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Since its full commissioning in 2008, the Pierre Auger Observatory has consistently demonstrated
its scientific productivity. A major upgrade of the Surface Detector array (SD) improves the
capabilities of measuring the different components of extensive air showers. One of the elements
of the upgrade consists of new Scintillator Surface Detectors (SSD) placed on top of the Water-
Cherenkov stations of the SD. At the Observatory, the integration of the SSD components and their
deployment in the array is well advanced. In this paper, the main challenges and characteristics of
the construction and installation will be reviewed. Started in 2016, an Engineering Array of twelve
upgraded stations has been taking data in the field. In March 2019, a preproduction array of 77
SSDs started data acquisition with an adapted version of non-upgraded electronics. It is collecting
events and proving the goodness of SSD design. Since December 2020, the upgraded electronics
boards are being deployed in the field together with the photomultiplier tubes, increasing the
number of SSD detectors, which are taking data continuosly with good stability. In this paper,
the-long term performance of a subset of stations acquiring data for more than two years will be
discussed. The data collected so far demonstrate the quality of the new detectors and the physics

potential of the upgrade project.
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1. Introduction

The upgrade [1, 2] of the Auger Observatory [3] follows from a decade of discovery and a
recognition that shower-by-shower measurements of cosmic ray mass-related properties are essential
to advance the field further [4]. The main scientific aspects motivating the upgrade are the lack
of information on the primary mass composition at the highest energies, the observation that the
averaged mass tends to increase at the highest energies complicating the anisotropy search, and
the discrepancies among the hadronic interaction models predictions and the measured shower
parameters. The upgrade consists of new plastic scintillator detectors (SSD) on top of the Water
Cherenkov Detector (WCD) of the Surface Detector array (SD), an additional small photomultiplier
(sPMT) installed in the WCD for the extension of the dynamic range, and new SD electronics
provided by an Upgraded Unified Board (UUB) [5]. Additionally, an underground muon detector
[6] is going to be deployed beside each WCD in the 750m region of the Observatory to provide direct
muon measurements. The upgrade will also be complemented by extending the measurements of
the existing fluorescence detector [7] into periods of higher night-sky background to increase their
duty cycle. Finally, based on the Auger Radio Engineering Array (AERA) experience and results,
a radio detector is also included on top of every WCD to improve the measurement of the inclined
showers since the SSDs are mostly sensitive to the vertical ones [8, 9].

In March 2019, the first 77 SSDs deployed had been equipped with photomultiplier tubes and
put into data acquisition using an adapted version of the old electronics. In this paper, the data
presented, unless explicitly stated, regard these 77 detectors. An overview of the performance of
the UUB can be found in [5].

2. The Scintillator Surface Detector

The SSD, a thin scintillation detector, which is mounted above and triggered by the larger WCD
below it, provides a robust and well-understood way of particle detection. Complementing the WCD
of the surface array with scintillator detectors will provide a way to sample shower particles with
detectors having very different responses to the muonic and electromagnetic components. An SSD
consists of a box of 3.8 m X 1.3 m, containing two scintillator panels, each composed of extruded
polystyrene scintillator bars of about 1.6 m length, 5 cm width, and 1 cm thickness. The two
panels are enclosed in light-tight, weatherproof enclosures and are mounted on top of the existing
WCD with a strong support frame, as shown in Fig.1(a). The scintillator light is read out with
wavelength-shifting fibres inserted into straight extruded holes in the scintillator bars, which are
bundled and optically coupled to a single photomultiplier tube (PMT), as shown in Fig.1(b). The
fibers, Kuraray Y11(300)M S-type, are positioned following the grooves of the routers at both ends
in a "U" configuration. They are bundled in a PMMA cylinder, whose front window is connected
to a single PMT (Fig.1(b)). The PMT is a bi-alkali Hamamatsu R9420, 1.5" diameter, with 18%
quantum efficiency at a wavelength of 500 nm. For consistency with the associated WCD, the
dynamic range in the SSD must span from the signal of a single particle, as needed for calibration,
to large signals, up to 10* Minimum Ionizing Particles (MIP). The anode current of the SSD PMT is
split into two different channels, the first one amplified (High Gaing=HG) and the other attenuated
(Low Gain=LG), to achieve the appropriate dynamic range. The type of PMT for the SSD has been
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Figure 1: (a) One of the detectors of the SD array after the upgrade, featuring the SSD on top of the WCD;
(b) Picture of the inner part of an SSD detector with green wavelength-shifting fibers routed from scintillators
and guided in two bundles to the photomultiplier tube, housed in the aluminum support; (c) Picture of a
PMMA front window of the cylinder where the wavelength-shifting fibres are bundled.

chosen also based on its excellent linear response when operated at LG, being linear within 5% for
peak currents up to 150 mA (for a gain at 7 x 10°). The power supply of the PMT is based on a
custom-made design manufactured by the ISEG company.

3. Production and test of the detectors

The assembly of the SSD was distributed among different European research institutes that are
all members of the collaboration. Dedicated mechanical tools were developed and prepared prior
to the assembly process, and a procedure has been agreed upon and written in detail to ensure a
uniform quality among the different assembly sites. A detailed presentation of the procedures and
tests of the detectors can be found in [10].

All the detectors have been individually tested with cosmic-ray muons to check the light
tightness and to determine the detector response to a reference minimum-ionizing particle. For the
test, every assembly site has organized a specific setup using the available detectors, the materials,
and the areas of expertise of the research team. A cross-check of the performance among the sites
has been carried on a subsample of detectors by testing few modules assembled in the different
institutes and using one measurement setup as reference. The uniformity in the response of the
SSD detectors can be measured via external trackers (e.g., planes of limited streamer tubes) on a
muon tower setup. Fig.2(a) shows the average logarithm of the deposited charges of the particles
depending on the position of intersection with the scintillator planes in 1 cm X 1 cm bins for one
of the SSD as measured in a muon tower.

The large-scale production of the 1518 detectors is now completed. All the tests have been
evaluated, and the test results are being uploaded into a dedicated database that also contains the
assembly and production details to ensure the traceability of procedures and materials used. To
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Figure 2: (a) The uniformity in the response of one of the SSD detectors as measured in a muon tracker; (b)
Linearity curve for an SSD-PMT at a gain of 7 x10°.

achieve the needed performance, the single PMT used in each SSD requires excellent linearity.
Two PMT test facilities [11, 12] were developed within the European research institutes of the
collaboration to validate the features of each PMT, especially the linear response when operated
at low gain. The testing sites have a specific setup and perform a cross-check on a subsample of
detectors. Fig.2(b) shows the deviation from linearity as a function of the peak anode current for
one of the PMTs at a reference gain of 7 x 10°. All the PMTs (1590), once tested, are shipped to
Argentina, where they are deployed in the experimental field together with the UUBs.

4. Deployment in the array and monitoring

The full production of SSDs has been shipped to Argentina. Their deployment in the exper-
imental field, which started in October 2018, is now well advanced. The test of the PMTs is also
complete, and the last batches will soon be shipped to Argentina. Prior to the deployment, the SSDs
are prepared at the assembly building by the local Argentinean team. The preparation includes the
placement of a box for the service of the electronics connection and the positioning of a corrugated
roof on top of the detector. Moreover, the local team has the challenging task of transporting the
SSDs to the different WCD stations, often located in hard-to-reach areas.

The online monitoring system [3], which overviews the operation and maintenance of the SD,
includes the status of the deployment and the control of SSDs operation. In Fig.3(a) the map of
the Pierre Auger Surface Detector array, including the SSD detectors, is shown. All colored points
present one WCD running detector: the deployed SSDs that will be equipped with PMTs and new
electronics, as soon as these components become available are in yellow, the SSDs connected to
PMTs and taking data without the upgraded electronics that are the main interest of this paper are
in orange, UUB and SSD taking data through the new electronics are marked in red, and finally
the purple dots represent the WCDs not yet instrumented with SSDs. Not every WCD will be
covered with SSD. As seen in Fig.3(a), apart from some specific small exceptions, an external ring
of WCDs without SSD is present. Indeed, the SD stations located at the border of the array will not
be equipped with SSDs. Around 1400 out of the total number of Auger surface detectors will be
instrumented with SSD. The remaining detectors will be used either as spares or on specific parts
of the experimental region (e.g., on doublets that are detectors located few meters apart or in the
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Figure 3: (a) Array status (at 10th June 2021) as seen from the online monitoring map of the Pierre Auger
Surface Detector including the SSD detectors; (b) Diurnal temperature variation measured in the WCD and
in the SSD for one of the detectors of the preproduction array; (¢) Maximum wind speed monitored in the
area of the preproduction array.

750m sub-array where the SDs are more densely spaced). The full array will contain the upgraded
electronics and will be fully functional in trigger capabilities. A strict reconstruction condition
requires that in a triggered event, the station with the highest signal is surrounded by six detectors in
operation at the time of detection. With the exclusion of the external ring, the total array upgraded
with SSDs will be about 90% of the full array of the observatory, but the global acceptance will
be unchanged since the only showers involved will be those which have the core on or outside the
external ring. These showers being anyway excluded at the reconstruction level. Moreover it should
be noted that even in this border area, the reconstruction of events will be enriched by the data
provided by the neighboring stations with SSDs.

The environment to which all SD detectors, including SSDs, are exposed is somewhat hostile.
At 1400 m a.s.l. and with clear skies, day-night temperature variations often exceed 20°C. The
terrain properties vary over the 3000 km? of the array, and some detectors have to face high salinity
corrosive air, while others face dusty air from the sandy ground. The field area is subject to severe
wind speeds, especially during strong thunderstorms. Therefore all the detector elements must be
firmly anchored. Various sensors are installed to monitor the whole array accurately. The graph
in Fig.3(b) shows the diurnal variation over the full data-taking period of two years for one of the
SSD stations of the array. The temperature sensor is positioned inside the PMT housing. During
the data acquisition period (see Fig 3(c)), strong wind conditions of more than 100 km/h have
been measured, and all the SSD detectors did withstand the elements. Given the environment, the
extensions of the array, and the dimension of the detectors, the full deployment is definitively a



The Pierre Auger Observatory Upgrade with the SSD Gabriella Cataldi

SSD: HG baseline RMS/ADC
0.00 025 050 075 1.00 125

1755 v 1755
1732+ %7 1732
14721 Il | fun2
919+ 17 919
914+ % S914
912+ v 1 fo12
9094 %
904+

902+

900 1
869 1
845 7
844 1 % 844
824+ % 824

703 / 1 703
694 1 F Vi 694

689

666 - % 666
665 % 665
657 7 657
656 - 1 v - 656
653 7 653
613 % 613
612+ 7 -612

Figure 4: Evolution of the RMS in ADC counts for the PMTs trace (HG channel) for a subsample of SSD
of the preproduction array.

Figure 5: Evolution of the oscillation around an average MIP value (in blue) and evolution of the temperature
(in red) for 3 SSDs of the array.

demanding task, especially complicated by the Covid-19 pandemic situation.

5. Status of the array and stability of Operations

Started in 2016, an Engineering Array of twelve upgraded SD stations has been operating
in the field, with the aim of testing and monitoring the performance of the upgraded detectors.
Additionally, in March 2019, a preproduction array of 77 SSDs has been deployed and put into
operation with an adapted version of the previous electronics. This preproduction array is marked
in orange in Fig.3(a)). Fig.4 shows the evolution along the data acquisition period of the weekly
width average (RMS) of the HG baseline expressed in ADC counts for a subsample of detectors
of the SSD preproduction array. On the vertical scale, the identification number of the WCDs are
reported. The uniformity in horizontal rows clearly shows the stability of the detectors, while the
vertical patterns evidence the presence of thunderstorms or communication problems in the array.
Moreover, starting from December 2020, as soon as the UUBs are available, the fully upgraded
SDs are put into acquisitions, increasing the fraction of the upgraded array. They are taking data
continuosly with good stability.

The SSD calibration is based on the signal of a MIP going through the detector. The charge
deposited by a MIP corresponds to a peak of the charge distribution, and the value of the MIP
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Figure 6: (a) Average Baseline width (RMS) and (b) its evolution with time for one of the SSD of the array.
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average charge can be inferred from the fit to that peak. The values of the MIP charge (Q) vary
from station to station due to differences in gain of the PMT, which might be affected by changes in
the temperature or in the high voltage, for example. Therefore, studying the time evolution of the
charge might give insights into the performance of the detectors.

For every SSD, it is possible to measure the charge corresponding to the MIP and to determine
the oscillation around a mean value calculated as (Q — Q)/Q. Fig.5 shows the evolution of this
variable with time (in blue), as well as the variation of temperature measured in the SSD PMT
housing (in red) for three SSDs of the preproduction array during the full data taking period. The
correlation with the temperature of a specific detector is clearly evident, showing evidence for
diurnal and seasonal behaviours.

All SSD detectors have been tested for light-tightness at the production sites, however, they
can be spoiled during shipment, deployment, or more generally because of unforeseen damages or
aging. Several variables are measured and monitored with the aim to establish the parameters which
have to be regularly monitored during data taking. A way to check the light-tightness of a detector is
to compare the variation of the baseline during day-night. Fig.6 shows the RMS distribution of one

SSD PMT baseline for day-night comparison of events for the full data acquisition period, together
with its evolution over time. An analogy in response between the signals occurring at night-time
and the ones at daytime, as the one shown in Fig.6, is evidence of "light-tight detector". Vice
versa, the presence of a larger RMS when the detectors are exposed to the daylight indicates that the
detector is suffering from a light leak. Other variables, as the asymmetry around the baseline, are
investigated in combination with the RMS to discriminate the various noise patterns and sources.
The correlation between the signals reconstructed in the WCD and in the corresponding SSD is
shown in Fig.7, where both scales are expressed in the corresponding physical units: for the WCD,
Vertical Equivalent Muon (VEM), average charge deposited by a vertical and central through-going
muon; and MIP for the SSD. This plot refers to fully upgraded stations, including UUB and sPMT.
The signals in the WCD are measured up to saturation (~ 700 VEM) by the large PMTs in the
WCD tanks (blue dots). In the superposition region and above the saturation region, they are
derived from the sSPMT (red dots). The non-saturated range of the WCD extends to more than =
20000 VEM with the sPMT and an independent measurement of the signal is provided by SSD.
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Figure 7: Correlation of signals in SSD versus WCD for the events reconstructed with the fully upgraded
array. The large PMTs are used up to the saturation (blue dots); the measurements are extended further by
means of the small PMT (red dots)

The correlation obtained demonstrates the validity of the calibration procedures and shows that
the required dynamic range in the upgraded Surface Detector is covered up to the highest particle
densities.

6. Conclusions and Acknowledgements

The production of the SSD detectors of the Pierre Auger Observatory, as well as their trans-
portation to Argentina, has been completed. In spite of the Covid-19 pandemic, the deployment
of SSDs in the full array will be completed before the end of 2021. The new electronics is in the
production phase. The PMTs are gradually being installed together with the new electronics. All the
SSDs deployed in the observatory surface array are foreseen to be in data acquisition at the end of
2022. The detectors are operating smoothly and with stability in agreement with the requirements.

The successful installation, commissioning, and operation of the Pierre Auger Observatory
would not have been possible without the strong commitment and effort from the technical and
administrative staff in Malargiie. To them go our special thank for their invaluable support.
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