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Unraveling the origin and nature of ultra-high-energy cosmic rays (UHECRs) stands as an essential
inquiry in astroparticle physics. Motivated by new observational capabilities, the Fluorescence
detector Array of Single-pixel Telescopes (FAST) emerges as a promising next-generation, ground-
based UHECR observatory. FAST will employ a cost-effective array of cutting-edge fluorescence
telescopes, each equipped with four 200 mm diameter photomultiplier tubes positioned near the
focal plane of a segmented 1.6 m diameter mirror. Currently, there are three prototypes in op-
eration at the Telescope Array experiment and one at the Pierre Auger Observatory. Together
they enable remote observation of UHECRs in both hemispheres using the same technology.
Here, we present recent developments regarding a new generation of prototypes, including hard-
ware/software updates and installation plans, together with recent progress in signal detection and
data reconstruction.
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1. Introduction

Recent advances in ultra-high-energy cosmic ray (UHECR) detection have significantly en-
hanced our understanding of cosmic rays and their potential sources [1]. However, firm conclusions
as to the origin of these particles have yet to be made. This is, in part, because the flux of cosmic rays
at such high energies is incredibly low, less than one particle per square kilometer per century. This
presents a significant challenge in gathering enough data to make statistically significant claims. It
is thus crucial that future observatories instrument extremely large areas, ideally with detectors that
are low-cost, robust and capable of autonomous operation.

The Fluorescence detector Array of Single-pixel Telescopes (FAST) is a candidate for such
a future observatory. The primary motivation for the FAST project is to investigate the origin
of UHECRs above energies of 1019.5 eV, where the trajectories of primary cosmic rays are less
influenced by the magnetic fields in the universe, making it possible to more accurately trace
their trajectories back to their sources. FAST intends to deploy a large, cost-effective array of
fluorescence telescopes. These telescopes measure the fluorescence light emitted by extensive air
showers (EASs) generated from primary cosmic rays interacting with the Earth’s atmosphere. By
analysing these showers the energy, mass composition, and arrival direction of the primary cosmic
rays can be estimated.

Compared to the expensive, highly-pixelated cameras used in the other observatories like the
Pierre Auger Observatory (Auger) [2] and Telescope Array experiment (TA) [3], the FAST telescope
design is greatly simplified, utilising just four large photomultiplier tubes (PMTs). This design
reduces costs and allows for the possibility of deploying an extensive network of detectors across
both the northern and southern hemispheres. By utilizing telescopes with identical technology,
direct comparisons between the northern and southern skies will be possible, a desirable feature for
a next-generation UHECR observatory.

2. FAST prototypes

The FAST design features a telescope with a field of view (FoV) of 30° × 30°, covered by a
camera containing four PMTs positioned at the focal plane of a 1.6 m diameter mirror, consisting of
nine segments [4]. This simplified configuration enables the deployment of many FAST telescopes
across a very large area. The core concept of FAST involves an array of fluorescence detector (FD)
stations, each equipped with 12 co-located telescopes, collectively providing a 360° azimuthal FoV.
These stations are arranged in a triangular grid with a spacing of approximately 20 km, which can be
optimized based on the desired energy threshold for detection. This large spacing allows for efficient
coverage of extensive areas while maintaining the sensitivity needed for UHECR observations.

Currently, five FAST prototype telescopes have been installed across both hemispheres. Three
telescopes are operational [5] at the Black Rock Mesa site of TA in the United States, covering
about 80% of the FoV of the nearby TA FD. The remaining two are installed at the Los Leones
site of Auger in Argentina, where one is operational, covering approximately 17% of the Auger
FD’s FoV. All FAST telescopes are operated remotely, with triggers for taking data provided by the
parent observatories (TA/Auger).
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Figure 1: A second-generation FAST prototype including a new enclosure with the solar power system,
four-segmented mirror and a safety curtain.

3. Towards FAST mini-array

The FAST collaboration aims to establish the FAST mini-array, which will consist of six
telescopes arranged in a triangular layout, with two telescopes at each vertex. This configuration
will facilitate stereo observations and enable the independent reconstruction of EASs.

In the first phase, scheduled for 2025, two telescopes will be installed 10 km from the current
FAST prototype position to test the capabilities of stereo observations. This adjustment reduces the
original separation between the two FAST sites from 20 km to 10 km, thereby enhancing statistics
for stereo events during these initial tests. The second phase, planned for 2026, will involve
the installation of two additional telescopes, completing the triangular layout with a spacing of
16 km between each pair of telescopes. This configuration will focus on higher-energy cosmic ray
observations.

A second-generation prototype has been developed for the FAST mini-array, featuring a stream-
lined design with a reduced number of mirror segments from nine to four, as depicted in Fig.1. The
mirror production process has also been simplified using hot slumping techniques, which reduce
overall production time compared to the traditional grinding and polishing methods. Furthermore,
a new enclosure has been designed which includes a solar power system, environmental monitoring
sensors and electronics, enabling each FAST telescope to operate fully autonomously.

4. Data processing

The signal detection algorithm for data collected by FAST telescopes relies on smoothing
the waveform using a weighted moving average. For each time bin, a weighted signal ratio 𝑅w
is calculated using Eq. 1, where the maximum background value is max(𝑁BG), the minimum
background value is min(𝑁BG), the mean background value is 𝑁BG and the value of the waveform
at the 𝑖-th time bin is 𝑁 (𝑖). A signal is identified if the maximum of 𝑅w(𝑖) over all bins exceeds a
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(a) (b)

Figure 2: Distributions of the relative-signal-maximum as a function of event energy log(𝐸) (left) and
impact parameter 𝑅p (right) for the FAST telescopes at Auger (red) and TA (green).

predetermined threshold. This algorithm has successfully detected hundreds of event coincidences
between FAST and its parent observatories.

𝑅w(𝑖) =
𝑁 (𝑖) − 𝑁BG

max(𝑁BG) − min(𝑁BG)
(1)

To evaluate the sensitivity of FAST telescopes across both hemispheres and ensure comparable
performance, we analyze the relative signal maximum, defined as the signal size relative to the back-
ground, which can vary due to differences in night sky brightness. The relative-signal-maximum
distributions shown in Fig. 2 indicate good agreement between the two FAST locations.

For event reconstruction, we employ a top-down approach that directly compares signal de-
tected by the telescopes with signal estimated by EAS simulations through Monte Carlo methods.
Currently, we use reconstructed shower parameters from TA or Auger as initial values in our top-
down reconstruction process. Despite this reliance, we have successfully reconstructed hundreds
of events and conducted an initial comparison of showers between TA and FAST.

In addition to these methods, we are integrating machine learning into the reconstruction
process to provide a first guess to the top-down reconstruction to enhance both accuracy and
efficiency. The machine learning strategy has been tested in a simulation study of the FAST
mini-array, yielding encouraging results.

In reference [6], data from FAST@TA up to September 2019 was analyzed for coincidences
with the TA FD, resulting in the identification of 21 events with energies exceeding 1018 eV.
Reference [7] presented preliminary results from the analysis of data collected between October
2019 and February 2023. This analysis employed a top-down reconstruction approach to estimate
𝑋max and energy, yielding 11 event coincidences with the TA monocular reconstruction, all with
reconstructed energies above 1018 eV.

Since 2023, the data analysis process has been updated, with the top-down reconstruction now
being used to reconstruct not only the 𝑋max and energy of observed showers but also the geometry.
An example of this "full-parameter reconstruction" is shown in Fig. 3. The event depicted was
detected on 2019/01/11 at 06:30:01 by both TA and FAST. The figure shows the signal detected by
the four FAST PMTs as well as simulated signals calculated using the TA reconstructed parameters
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Figure 3: The response of the FAST PMTs to the event on 2019/01/11 at 06:30:01 at TA is shown. The red
histogram represents the detected signal, while the black dotted line shows the initial simulation guess, and
the solid black line represents the best-fit simulation.

and FAST reconstructed parameters. Table 1 shows the TA and FAST reconstructed parameters for
this event. The FAST reconstruction exhibits promising precision.

TA-Mono FAST
Energy [EeV] 0.93 0.56 ± 0.11
𝑋max [gcm2] 663 764 ± 124
Zenith [deg] 20.4 20.5 ± 0.2

Azimuth [deg] -138.8 -126.4 ± 1.8
Core x [m] 14240 14266 ± 19
Core y [m] 11880 11984 ± 37

Table 1: The preliminary result of an event reconstructed by FAST is compared to the corresponding
TA event from monocular reconstruction, with statistical uncertainties taken into account. This event was
detected on 2019/01/11 at 06:30:01.

5. Summary

The FAST project, dedicated to observing UHECRs using low-cost fluorescence telescopes,
is entering a new phase with the development of the FAST mini-array. This upgrade will enable
stereo observations and independent reconstruction of EASs. We have outlined the steps leading to
the FAST mini-array, including enhancements to the optical system and the introduction of a new
enclosure that enables the telescopes to operate fully autonomously.

We also discussed advancements in signal detection that allowed us to find several hundred
event coincidences between FAST and its parent observatories. Additionally, we presented a
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preliminary study comparing the sensitivity of FAST telescopes at both the TA and Auger locations,
demonstrating that the telescopes perform equivalently. Furthermore, we highlighted improvements
in the data reconstruction process that allow for a "full-parameter" reconstruction. With the same
technology deployed in both hemispheres, FAST is well-positioned as a promising candidate for a
next-generation UHECR observatory.
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