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ABsTrRACT: Data collected so far by the Pierre Auger Observatory have enabled major advances in ultra-
high energy cosmic ray physics and demonstrated that improved determination of masses of primary
cosmic-ray particles, preferably on an event-by-event basis, is necessary for understanding their origin
and nature. Improvement in primary mass measurements was the main motivation for the upgrade of
the Pierre Auger Observatory, called AugerPrime. As part of this upgrade, scintillator detectors are
added to the existing water-Cherenkov surface detector stations. By making use of the differences in
detector response to the electromagnetic particles and muons between scintillator and water-Cherenkov
detectors, the electromagnetic and muonic components of cosmic-ray air showers can be disentangled.
Since the muonic component is sensitive to the primary mass, such combination of detectors provides
a powerful way to improve primary mass composition measurements over the original Auger surface
detector design. In this paper, the so-called Scintillator Surface Detectors are discussed, including
their design characteristics, production process, testing procedure and deployment in the field.
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1 Introduction

The Pierre Auger Observatory [1] is located on the vast plain known as the Pampa Amarilla near the
city of Malargiie, in the province of Mendoza, Argentina. It is designed to detect ultra-high energy
cosmic ray (UHECR) showers using a hybrid combination of two almost independent systems: the
surface detector (SD) and the fluorescence detector (FD). The SD covers an area of about 3000 km?
and consists of an array of 1660 water-Cherenkov detectors (WCD) arranged on a triangular grid with
a separation of 1.5 km (750 m in a sub-array). It provides lateral sampling of extensive air showers
(EAS) at ground level. The FD is a system of 27 fluorescence telescopes located at four sites on the
perimeter of the array observing the atmosphere above the SD. It measures the shower longitudinal
profile based on measurement of the UV fluorescence light emitted by the de-excitation of nitrogen
molecules excited as the shower passes through the atmosphere.

The large quantity of high-quality data recorded since 2004 with the Pierre Auger Observatory
has led to a number of major breakthroughs in the field of UHECRs. Examples include precise
measurements of the cosmic ray energy spectrum over a wide range of energies, uncovering new
features and unambiguously establishing a flux suppression above 4 x 10'° eV [2, 3]; providing stringent
limits on photon [4] and neutrino [5] fluxes at ultra-high energy; and identifying directional anisotropies
at medium [6] and large [7] angular scales. A surprising finding, at least based on the conventional
wisdom at the time of the Observatory’s conception, is that the cosmic ray composition at the highest
energies is not protonic, but instead becomes heavier with increasing energy above 3 x 10! eV [8].
This result is mainly based on observations of the depth of shower maximum (Xp,,x) by the FD with its
limited (approximately 13%) duty cycle constrained by favorable night time atmospheric conditions.

The goal of UHECR physics is the identification of sources (or source classes) responsible for
the acceleration of the highest energy cosmic rays. Given the more complex primary composition
picture, this goal can only be achieved if the primary mass is estimated on a near event-by-event basis,
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Figure 1. Left: drawing of an open scintillator detector. Right: photograph of one of the stations of the Surface
Detector of the Pierre Auger Observatory, after its upgrade.

together with precise measurements of the energy and arrival direction, since the mass and energy
determine the bending of the cosmic ray path in galactic and extra-galactic magnetic fields.

In its original configuration, the Pierre Auger Observatory can provide measurements of the
energy and arrival direction of cosmic rays with unprecedented quality, but it has a limited capability
for identifying their primary mass on an event-by event basis, particularly at times when the FD is not
operating. However, new capabilities of the surface detector are being pursued that allow for mass
estimates for all events. This is the basis of the AugerPrime upgrade of the Observatory, including
the new Scintillator Surface Detectors (SSDs), the subject of this article.

One technique for inferring the mass of the primary cosmic ray is through analysis of the different
particle components of the extensive air shower it produces. While the signals in a WCD are sensitive to
muon track length and energy of the electromagnetic particles, a thin plastic scintillator acts as a particle
counter, so it is relatively more sensitive to the electromagnetic component (since electrons/gammas
are more numerous than muons not too far from the shower core). Thus, combined measurements
with both water-Cherenkov and scintillator detectors allow disentangling the air-shower muonic and
electromagnetic components and greatly assist with primary mass identification. The formalism [9]
developed for layered surface detectors was adapted for this purpose [10]. The SSD/WCD combination
will be useful for mass studies for showers with zenith angles < 60°, i.e. showers with a significant
electromagnetic component at ground-level and negligible reconstruction bias due to geometry of thin
scintillators. SSD units are now installed on top of each water-Cherenkov detector at the Observatory
(figure 1), with the exception of the ring of WCDs on the border of the array.

The other elements of the AugerPrime upgrade of the Observatory are:

* aRadio Antenna (RD) located on top of the water-Cherenkov detector [11] to provide additional
mass composition information, especially for showers detected at larger zenith angles;

* an additional Small Photomultiplier (SPMT) installed inside the WCD [12] to extend the
dynamic range of the measurable particle densities (e.g. close to the EAS core);

¢ an array of Underground Muon Detectors (UMD) deployed near each WCD within the 750 metre



in-fill array [13] to provide direct measurements of the muon component of air showers. This
will enable verification and fine-tuning of methods used to extract muon information from the
combined SSD and WCD measurements;

* new detector electronics (Upgraded Unified Board, UUB) that processes the measurements
collected from all the detectors with improved performance [14]. The use of the UUB enables
managing all the new detectors in addition to the existing ones and provides a faster sampling of
ADC traces from the detectors and better timing accuracy, thus enhancing the local trigger and
processing capabilities.

In this paper we will describe the Scintillator Surface Detector design, production, tests and
deployment. Section 2 is dedicated to the detailed design of the detector, while in section 3 the
adopted production procedures are described. In sections 4 and 5, the quality checks used to verify the
detectors and PMTs are outlined. Section 6 is used to describe the deployment procedure, followed by
conclusions and a first example of an event collected with the upgraded Observatory.

2 Design of the scintillator surface detector

The Pampa Amarilla lies in the rain shadow of the Andes and its climate is classified as arid [15]. In
the experimental area, harsh environmental conditions are experienced. The ground-level conditions
(air pressure, temperature, wind-speed, humidity etc.) are monitored every five minutes by a series
of weather stations at each of the four fluorescence detector sites, and near the centre of the array at
the Central Laser Facility [1]. The recorded temperature range is around 50°C across the year, and
up to 20°-30°C during the day. The graph in figure 2-Left shows the diurnal temperature variation
over a data-taking period of two years for one of the WCD/SSD stations of the array. The WCD
temperature sensor is located on the PMT in the water tank, while the SSD temperature sensor is
positioned inside its PMT housing. The difference measured by the two sensors follows expectations
since the PMT in the tank is thermally stabilized by the presence of the water. During the same
period, a wind speed of more than 100 km/h has been measured (figure 2-Right). Such a wind speed
imposes the necessity to use firmly anchored structures.

The SSD module consists of two scintillator panels composed of organic plastic scintillator bars,
encased in an aluminium box, with a photomultiplier (PMT) housed between the panels. The total
active area of the scintillators in a module is 3.84 m?. A schematic view of an open SSD with its
components is shown in figure 3. The module dimensions, 3800 mm X 1280 mm, were chosen to
maximize the detector area and overlap with the WCD without impairing the WCD maintenance.

The design of the mechanical structure of the enclosure must guarantee light tightness and
robustness for more than ten years of operation, and enough rigidity for transportation, as well as
electromagnetic shielding of the PMT. The remoteness and large extent of the experimental area
impose a requirement that only a limited maintenance of the detectors be needed, and for this reason
the access to the PMT must be easy and, as much as possible, separated from the area where the
scintillator elements are placed.

The structure of the rectangular enclosure frame of the SSD consists of four hollow aluminium
beams with a rectangular cross section of 80 mm X 30 mm and a material thickness of 2 mm; they are
extruded with an L-shaped profile, forming a shelf in the bottom inner side of the enclosure. The
structural integrity is ensured by the bottom plate of the SSD, a panel with a “sandwich” structure
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Figure 2. Left: diurnal temperature variation measured in the WCD and SSD for one of the stations of the array
over a period of two years. The WCD-PMTs suffer smaller temperature differences due to the large mass of
water in the tank. Right: maximum wind speed monitored in the area over the same period of two years.
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Figure 3. Schematic of an open SSD, showing the layout of the components. The green dashed line exemplifies
the “U” routing of optical fibers, see the text and figure 7.

consisting of a 1 mm aluminium-layer bonded to each side of a 22 mm extruded polystyrene (XPS)
insulation layer lying on the bottom L-shaped profile shelf and sealed to it by means of the two-
component silicone adhesive OttoColl S610 [16] used for the multiple gluing processes in the assembly
of the structure. The sealant must satisfy the needs for elasticity to account for movement and stress to
the bond, excellent adhesion to guarantee light tightness, and resistance to UV, weathering, and ageing
for the projected SSD lifetime of more than a decade. Several years of tests on detector prototypes
in the field showed suitability of OttoColl S610. A side-view cross-section of the enclosure box is
shown in figure 4, where the main components are labeled.

One of the long beams of the detector frame has a hole through which an aluminium tube for
housing the PMT is inserted and fixed to the beam with glue and blind rivets (see figure 5-Left). The
PMT, together with the High Voltage Power Supply and the accompanying electronics, integrated in
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Figure 4. Side-view detail of the SSD structure. The extruded profiles and the composite panel form the
detector container. The scintillator bars (each with two lengthwise channels to hold optical fibers) are mounted
on the composite panel. The brackets are used to mount the detector onto a support frame while the sunroof
shades the SSD from direct sun light.

the ISEG active base, is contained in an inner PVC tube (see figure 5-Right). The PVC tube can be
easily installed and removed from the aluminium tube, which is permanently fixed in the profile frame.
A metal spring is used to push the PVC tube to the end of the aluminium tube, in order to ensure a
close optical connection between the entrance glass window of the PMT and the exit of the collected
light signal. The aluminium tube is closed from outside with a flange equipped with SubMiniature
version A (SMA) and multipole connectors for an analog signal and a slow control cable, respectively.
Additionally, a small aluminium box is mounted over the flange to protect cable connections to the PMT.

A hole is drilled in the inner wall of the beam on the opposite side of the aluminium tube.
This hole is then covered with a porous but light-tight sintered metal plate. The sintered metal,
together with multiple small holes on the bottom sides of the beam profiles, enables air exchange
between the inner volume of the detector box and the outside. Air pressure equalization is necessary
to prevent possible damage to the detector enclosure when the inner air volume expands due to
increasing temperature, e.g. during daytime.

The air volume inside the SSD module is reduced by filling the empty space in the module with
expanded polystyrene (EPS). The final closing of the SSDs is realized with a 1 mm thick aluminium
sheet which is glued to the frame profile to provide a light-tight seal. In addition, the seal is reinforced
with closed-end blind rivets. To protect the SSDs from direct sun light, a sunroof consisting of
corrugated aluminium sheets fixed to six aluminium bars is installed on top of each SSD, separated
by 2 cm, to allow air flow and reduce temperature changes (see figure 6-Top).

For the deployment in the field, four aluminium brackets are riveted to the outer side of the frame
providing the connection of the SSD to the support frame. The SSD detector units are mounted



Figure 5. Left: aluminium tube housing the readout device. The tube separates the electronics from the inner
detector components and is fixed with glue and rivets onto the frame beam. Right: the PVC tube containing the
PMT unit. Visible are the spring to push the PMT to the end of the aluminium tube and the flange to close the
aluminium tube.

Figure 6. Top: the sunroof of the SSD consisting of corrugated aluminium sheets. Bottom: the SSD support
structure on top of a WCD tank.



Figure 7. An open SSD where the scintillators have been secured with the tensioned aluminium bars. The
polystyrene routers and the fibers are also visible.

over the WCD tanks on a frame attached to four of the six lifting lugs molded into the tank. The
frame holds the SSD in the horizontal position and must be adjustable enough to compensate for
deformations of the plastic tanks standing on sandy ground for more than a decade. It is made from
aluminium beams and can be easily assembled. Two shorter beams are fixed to the main beam and
this structure is supported by four legs (see figure 6-Bottom).

The active part of each of the scintillator panels is composed of 24 scintillator elements (bars) of
1.6 m length, 5 cm width, and 1 cm thickness. The properties of plastic materials are affected by the
temperature and temperature changes. Therefore, comprehensive aging studies of the scintillators and
fibers were performed, yielding satisfactory results prior to the selection of the materials [17].

The scintillator bars are extruded STYRON 663-W polystyrene, doped with 1% of PPO (2,5-
diphenyloxazole) and 0.03% POPOP (1,4-bis(5-phenyl-2-oxazolyl)benzene), and are produced by the
extrusion line of the Fermi National Accelerator Laboratory (FNAL) [18]. Each bar is co-extruded
with a 0.25 mm-thick TiO; reflective layer, and with two lengthwise holes for wavelength-shifting fiber
(WLS) insertion. The bars are fixed to the bottom plate via double-sided adhesive tape and firmly fixed
to the external frame with two tensioned bars per panel. The light produced in the scintillator bars is
collected and propagated along the WLS fibers, Kuraray Y11(300)M S-type, inserted lengthwise in
the bars and positioned with the help of polystyrene routers outside the bars (see figure 7).

At the outer ends of the scintillator panels, the routers form a “U” configuration of the WLS
fibers with a curvature radius of 5 cm, meaning that each fiber exiting from one hole of one scintillator
bar enters the corresponding hole of another bar at a distance of 10 cm (see figure 3). Between the
panels, the inner router grooves are designed to provide an equal path length for the fibers from the
scintillator bars to the PMT. Each fiber has therefore the same length and is read out from both ends
simultaneously to optimize the longitudinal uniformity of light response.

The fibers are bundled and glued with optical cement in a PMMA (poly(methyl methacrylate))
cylinder, a so-called “cookie” (figure 8-Left) whose front window is connected to the PMT, a bi-alkali
Hamamatsu R9420, 1.5-inch diameter, with 18% quantum efficiency at a wavelength of 500 nm.

The PMMA material is transparent for photons with wavelength above 450 nm and transmission-
related aging effects are negligible. The cylinder has an outer diameter of 50 mm, and a hole of 13 mm



Figure 8. Left: the PMMA cylinder with the bundled and glued optical fibers. Right: motorized device to
unwind optical fiber from the roll.

diameter for inserting the fiber ends. In addition, it contains two small holes for the gluing process, i.e.
one hole for filling the glue and one hole for the escaping air. The hole for the fiber ends is closed
on the PMT side with a window consisting of a PMMA disk with a thickness of 6 mm. The window
prevents leakage of any optical cement, and the fiber ends are protected from direct contact with the
air or the glass of the photocathode. Additionally, the window is slightly diffusive which results in a
more uniform illumination of the photocathode. The fiber ends are aligned inside the cylinder to the
same distance of around 1mm to 2mm above the window, and glued using the two-component optical
glue Eljen EJ-500. For a front view of the fiber bundle in the cookie, please see figure 13.

3 Production of the SSD

The complete production of SSDs was done within the Collaboration. The task of producing more than
1500 SSD units exceeds the capabilities of any single laboratory available, so the work was distributed:
the detectors were assembled and tested in parallel at multiple assembly facilities. Many of the
components were purchased or manufactured by one institution, and then distributed among partners
based on demand. The remaining components and materials were procured locally by each institution —
aluminium profiles for the frames were ordered from commercial manufacturers, and small mechanical
parts were bought or produced by local workshops. The assembly of the SSD detectors was distributed
among six Auger institutions, with two more Auger laboratories working on preparing the PMT Kkits.
To ensure uniform production quality at all assembly sites, and based on experience with prototype
detectors, a full Quality Production Plan was established and followed. This plan includes or references
the detailed Assembly procedure, the Test & Validation specifications and procedure, the tests results
and conformity policy, as well as the packing, storage and shipment specifications.

All necessary equipment and tools were prepared at each assembly site, including tables with
clamps appropriate for assembling SSD enclosures plus tiltable tables to prepare the optical “cookies”
(see previous section). The area in which scintillators and fibers were assembled was protected from
sunlight and was equipped with non-UV lighting to prevent fiber degradation. Also, a stand for
optical fiber spools was needed, preferably equipped with an adjustable speed motor (figure 8-Right).
Since the weight of an SSD module exceeds 100kg, a crane or other means to move the modules
around was required.



Figure 9. Left: technique to make SSD frame corners by gluing extruded aluminium profiles to corner
connectors. Right: prototype frame corners made using the gluing and welding techniques.

Figure 10. Left: inserting fibers into scintillator bars. Right: example of a setup used for cookie preparation:
fibers are aligned in the cookie and gluing quality is visually checked using a mirror.

The assembly procedure starts with preparing the detector enclosure box: the frame is made of
the extruded hollow aluminium beams specified in the previous section. The corners of the frame are
made using corner connectors tightly fitting the hollow space of the beam (see figure 9-Left). All
elements are glued with OttoColl S610-Black silicone sealant. Since it was possible to order a limited
number (about 24% of the total) of frames welded by a commercial supplier at an affordable price,
welded frames were also used. Glued and welded frame corners are shown in figure 9-Right.

Prior to mounting the bottom composite panel into the frame, an appropriate cut-out is made
in it, to allow placement of the aluminium tube housing the PMT. Next, the panel is glued onto
the frame. The aluminium tube and the sintered metal plate are also glued in. A good electrical
connection (for grounding) between the bottom panel and the frame through the layer of the glue
is ensured by additionally riveting the bottom panel to the frame.

After the glue has cured, the scintillators are laid over the composite panel. Prior to that, the
openings of channels that run through the scintillator bars are smoothed to get rid of sharp edges which
might scratch the fibers. Compressed air is then blown through the channels to make sure there are no
small debris inside the channels that could prevent fiber insertion. The outer fiber routers, the scintillator
bars and the inner routers are then laid out inside the enclosure, and fixed in place with double-sided
adhesive tape. The optical fiber is unwound from the roll, cut into sections 5.85 m long and inserted
into the scintillator bars (figure 10-Left) in a “U” configuration, as explained in the previous section.

All 96 fiber ends are bundled into the cookie. With the module in a tilted position, the ends
of the fibers are slightly melted by contacting them with a piece of borosilicate glass heated by an



electric hotplate to around 140°C. This reduces unwanted scattering of light on rough surfaces of
fiber ends left after cutting. The fiber ends are aligned at a distance of about 1.5 mm from the cookie
window to leave space for the optical glue. After mixing the two components of the optical glue, it is
necessary to remove air bubbles trapped within the liquid. This is done by repeated degassing under
vacuum (pressure ~ 0.1 bar), with possible additional use of a centrifuge. The cement is then poured
into the cookie. The cookie window is inspected from below using a mirror (figure 10-Right). By
tapping and rotating the cookie when needed, any bubbles remaining in front of the fiber ends are
moved away from the path of light exiting the fibers. Finally, a photograph of the finished cookie
(figure 13) is taken and archived in a dedicated database. After curing, the cookie is fixed to the PMT
housing. The space remaining within the enclosure is filled as designed and the top cover is glued
and riveted to the frame. With the mounting brackets and sunroof support bars fixed, the module
is ready for testing (see section 5) and shipping to the Observatory.

A total of 1519 SSD modules were produced. The sunroofs and protective aluminium boxes (to
protect cable connection to the PMT) were added later at the Observatory, during deployment time.

4 The PMT assembly and validation

The requirements for the light-detector used in the SSD are demanding. It has to be very sensitive to
register the signal of a minimum ionising particle (MIP) well above the noise level, and the signal
is required to be linear for large signals up to 20 000 MIP. Several PMT candidates were evaluated
for their suitability for the SSD detector, resulting in the selection of the Hamamatsu R9420. The
1.5-inch PMT has an eight-stage dynode structure that allows for high linearity at a rather modest
gain of 5.0 x 10*. Its quantum efficiency (QE) and its uniformity over the area of the photo-cathode
have been measured. In the region of the WLS fiber emission spectrum between 490 nm and 550 nm,
its QE drops from 21% to 15%, as shown for a few PMTs in figure 11-Top. The photo-cathode
uniformity was measured to be better than 3% [19].

For the cost- and power-efficient operation of the PMT, a base by ISEG is used, featuring an
active voltage divider and integrated Cockcroft-Walton HV generation. The ratio of the divider
has been optimized for maximal linearity.

In total, 1590 PMTs have been acquired, then assembled to PMT-units as shown in figure 5 by
soldering the bases (see figure 12), mounting the PMT in the PVC tube, and connecting the bases to
the connectors on the flanges with the spring in-between. For 10% of the PMTs, the QE has been
measured in the laboratory. All PMT units have been tested in specialized setups [19, 20]. Besides
testing the general functionality, the linearity was measured at two gains - at the nominal gain of
7 x 10° as well as at a gain of 5 x 10, the operating gain in the experiment. An example for the
nominal gain to validate the specification of the producer is given in figure 11-Bottom. The full
number of modules was delivered to the Observatory.

5 SSD quality control and validation

Quality control and validation tests were systematically performed at each of the production sites
for each SSD produced. Although for practical reasons each site used slightly different equipment,
common validation criteria and test procedure were followed at each site. These included light-
tightness, and several requirements related to the signal from vertical minimum ionizing particles
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Figure 11. Top: example of measured QE of several PMTs in the spectral range of interest where the lines
indicate the specified minimum QE of 18% at 500 nm. Bottom: the linearity measured for one PMT operated at
the nominal gain of 7 x 10° with different openings of the iris diaphragm. For each iris setting, 10 different
absorption filters set the incoming light intensity. The horizontal dashed line marks the maximum allowed
deviation from linearity (95%) and the vertical line marks the specification of 150 mA for the minimum linear
peak current [19].

(MIPs) — namely full efficiency and homogeneous response, and a mean signal charge well above
a qualification threshold of 15 single photo-electrons (SPE).

Constant attention to the quality of parts, with careful visual inspection during production,
prevents including faulty or malfunctioning elements. Any non-conformance observed during the
assembly procedure or test phase was reported, documented and corrective actions were taken.

Before closing the modules, the assembled ends of all the fibers are systematically inspected
through the cookie window, first before and then after gluing them into the cookie. A uniform
illumination of all the module allows a check that all fibers ends are visible (no broken fibers or
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Figure 12. Hamamatsu R9420 PMT soldered to a custom-designed ISEG base.

Figure 13. Photograph of a cookie after the gluing of the fibers: the 96 (2 x 48) fiber ends are seen through the
cookie window and are shining uniformly. The module is still open and uniformly illuminated by ambient light
when this picture is taken.

retracted fibers hidden by others, no air bubbles in front of fibers end). A photograph of the cookie
is taken and archived (figure 13).

Once the cover is sealed and riveted, the module is moved to a test bench, equipped with a
PMT and connected to a DAQ system. The PMT/base used are of the same type as the final ones,
but for the test the PMT is run at the larger nominal gain of 7 x 10° compared to 5 x 10* when
operated in the field, in order to make the single photo-electron calibration possible. Some setups
include additional signal amplification.

The check for light leaks is carried out by monitoring the dark count rate under varying
illumination conditions (blanket cover/uncover or day/night difference or by scanning the module
using a bright light source).

After the light-tightness is assessed, the detector response and efficiency are studied using
cosmic-ray muons. For this, different setups are employed at the different sites, making use of available
equipment, ranging from a simple telescope made of plastic scintillators pads (figure 14-Right) to full
mapping with high granularity hodoscopes using streamer tubes or RPCs (figure 14-Left). A minimum
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Figure 14. Left: one of the cosmic-ray test benches used. Right: a schematic drawing of the measurement setup
consisting of an x-y scanner using 2 scintillator pads over the SSD (in blue).

requirement was to have two particle detectors working in coincidence, that would provide a trigger
over a fraction of the SSD active area. The measurement should cover as large and as representative
a part of the SSD area as possible. This was done by building the external detectors so they cover
a fraction of all scintillators, on both sides of the SSD, during a measurement, or alternatively by
moving smaller detectors over different parts of the SSD in the course of a test run. Independently
of the setup used, the goal is to make sure that the module meets the required efficiency, uniformly
across the two scintillator panels, and to characterize its response to single through-going muons.
Data is taken over a period of about 12 h triggering on external detectors.

The total efficiency of SSDs is measured in testing, as well as the uniformity of response over the
active area of the detector; an example is shown in figure 15. Institutions that had the advantage of
high-resolution detectors performed more detailed studies of some detectors.

These results showed that signals from individual scintillator bars deviate typically by no more
than 10% from the average. Signals from opposing ends of a scintillator bar differ by ~ 5%, due to light
attenuation in the fiber. For routine measurements at all sites, the shape of the MIP peak is used as an
estimate of detector uniformity. This analysis is based on a histogram of all recorded signals obtained by
triggering on quasi vertical muons. If a significant part of the detector were inefficient, it would cause a
deformation of this peak. A Gaussian fit sigma of the order of 30% of the mean value for quasi-vertical
muons is a sign of satisfactory uniformity of the tested SSD. Another test is done by measuring the trigger
rate of each SSD. Any significant deviation from the expected trigger rate (which should be stable for a
fixed electronics setup) would be an indication of some problem with a given SSD. A trigger rate smaller
than expected could be caused by some damage in a part of the active area of the SSD or light loss in
the cookie. All test measurements are also stored in the SSD database, including e.g. values of MIP and
SPE (charge in pC), histograms of measured signals, dark count rate, and a photograph of the cookie.

Fits of the peaks in the histograms of the signals produced by single muons are used to determine
the mean charge of the MIP in pC. An example of the MIP distribution of a single SSD module and
the corresponding fit is shown in figure 16-Left. One should keep in mind that this histogram includes
particles crossing a scintillator bar at wide range of inclination angles (approximately +20°).

The ratio of the MIP charge to the SPE charge can be used as an estimate of the quality of the
tested SSD as it reflects the efficiency of the key detector components at generating (scintillators),
collecting (fibers), and transmitting (cookie) the light.
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Figure 15. Example of efficiency and uniformity measurements as a function of the position across the module.
Top: efficiency of the two panels of one detector module. Botfom: uniformity of a detector, where the bundle of
the fibers is also visible. The colour scale indicates the average decimal-logarithm of the deposited charge in pC.
Note that the hodoscopes extend further out of the active parts of the SSD. Non-zero charges scattering outside
of the active parts are actually induced by coincidental multiple muons events.

Results from different institutions are obtained using different PMTs and thus different quantum
efficiencies. To enable some comparison, 2 or 3 detectors from each production site were sent for test
measurements to a single laboratory. These cross-tests are used to rescale the results obtained in other
institutions. The rescaled results show good agreement, with mean values of MIP/SPE ~ 25 + 2, i.e.
exceeding the design requirements by a factor of ~ 2 (see figure 16-Right).

6 The SSD final assembly and deployment

Modules from the six production sites in Europe were shipped to the Auger site by sea freight in
40-feet maritime containers. Each container could carry up to three pallets, totalling up to 51 modules
per container. Once the containers were unloaded in the yard of the Observatory, the modules were
visually inspected and stored outdoors in the yard. Only in a few cases did the modules exhibit minor
mechanical damage from handling. Information including serial numbers and date of receipt was
loaded into the inventory database. Support structures, corrugated metal sheets for sunroofs, and PMTs
and accessories were shipped separately, and after reception were stored for use in the assembly process.
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Figure 16. Left: distribution of the charge values for quasi-vertical muons as measured for a single SSD module.
The fit used here is a Gaussian distribution over a limited range to avoid a fraction of double hits (muon bundles
or showers) in the distribution tail. Charges are in pC units. Right: distribution of average MIP value in units of
SPE for a sample of the SSD detectors after rescaling.

The final assembly of the SSD modules was performed in the main hall of the Assembly Building,
which has an area of 240 m? and is equipped with shelves for storage of components, three tables with
wheels to hold and move one module each, and a bridge crane to handle the modules (approximately
120 kg each). Modules are lifted using the brackets attached to the side of the frames. The assembly
consisted of mounting the sunroof and the aluminium box which protects connections to the PMT.
The aluminium box was attached to the module with screws, and silicone was applied to ensure light
and water tightness. Support structures were also pre-assembled in the Assembly Building. For this
work, two technicians could assemble up to six modules and six support structures per day.

For the SSD deployment and installation in the field, a single truck was used. It was a four-wheel
drive Ford 4000 truck, with a crane mounted on the back and a loading area to transport the modules
(figure 17). It could carry up to seven modules simultaneously. In days of good weather, a team of
three technicians could deploy typically 6 modules per day, requiring between 7 and 10 hours. This
includes the travel time to the installation region (on average, technicians had to travel a daily distance
of 163 km), and the time to move between detectors (typically, 1.5 km of mostly off-road driving).
Deployment of SSD modules began in January 2019 and was completed in November 2021. Most
of the deployment activity was performed during the Covid-19 pandemic, which imposed additional
limitations on the availability of staff for the activity.

The PMTs for the SSD were installed in the field at a later stage to avoid damaging them
during the transport and handling of the modules. Mass deployment of SSD-PMTs was done by
different teams, which also deployed new electronics for the surface detectors and installed a small
PMT in the water-Cherenkov detectors. This activity started in October 2021 and was completed
in June 2023.

After installation, only a minimal number of SSD modules failed in the field. In one of them,
water had leaked inside the detector volume, also damaging the PMT. Another one had a defective
cookie and a third was replaced after it was exposed to a nearby bush fire which damaged its
enclosure and might have damaged its interior. Overall, the installation of 1475 SSDs has been
very efficient and successful.
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Figure 18. Signal densities, as a function of the distance to the shower core, for one of the first high-energy
events measured simultaneously with the SSD, WCD, UMD, and RD. The shower signal is measured in different
observables according to specific features of a given detector: Minimum lonizing Particles (MIP) for SSD; Vertical
Equivalent Muons (VEM) for WCD; number of muons for UMD; electromagnetic wave energy fluence for RD.
Note that the distribution of the radio signal is considerably narrower than the distribution of particles in a shower.

7  Conclusions

The upgraded Observatory, with its enhanced sensitivity to primary cosmic ray composition, afforded
in part by the SSDs, will play a fundamental role in the field of UHECRS for the next decade. The
new configuration of the Observatory will allow multi-hybrid measurements of extensive air showers
with a near-100% duty cycle. The showers will be simultaneously observed using water-Cherenkov
detectors, scintillator detectors, radio detectors and underground muon counters, as shown in the
real event displayed in figure 18.

With these techniques, it will be possible to measure the muonic and electromagnetic components
of the showers (and other characteristics) on an event-by-event basis and, therefore, help better infer the
mass of the primary cosmic rays. The improved determination of UHECR composition as a function
of energy will help us understand the origin of the suppression in the cosmic ray spectrum and identify
the regions of the nearby Universe where the UHECRs are accelerated.
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