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Ultra-high energy cosmic rays 
(UHECR), 1020 eV

‣ Less deflection in galactic/extragalactic 
magnetic fields 

‣ Related with extremely energetic 
astrophysical phenomena

‣ Spectrum suppression, 
‣ Indicate nearby sources distributed 

non-uniformly within ~50 Mpc

‣ Correlation between UHECRs and 
nearby energetic sources or objects
‣  Next-generation astronomy

Low-energy cosmic rays
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Pierre Auger Collab., Science 357, 1266 (2017)

V. Verzi et al., PTEP, 12A103 (2017)

No conclusive results on UHECR sources...

E>8 EeV, 5.2σ (Auger)

The Astrophysical Journal Letters, 790:L21 (5pp), 2014 August 1 Abbasi et al.
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Figure 1. Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV
is defined as the region above the dashed curve at decl. = −10◦. (a) The points show the directions of the UHECRs E > 57 EeV observed by the TA SD array,
and the closed and open stars indicate the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color contours show the number of observed
cosmic-ray events summed over a 20◦ radius circle; (c) number of background events from the geometrical exposure summed over a 20◦ radius circle (the same color
scale as (b) is used for comparison); (d) significance map calculated from (b) and (c) using Equation (1).

The event selection criteria above are somewhat looser
than those of our previous analyses of cosmic-ray anisotropy
(Fukushima et al. 2013) to increase the observed cosmic-ray
statistics. In our previous analyses, the largest signal counter
is surrounded by four working counters that are its nearest
neighbors to maintain the quality of the energy resolution and
angular resolution. Only 52 events survived those tighter cuts.
When the edge cut is abolished from the analysis (presented
here) to keep more cosmic-ray events, 20 events with E >
57 EeV are recovered compared with the tighter cut analysis.
A full Monte Carlo (MC) simulation, which includes detailed
detector responses (Abu-Zayyad et al. 2013a), predicted a 13.2
event increase in the number of events. The chance probability of
the data increment being 20 as compared to the MC prediction
of 13.2 is estimated to be 5%, which is within the range of
statistical fluctuations. The angular resolution of array boundary
events deteriorates to 1.◦7, compared to 1.◦0 for the well contained
events. The energy resolution of array boundary events also
deteriorates to ∼ 20%, where that of the inner array events is
∼ 15%. These resolutions are still good enough to search for
intermediate-scale cosmic-ray anisotropy. One final check is that
when we calculate the cosmic-ray spectrum using the loose cuts
analysis, the result is consistent with our published spectrum.

4. RESULTS

Figure 1(a) shows a sky map in equatorial coordinates of
the 72 cosmic-ray events with energy E > 57 EeV observed
by the TA SD array. A cluster of events appears in this
map centered near right ascension ∼ 150◦, and declination
∼ 40◦, with a diameter of ∼ 30◦–40◦. In order to determine the
characteristics of the cluster, and estimate the significance of
this effect, we choose to apply elements of an analysis that
was developed by the AGASA collaboration to search for large-

size anisotropy (Hayashida et al. 1999a, 1999b), namely to use
oversampling with a 20◦ radius. Being mindful that scanning
the parameter space of the analysis causes a large increase in
chance corrections, we have not varied this radius. The TA
and HiRes collaborations used this method previously (Kawata
et al. 2013; Ivanov et al. 2007) to test the AGASA intermediate-
scale anisotropy results with their data in the 1018 eV range.
The present letter reports on an extension of this method with
application to the E > 57 EeV energy region.

In our analysis, at each point in the sky map, cosmic-
ray events are summed over a 20◦ radius circle as shown in
Figure 1(b). The centers of tested directions are on a 0.◦1 × 0.◦1
grid from 0◦ to 360◦ in right ascension (R.A.) and −10◦–90◦ in
declination (decl.). We found that the maximum of Non, the
number of observed events in a circle of 20◦ radius is 19
within the TA FoV. To estimate the number of background
events under the signal in Non, we generated 100,000 events
assuming an isotropic flux. We used a geometrical exposure
g(θ ) = sin θcos θ as a function of zenith angle (θ ) because
the detection efficiency above 57 EeV is ∼ 100%. The zenith
angle distribution deduced from the geometrical exposure is
consistent with that found in a full MC simulation. The MC
generated events are summed over each 20◦ radius circle in the
same manner as the data analysis, and the number of events in
each circle is defined as Noff . Figure 1(c) shows the number of
background events Nbg = ηNoff , where η = 72/100,000 is the
normalization factor.

We calculated the statistical significance of the excess of
events compared to the background events at each grid point of
sky using the following equation (Li & Ma 1983):

SLM =
√

2
[
Nonln

(
(1 + η)Non

η(Non + Noff)

)
+ Noff ln

(
(1 + η)Noff

Non + Noff

)]1/2

.

(1)
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Telescope Array Collab., ApJL 790:L21 (2014)

E>57 EeV, 3.4σ (TA)

E>39 EeV, 4.0σ (Auger)

Pierre Auger Collab., ApJL 853:L29 (2018)
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Galactic

Equatorial



Fine pixelated camera

Low-cost and simplified telescope

✦Target : > 1019.5 eV, ultra-high energy cosmic rays (UHECR) and neutral particles

✦Huge target volume ⇒ Fluorescence detector array 
Too expensive to cover a huge area

�5

Smaller optics and single or a few pixels

Fluorescence detector Array of Single-pixel Telescopes 

Segmented mirror telescope   
Variable angles of elevation – steps. 

construction is still in development  

15 deg  45 deg  

Joint Laboratory of Optics Olomouc – March 2014 
7 
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✦Each telescope: 4 PMTs, 30°×30° field-of-view (FoV)

✦Reference design: 1 m2 aperture, 15°×15° FoV 
per photo-multiplier tube (PMT)

✦Each station: 12 telescopes, 48 PMTs, 30°×360° 
FoV

✦Deploy on a triangle grid with 20 km spacing, like 
“Surface Detector Array”

✦With 500 stations, a ground  coverage is 150,000 km2

20 km

Fluorescence detector Array of Single-pixel Telescopes TA and Auger Surface Detectors

Pierre Auger: 3000 km2 Telescope Array:700 km2

(not drawn to scale) 3

TA and Auger Surface Detectors

Pierre Auger: 3000 km2 Telescope Array:700 km2

(not drawn to scale) 3

Telescope Array (TA) Pierre Auger Observatory (Auger)
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FAST(10%)
60 stations
17,000 km2

5 years: 5100 events (E > 57 EeV),
              650 events (E > 100 EeV) 
- Directional anisotropy on arrival directions, 
energy spectrum, mass composition

Reference: T. Fujii et al., Astropart.Phys. 74 (2016) 64-72

www.fast-project.org

700 km2 3000 km2
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1. Detector development for future project
2. Cross-calibration of Energy and  Xmax 

scales in current UHECR observatories.
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FAST fluorescence prototypes in TA
Reference: D. Mandat et al., JINST 12, T07001 (2017) 

2017 JINST 12 T07001
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Figure 5. The typical spectral reflectance of the FAST mirror between 260 nm and 420 nm, along with the
spectral transmission of the UV band-pass filter. The resultant total optical e�ciency is shown in black.

filter used on the Cherenkov telescope of the MAGIC [18] observatory. The filter is constructed from
a number of small segments in order to fit the FAST prototype’s octagonal aperture. The individual
segments are fit together using brass “U” and “H” profiles, resulting in an aperture of 1 m2 in area.

6 Telescope support structure

The telescope’s mechanical support structure was built from commercially available aluminum
profiles. This allows for straightforward assembly/disassembly, and easy packing and transport due
to their light weight, while also providing an extremely stable and rigid platform for the FAST
optical system to be mounted on. The mechanics consists of a primary mirror stand mounted with
a single degree of freedom to facilitate adjustment of the telescope’s elevation (the elevation can
be set to discrete values of 0�, 15�, 30� and 45� above the horizon). The square camera box (side
length 500 mm), which holds four 200 mm PMTs, is mounted on a support structure connected to
the perimeter of the mirror dish which also holds the octagonal filter aperture. The mirror stand
contains 9 mirror mounts, each with 2 degrees of freedom to allow for mirror segment alignment.
The whole mechanical construction, shown in figure 6, is covered with a shroud to protect the
optical system from the surrounding environment.

7 Conclusion

Following the successful proof-of-concept test of a compact, low-cost air fluorescence telescope
using the EUSO-TA optics at the Telescope Array site, we present the design of the first full-size
prototype telescope having a 30� ⇥ 30� field-of-view and a 1 m2 aperture, along with its mechanical
support structure.

A reflective lensless Schmidt telescope was shown to be preferable to a refractive design, due
to its lower cost and superior performance in large field-of-view applications. The chosen design

– 8 –

✦4 PMTs (20 cm, 8 dynodes R5912-03MOD, base 
E7694-01)

✦1 m2 aperture of the UV band-pass filter (ZWB3), 
segmented mirror of 1.6 m diameter

✦Total 3 telescopes installed at TA site by October 2018

✦Total 545 hours by June 2019 



FAST observation set-up
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✦Remote controlling observation

✦Synchronized operation with 
external triggers from 
Telescope Array fluorescence 
detector (TA FD)

✦80% FoV of TA FD

TA FD FoV (12 telescopes, 33°×108°)

FAST FoV (3 telescopes, 30°×90°)

5. Run a Minuit SIMPLEX fitter to 
determine the optimal aerosol 

horizontal attenuation length and 
scale height, letting the absolute 
calibration float (the shape of the 

trace should be more heavily 
dependent on the atmospheric 

composition than its 
normalisation)
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NOTES: 
- Hmix is not currently being used

- Hmol is set to 8 km

- Lmol is set to 14.2 km at sea-level,   
suitable for a laser of 355 nm 
wavelength

- Jitter in laser energy not yet taken 
into account

- Telescope PSF not yet taken into 
account

- PMT collection efficiency non-
uniformity not yet taken into account

Example of a decent fit. Typically the fit isn’t so 
good due to current assumptions (on right)

PRELIMINARY
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Vertical laser signal
(280 shot average) 

Vertical laser 
at a distance 
of 21 km
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Figure 5: Location and field-of-view (FoV) of the three FAST prototype telescopes installed at the Black Rock Mesa
site of the Telescope Array Experiment. The TA fluorescence detector is located south-west of the FAST installation.
The central laser facility (CLF) is located ⇠ 21 km away from the BRM site in the indicated direction and is within
the FoV of FAST 2.

3.1. Installation207

In October 2016, September 2017, and October 2018, three full-scale FAST prototypes were208

installed in dedicated buildings adjacent to the fluorescence detector at the Black Rock Mesa site209

of the Telescope Array experiment as shown in Fig. 5 and 6. The combined field of view of the210

prototypes covers 30� in elevation and 90� in azimuth, and is fully-contained within the field of211

view of the TA fluorescence detector. In each case, the telescope frame was assembled on site,212

before the PMTs were mounted in the camera box and the UV band-pass filter was installed at the213

telescope aperture.214

The pointing direction of each telescope was calibrated astrometrically using a camera mounted215

to the exterior of the frame [15]. The camera was aligned with the telescope by imaging a distant216

laser spot directed along the telescope’s optical axis. The distance to this imaged laser spot, typi-217

cally 100 – 150 m, defines the parallax in the alignment of the astrometry camera, and provides the218

dominant uncertainty of ⇠ 0.05� in the telescope alignment. Uncertainties due to the astrometry,219

which relies on an open-source astrometric calibration service2, are negligible.220

Each of the three buildings is equipped with a remotely-operable shutter to protect the telescope221

from the environment outside of operating hours. The central building houses the data acquisition222

2http://astrometry.net

9

TA FD

TA FD



Comparison with Simulation - best fit
-2018/05/15
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Event 349: log10(E(eV)): 19.28, Zen: 54.6◦, Azi: -99.6◦,
Core(9.27, -8.76), Rp: 6.11, Psi: 133.6◦, Xmax: 852 g/cm2

FoV(3 - 1470), Date: 20180515, Time: 09:27:21.792523028

Event 350: log10(E(eV)): 17.49, Zen: 41.0◦, Azi: -150.5◦,
Core(13.95, -11.29), Rp: 3.10, Psi: 100.4◦, Xmax: 539 g/cm2

FoV(757 - 1088), Date: 20180515, Time: 09:41:23.384052385

Event 351: log10(E(eV)): 17.75, Zen: 32.6◦, Azi: -89.0◦,
Core(12.33, -8.00), Rp: 5.63, Psi: 114.7◦, Xmax: 694 g/cm2

FoV(406 - 1022), Date: 20180515, Time: 10:03:49.665177332

Event 352: log10(E(eV)): 17.99, Zen: 44.2◦, Azi: -49.3◦,
Core(9.79, -7.13), Rp: 6.30, Psi: 134.0◦, Xmax: 678 g/cm2

FoV(93 - 1191), Date: 20180515, Time: 10:09:07.647123258

31

UHECR signal and reconstruction
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FAST waveform + expected signal from top-down reconstruction
 (Data, simulation by the best-fit parameters)

FAST top-down reconstruction (Preliminary)
Zenith      Azimuth    Core(X)   Core(Y)   Xmax       Energy 
59.8 deg    -96.7 deg    7.9 km    -9.0 km    842 g/cm2  17.3 EeV  

TA FD 
(Preliminary)

Energy: 19.0 EeV
Rp: 6.1 km



Coincidence shower search between TA FD and FAST
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✦ Data period: 2018/Oct/06 - 2019/Jan/14, 52 hours with 3 FAST prototypes
✦ Event number: 236 (TA FD) -> 37 (significant signals with FAST, S/N > 6σ, Δt > 500 ns)

✦ The shower parameters are reconstructed by TA FD monocular analysis.
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✦ Maximum detectable impact parameter: ~20 km at 1019.5 eV with brighter signal showers

✦ 2 events above 10 EeV in 52 hours → ~25 events/year (15% duty cycle)



① Highest energy event
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Event 1: SD: 4.1 EeV, Zen: 31.74◦, Azi: -29.05◦, Core(-2.729,
-15.892), Date: 20190110, Time: 054148.882881 FD: 5.13 EeV,
Zen: 29.2◦, Azi: -28.3◦, Core(-3.44, -15.84), Date: 20190110,
Time: 054148.882947015

Event 2: SD: 15.8 EeV, Zen: 36.15◦, Azi: 18.0◦, Core(5.002,
-4.461), Date: 20190110, Time: 063617.657363 FD: 19.95 EeV,
Zen: 33.2◦, Azi: 35.8◦, Core(6.12, -5.26), Date: 20190110,
Time: 063617.657398690

Event 3: SD: 1.36 EeV, Zen: 50.24◦, Azi: 21.15◦, Core(10.421,
-8.062), Date: 20190110, Time: 064456.386161 FD: 0.72 EeV,
Zen: 49.8◦, Azi: 21.3◦, Core(10.78, -8.07), Date: 20190110,
Time: 064456.386176926

Event 4: SD: 1.32 EeV, Zen: 39.07◦, Azi: -4.84◦, Core(9.045,
-2.982), Date: 20190110, Time: 070221.485684 FD: 1.86 EeV,
Zen: 33.9◦, Azi: 10.0◦, Core(9.8, -3.91), Date: 20190110, Time:
070221.485723180

2

FAST top-down reconstruction (Preliminary)
Zenith       Azimuth       Core(X)   Core(Y)     Xmax       Energy 
33.9 deg     19.3 deg       4.6 km      -4.7 km    808 g/cm2  18.8 EeV  

FAST dataTA data
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TA SD (Preliminary)
Zenith       Azimuth       Core(X)   Core(Y)    Energy 
36.2 deg     18.0 deg        5.0 km      -4.5 km    15.8 EeV 
TA FD (Preliminary)
33.2 deg     35.8 deg        6.1 km      -5.3 km    20.0 EeV



Event 13: SD: 1.73 EeV, Zen: 19.22◦, Azi: -74.31◦, Core(3.419,
0.1), Date: 20190111, Time: 055126.447997 FD: 3.89 EeV, Zen:
16.1◦, Azi: 156.7◦, Core(8.13, -4.28), Date: 20190111, Time:
055126.448064634

Event 14: SD: 12.3 EeV, Zen: 4.53◦, Azi: 88.34◦, Core(8.801,
-9.219), Date: 20190111, Time: 081213.261353 FD: 11.22 EeV,
Zen: 5.2◦, Azi: 106.0◦, Core(8.73, -9.26), Date: 20190111,
Time: 081213.261375409

Event 15: SD: 1.88 EeV, Zen: 36.65◦, Azi: -35.8◦, Core(6.097,
-3.238), Date: 20190111, Time: 084640.976253 FD: 1.70 EeV,
Zen: 31.0◦, Azi: -27.9◦, Core(7.76, -4.61), Date: 20190111,
Time: 084640.976304421

5

② Second highest energy event
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Best fit comparison (Preliminary - SIMPLEX only)
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Best fit comparison (Preliminary - SIMPLEX only)

Time bin [100 ns]
0 200 400 600 800 1000

 / 
10

0 
ns

peN

30−

20−

10−

0

10

20

30

40

50

Data

Simulation

Time bin [100 ns]
0 200 400 600 800 1000

 / 
10

0 
ns

peN

30−

20−

10−

0

10

20

30

40

50

Data

Simulation

Time bin [100 ns]
0 200 400 600 800 1000

 / 
10

0 
ns

peN

30−

20−

10−

0

10

20

30

40

50

Data

Simulation

Time bin [100 ns]
0 200 400 600 800 1000

 / 
10

0 
ns

peN

30−

20−

10−

0

10

20

30

40

50

Data

Simulation

3 / 15

FAST top-down reconstruction (Preliminary)
Zenith       Azimuth       Core(X)   Core(Y)     Xmax       Energy 
 3.3 deg     110.5 deg       8.7 km    -9.2 km     830 g/cm2  10.3 EeV 

TA data

TA SD (Preliminary)
Zenith       Azimuth       Core(X)   Core(Y)    Energy 
 4.5 deg      88.3 deg        8.8 km      -9.2 km    12.3 EeV
TA FD (Preliminary)
 5.2 deg    106.0 deg        8.7 km      -9.3 km    11.2 EeV  

FAST data



TA and Auger Surface Detectors

Pierre Auger: 3000 km2 Telescope Array:700 km2

(not drawn to scale) 3

Installation of 1st FAST prototype in Auger
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FD (Los Leones)

LIDAR dome

FAST

Pierre Auger Observatory
Malargue, Argentina

Start observation from April 11th, 2019
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Summary and future plans
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Fluorescence detector Array of Single-pixel Telescopes 
(FAST)

10×statistics compared to Auger and TA×4 with Xmax

Directional anisotropy on arrival direction, energy 
spectrum and mass composition

Installed total 3 telescopes at Telescope Array site and 1st 
telescope in the Pierre Auger Observatory

Stable observation with remote controlling

UHECR detections, and their reconstruction method 
implemented.

We will continue to operate the telescopes and search for 
UHECR in coincidence with current observatories.

A resolution study with the full FAST array

Developing new electronics, and preparing for stand-alone 
operation New collaborators are welcome!http://www.fast-project.org

Argentina

Utah, USA

http://www.fast-project.org
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Backup



✦ Install the FAST prototypes at Auger and TA for a study of systematic 
uncertainties and a cross calibration.

✦Profile reconstruction with geometry given by surface detector array (1° in 
direction, 100 m in core location).

✦Energy: 10%, Xmax : 35 g/cm2  at 1019.5 eV 

✦ Independent check of Energy and Xmax scale between Auger and TA

Application of the FAST prototypes

�18

1. Introduction

The hybrid detector of the Pierre Auger Observatory [1] consists of 1600
surface stations – water Cherenkov tanks and their associated electronics – and
24 air fluorescence telescopes. The Observatory is located outside the city of
Malargüe, Argentina (69◦ W, 35◦ S, 1400 m a.s.l.) and the detector layout is
shown in Fig. 1. Details of the construction, deployment and maintenance of
the array of surface detectors are described elsewhere [2]. In this paper we will
concentrate on details of the fluorescence detector and its performance.

Figure 1: Status of the Pierre Auger Observatory as of March 2009. Gray dots show the
positions of surface detector stations, lighter gray shades indicate deployed detectors, while
dark gray defines empty positions. Light gray segments indicate the fields of view of 24
fluorescence telescopes which are located in four buildings on the perimeter of the surface
array. Also shown is a partially completed infill array near the Coihueco station and the
position of the Central Laser Facility (CLF, indicated by a white square). The description
of the CLF and also the description of all other atmospheric monitoring instruments of the
Pierre Auger Observatory is available in [3].

The detection of ultra-high energy (! 1018 eV) cosmic rays using nitrogen
fluorescence emission induced by extensive air showers is a well established
technique, used previously by the Fly’s Eye [4] and HiRes [5] experiments. It is
used also for the Telescope Array [6] project that is currently under construction,
and it has been proposed for the satellite-based EUSO and OWL projects.

Charged particles generated during the development of extensive air showers
excite atmospheric nitrogen molecules, and these molecules then emit fluores-
cence light in the ∼ 300 − 430 nm range. The number of emitted fluorescence
photons is proportional to the energy deposited in the atmosphere due to
electromagnetic energy losses by the charged particles. By measuring the rate

7
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a b s t r a c t

The Telescope Array (TA) experiment, located in the western desert of Utah, USA, is designed for the
observation of extensive air showers from extremely high energy cosmic rays. The experiment has a
surface detector array surrounded by three fluorescence detectors to enable simultaneous detection of
shower particles at ground level and fluorescence photons along the shower track. The TA surface
detectors and fluorescence detectors started full hybrid observation in March, 2008. In this article we
describe the design and technical features of the TA surface detector.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The main aim of the Telescope Array (TA) experiment [1] is to
explore the origin of ultra high energy cosmic rays (UHECR) using
their energy spectrum, composition and anisotropy. There are two
major methods of observation for detecting cosmic rays in the
energy region above 1017.5 eV. One method which was used at the
High Resolution Fly’s Eye (HiRes) experiment is to detect air
fluorescence light along air shower track using fluorescence
detectors. The other method, adopted by the AGASA experiment,
is to detect air shower particles at ground level using surface
detectors deployed over a wide area (! 100 km2).

The AGASA experiment reported that there were 11 events
above 1020 eV in the energy spectrum [2,3]. However, the
existence of the GZK cutoff [4,5] was reported by the HiRes

experiment [6]. The Pierre Auger experiment confirmed the
suppression on the cosmic ray flux at energy above 4"1019 eV
[7] using an energy scale obtained by fluorescence light tele-
scopes (FD). The contradiction between results from fluorescence
detectors and those from surface detector arrays (SD) remains to
be investigated by having independent energy scales using
both techniques. Hybrid observations with SD and FD enable
us to compare both energy scales. Information about core location
and impact timing from SD observation improves accuracy of
reconstruction of FD observations. Observations with surface
detectors have a nearly 100% duty cycle, which is an advantage
especially for studies of anisotropy. Correlations between arrival
directions of cosmic rays and astronomical objects in this energy
region should give a key to exploring the origin of UHECR [8] and
their propagation in the galactic magnetic field.

Fig. 1. Layout of the Telescope Array in Utah, USA. Squares denote 507 SDs. There are three subarrays controlled by three communication towers denoted by triangles. The
three star symbols denote the FD stations.

T. Abu-Zayyad et al. / Nuclear Instruments and Methods in Physics Research A 689 (2012) 87–9788

Auger collab., NIM-A (2010)
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Data analysis and simulation study
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Geometry (given 
by TASD or FD)

Shower Profile (FAST)
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✦Energy: 10%, Xmax : 35 g/cm2  at 1019.5 eV 
✦ Independent cross-check of energy and Xmax scale 

with simplified FD.

Simulation 32 EeV

+

16 

  

  

56 EeV    zenith 500 

1 

2 

3 

1 

3 2 

P
ho

to
ns

 a
t d

ia
ph

ra
gm

 
P

ho
to

ns
 a

t d
ia

ph
ra

gm
 

P
ho

to
ns

 a
t d

ia
ph

ra
gm

 

FAST reconstructionFAST hybrid reconstruction

Event 2253: log10(E(eV)): 18.57, Zen: 36.94◦, Azi: 121.14◦,
Core(-7.717, -8.908), S800: 12.29 VEM/m2, Date: 20150511,
Time: 052034.035539

Event 2254: log10(E(eV)): 18.53, Zen: 47.12◦, Azi: 135.49◦,
Core(-4.004, -5.320), S800: 7.37 VEM/m2, Date: 20150511,
Time: 053355.374323

Event 2255: log10(E(eV)): 18.50, Zen: 33.03◦, Azi: 136.36◦,
Core(-4.088, 2.016), S800: 12.17 VEM/m2, Date: 20150511,
Time: 070058.520151

Event 2256: log10(E(eV)): 19.76, Zen: 43.58◦, Azi: 73.75◦,
Core(0.140, -3.986), S800: 118.27 VEM/m2, Date: 20150511,
Time: 084906.017282

565

✦Fluorescence detector array with a 20 
km spacing.

✦Reconstruct geometry and profile

57 EeV Simulation
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Data/MC comparison with vertical UV laser
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Optical simulation statusFAST Simulation - example

- PSF (7.5deg diagonal) aperture input 0.5W 0.43W/PMT1, <0.001W/PMT234 (eff: 86%) 

(PMT 4)Directional characteristic (PMT2)

A UV vertical laser at 21 km away
Spot-size

50 mm offsetfocal plane
Work: Miroslav Pech, Max Malacari
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✦ FAST FoV

✦ Data period: 2018/Oct/06 - 2019/Jan/14, 52 hours, 3 FAST prototypes 
✦ Event number: 236 (TA FD) -> 37 (significant signals with FAST, S/N > 6σ, Δt > 500 ns)

✦ The shower parameters are reconstructed by TA FD.



Coincidence showers between TA FD and FAST
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TA and Auger Surface Detectors

Pierre Auger: 3000 km2 Telescope Array:700 km2

(not drawn to scale) 3

Installation of 1st FAST prototype in Auger

�23

FD (Los Leones)

LIDAR dome

April 11th, 2019FAST

Malargue, Argentina



Top-down reconstruction

�24Photon to Photo-electron

Photon to Photo-electron

Work: Justin Albury, Jose Bellido

Data Expected(θ,φ,x,y,E,Xmax)  
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DAQ system
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FEATURES
* Voltage Gains Variable from 2 to 50

* Eight Channels in a Single Width NIM

* Wideband Performance  - DC to 200 MHz

* Excellent DC and Gain Stability

* Low Noise / Less than 25 µV RMS

* All Inputs and Outputs Protected

* Individual Gain and Offset Controls

DESCRIPTION
The Model 777 is a high performance variable gain

preamplifier with eight independent channels packaged in a
single width NIM module. The wide bandwidth from DC to over
200 MHz is maintained regardless of the gain setting and is
designed to be used with photomultiplier detectors producing
negative output pulses. Each channel provides a non-inverting
voltage gain from 2 to 50, variable with a 15-turn
potentiometer, a DC offset control and two outputs capable of
driving 50 ohms each.

Excellent stability at both DC and higher frequencies
allows for cascading of channels to achieve gains in excess of
500, while maintaining pulse fidelity without significant
overshoot or baseline drift. The DC offset control can easily
compensate for offsets due to variations in source impedance
or differences in signal grounding.

The output stage is a low impedance voltage source
design with short circuit protection. No damage can occur from
overloading or continuous shorts to ground. The outputs are
capable of driving two 50 ohm loads for fan out of the
amplified signal. However, unused outputs may be left
unterminated with no adverse effects.

PhillipsPhillips
ScientificScientific

NIMNIM
MODELMODEL

777777
OctalOctal

Variable GainVariable Gain
AmplifierAmplifier

Phillips Scientific "A THEORY DEVELOPMENT COMPANY"
31 Industrial Ave. * Mahwah, NJ  07430 * (201) 934-8015 * Fax (201) 934-8269

High voltage
 power supply, 
N1470 CAEN

50x Amplifier
Phillips 
Scientific 777

15 MHz low 
pass filter

Portable VME Electronics
- FADC 50 MHz sampling, SIS3350 
- GPS board, Hytec GPS2092
- Single board PC, GE 7865
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Atmospheric monitoring with the Fluorescence detector Array of Single-pixel Telescopes, AtmoHEAD 2018, 24-26 September 2018 Villa Orlandi

FASCam – FAST All Sky Camera

Cloudiness of the FAST site. The visible star fraction (ratio of visible stars 
to observable catalog stars) defines the cloudiness. A cloudiness of 0 
corresponds to a cloud-free sky, while a cloudiness of 1 corresponds to 
an overcast sky.

Real-time night sky monitoring

�26

ClearCloudy

Bright

Dark

All sky camera

Sky quality monitor

Work: Dusan Mandat, Ladislav Chytka

ClearCloudy
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Readout Electronics

Ortec 401A NIM Bin & TennElec TC-911 Power Supply
4-Ch HV Programmable Power Supply (CAEN N1471H)
SIS3350 500 MHz 12-bit FADC/Digitizer
Dual Timer (CAEN N93B)
Quad Scaler & Preset Counter Timer (CAEN N145)
8-Ch Variable Gain Amplifier (Phillips Mod. 777)
8-Ch Low Threshold Discriminator (CAEN N417)
15-Input Scaler (CAEN V260N)
3-Fold Logic Unit (CAEN N405)

Tab. 2 Readout Electronics

A. Single Photoelectron Measurement

The Hamamatsu R5912-03 MOD PMTs used consist
of 8 dynodes, come with a 20-pin base, and have a HV
range up to ⇡ 2600 V. Each of the PMTs is prefixed
with “ZS”, followed by the PMT number. We test the
response of the PMT anode by obtaining a single photo-
electron (SPE) spectrum measurement. We place a single
LED, sourced from the first output of the dual-channel
function generator (FG), in front of the PMT. The LED
is pulsed at a frequency of 100 kHz; typical LED ampli-
tude and width values are ⇡ 1.5 V and ⇡ 100 ns.

The anode output from the PMT is connected to the
input of the variable gain amplifier; the two resulting
amplified outputs are put into the FADC input and first
channel of the oscilloscope, respectively. The PMT anode
signal is a charge signal; the FADC converts the signal to
counts with a dynamic range of 0 to 4095 (12-bit range).
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FIG. 6. PMT ZS0022 individual SPE event (top); SPE signal

averaged over all events (bottom).

The second channel of the FG is used for an external
trigger. The FG trigger settings are adjusted to match
the relevant NIM signal: the width is set to 20 µs, the
amplitude to -800 mV. The pulsed LED signal and FG
trigger are synchronized coarsely using a dual timer mod-
ule and more finely with the delay setting on the FG. The

trigger output is initially placed into the second channel
of the oscilloscope, and the LED voltage is adjusted un-
til a SPE signal is obtained. The signal is of order 100
mV amplitude; when executing consecutive single-shot
acquisitions on the scope, the goal is to obtain a SPE
signal every ten acquisitions. Once this is the case, the
trigger is put in the FADC for one minute of event read-
out; a typical run will have about 5000 events. Events
are averaged over to smooth out the SPE signal (Fig. 6).
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FIG. 7. Integrated count distribution of SPE signals, includ-

ing pedestal (left peak) and SPE peak fitted to a Gaussian

for all PMTs.

After specifying the signal region for the averaged SPE
signal, we obtain a SPE integrated count distribution,
sometimes displayed as a charge distribution. Since some
events will have no photoelectrons (i.e. no charge), we
expect a peak centered around zero, called the pedestal.
We then have a SPE peak that we fit to a Gaussian to
extract a mean SPE value (Fig 7). This parameter is key
for other characterization measurements. The valley is
the range in which the tail end of the pedestal intersects
the tail end of the SPE peak. A discriminator may be
introduced to remove the pedestal, leaving only the SPE
spectrum. Fig. 8 shows logic for the SPE measurement.
Characteristics like the peak-to-valley (P:V) ratio and

resolution can be obtained from the SPE spectrum. The
peak-to-valley ratio is defined as the height of the SPE
peak over the height of the center valley position. The
larger this value, the better SPE events are distinguished.
For the examples in Fig. 7, the peak-to-valley ratios are
⇡ 2.5. Pulse-amplitude resolution is defined as the ratio

Absolute calibration in laboratory
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FIG. 12. SPE peak height distribution used to set discrimi-

nator threshold value. The pedestal ends at around a height

of 350 ADC counts. Dividing this by the 4095 dynamic range

of the FADC gives a discriminator threshold of ⇡ 85 mV.

in wavelength. A NIST calibrated photodiode provides
the absolute calibration for the incident light flux, deter-
mining N� through a powermeter readout. The flux is
reduced to the SPE level measurable by the PMT using
an integrating sphere of known transmission and incorpo-
rating the light attenuation coe�cient of the apparatus13,
↵ = (5.828± 0.018)⇥ 10�4. Eq. 5 can thus be rewritten:

✏ =
Npe

N�

= Npe ⇥
hc

Pt�↵
(6)

where � is the wavelength, P is the powermeter read-
ing, and t is the read out time for each step. Typical
powermeter readings are pico-Watt order-of-magnitude.

As before, we perform a SPE spectrum measurement,
obtaining both the pedestal and SPE peak. We introduce
a discriminator to the readout electronics. The PMT sig-
nal goes through the amplifier and into the discriminator
input. By increasing the discriminator threshold value,
we remove the pedestal and ensure that only SPEs are re-
ceived. The discriminator value is determined using the
peak height distribution of SPE events (Fig. 12), taking
the height position after the pedestal peak and dividing
it by the dynamic range of the FADC.

Once the discriminator value is set, its output is placed
into a quad timer to check the rate, and then switched to
a scaler to count SPEs. After the setup is complete, with
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FIG. 13. Detection e�ciency results with Hamamatsu mea-

surement for comparison.

the powermeter and monochromator initialized, any re-
maining lights in the lab are switched o↵. The computer
in the lab is accessed remotely to begin data acquisi-
tion. The DAQ program controls the monochromator
and powermeter. It obtains and averages 10,000 read-
ings from the powermeter over 10 s for a given step; the
error, �P , is calculated in quadrature from Poisson statis-
tics on both powermeter readings, lamp signal and back-
ground. The lamp background corresponds to when the
powermeter values are read out while the monochroma-
tor shutter is kept closed; the lamp signal is obtained for
an open shutter. The final power value used in calcu-
lating detection e�ciency is the di↵erence between these
(P = Plamp,sig � Plamp,bkd). The PMT rate, R, is calcu-
lated in a similar way, with open and closed shutters cor-
responding to signal and background, respectively. The
detection e�ciency is calculated using Eq. 6, and the
statistical error is given by Eq. 7, 8, 9:

�P = P ⇥

s

(
�Plamp,sig

Plamp,sig

)2 + (
�Plamp,bkd

Plamp,bkd

)2 (7)

�R = R⇥

s

(
�Rsig

Rsig

)2 + (
�Rbkd

Rbkd

)2 (8)

�✏,stat = ✏⇥
r
(
�P
P

)2 + (
�R
R

)2 + (
�↵
↵
)2 (9)

A result for the detection e�ciency measurement of the
PMTs can be found in Fig. 13. The results are plotted
alongside scaled-down data provided by a Hamamatsu
measurement. Hamamatsu only incorporates quantum
e�ciency, not collection e�ciency. PMT detection e�-
ciency peaks at ⇡ 20% close to 400 nm.
From detection e�ciency results, we observe two

“bumps” near 200 nm and 350 nm. We expect the de-
tection e�ciency to have a smooth peak, as shown in the

Single photo 
electron
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Filter transmittance measurement at site
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Intergrating sphere :  
AvaSphere-80-Refl

Deuterium/halogen lamp 78W 
deuterium, 5W halogen

Spectrophotometr : 
AvaSpec-ULS2048L-USB2-UA-RS

Optical Fiber :
FC-XX800-2

Colimator

UV filter
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Laser 
(<1ns, 400nm)

Collimator 

Splitter

Optical fiber

Ref. PMT

Light-source box

Collimator 

• Test bench for 8’’ PMT / D-Egg cathode uniformity measurement  
‣ Fast laser (pulse width < 1ns, λ=400 nm) 
‣ Sampling pitch : zenith 1°& azimuth 5° => ~5000 points over the cathode 
‣ 40-50 photoelectrons at the center 
‣Magnetic field is cancelled to evaluate the PMT response

Scan system  
inside Helmholtz cage

Scan limit 
 ~65 deg.

Cathode Uniformity Measurement SystemPerformance check: Collection Efficiency

Laser position rotate azimuth with different steps in zenith

In the direction of 
the center of 
PMT curvature

laser intensity is 
normalized at 0°

Collection efficiency (CE) is evaluated with 2D scan of relative QE over PMT surface

45°

0°

57°

8

in the following plots, 
Earth magnetic field is 
cancelled with 
Helmholtz coil

�4

Result

• Relative sensitivity of 
R5912-03 (ZT0163) 
• Normalized to the center 

region (zenith <3°) for each 
azimuthal bin 

• Local minimum due to the 
1st dynode structure 

• Observed uniformity is as 
same as R5912-100 (see 
backup)

S/N : ZT0163

Azimuth 0° : 1st dynode に浅い角度で入射する方向

Zenith angle

Azimuthal angle

Non-uniformity on PMT surface

�29

By a courtesy of the IceCube group in Chiba University, especially thank to Dr. Yuya Makino 
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• Test bench for 8’’ PMT / D-Egg cathode uniformity measurement  
‣ Fast laser (pulse width < 1ns, λ=400 nm) 
‣ Sampling pitch : zenith 1°& azimuth 5° => ~5000 points over the cathode 
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3.5.1. Aerosols336

The faint fluorescence light produced during the development of an air shower is attenuated337

on its way to a FAST telescope due to elastic molecular (Rayleigh) and aerosol (Mie) scattering.338

In addition, strongly forward-beamed Cherenkov light produced by relativistic electrons in the339

shower can be scattered into the FAST field-of-view. For the highest energy cosmic rays, light340

from an air shower may have to travel up to 40 km from its point of emission to a FAST telescope,341

meaning that the transmission properties of the atmosphere must be well understood.342

Ultra-violet lasers are commonly used for calibration of UHECR fluorescence detectors and343

for measurement of the transient atmospheric properties within their field-of-view. The Telescope344

Array experiment features an ultra-violet laser facility, the CLF, operating at 355 nm (close to345

the middle of the atmospheric fluorescence band), which fires 300 vertical laser shots at a rate346

of 10 Hz at a nominal energy of ⇠ 4.4 mJ (approximately equivalent in intensity to a shower347

of 1019.2 eV) through the field-of-view of the site’s fluorescence detectors every half-hour during348

routine operations [22].349

The Black Rock Mesa site at which the three FAST telescopes are installed is located approxi-350

mately 21 km south-east of the CLF. The alignment of the central FAST telescope was chosen such351

that the CLF laser track passes directly through two of its pixels (see Fig. 9), providing a test signal352

of known source intensity suitable for both calibration and atmospheric monitoring purposes. An353

example of a TA CLF signal measured by a FAST telescope is shown in Figure 10. All vertical354

laser shots measured by FAST during a firing sequence are corrected for jitter in the GPS timing355

(h�ti ⇡ 2.2 µs) and averaged to increase the signal-to-noise ratio. The extraction of the extinction356

properties of the aerosol atmosphere from these vertical laser traces is described in Section 4.3.357
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Figure 9: The path of the vertically-fired CLF, shown in red, across the camera of the central FAST telescope. The
contours show the directional e�ciency of the telescope, including a ray-tracing simulation of the telescope optics,
and the azimuthally-dependent response of the PMTs.
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A horizontal laser shot toward FAST 
telescope from 26 km away.
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Cosmic ray events (Cherenkov)
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Physics? FAST @ Auger :: Los Leones

21

● Ultra zoomed! No close similar events.
Physics? FAST @ Auger :: Los Leones

21

● Ultra zoomed! No close similar events.
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Results of energy spectrum, mass composition and anisotropy
�32
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FLUX MAP ABOVE 8 EeVFLUX MAP ABOVE 8 EeV

Galactic center

Equatorial coordinates All Sky Survey with TA&PAO 
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       Northern TA :   7 years 109 events (>57EeV) 
Southern Auger : 10 years 157 events (>57EeV) 

Oversampling with 20°-radius circle 

Southern hotspot is seen at Cen A(Pre-trial ~3.6σ) 

No correction for 
E scale difference 
b/w TA and PAO !! 

Doublet  
('T=1.31o) 

Triplet? or 
Doublet 

('T=1.35o) 

Small-scale anisotropy  

19.07.2017 slide 15 of 17 TA anisotropy summary//ICRC2017 

Autocorrelations 

Auger 6 years (6 events) 

TA 9 years (23 events) 

2 doublets above 100 EeV. 
Æ the probability to have �2 doublets at �       deg is  
    P = 0.30% (2.8V) 

Pierre Auger Collab. Science 357, 1266 (2017) K. Kawata et al., Proc. of ICRC 2015 S. Troitsky et al., Proc. of ICRC 2017

E > 8 EeV E > 57 EeV E > 100 EeV

P. Sanchez-Lucas et al., 
Proc of ICRC 2017
Pierre Auger collab., 
Phys.Rev.D 96,122003 
(2017)

Data points from 
I. Valino et al., 
Proc. of ICRC 
2015,  D. Ivanov 
at al., Proc. of 
ICRC 2015

⇒ Need more statistic of ultrahigh energy cosmic rays (UHECRs)arXiv:1808.03579 
Increase dipole amplitude above 4 EeV

http://arxiv.org/abs/arXiv:1808.03579


Physics goal and future perspectives
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Origin and nature of ultrahigh-energy cosmic rays (UHECRs) and
particle interactions at the highest energies

Exposure and full sky coverage
TA×4 + Auger
K-EUSO : pioneer detection from 
space with an uniform exposure 
in northern/southern hemispheres

Detector R&D
Radio, SiPM, 
Low-cost 
fluorescence 
detector

“Precision” measurements 
AugerPrime 
Low energy enhancement
(Auger infill+HEAT+AMIGA,
TALE+TA-muon+NICHE)
LHCf/RHICf for tuning models

5 - 10 years 

Next generation observatories
In space (100×exposure): POEMMA
Ground (10×exposure with high quality events):  FAST

10 - 15 years



Cherenkov dominated event (2 telescopes)
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FAST reconstruction:
Zenith       Azimuth       Core(X)   Core(Y)     Xmax           Energy 
59.8 deg     -96.7 deg      7.9 km    -9.0 km    842 g/cm2        17.3 EeV   

Comparison with Simulation - best fit
-2018/05/15
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Event 85: SD: 3.46 EeV, Zen: 33.74◦, Azi: -142.35◦, Core(-
0.819, -17.79), Date: 20180515, Time: 070303.780776 FD: 7.24
EeV, Zen: 51.0◦, Azi: -127.1◦, Core(-11.15, -20.94), Date:
20180515, Time: 070303.780845657

Event 86: SD: 2.05 EeV, Zen: 36.0◦, Azi: -40.84◦, Core(-0.379,
-5.728), Date: 20180515, Time: 073621.459157 FD: 1.20 EeV,
Zen: 21.7◦, Azi: 20.6◦, Core(5.24, -7.93), Date: 20180515,
Time: 073621.459222967

Event 87: SD: 1.65 EeV, Zen: 22.26◦, Azi: -177.46◦,
Core(6.226, -11.035), Date: 20180515, Time: 092708.356775
FD: 1.12 EeV, Zen: 20.2◦, Azi: 176.4◦, Core(6.26, -11.21),
Date: 20180515, Time: 092708.356809696

Event 88: SD: 26.89 EeV, Zen: 56.66◦, Azi: -95.9◦, Core(8.291,
-8.72), Date: 20180515, Time: 092721.792484 FD: 19.05 EeV,
Zen: 54.6◦, Azi: -99.6◦, Core(9.27, -8.76), Date: 20180515,
Time: 092721.792523028

23

FAST dataTA data



Reconstructing the highest event

�35Photon to Photo-electron

Photon to Photo-electron

Work: Justin Albury, Jose Bellido

Data Expected(θ,φ,x,y,E,Xmax)  

Preliminary
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