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Abstract: Nature is providing particles with energies exceeding 1020 eV. Their existence imposes imme-
diate questions: Are they ordinary particles, accelerated in extreme astrophysical environments, or are they
annihilation or decay products of super-heavy dark matter or other exotic objects? The particles can be used
to study physics processes at extreme energies: Is Lorentz invariance still valid? Are the particles inter-
acting according to the Standard Model or are there new physics processes? The particles can be used to
study hadronic interactions (QCD) in the kinematic forward direction: What is the cross section of protons
at
√
s > 105 GeV? If the particles are accelerated in extreme astrophysical environments: Are their sources

related to those of high-energy neutrinos, gamma rays, and/or gravitational waves, such as the recently
observed mergers of compact objects?

To address these questions, a next-generation observatory will be needed after 2030 to study the physics
and properties of the highest-energy particles in Nature. It should have an aperture at least an order of
magnitude bigger than the existing observatories. We aim for a detector system with an area of 40 000 km2

or more and all-sky coverage.

1



Introduction
Nature is providing particles at enormous energies, exceeding 1020 eV – orders of magnitude beyond the
capabilities of human-made facilities like the Large Hadron Collider (CERN). At the highest energies the
precise particle types are not yet known, they might be ionized atomic nuclei or even neutrinos or photons.
Even for heavy nuclei (like e.g. iron nuclei) their Lorentz factors γ = Etot/mc

2 exceed values of γ > 109.
The existence of such particles imposes immediate, yet to be answered questions: • What are the physics
processes involved to produce these particles? • Are they decay or annihilation products of Dark Matter?1;2

If they are accelerated in violent astrophysical environments: • How is Nature being able to accelerate
particles to such energies? • What are the sources of the particles? Do we understand the physics of the
sources? • Is the origin of those particles connected to the recently observed mergers of compact objects
– the gravitational wave sources?3–8 The highly-relativistic particles also provide the unique possibility to
study (particle) physics at it extremes: • Is Lorentz invariance (still) valid under such conditions?9–14 • How
do these particles interact? • Are their interactions described by the Standard Model of particle physics?
When the energetic particles interact with the atmosphere of the Earth, hadronic interactions can be studied
in the extreme kinematic forward region (with pseudorapidities η > 15): • What is the proton interaction
cross section at such energies (

√
s > 105 GeV)?

The highly energetic particles, called ultra high-energy cosmic rays, are extremely rare: their flux is lower
than one particle per square kilometer per century. To study their properties, large detection facilities are
needed in order to collect a reasonable number of them in an acceptable time span. At present, the largest de-
tector is the Pierre Auger observatory in Malargüe, Argentina15, covering an area of 3000 km2. To increase
its sensitivity to the type of particle, at present, additional components are being installed at the observa-
tory16–18. In the northern hemisphere the Telescope Array19, located in Utah, USA, is covering an area of
700 km2, presently undergoing an extension20 to cover about 2800 km2. Objective of these installations is
to measure the properties of ultra high-energy cosmic rays with unprecedented precision in the next decade
(until ∼ 2030). Key properties include the arrival direction (on the sky), the energy, and the particle type.
When the ultra high-energy cosmic rays enter the atmosphere of the Earth they undergo (nuclear) interac-
tions and produce avalanches of secondary particles, the extensive air showers. Secondary products of these
air showers are measured with ground-based detectors. This makes it demanding to determine the particle
properties, in particular, to identify the particle type is an experimental challenge. It requires an elaborate
concept to simultaneously measure several components of the air showers16–18.
With the existing (upgraded) facilities it is expected to measure a few hands full of particles at the highest
energies (> 1020 eV) and identify their type until∼ 2030. Of particular interest will be to isolate protons (if
they exist at these energies). Maybe there are even a few neutrinos or photons. These particles can be used
to address the physics questions stated above. They are expected to point back to their sources (on the sky)
since the are electrically neutral (neutrinos, photons) or have a small charge only (protons), and are thus
only marginally deflected by the magnetic fields in the Universe. Identifying their type on an event-by-event
basis is also needed to study their interactions and thus explore particle physics at extreme energies. How-
ever, the flux of particles provided by Nature is small and to address the physics questions raised above, a
new facility is needed after 2030 with an acceptance at least an order of magnitude larger than the existing
observatories. This approach is complementary to instruments in space21;22 or large radio antenna arrays23.

A next-generation cosmic-ray detector
Size/Area At the highest energies (E ≥ 1019.6 eV) a rate of the order of 500 particles per year is expected
for a detector covering an area of 1000 km2 and 2π acceptance24;25. We assume that of the order of 5%
of those are light particles26–28 (protons or even photons or neutrinos) which could be used to address the
physics questions. We also conservatively estimate a combined detection and reconstruction efficiency of
50%. Assuming one or a system of detectors with a total aperture of 40 000 km2 or more and maximum sky
coverage one could collect more than 5 000 light particles with energies exceeding 1019.6 eV in a decade. A
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simple estimate yields that the particles could originate from less than a dozen of sources29.
Location To identify the sources, all-sky coverage would be desirable. This can be achieved by a split
observatory with sites in the northern and southern hemisphere, which would also allow to distribute the
efforts needed to build and operate the observatory. Alternatively, a single array can achieve nearly full sky
coverage, provided it has 2π acceptance and is located near the equator.
Angular resolution To identify the cosmic-ray sources it is desired to isolate light particles at the highest
energies, which are expected to point back to their respective sources. Neutral particles, such as photons and
neutrinos would be ideal candidates, since they are not affected by any magnetic fields inside our outside the
Milky Way. Also protons (with charge Z = 1) are expected to be only marginally (< few degrees) deflected
by magnetic fields at extreme rigidities30–32. Thus, a next-generation detector should have an angular reso-
lution for the arrival direction similar to the one of existing observatories16;20 around 1◦.
Energy resolution At energies above 1019.6 eV the energy spectrum of cosmic rays is steeply falling25;33.
It is therefore crucial for an observatory to have a good energy resolution in order to cleanly measure the
properties of cosmic rays34. It is important to reduce upward fluctuations in the energy measurement to a
minimum. An energy resolution of 10% to 15%, similar to the one achieved by the current experiments
seems to be a realistic target.
Particle type/mass resolution The most critical issue will be to identify the type of the incoming particle
since the nature of the air showers limits the achievable resolution. The measurable quantities are only pro-
portional to the logarithm of the nuclear mass A of the primary particle. One needs to measure the ratio of
the electromagnetic to the muonic shower components with a resolution around 15% or, alternatively, the
depth of the shower maximum with a resolution better than 20 g/cm2 in order to achieve a resolution in lnA
of 0.8 to 116;35.
Multi-Messenger sky observations Observing the high-energy Universe with all messengers (cosmic rays,
neutrinos, gamma rays, gravitational waves) will be a key to fully understand (astro)physical processes un-
der extreme conditions. The design of the future observatory will be optimized for maximum impact on
muti-messenger (astro)physics, with optimal sensitivities for cosmic rays, neutrinos, and gamma rays.
Example design Potential designs of detectors have been discussed recently36;37. As an exemplary illustra-
tion we sketch a potential design as part of a Global Cosmic Ray Observatory38. Most critical will be a good
mass resolution. This necessitates the measurement of several air shower components simultaneously. A
promising approach is the use of segmented water Cherenkov detectors39;40. They will be used to measure
the muonic component for all air showers with full sky coverage. The will also measure the electron-to-
muon ratio for vertical showers. Radio antennas on top of the detector, e.g. similar to the ones from the
Auger Radio Detector18;41, will provide a calorimetric measurement of the electromagnetic shower compo-
nent with high precision. In particular, this will allow to measure the electron-to-muon ratio for horizontal
air showers. Fluorescence detectors could be included42–45 to measure the calorimetric shower energy and
the depth of the shower maximum, or, also a large stand-alone array of fluorescence detectors could be an
option. A possible implementation is illustrated in Figure 1:41;46 About 10 000 detector stations are arranged
with about 2 km spacing on an area of 200× 200 km2 complemented by fluorescence detectors.

radio antenna

segmented water 
Cherenkov detector

(a) The telescope frame, showing four PMTs at the
focus of a 1.6 m diameter segmented mirror. The sup-
port structure is made from aluminium profiles. The
UV filter can be seen attached to the periphery of the
camera box.

(b) The dimensions of the FAST prototype telescope’s
optical system. Da is the diameter of the telescope
aperture, Di is the side length of the square camera
box, Dm is the diameter of the primary mirror, and l is
the mirror-aperture distance.

Figure 1: The mechanical and optical design of the full-scale FAST prototype telescopes.

2. The FAST prototype telescopes

2.1. Telescope design
A lensless Schmidt-type optical design was adopted for the full-size FAST prototype [15].

In a typical Schmidt telescope a corrector plate is placed at the entrance aperture (located at the
mirror’s radius of curvature, a distance of 2 f , where f is the focal length) to facilitate the control of
o↵-axis aberrations: coma and astigmatism. The coarse granularity of the FAST camera, having
only four PMTs each covering an angular field-of-view of ⇠ 15�, allows the requirements on
the size and shape of the telescope’s point spread function to be relaxed. The FAST prototype
telescope therefore forgoes the use of a corrector plate, utilises a reduced-size mirror, and uses a
shorter distance between the mirror and the camera relative to a regular Schmidt telescope, with
the entrance aperture located closer to the focal surface.

The dimensions of the FAST prototype telescope are shown in Fig. 1b. An octagonal aperture
of height 1.24 m is located at a distance of 1 m from a 1.6 m diameter segmented spherical mirror
(radius of curvature ⇠ 1.38 m). The design fulfils the basic FAST prototype requirements, with
an e↵ective collecting area of 1 m2 after accounting for the camera shadow, and a field-of-view of
30� ⇥ 30�.
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Fig. 1. This map shows the overview of the TA site. Each green circle in the northeast and southeast corre-
sponds to the planned location of each TA×4 SD. The spacing of TA×4 SD is 2.08 km. The red circle in the
west shows the location of TA SD. The spacing of TA SD is 1.2 km. The 2 fan shapes drawn with black lines
describe the expected field of view from TA×4 FDs. 4 telescopes of FD will be built in the north Middle Drum
site and 8 telescopes of FD will be built in the south Black Rock site. The overlap of the locations of SD and
the field view of FD enables SD and FD hybrid observation.

4. Summary and Future Prospects

The assembly of first 173 TA×4 SD is in progress. We found that the assembled TA×4 SDs show
number of photo electrons with smaller difference than TA SDs from the calibration of single muons.
We also found that PMTs of TA×4 SDs have wider linear range than TA SDs and the ADC of the
electronics limits the range. We already finished assembling 100 SDs. These SDs will be deployed in
winter 2017. The construction of TA×4 FDs will be started also in 2017. The assembled TA×4 SDs
seem to realize the expected data quality for now. These detectors will enables us to study highest
energies in more detail in the near future.
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Figure 1: Exemplary illustration of a next-
generation cosmic-ray experiment, covering an area
of 40 000 km2 with an array of segmented water-
Cherenkov detectors and radio antennas46 as well
as fluorescence telescopes. For comparison, the
circumference of the existing observatories is indi-
cated.
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