implemented in the FPGA. The current local triggers (threshold
trigger, time-over-threshold trigger (ToT), the multiplicity of positive steps (MoPS-trigger), etc.)
are currently run at a 40 MHz rate which will allow the detectors to be operated with the new
electronics emulating the current system. This will enable the deployment of new electronics
during the maintenance of the current system without disturbance to the data taking. The
trigger can later be adapted to the 120 MHz sampling rate.

The UUB, together with the GPS-receiver board, is mounted inside an RF-enclosure. Two
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start times is used to reconstruct the arrival direction of the primary using a spherical model of
the shower front. After a first estimation of the arrival direction, a fit of the LDF of signals at the
ground is performed. This distribution arises from a convolution of the energy spectrum and the
incoming direction of shower particles with the detector response. Different functional forms are
used to describe signals at the ground which generally follow a power law with changing index.
For analysis of the first AugerPrime data, a modified Nishimura-Kamata-Greisen function is
employed [12]. An example of an LDF function is shown in Fig. 8. Currently, work is in
progress to include SPMT in the general data-analysis pipeline. A dedicated hexagon array of
twin detectors having old and new electronics allows us to verify that the upgraded AugerPrime
analysis programs yield similar results and have no biases compared to the current data.

5. Conclusions

The goal of AugerPrime upgrade is to disentangle the muonic and electromagnetic components of
extensive air showers, thereby enhancing the ability to study UHECR composition, composition-
assisted anisotropies, and hadronic interaction effects at the highest energies. This is achieved
by complementing the existing WCD with an additional SSD for better identification of air-
shower particles. An extra small PMT allows us also to extend the dynamic range of WCD. The
upgraded surface detector electronics support additional detectors and enhance the performance
of the surface detector. A Radio Detector array will complement with horizontal observations,
and the implementation of a 23 km2 Underground Muon Detector array will give a direct
measurement of the shower muon content and its time structure.

Currently, all SSD detectors have been installed and about 40% of AugerPrime is already
taking data. The plan is to complete the deployment by mid-2023. The results of the
commissioning data analysis show good uniformity and long-term performance. The plan of
the collaboration is to run AugerPrime until 2030. This would yield an additional vertical
exposure of 40,000 km2 sr yr. Furthermore, the Auger Collaboration plans to re-analyze also
the current Phase I dataset by using machine learning techniques and taking advantage of the
AugerPrime Phase II data.
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