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Abstract

The Pierre Auger Observatory has recently undergone a major upgrade, called AugerPrime, tailored to
answer the current most pressing questions in the ultra-high-energy cosmic ray (UHECR) detection. The
AugerPrime upgrade consists of the addition, on top of each station, of a scintillator detector, to separate
the muonic and electromagnetic component of the shower for better primary identification, and of a radio
detector to measure the emission of air showers in 30-80 MHz range. An additional small diameter
photomultiplier is installed in each station to increase the dynamic range for signal detection. New
electronic modules, installed on all stations, provide a sufficient number of channels for the readout of
the additional detectors, as well as faster sampling, increased dynamic range and processing capability.
In this contribution we summarize the performance of the new electronic modules with respect to the
requirements, describe the verification procedure and give the results in the laboratory tests compared to
the performance in the field.
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The Pierre Auger Observatory has recently undergone a major upgrade, called AugerPrime, tai-
lored to answer the current most pressing questions in the ultra-high-energy cosmic ray (UHECR)
detection. The AugerPrime upgrade consists of the addition, on top of each station, of a scintillator
detector, to separate the muonic and electromagnetic component of the shower for better primary
identification, and of a radio detector to measure the emission of air showers in 30-80 MHz range.
An additional small diameter photomultiplier is installed in each station to increase the dynamic
range for signal detection. New electronic modules, installed on all stations, provide a sufficient
number of channels for the readout of the additional detectors, as well as faster sampling, increased
dynamic range and processing capability. In this contribution we summarize the performance of
the new electronic modules with respect to the requirements, describe the verification procedure

and give the results in the laboratory tests compared to the performance in the field.
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1. The Piere Auger Observatory and the AugerPrime upgrade

The Pierre Auger Observatory features a large detection area collecting unprecedented event
statistics, and a combination of several detection techniques that allows one to lower the systematic
uncertainties of the measurements. The Surface detector (SD) array is formed by 1600 water-
Cherenkov detectors (WCD) placed in a triangular grid with 1500 m spacing (SD-1500) on the
area of around 3000 km?. The SD-1500 array is fully efficient above 3 x 10'8 eV and continuously
samples the extensive air showers (EAS) generated by the interaction of primary UHECRs with
atmospheric nuclei, with a duty cycle of nearly 100 %. A nested region within the SD-1500 array
contains additional 61 WCDs in half distances (SD-750) and even at 433 m distances (SD-433),
covering an area of about 27 km? and 2 km? respectively. This allows us to lower the energy
threshold of the Observatory below 10'7 eV. The WCDs are overseen by 27 fluorescence telescopes
located along the boundary of the array, which observe the longitudinal profile of the air showers.
The operation of the fluorescence detector (FD) is limited to clear moonless nights. A thorough
description of the Observatory is given in [1].

After nearly 20 years of operation, the Observatory has been upgraded. The main scientific
aspects motivating the upgrade are the following: understand the origin of flux suppression, iden-
tify the sources of UHECRsS, solve the discrepancy between hadronic interaction models and the
measured shower parameters, and look for possible effects beyond the standard model. The upgrade
aims at resolving these issues by obtaining more information on the mass composition of cosmic
rays at the highest energies. Each WCD has been equipped with a 4 m? plastic scintillator mounted
on the top (Surface Scintillator Detector or SSD). The two detectors will provide complementary
information about the electromagnetic and muonic components of the shower. An additional Radio
Detector (RD) is mounted on top of each WCD to observe the radio signals in the 30 — 80 MHz
band from inclined showers to add yet another measurement of the electromagnetic component.
A small PMT (SPMT), which is accompanying the three large PMTs from the baseline design inside
the WCD, further extends the dynamic range and allows one to study signals closer to the shower
core. Finally, underground muon detectors (UMD) are deployed near 61 stations of the denser
area (SD-750 and SD-433) to provide a direct measurement of the muonic component of the EAS.
A more powerful, modernized electronics was installed in each WCD interfacing the additional
detectors together with the original ones. A detailed description of the SD electronics upgrade can
be found in [2] and is summarized below. A comprehensive description of the Observatory upgrade
can be found in [3].

The deployment of the pre-production and production electronics, together with SPMTs and
SSDs, started in mid-2020 and was completed in July 2023. Commissioning studies are in progress
since December 2020, to monitor various performance parameters. The installation of the RD
detectors started in mid-2023 and was completed by the end 2024. The installation of UMD is well
advanced and is expected to be completed in 2025.

2. Requirements and design of the Surface Detector electronics upgrade

The general requirement for the electronics upgrade was to increase the data quality exploit-
ing faster sampling for Analog-Digital-Converter (ADC) traces, better timing accuracy, increased
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Figure 1: Left: UUB including front panel, GPS receiver and shielding covers. Right: Electrical interfaces
of the UUB.

dynamic range, enhanced local trigger and processing capabilities, more powerful local station
processor with a Field Programming Gate Array (FPGA), and improved calibration and monitoring
capabilities. Backwards-compatibility was assured by retaining the time span of the PMT traces
and providing for digital filtering and down-sampling of the traces to emulate the previous triggers
in addition to new ones, implemented in the FPGA firmware. The most important functional and
configurational design features are: digitization of the anode signals from the PMTs at a sampling
frequency of 120 MS/s with a resolution of 12 bit and 10 ADC analog input channels (for the three
large PMTs and the SSD PMT with two gains each plus the SPMT and a spare channel). Event
time tagging with a resolution of 5 ns and a stability better than 5% depending on temperature
variations is achieved by implementing Synergy SSR-6TF timing GPS receivers. All the functions
(except GPS receivers) are integrated on a single Upgraded Unified Board (UUB) including also
power-supply unit with safety features. The total power consumption has to be kept on a minimum
level and it currently amounts to about 14 W including all the interfaces. UUB is designed to fit into
the preexisting RF-enclosure and cable connections are compatible with the previous electronics
board (UB). The UUB architecture is designed with a Xilinx Zynq FPGA containing two embedded
ARM Cortex A9 333 MHz microprocessors. The FPGA is connected to a 4 Gbit LP-DDR2 memory
and a 1 Gbit Flash memory. The FPGA implements all basic digital functions such as the read-out
of the ADCs, the generation of triggers, and the integration of GPS receiver, clock tree and mem-
ories. Two digital ports on the UUB enable communication with additional detector systems. The
requirement of total RMS integrated noise at the ADC output below 0.5 LSB (Least Significant Bit)
for the LG channel and 2 LSB for the HG channel is achieved by a careful analog design and the use
of low noise dual ADC (AD9628). A powerful 16-bit RISC CPU ultra-low-power micro-controller
(MSP430) is used for the PMT high-voltage control, the supervision of various supply voltages and
monitoring of environmental sensors.

2.1 Production, testing, verification and deployment

The UUBs were manufactured by the A4F company (Angel4Future, Bari, Italy). Quality control
and testing of the boards was performed at a test benches provided by the Auger Collaboration. As
a first step of the testing procedure, the UUBs were subjected to an automatic optical inspection to
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Figure 2: Left: Manufacturing test bench scheme. Right: ESS test bench scheme.

detect any missing components or soldering problems. The subsequent manufacturing test verifies
all electrical lines and the basic functionality of the UUB. During the manufacturing test, an updated
firmware for the MSP microcontroller and FPGA was installed . The scheme of the manufacturing
test bench is shown in the left panel of Fig. 2.

The UUBs were then submitted to an Environmental Stress Screening (ESS), to characterize
the behavior of the new electronics under changing environmental conditions typically observed
at the Observatory site (see Fig. 5 the right panel for the typical temperature profile inside the
electronics enclosure of WCD) and to provoke early failures. During the automated procedure a set
of ten UUBs at a time were first subjected to burn-in (rapid temperature changes for 24 hours) with
noise, baselines and temperature regularly monitored. In a second step, 10 temperature cycles, from
-20°C to +70°C (temperature change of 3°C/min) were applied. The performance of each UUB
was monitored at five different temperatures, in particular studying the noise, baseline and linearity
dependence on temperature, the stability of the ADCs and the anti-alias filter, and a verifying of
the over/under voltage protection. The scheme of the ESS test bench is shown in the right panel of
Fig. 2, and a detailed description of the test procedure can be found in [4].

Several failures were encountered during the test procedure, such as ADC flipping bits, ADCs
or baseline instabilities, or failures of the 3.3V converter, mainly due to nonconforming components
and production faults. Most of these failures were mitigated by repairing and component exchange,
yielding a final failure rate at production of about 1.3%.

After ESS, the UUBs were transported to the Pierre Auger Observatory, where they underwent a
final verification and a full functionality test before deployment in the field. First, a visual inspection
was performed to search for transportation damages. The UUBs were then assembled adding the
GPS receiver, cables, connectors, front panel, and the complete setup was placed inside a protective
RF-enclosure. The final end-to-end verification was performed before the whole assembly was
taken to the field and integrated into each surface detector station.

3. Calibration

3.1 WCD and SSD calibration

Both detectors are continuously calibrated with background atmospheric muons. The charge
histograms produced each minute show characteristic humps corresponding to the Vertical Equiv-
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Figure 3: Left: Extension of the WCD dynamic range to 20 000 VEM using the small PMT. Right:
Distribution of the average cross-calibration factors 8 on a single day, after the installation and setting of all
the SPMTs in the array.

alent Muon (VEM) in the WCD and the Minimum Ionizing Particle (MIP) in the SSD. The mean
measured charge values are about 1400 and 110 ADC channels, respectively for the VEM and MIP.
In addition, 40% of the muons are measured by WCD and SSD in coincidence (corresponding to
the overlapping area), which helps to significantly reduce the background and makes the VEM and
MIP humps clearly distinguishable. Since this calibration is done every minute of the data taking,
any long term temperature dependence of various components is taken into account during analysis
of the shower data.

3.2 Cross-calibration of the SPMT

Limited by their photocathode dimension, the new small PMTs cannot be calibrated exploiting
the same method as for the large PMTs, as only about one photoelectron per muon is recorded by the
SPMT with respect to about 90 collected in the LPMT. For this reason, a new method was developed
based on the minimization of the differences between the calibrated signal spectrum of the large
WCD PMTs and that of the small PMT. The so-called S factor derived in this way is then used to
cross-calibrate the SPMT, converting the collected charge measured in ADC channels into a signal
in VEM. A dedicated selection of signals from local low energy showers is exploited, measured
separately in each station at a rate of about 200 events/hour. The minimization is performed in a
superposition region, where the signal is large enough for the SPMT, but not saturated in LPMTs.
The logarithm of the charge spectrum in one upgraded WCD station is shown in the left panel of
Fig. 3. Thanks to the SPMT, the dynamic range is extended to more than 20 000 VEM. In order to
follow the daily evolution of the SPMT gain due to the temperature variations, the cross-calibration
is performed in 8-hour sliding windows. In this way, a precision in the determination of the cross-
calibration factor 8 of ~2.2% is obtained. The stability of the S factor across the whole array is
shown in the right panel of Fig. 3. A yearly evolution ot about +5% is expected, due to the seasonal
variation of the average temperature in the field. Further details on the SPMT implementation and
performance can be found in [5].
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Figure 4: Left: Noise measured on the UUB high gain channels at the ESS test bench. All three Large PMTs
for all UUBSs are plotted together. Right: Noise of the HG channels of the individual PMTs as measured in
the field.

4. Performance

4.1 Noise levels

The noise performance of each channel was verified in the ESS test bench. For the high-gain
channel the noise was measured to slightly increase with temperature and to be below 2 ADC
bins for most channels (as seen in the left panel of Fig. 4), meeting the requirements. The SSD
high-gain channels show even better noise performance for all temperatures. The noise of the
SPMT and the low-gain channels of LPMTs and SSD PMTs were measured to be around 0.5 ADC
channel, again in agreement with the requirements. During field operation, the electronic modules
are exposed to external environmental factors, affecting the connections to PMTs, the power system,
and communication and timing systems, which can induce noise. Also the grounding quality,
depending on field conditions, can impact the noise performance of the electronics. Compared to
the previous UB electronics, the UUB has a factor 4 lower thresholds and is more susceptible to
external noise. Sudden bursts of noise were observed in the traces on daily bases close to sunrise and
were found to be connected with the battery charging. Modification of the tank power control board
mitigated this problem. Enhanced battery maintenance, together with better cabling organization
and better grounding, further improved noise levels in the field. Large spikes in trigger rates were
observed in coincidence with distant lightning, which resulted in a data acquisition crash. This
effect was tracked down to bi-polar signals observed in some traces. The problem was eliminated
by a trigger conditioning algorithm applied in the FPGA before triggering, which removes bi-polar
oscillations in the baseline while preserving the unipolar physics signal.

4.2 Time resolution

The upgraded electronics uses SSR-6TF timing GPS receivers to synchronize the detectors.
These receivers are functionally compatible with the previous electronics and their intrinsic accuracy
given by the manufacturer is 2 ns. The timing performance of the SSR-6FF GPS receiver was verified
in the laboratory, relative to an FS275 GPS-disciplined rubidium atomic clock. The absolute timing
accuracy was found to range from 2.3 ns (over timescales of a few seconds) up to about 6 ns (over
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timescales of several hours). The relative timing accuracy between two receivers was measured
in a climate chamber across a temperature range relevant for the electronics enclosure in the field,
and reached 2.1 ns. The verification of the timing performance of the GPS SSR-6TF receivers
mounted on UUBs after deployment in the field was done using a synchronization cable to send
timing signals between two closely positioned (~ 20 m) WCDs, yielding a timing accuracy of
about 5 ns, consistent with the lab measurements and the timing granularity as implemented on the
UUB. Similar measurement performed using real showers reached an accuracy of 13 ns, which is,
however, dominated by shower-to-shower fluctuations.

4.3 Trigger performance

A detailed description of the trigger implementation can be found in [2]. The Observatory
is currently running with compatibility triggers, that is the traces are digitally filtered using a FIR
Nyquist filter with a 20 MHz cut-off, and down sampled to 40 MHz (the rate of the UB electronics),
by taking every third bin, and then the trigger algorithm of the former electronics is applied. This
allows us to combine data sets from the previous phase of operation and from AugerPrime during the
deployment period, without disturbance to the data taking. The new triggers, which take advantage
of the full bandwidth, i. e. 120 MHz sampling rate of the traces are currently under development.
In particular, a trigger for the Radio Detector has been developed and is currently being tested in
a dedicated area of the array. The trigger performances of the previous and new electronics are
compatible: the second-level trigger rates are about 20 Hz and the shower trigger rates are around 1
Hz for both types of electronics. The increased number of bins per trace and the additional channels
result in an increased transfer time from 2 minutes to about 5 minutes per event. However, the
available bandwidth is sufficient.

4.4 Dynamic range

The SD signal varies from few photoelectrons for stations far from the shower core to hundreds
of thousands near the shower core. To achieve this large dynamic range the LPMT signal is passing
through two amplification chains implemented within the electronics, as high gain (HG) and low
gain (LG) channels. The highest particle densities are measured by the SPMT, with an anode-
channel input at a single unitary gain. A detailed account of the SPMT implementation can be
found in [2].

The average HG/LG ratio of the LPMT is given by the electronics design and was measured in
the laboratory to be 31.7 +0.3 with less than 1% temperature dependence, which is fully compatible
with the value obtained from suitable showers in the field, i.e. 31.7 +0.4, and represents a significant
improvement in precision over the UB case, where the PMT last dynode signal was amplified and
related to anode signal yielding 5% uncertainty. The SSD anode signal is also split in two,
one amplified by 32, second divided by 4 yielding a nominal ratio of 128, and covering the same
dynamic range as the associated WCD. The corresponding HG/LG ratio derived from the laboratory
measurements was 125.8 +1.5, The slight discrepancy is caused by combined finite accuracies of
the components.



