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The highest-energy cosmic rays measured with the Pierre Auger Observatory over the past decade
provide us with unprecedented glimpses into their origin and properties. Improvements to this un-
derstanding will come from a major upgrade stage of the Observatory denominated AugerPrime.
The upgrade program will include new plastic scintillator detectors on top of all water-Cherenkov
detectors, faster and more powerful electronics, and the extension of the dynamic range. Com-
plementing the water-Cherenkov detectors of the surface array with scintillator detectors, we will
be able to evaluate the muonic component of the showers better and thus to estimate the primary
mass of the ultra high energy cosmic rays on an event by event basis, reaching the region of the
flux suppression. The enhanced information on composition will allow us to perform anisotropy
studies on selections of mass groups and to explore the hadronic interactions in an unexplored
energy and kinematic region. After introducing the physics motivation for upgrading the Auger
Observatory, the planned detector upgrade and the technical realization will be presented, with an
emphasis on the expected performance and the improved physics sensitivity.
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1. Introduction

The investigation of the data set gathered with the Pierre Auger Observatory[1] has resulted in
major progress in the field of ultra-high energy cosmic rays (UHECRs), but a coherent understand-
ing has not yet been accomplished [2]. An upgrade of the Auger Observatory (named AugerPrime
[3, 4] ) has been arranged to broaden the composition sensitivity of the Observatory into the flux
suppression region of the spectrum. The major point of AugerPrime is to derive the primary mass
of the highest energy cosmic rays on a shower-by-shower premise, providing supplementary mea-
surements of composition-sensitive observables. The search for the origin of the flux suppression
will set key limits on the possible astrophysical sources and will enable us to determine more
accurate estimates of gamma-ray and neutrino fluxes at ultra-high energy. The measurement of
the flux contribution of protons will enhance the physics capability of existing and future cosmic
ray, gamma-ray and neutrino detectors. With such a specific end goal, the aim of AugerPrime is
to achieve a sensitivity of as little as 10%, in the flux contribution of protons in the suppression
region. The determination of the primary mass composition of ultra-high energy cosmic rays is
profoundly connected with our comprehension of extensive air showers and hadronic interactions.
In the Auger data, there is a controversy between the observed and expected muon numbers, there-
fore it is of fundamental importance to examine the hadronic multiparticle production in extensive
air showers.

2. The Detector Upgrade

The AugerPrime upgrade is composed of many enhancements to the Pierre Auger Observatory.
The most crucial is a thin scintillation detector (called the Surface Scintillator Detector (SSD))
positioned over, and triggered by, each of the existing water-Cherenkov detectors (WCD).

An SSD unit consists of a box of area 3.8mXx 1.3m, containing two scintillator sub-modules,
each composed of 24 bars of extruded scintillator bars of about 1.6m length, Scm width and Iem
thickness.The 3.8m? scintillator planes are housed in light-tight, weatherproof enclosures, attached
to the existing WCD with a strong support frame (see Figure 1). The scintillator light is read out
with wavelength-shifting fibres (Kuraray Y11(300)M S-type) inserted into straight extruded holes
in the scintillator planes, which are bundled and attached to a single photomultiplier tube (PMT).
As PMT the 8-stage, 38mm diameter Hamamatsu R9420 has been selected as baseline design. It
has a bi-alkali photo-cathode, with a quantum efficiency of about 18% at the wavelength of 500 nm
and a very linear response.

The other essential improvement introduced in the AugerPrime program is the redesign of the
electronics of the WCD and the increase of its dynamic range (three times the present). The new
electronics will process both WCD and SSD signals that will be sampled synchronously at a rate
of 120 MHz. Moreover the data will take advantage of better timing accuracy and faster ADC
sampling. A new GPS receiver will permit a timing accuracy of 5 nanoseconds, about a factor two
superior to the present system. The use of a more powerful processor and FPGA allows better data
processing and the setup of more advanced local triggers. The dynamic range of the WCD will be
improved by a factor 32 with an additional small (1) PMT that will be inserted in the WCD.
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Figure 1: Left: The design of the Surface Scintillator Detector (SSD); Right: One station of the AugerPrime
Engineering Array.

To confirm and calibrate the techniques used to separate shower muon content utilizing the
SSD and WCD stations, an underground muon identifier (AMIGA) will be introduced to give an
immediate estimation of the muon content of a sample of showers observed by the SSD [5].

The Auger Fluorescence Detector (FD) [6] provides information about extensive air showers
such as a model-independent energy reconstruction and their longitudinal development profiles.
The main limitation of the FD is its duty cycle, as of now at the level of 15%. A significant
increase of the duty cycle is conceivable by the extension of the FD operation to times at which a
larger fraction of the moon in the sky is bright. During such operating conditions the PMT gains
must be compensated by bringing down the supplied high voltage to avoid a high anode current
that will produce a deterioration of the PMTs. The HV power supplies utilized for the FD permit
exchanging between two high voltage levels and the PMTs can be operated at the nominal gain
(standard operation mode) and at a lower gain (new operation mode for high night sky background).

3. Science Impact of the Upgrade

The density of muons is the most direct composition-sensitive and model-independent ob-
servable to be obtained from the upgraded detector array. The signal responses to particles of the
muonic and electromagnetic shower components in the two detectors (SSD and WCD) enable one
to infer the muonic signal on a single station premise. This can be understood by comparing the
signal for different shower components as shown in Figure 2. Over a wide range in lateral sepa-
ration, the ratio between the integrated signal of electromagnetic particles (photons and electrons)
and that of muons is more than a factor two higher in an unshielded scintillation detector compared
with a WCD [4].

One of the fundamental purposes of the physics capacity of the Auger Upgrade is that of
being capable to contradistinguish different composition and, accordingly, physics scenarios in the
energy range of the flux suppression.This is troublesome to establish without an a priori knowledge
of composition. Thus two benchmark spectra have been picked as portrayals of a maximum-rigidity
scenario (scenario 1) and a photo-disintegration scenario (scenario 2), as explained in [7].

Figure 3 shows the mean depth of shower maximum (Xjax ) and the corresponding & (X, ) for
these scenarios, using only the data of the upgraded observatory stations (Surface Detector). The
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Figure 2: Ratios between the electromagnetic component and the muonic component of different contri-
butions to the integrated signal detected for air showers of 10?° eV at two zenith angles. The label“WCD”
corresponds to the Water-Cherenkov Detectors, and the “SSD” to the surface scintillator detectors.
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Figure 3: Predicted Xyax and 6(Xmax) for the two benchmark scenarios ( Scenario 1: maximum-rigidity;
Scenario 2: photo-disintegration

0 (Xmax ) encloses the intrinsic air-shower fluctuations and the detector resolution. In the Figure are
shown also the expectations for pure proton and pure iron compositions.

The mean Xpax and o (Xpax ) are comparable for the two scenarios up to 10'%% eV. This is
the energy range included in the data of the fluorescence telescopes. Going forward into the sup-
pression region, the models foresee significantly different extrapolations and the two scenarios can
be distinguished with high significance and statistics. Moreover, the availability of the muon in-
formation event-by-event allows studies of the aspects of hadronic interactions and will allow the
selection of events in the cutoff region enriched with light elements, improving the capability of
the Observatory to identify the possible sources of UHECRs.
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Figure 4: Left: Measured dynamic range of one SSD detector, the detector is linear within 5% up to 16000
particles. Right: ratio between the SSD and the WCD particle density versus the distance from the shower
core (detectors without signals have been excluded)

4. Status of the Upgrade

The first twelve stations of the Engineering Array(EA) of AugerPrime were assembled in
Europe and deployed in the Pierre Auger Observatory in September 2016. A part (9 detectors) of
the EA is located inside the standard 1500 m array while the rest of the stations are in the more
dense area of the 750 m spaced array. The EA has been in continuous data taking mode since
October 2016 and has collected more that 30000 local triggers.

The performance of the upgraded stations has been monitored with the data collected by the
EA. The upgraded stations produce signals that are in good agreement with expectations.

Crucial to the measurement of primary mass with the upgraded stations are the detectors view-
ing a large number of particles. To avoid saturated stations close to the shower core a strong effort
in the upgrade has been dedicated to the extension of the dynamic range of the WCD and in pro-
viding an acceptable dynamic range for the SSD. In Figure 4 (left) is shown the measured dynamic
range of one of the SSD stations in the EA. The figure shows that the SSDs are linear within 5% up
to a signal of 20000 particles. The SSDs are more sensitive to the electromagnetic component of
the extensive air showers. The lateral density function (LDF) of SSD signals is higher than the cor-
responding LDF of the WCD in the region close to the shower axis (see Figure 4 (right)). Far from
the shower core the showers are dominated by the muons and the signal density in the two detectors
is similar. The different responses of the two detectors to the two main components of extensive
air showers is the key tool to identify the mass of the primary cosmic rays on an event-by-event
premise [4].

5. Conclusions

AugerPrime promises high-quality future data. With operation planned from 2018 until 2024,
event statistics will more than double compared with the existing Auger data set, with the critical
added advantage that every event will have mass information and will allow a better addressing of
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some of the most pressing questions in UHECR physics. The use of composition-sensitive infor-
mation will help to better reconstruct the properties of the primary particles at the highest energies,
and will improve the measurements in the important energy range just above the spectral ankle.
Furthermore, measurements with the new detectors will help to reduce systematic uncertainties
related to modeling hadronic showers and to the restrictions of reconstruction algorithms. This
enhanced knowledge of air-shower physics will permit a re-analysis of existing data for improved
energy assignments, for mass composition studies, and for photon and neutrino searches. A new
agreement has been signed between the funding agencies in November 2015 extending the acqui-
sition period of the Pierre Auger Observatory until 2024 and supporting the AugerPrime upgrade.
The start of the deployment of the upgraded stations is expected in January 2018.
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