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Ultra-high energy cosmic rays (UHECRs), whose energy are beyond 1018 eV, are the most energetic
particles we have ever detected. The latest results seem to indicate a heavier composition at the
highest energies, complicating the search for their origins. Due to the limited number of UHECR
events, we need to build an instrument with an order of magnitude larger effective-exposure to
collect UHECRs in future decades. The Fluorescence detector Array of Single-pixel Telescopes
(FAST) is a proposed low-cost, easily deployable UHECR detector suitable for a future ground
array. It is essential to validate the telescope design and autonomous observational techniques
using prototypes located in both hemispheres. Here we report on the current status of observations,
recent performance results of prototypes, and developments towards a future mini-array.
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1. Recent progress and open questions of ultra-high energy cosmic rays

Ultra-high energy cosmic rays (UHECRs) are the most energetic particles ever detected at
Earth. They are thought to be related to extremely energetic astrophysical phenomena. However,
there is still no clear indication of their origins. Two leading experiments, Pierre Auger Observa-
tory (Auger) [1] and Telescope Array experiment (TA) [2, 3], have been conducting cosmic-ray
observations with combinations of surface detector arrays (SD) and fluorescence detectors (FD).
After more than 15 years observations with Auger and TA, there is evidence for possible source
candidates and a heavier mass composition at the highest energies [4]. Figure 1 shows the depth
of air-shower profile maximum (𝑋max) measured by several experiments [4]. Since 𝑋max is a proxy
for measuring primary particle composition, we can infer that the primary composition becomes
proton-dominated at above 1018 eV and gradually changes to heavier nuclei at the highest energies.
This feature is important to understand when searching for UHECR origins, because heavier nuclei
are strongly deflected by magnetic fields during thier propagation.

Figure 1: Depth of air-shower profile maximum (𝑋max) measured by several experiments. The left shows
mean 𝑋max and the right is standard deviation of 𝑋max. Results imply UHECR mass getting heavier at the
highest energies [4].

The flux of UHECRs follows a power-law function ∼ 𝐸−3, where 𝐸 is the primary energy of
UHECR, so the flux of particles at the highest energies is very low. In addition, interactions with
the cosmic microwave background via the Greisen-Zatsepin-Kuzmin process further suppress this
flux [5, 6]. Therefore, collecting sufficient statistics for source identification requires a huge effective
detection area. To achieve this, low-cost, easily deployable and maintenance-free autonomous
detectors are essential for the next generation observatories. Several projects are ongoing to realize
the next generation of UHECR astronomy [7–11].
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2. Fluorescence detector Array of Single-pixel Telescopes (FAST)

Fluorescence detector Array of Single-pixel Telescopes (FAST)1 is one of the next-generation
UHECR projects, which aims to observe UHECRs via atmospheric fluorescence light emitted by
extensive air showers [12, 13]. FAST is designed to achieve 106 km2 sr yr exposure with 500 stations
spread over 150 000 km2, which is an order of magnitude higher than that of Auger and TA. Each
station will consist of 12 FAST telescopes. A single FAST telescope has a 1.6 m diameter segmented
mirror and four 20 cm photo-multiplier tubes (PMTs) at the focal plane of the mirror [14].

FAST focuses on the detection of UHECRs with energies above 3 × 1019 eV. Ten years of
operation will enable FAST to investigate the energy spectrum beyond 3 × 1020 eV, as shown in
Figure 2(a). Applying neural network reconstruction to the Monte-Carlo simulations, we find the
energy and 𝑋max resolutions to be 8 % and 30 g cm−2 at 4 × 1019 eV [15]. The reconstructed 𝑋max
distribution for simulated proton and iron primaries with three hadronic interaction models are
shown in Figure 2(b).
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Figure 2: Simulated performance with full-scale FAST array compared to the current observatories. Left:
Expected FAST sensitivity in 1 year and 10 years. Right: Reconstructed 𝑋max distribution for proton (red)
and iron (blue) primaries with three hadronic interaction models [15].

Compared to current-generation FDs, the design of FAST is simplified to meet the financial and
deployability requirements. Therefore, the observation and analysis techniques need to be validated
and confirmed before proceeding to mass production. Observations and performance evaluations
are being carried out using prototype telescopes located at the Auger and TA sites. Three prototypes
have been deployed at the TA Black Rock Mesa site (FAST@TA), and two prototypes at the Auger
Los Leones site (FAST@Auger), as shown in Figure 3. Here we report the current status of
observations conducted thus far as well as the performance evaluation from the data collected.
Furthermore, we plan to build a small prototype array of FAST (FAST mini array) with 20 km
spacing at the Auger site. Developments regarding the FAST mini array are also reported.

1https://www.fast-project.org
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FAST@TA FAST@Auger

Figure 3: FAST prototypes in the Auger and TA site. Left: Three prototypes at TA are in operation. Right:
Two prototypes at Auger. The second telescope (left in the picture) is not in operation yet [15].

3. Observation status and performance estimation of FAST prototypes

FAST@TA has a field of view (FoV) of 30◦×120◦, and overlapping the TA FD FoV. FAST@TA
has observed cosmic rays since 2016 with an external trigger from the TA FD, except for a break
due to COVID-19. The total observation time is 637 hours. The FAST data analysis is based
on the maximum likelihood technique, which compares observed waveforms with expected ones
from simulations. The simulated reconstruction performance of FAST@TA is reported in another
ICRC contribution [16]. Figure 4 shows a UHECR event detected by FAST@TA in January 2019.
The event was also detected by TA FD. The best fit model agrees well with observed data. The
reconstructed energy and 𝑋max by FAST@TA are 1.7 × 1018 eV and 816 g cm−2. We have reported
59 significant events between March 2018 and October 2019 in the previous ICRC [17]. We found
additional 20 UHECR candidates since 2019. They are being analyzed and compared with the TA
FD analysis.
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(a) FAST event display (b) TA event display

Figure 4: An example of the coincidence UHECR event measured with FAST@TA and TA FD. Left:
Comparison of observed data (red) and the best fit model (black). Right: TA FD event display of the same
event, overlapping the field of view of individual PMTs of FAST@TA. Colors show relative timings and the
number of photo-electrons recorded by TA FD PMTs.

One prototype telescope at FAST@Auger has been in regular operation since 2019. A second
prototype was installed in 2022 and is waiting for the installation of electronics later this year.
Analysis comparing FAST@Auger data with Auger FD data is being conducted. Figure 5 shows an
example of the coincidence UHECR event measured with both FAST@Auger and Auger FD. The
reconstructed energy and 𝑋max by FAST@Auger are 1.12 × 1018 eV and 632 g cm−2 .
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(a) FAST event display (b) Auger event display

Figure 5: An example of the coincidence UHECR event measured with FAST@Auger and Auger FD. Left:
Comparison of observed data (red) and the best fit model (black). Right: Auger FD event display of the same
event, overlapping the field of view of individual PMTs of FAST@Auger.

4. Developments for the FAST mini array

FAST will deploy 500 stations over an unprecedented area, and is expected to observe UHECRs
for more than 20 years. Stand-alone observations with autonomous telescopes are crucial. We will
build the FAST mini array with six FAST prototypes at the Auger observatory to validate our
concept. Developments and optimizations of the prototype telescope design are ongoing. Here we
report on new electronics, a new enclosure, low-cost mirrors and upgraded PMTs.

The current FAST electronics is based on off-the-shelf commercial electronics that receives
external triggers to record PMT waveforms. New custom electronics will enable us to issue internal
triggers and perform data taking independently. The prototype custom electronics are being tested
in Osaka Metroplotian University as shown in Figure 6(a).

(a) New custom electronics (b) Onsite test (c) A signal expected from an exten-
sive air shower

Figure 6: New custom electronics and onsite test. Left: prototype circuit boards of new custom electronics,
Middle: Onsite test, Right: Recorded signal with the custom electronics triggering by external triggers.
Signal seems to be from extensive air showers.

The firmware development for stand-alone observations is in progress. Onsite tests of the
prototype electronics with external triggers were carried out in November 2022. Figure 6(b) shows
the picture of the test performed at the TA site. We were able to trigger on a signal expected from
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an extensive air shower as shown in Figure 6(c). Time coincidence signals were confirmed in other
PMTs.

Optimizations of the telescope design and its enclosure to further reduce costs are continuing.
Figure 7(a) shows a new telescope design with reduced weight and a mirror with fewer segments.
The new enclosure has been constructed in Olomouc, Czech Republic as shown in Figure 7(b).
The enclosure was designed to fulfill deployabilty requirements. A solar panel is equipped on the
enclosure for stand-alone observation. Batteries are charged during daytime through the solar panel
and used for the observation. Field tests will be performed at Ondrejov, Czech Republic.

(a) A conceptual design of new
FAST

(b) An enclosure for future prototypes (c) A comparison of angular effi-
ciencies

Figure 7: Developments for the FAST mini array. Optimization of telescope design is being discussed and
some components are already produced for the next prototypes.

The new mirror design and simplified manufacturing process will speed up production. Fig-
ure 7(c) shows a comparison of the directional efficiencies of the telescope optics between the
design upgrade from nine segments to four segments. The 4-segment upgrade shows nearly iden-
tical efficiencies as the original 9-segment design with a maximum local difference of less than
3 %.

Calibrations and developments of the PMTs are being performed. The new PMTs (R14866)
are manufactured by Hamamatsu K.K., and have better uniformity in the angular photo detection
efficiency than the old design (R5912). Figure 8 shows the measurement setup and results of
uniformity evaluation using the new and old PMTs. Upgrading the design of the new PMT
improved the uniformity by 20 % on average. The temperature dependence of the PMT gain is also
measured for the calibration.

5. Summary

The detection of UHECRs with an order of magnitude larger statistics is essential for shedding
further light on their origins and properties. FAST is one of the next generation UHECR exper-
iments using the atmospheric fluorescence technique. FAST prototypes are in stable operations
in both hemispheres. Performance estimations with the collected data, with neural network event
reconstruction techniques are on going. Stand-alone observations with autonomous telescopes are
essential for the full-scale array. Further developments and optimizations of the telescope design
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(a) A PMT measurement
setup

(b) Relative uniformity of the new
PMT (R14866)

(c) Relative uniformity of the old
PMT (R5912)

Figure 8: Uniformity measurements for FAST PMTs. Left: A measurement setup at our laboratory, Middle:
Relative uniformity of R14866, Right: Relative uniformity of R5912

are in progress. In parallel, we are focusing on constructing the FAST mini array to validate our
observational technique. Additional prototypes will be installed in coming years.
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