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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

2

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  
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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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Variable angles of elevation – steps. 
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Scientific goals and characteristics with FAST
✦To clarify origins and natures of UHECRs
✦Directional anisotropy on spectrum and composition 

with 10× (Auger or TAx4) exposure
✦Pros

✦Calorimetric energy determination
✦Mass-composition sensitivity using Xmax

✦Less dependent on hadronic interaction models
✦Cons

✦Low duty cycle, 10 - 20%
✦Many calibration components(PMT gains, Optics, 

atmospheric parameters, telescope direction)
✦Understanding directional exposure

✦Calibration source: large-scale dipole anisotropy 
✦Stand-alone operation required 4
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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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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
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Atmospheric monitoring systems with FAST
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FASCam 2

1. Introduction: FAST project

The Fluorescence detector Array of Single-pixel Telescopes (FAST) is a concept for

a next-generation ultrahigh energy cosmic ray (UHECR) observatory; a large-area,

low-cost detector suitable for measuring the properties of UHECRs having energies

exceeding 1019.5 eV [1, 2]. The full-scale prototype was developed using four 200mm

diameter photo-multiplier tubes at the detector plane and a segmented mirror of 1.6m in

diameter. In October 2016, September 2017, and September 2018 three such prototypes

were installed at the Black Rock Mesa (BRM) site of the Telescope Array experiment

in central Utah, USA [3, 4]. All three telescopes have been steadily taking data since

installation. Collected data include measurements of air showers, as well as vertical

laser traces from the Telescope Array’s Central Laser Facility (CLF) [5]. The cloud

coverage and atmospheric transparency are two of the largest systematic uncertainties

in the fluorescence technique, making robust atmospheric monitoring an essential task

for a next-generation cosmic ray observatory [6]. We present an instrument capable of

providing monitoring of these important atmospheric parameters.

Figure 1. Left: The FASCam installed atop one of the FAST telescope huts at the
Black Rock Mesa site of the Telescope Array experiment in central Utah, USA. The
small instrument in the plastic tube next to the FASCam is a Sky Quality Monitor
(SQM-LE). Right: The field of view of the FASCam with the FAST telescope field
of view indicated. The grid splits the image into 30� ⇥ 30� regions in azimuth and
elevation.

2. The FASCam

The FASCam is an astronomical cooled CCD camera equipped with a 360� ⇥ 90�

(azimuth and elevation) lens and a set of filters installed in the internal filter wheel

(clear, Johnson R, Johnson V, Johnson B, Baader UV). The camera is mounted in a

waterproof UV-resistant housing and connected to an IP65 plastic box located inside

the FAST hut that includes the electronics (PC, heating, power source). The FASCam

provides nightly full-sky images, along with measurements of the cloud coverage and

coarse atmospheric extinction. The FASCam UV filter transmittance is similar to that

FASCam 5

D�������E�

F�������G�

Figure 4. Some examples of the astrometry analysis of the night sky images. The
star ratio represents the ratio of the number of detected stars in the image to the sum
of catalogue stars in the field of view. The maximum possible star ratio is 1 (clear
sky), decreasing to 0 in the case of an overcast sky. Image a) shows a clear sky, image
b) shows clouds close to horizon (and airplanes in the field of view), image c) shows a
partially-cloudy sky, and d) an almost fully overcast sky.

2.3. Extinction analysis

While the astrometry based cloud analysis is an essential tool for telescope operation, it

is often not sensitive enough to detect deteriorated observing conditions. For example,

a thin cloud can already absorb a significant fraction of the fluorescence light produced

by a cosmic ray air shower. However, if a part of the star light passes through, the

cloud is not detected using this method. To overcome this, we have recently developed

a method for photometric evaluation of atmospheric extinction.

The atmospheric extinction is estimated from a comparison of measured and

expected brightness of visible stars. First, the corresponding dark image and sky

FASCam 4

Figure 2. The waterproof body of the FASCam is built from aluminum sheets
equipped with a glass UV-VIS transparent lens cover at the top of the box (top-left
and center image). The G2-4000 astronomical camera is placed inside the aluminum
box (top- right) and the cables are routed out of the box using IP65 stainless electrical
glands. The G2-4000 camera is equipped with an internal five position filter wheel and
mechanical shutter (bottom-left). The lens of the FASCam is a Sigma 4.5/2.8 EX DC
(bottom-center). The readout electronics and power source is installed in a plastic box
and includes a Raspberry Pi single board computer and storage disc (bottom-right).

Figure 3. The transmittance of the Johnson BVR and UV filters installed in the
FASCam, together with the FASCam CCD quantum e�ciency graph. The QE plot
was obtained from the KAI-4022 producer data sheet [8]

2.2.1. Cloudiness of the FAST telescope site The cloudiness data provided by the

FASCam are available during the shift period when the Telescope Array Experiment

is taking data and a remote FAST operator is connected. The cloud fraction for the

period of FAST remote operation between November 2017 and February 2019 is shown

in Fig. 5, illustrating the visible star ratio and its changes during the observation of the

FAST telescopes.

Automated all-sky camera

L. Chytka et al. (FAST Collaboration), JINST 15 T10009 (2020)

Cloudy

Clear

https://iopscience.iop.org/article/10.1088/1748-0221/15/10/T10009


Comparison with Simulation - best fit
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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

Cherenkov dominated event

8

FAST waveforms + Expected 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



Fluorescence dominated 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 (Preliminary)
33.2 deg     35.8 deg        6.1 km      -5.3 km    20.0 EeV

FAST@TA



Reconstructing UHECRs with FAST@TA
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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)

Incircle of the triangle

3-fold trigger 
efficiency

100% above  
20 EeV

ϵ =
Ni(Etrue

trigger)
Ni(Etrue

thrown)

18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8 20

 (eV))trueElog(

0

0.2

0.4

0.6

0.8

1

Ef
fic

ie
nc

y

EPOS-LHC
QGSJetII-04
Sibyll 2.3c

Proton Helium Nitrogen Iron

Preliminary

Work: Justin Albury 
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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 



FAST@PAO - událost FAST vs. PAO v 1s okně
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PMT 2

PMT 3 PMT 1

PMT 0

FAST@Auger observations

13

FAST-2 
in 2022

FAST-1 in 2019

Coincidence event 
with Auger hybrid

Distant laser at 26 km

Cloudy

Clear

✦ https://youtu.be/ceN-IsaWcXg

Los Leones site at Auger

Work: Petr Hamal, Jose 
Bellido, Justin Albury 

https://youtu.be/ceN-IsaWcXg


Next: 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 0°/0° 20°/20°

0°/0° 20°/20°

TA and Auger Surface Detectors

Pierre Auger: 3000 km2 Telescope Array:700 km2

(not drawn to scale) 3

9 mirrors

4 mirrors

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
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r

MIO SoC FADC AMP

Site survey

Robust enclosure



New PMT being developed to reduce non-uniformity
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PMT R14688

56

↓ R5912-03←↓ R14688

R14688 Test : Uniformity

9

◼ R14688 (Not Shielding) ◼ R5912 (Not Shielding)
Cross Section  0°

10

◼ R14688 (Not Shielding) ◼ R5912

PMT R14688

56

↓ R5912-03←↓ R14688
R5912-03 Test : Uniformity

5

✓ Since the measurement is performed without setting a clear reference for the 
light source irradiation direction, the sensitivity position is shifted.

✓ There is a structure similar to the one without a shield

The effect of first dynode position on 
uniformity has been investigated

Cross Section  0°

10

◼ R14688 (Not Shielding) ◼ R5912

Work: Hiromu Nagasawa

R5912-03, with magnetic shied (FINEMET)

Magnetic Shield & Direction of Geomagnetism

4

↑
The side view of the PMT 
equipped with a magnetic shield

(Data from webpage)
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Summary and future plan
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FAST@TA FAST@Auger

https://www.fast-project.org

✦Fluorescence detector Array of Single-pixel Telescopes 
(FAST)

✦Low-cost fluorescence telescope array

✦Promising concept as next-generation cosmic ray 
observatory to fulfill requirements

✦Anisotropy with mass composition sensitivity 

✦Performance estimation

✦Arrival direction: 4.2 deg, Core: 465 m 

✦Energy: 8%, Xmax: 30 g/cm2 (Δ lnA ~ 1) 

✦Latest results at both northern and southern hemisphere

✦ Identical telescopes installed at Auger and TA for cross 
calibration

✦Next step and challenges

✦Stand-alone operation of FAST array in field 

Expected sensitivity with a full-size FAST array

https://www.fast-project.org


17

Backup



Time (100 ns)
0 100 200 300 400 500 600 700 800

 / 
(1

00
 n

s)
p.

e.
N

0

5

10

15

20

25
PMT1

PMT2

PMT3

PMT4

Simulation (Preliminary)

Data/simulation comparison using a distant vertical 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 awaySpot-size
50 mm offsetfocal plane



Electronics and PMT calibration in laboratory
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Vertical

Horizontal

Single Photo Electron

Calibration using Robot arm 
(0.2 mm accuracy)

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 Assembly

Need optimization (MIO board size, AMP parameter, etc)
Firmware is empty (A lot of work)

Assembly

Non-uniformity



Mirror production at Olomouc, Czech republic
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Installation of the FAST prototype
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Neural network first guess reconstruction
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✦Top-down reconstruction (Inverse Monte Carlo)

✦Use all available information from individual pixel 
traces

✦Computationally expensive

✦Need a reliable first-guess geometry

✦Neural network first guess reconstruction 

✦3 input per PMT: total signal, centroid time and 
pulse hight

✦Kares/Tensorflow in Python, two hidden layers

✦6 outputs: Xmax, energy, geometry (θ, φ, x, y) 

✦Very prompt reconstruction

Inputs
3 feature per PMT with S/N > 5σ

Top Down Reconstruction

• Compare measured traces to simulations bin-by-bin


• A maximum likelihood technique is used to obtain 
best-fit shower parameters


• Takes into account NSB and signal fluctuations 
assuming purely Gaussian noise


• Use MINUIT to minimise


• Each iteration requires the simulation of a new trial 
event

!3
Neural Network Model

!6

• I use Keras/TensorFlow in Python


• Started with a simple dense (fully connected) 
network


• The input layer consists of 3 features per PMT 
(total signal, centroid time and pulse height)


• Pixels with no signal are set to zero for all features


• 6 outputs: � , energy, geometry ( � , � , � , � )Xmax θ ϕ x y

Outputs
Energy, Xmax, geometry(θ, φ, x, y)

Work: Justin Albury. PhD thesis (2021)



Installation site survey
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distances and height profile

FAST mini array



~20 years ago...
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J. Cronin,  Nucl.Phys.Proc.Suppl. 
138:465 (2005)

Figure 32. Arrival directions of cosmic rays with energy ≥ 4 x 1019 eV observed by AGASA, Haverah
Park, Yakutsk, and Volcano Ranch. The size of the oval boundary represents the angular resolution. A
dot within the oval indicates that the cosmic ray had an energy ≥ 1020eV. The small ovals come from
AGASA or Volcano Ranch. The larger ovals come from Yakutsk or Haverah Park.

J.W. Cronin / Nuclear Physics B (Proc. Suppl.) 138 (2005) 465–491 485
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Figure 1. The ultrahigh energy cosmic-ray spectral data from the analysis of Fly’s Eye (full
triangles), AGASA (full circles), HiRes I-monocular (open triangles) and HiRes II-monocular
(open squares) observations.

for astrophysics as well as physics. We will take a synoptic view of ultrahigh energy hadrons,
photons and neutrinos. In this way, one can gain insights into the profound connections
between different fields of observational astronomy and astrophysics which use different
experimental techniques.

2. The highest energy cosmic rays

2.1. The data

Figure 1 shows the data (as of this writing) on the ultrahigh energy cosmic-ray spectrum from
the Fly’s Eye, AGASA and HiRes detectors. Other data from Haverah Park and Yakutsk,
which may be found in the review by Nagano and Watson (2000), are consistent with figure 1.
The new HiRes data are from Abu-Zayyad et al (2002).

For air showers produced by primaries of energies in the 1–3 EeV range, Hayashida et al
(1999) have found a marked directional anisotropy with a 4.5σ excess from the galactic centre
region, a 3.9σ excess from the Cygnus region of the galaxy, and a 4.0σ deficit from the
galactic anticentre region. This is strong evidence that EeV cosmic rays are of galactic origin.
A smaller galactic plane enhancement in EeV events was also reported by the Fly’s Eye group
(Dai et al 1999).

As shown in figure 2, at EeV energies, the primary particles appear to have a mixed or
heavy composition, trending towards a light composition in the higher energy range around
30 EeV (Bird et al 1993, Abu-Zayyad et al 2000). This trend, together with evidence of a
flattening in the cosmic-ray spectrum in the 3–10 EeV energy range (Bird et al 1994, Takeda
et al 1998) is an evidence for a new component of cosmic rays dominating above 10 EeV
energy.

F W Stecker, J. Phys. G: 
Nucl. Part. Phys. 29 R47 
(2003)

of the presently operating experiments but may
be within the reach of the Auger Observatory.
However Auger in the southern hemisphere looks
away from the Virgo cluster, where there are sig-
nificant concentrations of extra-galactic matter
which might serve as sources.

5.3. Composition
To measure the composition of the primary cos-

mic rays is the most difficult challenge of all, far
more so than the energies and directions. One
seeks to infer the nature of the primary parti-
cle from the 1010 secondaries produced. The two
principal observables that can be traced to the
nature of the primary are the depth of maxi-
mum of the shower (Xmax) and the ratio of the
muonic to to electromagnetic components of the
shower. There are secondary observables related
to these primary observables. For a given en-
ergy the showers are successively more penetrat-
ing (larger Xmax) as one passes from a heavy pri-
mary to a proton to a photon. A deeper shower
has a sharper lateral distribution (the shower has
less distance to spread). The spread in time of
shower particles that arrive at a detector far from
the axis is larger for a deeply penetrating shower.
In addition the muon to electromagnetic ratio de-
creases as the shower is more penetrating. This
ratio is roughly 40% lower for protons than for
the heaviest nucleus expected in the cosmic rays.
Photons at the highest energy ≥ 1019 eV have a
muon to electromagnetic ratio more than a factor
three less than protons.

In all the literature concerning composition one
speaks of protons and iron as if these are the
only possibilities. This is because these two pri-
maries represent the extremes. There is barely
the means to even separate iron and protons, so
that any mixture of protons and nuclei can be fit
in this two component model. A measurement
of Xmax is a quantity most directly related to
composition. A measurement of this quantity as
a function of energy is Linsley’s elongation rate.
The bounds of the elongation rate must be cal-
culated by simulation, and these can vary by 10’s
of gm/cm2 so the absolute position of Xmax as a
function if primary is quite uncertain. The slopes
of the boundaries are less sensitive to the interac-

Figure 35. Plot of Xmax vs energy measured by
measurements of the Fly’s Eye and HiRes ex-
periments. The boundaries indicated for iron
and proton are based on the QGSJET interac-
tion model (solid) and the Sibyll model (dashed).
The elongation rate for photons is also plotted.

tion models. A steepening or a flattening of the
elongation rate indicates a change in composition
towards a lighter or heavier mix of nuclei.

Additional composition information is con-
tained in the fluctuation of Xmax. In the section
on shower properties we saw that the fluctuation
for Xmax for protons was 53 gm/cm2, while for
iron it was 22 gm/cm2. The magnitude of these
fluctuations is weakly dependent on the choice of
interaction model.

The fluorescence detectors can measure Xmax

with a statistical error of ≤ 30 gm/cm2. Re-
cently the HiRes group presented a measurement
of Xmax in the range from 1018 eV to 2 x 1019 eV
[34]. These results and prior measurements made
with the HiRes prototype [35] and the original
Fly’s Eye experiment [36] are plotted in Figure
35. Two different interaction models for the pro-
ton and iron boundaries are indicated. While the
boundary differences are significant, it is amazing
that the data do lie within the boundaries and the
elongation rate for the different cases are about
the same, 55 gm/cm2 per decade.

In Figure 35 the elongation rate for photon
showers is also plotted. Above 1019 eV the curve

J.W. Cronin / Nuclear Physics B (Proc. Suppl.) 138 (2005) 465–491 487

https://www.sciencedirect.com/science/article/abs/pii/S0920563204006723?via=ihub
https://iopscience.iop.org/article/10.1088/0954-3899/29/10/201


Recent results
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energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.

T. Fujii et al., PoS (ICRC2021) 402

2.2 Energy spectrum: Well established but not well explained

The flux of cosmic rays as a function of energy, i.e., the energy spectrum, is one of the most
fundamental observables to infer on the nature of UHECRs. The production mechanisms, the
source type and distribution and the propagation environment, shape the spectrum in a non-trivial
way, imprinting on the spectrum several features deviating from a pure power law. The shape is
thus an object of detailed scrutiny for studying the combined e↵ects of the evolution of the arrival
directions and mass composition with primary energy. The precise measurements of the spectrum
have been used to put strong constraints on astrophysical models of the sources, particularly when
combined with other measurements like Xmax [106, 107] (see Ch. 4).

Figure 2.6: Recent measurements of the all-particle flux from the TA [108], IceCube [82], Pierre
Auger [33, 48, 66], Yakutsk [109], KASCADE-Grande [110], and TUNKA [111] experiments, which
define the spectral features in the UHE region, are shown. Those with upgrades specifically de-
scribed in this white paper are shown in color. The direction and magnitude of the systematic
uncertainty in the energy scale for Auger and TA is indicated by the corresponding arrows.

The spectra measured by the Auger (Sec.2.1.1) and TA (see Sec.2.1.2) collaborations are shown
in Fig. 2.6, scaled by E

3 to highlight the deviation from a pure power law. Despite being conceived
as UHECR detectors, the two observatories achieve an impressive 5 orders of magnitude spectrum
in energy. This feature, other than being visually extremely powerful, allows to construct a single
overview of the spectrum from the low energy up to the highest. This allows to give a single
description of the transition from the galactic to extragalactic cosmic rays, reducing the systematic
uncertainties that would result from di↵erent measurements. Modelling e↵orts can now rely on data
from single experiments, both in the northern and southern hemispheres, over an impressively wide
ranges of energy. Several features are now well established, the knee at ' 5⇥ 1015 eV, the so-called
low energy ankle just above 1016 eV, the second-knee at ' 1017 eV, the ankle at ' 5⇥ 1018 eV, the
instep at ' 1019 eV, and the suppression beginning at ' 5⇥1019 eV. In the following, measurements
which cover the final two decades in energy, in the UHECR range, where Auger and TA are the only
experiments available are mainly covered. The developments needed for a better understanding of
the transition from galactic to extragalactic component will be also briefly discussed.
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energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.
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