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Skymap of ultra-high energy 
cosmic rays above 1019 eV
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NASA/DOE/Fermi Collaboration

GAIA Collaboration

J. Biteau, TF et al., EPJ Web of Conferences 210, 01005 (2019) 

Optical

γ-rays

→ “Extragalactic” cosmic rays



Need more statistics above 1020 eV
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Fine pixelated camera

Low-cost and simplified telescope

✦Target : > 1019.5 eV, ultrahigh-energy cosmic rays, neutrino and gamma rays

✦Huge target volume ⇒ Fluorescence detector array 
Too expensive to cover a huge area
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Smaller optics and single or 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 
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Simulation
E = 40 EeV 
θ = 50°

20 km FAST telescope
4 PMTs (20 cm diameter)
1 m2 aperture (UV filter)
Segmented mirror 
in 1.6 m diameter
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Validations of the FAST concept
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1 

FAST - today  

Accepted for publication 
in Astroparticle Physics 

P. Privitera in UHECR 2012

EUSO-TA optics
          +
Single-pixel camera
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T. Fujii et al., Astroparticle Physics 74 (2016) 64-72

M. Malacari et al., Astroparticle Physics 119 (2020) 102430 D. Mandat et al., JINST 12, T07001 (2017) 

Jun. 2022

https://www.sciencedirect.com/science/article/abs/pii/S0927650515001462
https://www.sciencedirect.com/science/article/abs/pii/S0927650520300037?via=ihub
https://iopscience.iop.org/article/10.1088/1748-0221/12/07/T07001


FAST@TA observations
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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)
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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



Example of FAST@TA 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 result
TA result
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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 mono (Preliminary)
33.2 deg     35.8 deg        6.1 km      -5.3 km    20.0 EeV



Data analysis of FAST@TA
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✦Period: 2018/03/19 - 2023/02/25

✦Significant signal events with FAST in the TA 
monocular reconstructed events

✦Total 336 events (102 events above 1018 eV)

✦Expected distributions estimated from FAST 
detector Monte Carlo (MC) simulation 

✦Trigger condition: >2 PMTs with S/N>6

✦Data parameters are TA monocular  
reconstructed results

✦Histogram of MC simulation was rescaled to 
be the same area of the Data

Data 
MC simulation

Work: Fraser Bradfield



Data/MC comparison
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Data 
MC simulation

Data 
MC simulation

Impact parameter Angle in shower detector plane

Work: Fraser Bradfield



Data/MC comparison

11FAST location (17 km, −12 km)

Data 
MC simulation

Data 
MC simulation

Work: Fraser Bradfield



FAST Preliminary

FAST top-down reconstruction
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✦  Reconstructing geometry, Xmax & Energy using TA mono reconstructed geometry as initial guess

Energy
FAST
TA mono

Xmax
FAST
TA mono

Need to understand the bias on Xmax, 
and study quality cuts

Work: Fraser Bradfield



まとめと今後
✦TAサイトに設置した3基の新型大気蛍光望遠鏡 (FAST) を使って、到来する極高エネルギー宇
宙線の観測運用を続けている

✦TAとFASTの同時検出された宇宙線を使って性能評価

✦1018 eV以上のエネルギーの102事象の宇宙線が、TAとFASTの同時検出された

✦FASTの検出器シミュレーションから期待されるパラメータ分布と、実際に検出された
分布はおおむね誤差の範囲内で一致している

✦FASTで検出された波形を使って、宇宙線の情報を再構成した

✦質量組成に感度の高い空気シャワーの最大発達深さを推定

✦今後も観測とデータ解析を継続し、検出器の理解や物理解析を進めていく

✦研究費20万円＋新任教員50万円は、米国ユタへの海外旅費や国内旅費として使用した
13
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Backup



Comparison with Simulation - best fit
-2018/05/15
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4 / 9

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

Example of FAST@TA event (Cherenkov dominated)

15

FAST measured waveforms + Simulated signals 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



10 EeV skymap 16

NASA/DOE/Fermi Collaboration

GAIA Collaboration

Converted to            Galactic coordinates

T. Fujii, PoS (ICRC2021) 402 (2021)

Figure 5. Synchrotron emission at 30 GHz (top) and dust emission at 353 GHz (bottom). The colour indicates
the total intensity, while the texture applied shows the inferred plane-of-sky magnetic field direction, i.e., the
polarisation direction rotated by 90�. See [63] for details.4

4From https://www.cosmos.esa.int/web/planck/picture-gallery, reproduced with permission from Astro-
nomy & Astrophysics, c� ESO; original source ESA and the Planck Collaboration.

– 11 –

 IMAGINE project 
(arXiv:1805.02496)

"Deciphering" magnetic fields
Synchrotron emission 
at 30 GHz 

https://pos.sissa.it/395/402/
https://arxiv.org/abs/1805.02496


First guess reconstruction with a FAST array
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✦Training data: Energy of 1 - 100 EeV, Xmax of 500 - 1200 g/cm2, uniform

✦Night sky background: σ=10 p.e./100 ns, based on field measurements at TA and Auger sites

✦Test data: Xmax distributions based on CORSIKA-Conex simulations

✦4 species (P, He, N, Fe) with 3 interaction models (EPOS-LHC, QGSJetII-04, Sibyll 2.3c)
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Reconstructed Xmax distributions
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10 - 20 EeV 20 - 30 EeV 30 - 40 EeV 40 - 50 EeV

50 - 60 EeV 60 - 70 EeV 70 - 80 EeV 80 - 90 EeV

✦ Resolution@~40 EeV, Arrival direction: 4.2 degrees, Core: 465 m, Energy: 8% Xmax: 30 g/cm2 



Reconstructed Xmax rails
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Next challenge: stand-alone operation of FAST array
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<まとめ>
q FAST実験の予想感度

10'( eV 以上のフラックス回復を確認するには、

約10年観測が必要

q 全天雲モニターカメラ

視野内に検出できる星の数と明るさより、雲の量と
大気透明度を推定する

q FAST解析手法の開発・解析結果
機械学習によるTop Down Reconstructionの初期値推定
TA FD結果を初期値とし、エネルギーとXmax を
FASTのデータで独立に推定

<今後の予定>
q 遠隔地での検出器デザイン
低電力化・自動稼働
→FADC、Amplifier、HVモジュールを開発中
→光学系のデザインのさらなる最適化

q Augerサイトに2台目の設置予定(2021年予定)

q 陽子と鉄から期待される平均Xmaxの値を見積もる(質量組成推定)

まとめと今後の予定

9
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FAST実験の感度曲線 1年

10年

100年

Data O. Deligny et al., PoS(ICRC2019)234
Model V. Berezinsky et al. (2001)

1

3

2

4

Augerサイト3台目

Optimization of optics using 4 mirrors 

TA and Auger Surface Detectors

Pierre Auger: 3000 km2 Telescope Array:700 km2

(not drawn to scale) 3

distances and height profile

New electronics development

Dual 32ch FADC 
(ADS52J90), 64ch 
FADC, 14bit,
32.5 MSPS, 32ch

MIO module

GPS
RTC

ID

T/H

LED
USB

LAN

SFP DCDC

ROM

Selectable PHY chip for ethernet
Selectable USB HOST/TARGET
GPS/RTC for 1PPS
To be optimized for FAST telescope

GPIO

SoC module (or SoM)

SoC SDRAM

DCDC

FMC

JTAG

mSD

DCDC MODE

System on Module with Xilinx SoC
(XC7Z030-1FFG676I)

Many purpose 
HPC -FMC (80 diff line) compatible, 4ch GBT
All MIO pin is connected 

PMOD

On/
Off

RST

FADC module

SoC

To 
Analog 

F/E

Heat
Sink

HDMI

FADC

To 
SoM

CLK 
F/O

SSD

Dual 32ch FADC (ADS52J90), 64ch FADC at maximum
Some of input can be bypassed for TDC use
FADC has 7 operation mode

10bit 200/100/50   MSPS  8/16/32ch, 
12bit          80/40    MSPS     16/32ch, 
14bit          65/32.5 MSPS     16/32ch 

M.2 SSD “can be” used, if we can buy firmware
I2C SPI bridge for slow control
64 ch analog input can be connected to analog F/E
In this case, 48ch FADC/TDC, 14 bit 32.5MSPS 

DCDC

FADC

I2C 
SPI

AMP module

Co
n

To 
FADC

I2C 
F/O

AM
P

48ch 4 pole LPF / Dscri.(LVDS output) / DAC                   
/ U.FL coax conn
DAC is used for threshold control of Dscri.

DAC

> 2000 R/C !!

Di
sc

r

MIO SoC FADC AMP

Robust enclosure

Candidate sites Two Possible sites

LL from the road – photo

M. Vacula (Martin.Vacula@slo.upol.cz) Site selection FAST Collaboration Meeting, Osaka, 13
th

December 2022 9 / 17
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