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Fluorescence detector Array of Single-pixel Telescopes 
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(+ Surface detector array of Layered Observational Water-cherenkov counters)
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Preliminary

TA ICRC 2015

Auger ICRC 2015

Highlights on UHECR

2

ApJ, 794 172 (2014)
No anisotropy seen

All Sky Survey with TA&PAO 

12 

       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 !! 

Auger A.Porcelli, 420 

down to 1017 eV using HEAT 

15"

K. Kawata et al, ICRC 2015

Hotspot/
Warmspot

Spectrum discrepancy at 
suppression

A. Porcelli, ICRC 2015, 
A. Yushkov, ICRC 2015,
PRD 90 122005 (2014) 

Intermediate 
composition or  

models,
no information 
above 1019.7 eV

Indication of a dipole at E > 8 EeV 
with Auger



Highlights on UHE Photon/Neutrino

3

Top-down model disfavored, close to GZK photon/neutrino

17

Upper limits to the integrated photon flux

Feldman-Cousins limit 
to the number of photons

E-2 spectrum-weighted

average exposure for E
g 
> E

0

 

Fγ (Eγ>E0)=
N γ

⟨ℇ⟩

E
0
 

[EeV]

 ·ꜫÒ
[km2 sr yr]

Fg  (95% CL)

[km-2 yr-1 sr-1]

10 5200  1.9 x 10-3

20 6800  1.0 x 10-3

40 6300  4.9 x 10-4
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Conclusions
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→ 01/01/04–15/05/13 
    4 photon candidates above 10 EeV
→ strictest limits in the range E > 1 EeV
→ top-down model strongly disfavoured
→ preliminary U.L. above 10 EeV start constraining 
    the most optimistic models of cosmogenic photons 
    with p primaries injected at the source 

 

→ 01/01/04–20/06/13 no n candidate

→ search not limited by background 
→ limit below the WB bound
→ top-down (exotic) models strongly constrained
→ cosmogenic model with pure p composition 
    at the source and strong FRII evolution disfavoured

n

g
C. Bleve ICRC 2015
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Wave length shifting fiber

11

- TAx4 uses WLSFiber  , Kuraray Y-11(200).   (D=1.2mm L=6.1m  λ
att

 ~3.7m )

   same as TA except length of a fiber

TA SD TAx4 SD 

5 m  fiber    

Spacing 2cm

6.1 m  fiber     

Spacing 4cm

1 fiber route on scintillator 2 time.

- Fiber layout and number are changed to reduce assembly time and cost.

– Non uniformity is smaller than < 15%  at measurement with test assembly.

– Less number of fiber to assemble gives shorter assemble time.

– Total length of fiber is  < ~1/3 . It gives cost reduction.
R&D by K.Saito (ICRR)

UHEAP 2016 @ University of Chicago 

On-going Upgrade: TA×4

4

Detailed measurement on Hotspot
Enlarge the fourfold coverage to TA×4 = Auger, 
3000 km2

H. Sagawa ICRC2015, T. Nonaka UHEAP2016

2 clusters in the hotspot 
in the summer of 2020

2014/10/13 H. Sagawa@UHECR2014 31

Expected in 2020 
(Simulation)

18

Transport

- First 12 TAx4 SDs have shipped 
  from Japan on last Monday 

- Expected arrival to TA site is middle of Mar.

- Unpack and final assembly to the frame.

- If condition is fine, remaining 90 SDs will be
  shipped quickly.

~200 kg /1SD

~2400 kg /stack

Stackable flame  up to 10-12 SDs 

UHEAP 2016 @ University of Chicago 

18

Transport

- First 12 TAx4 SDs have shipped 
  from Japan on last Monday 

- Expected arrival to TA site is middle of Mar.

- Unpack and final assembly to the frame.

- If condition is fine, remaining 90 SDs will be
  shipped quickly.

~200 kg /1SD

~2400 kg /stack

Stackable flame  up to 10-12 SDs 

UHEAP 2016 @ University of Chicago 

7 2017/03/17 



  

Scintillator detector

Radomír Šmída  – AugerPrime 8

Alu enclosure

Fibers routing

WLS fibers

Extruded scintillator bars
(1600 x 50 x 10 mm)

PMT/SiPM

Support 
frame

Sunroof

  

Scintillator detector

Radomír Šmída  – AugerPrime 8

Alu enclosure

Fibers routing

WLS fibers

Extruded scintillator bars
(1600 x 50 x 10 mm)

PMT/SiPM

Support 
frame

Sunroof

5

Improve electromagnetic/muon separation of SD to measure the 
mass composition above 1019.7 eV.

Boost in statistics by a factor of ~ 10 compared to FD Xmax 
analysis.

Small PMT in the water tank, FD operation during moon night.

Origin of flux suppression, proton contribution above 1019.7 eV, 
new particle physics beyond the human-made accelerator. 
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Karl-Heinz Kampert – University Wuppertal UHECR2014, Springdale (Utah), Oct. 2014

Nµmax  vs  Xmax

15

Xmax  (g/cm2)

lg
 (

N
µ )

p

Fe
N

He

E = 5·1019 eVQGSJet II.04

Muons may even outperform Xmax  
at highest energies !

Install 4 m2 Scintillator to measure the mass composition by SD.
On-going Upgrade: AugerPrime

R. Engel ICRC2015, R. Smida UHEAP2016
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Large Aperture, Full Sky Coverage �
 �One Detector, nearly uniform exposure�

Inclination:  51.6° �
Height:    ~400km�

5 year Mission  1000 Events E>60 EeV 
                                   (Auger 20/yr)  

Pioneering UHECR Space Mission 

JEM-EUSO
Extreme Universe Space Observatory onboard Japanese Experiment Module

A. Olinto, ICRC2015

Pioneer detection of UHECRs from space

[19], the electronics [20], and the mechanical structure [21]. The
main parameters of JEM-EUSO telescope are summarized in Ta-
ble 1. The telescope optics consists of three double-sided curved
circular Fresnel lenses with 2.65 m maximum diameter. The mini-
mum diameter of the lenses is 1.9 m owing to cuts on opposite
sides. This shape is referred to as ‘side-cut’ and is required to sat-
isfy constraints of the H-IIB Transfer Vehicle (HTV) Kounotori [13]
which will transport the JEM-EUSO telescope to the ISS. The UV
photons are focused onto the FS which consists of 137 Photo-
Detector Modules (PDMs). Each PDM comprises of a 3! 3 set of
Elementary Cells (ECs). Each EC is formed by a 2! 2 array of Mul-
ti-Anode PhotoMultiplier Tubes (MAPMTs) – Hamamatsu Photon-
ics K.K. R11265–03-M64 – with 8! 8 (= 64) pixels. Each pixel
has a spatial resolution of 0:074". The FS detector converts photons
into electrical pulses with #2 ns width, which are counted by the
electronics during a Gate Time Unit (GTU) of 2.5 ls.

The imaging part of the telescope is an extremely fast, highly
pixelized, large-aperture, and wide-FoV digital camera. It is sensi-
tive to near UltraViolet (UV) wavelength band between about 300
and 430 nm with single photon counting capability. The telescope
records the spatial and temporal profile of the UV light emitted as
an EAS develops in the atmosphere.

Since the intensity of the observed light depends on the trans-
mittance of the atmosphere, the cloud coverage and the height of
the cloud-tops, JEM-EUSO is equipped with an Atmospheric Moni-
toring (AM) system [22]. To characterize the atmospheric condi-
tions as precisely as possible and thus determine the effective
observation aperture with high accuracy, the AM system consists
of an InfraRed (IR) camera and a LIDAR (LIght Detection And Rang-
ing) system. Additional information on atmospheric conditions is
also extracted from the UV data acquired continuously by the
JEM-EUSO telescope itself.

The top panel of Fig. 1 illustrates the UHECR observation princi-
ple in the JEM-EUSO mission. From an orbit at the altitude of
H0 # 400 km, the JEM-EUSO telescope detects fluorescence and
Cherenkov light from EAS. The fluorescence light is emitted iso-
tropically along the EAS track and is observed directly. Since the
Cherenkov light is forward-beamed, it is observed either because
of scattering in the atmosphere or because of diffuse reflection
from the surface of the Earth or a cloud-top. The latter is referred
to as ‘Cherenkov mark’ and it provides additional information
about the shower geometry. A 1020 eV UHECR produces an EAS
with Oð11Þ particles in the region where the shower reaches its
maximum size. Secondary charged particles, predominantly elec-
trons, excite atmospheric nitrogen molecules that cause UV fluo-
rescence light emitted at characteristic lines in the band
k # 300& 430 nm. The fluorescence yield has been intensively
studied by many groups and is found to be # 3& 5 photons m&1

per electron [23,24]. During the development of a 1020 eV EAS, an
order of 1015 photons are emitted. Seen from # 400 km distance,
the solid angle subtended by a telescope with a few-m2 aperture
is # 10&11 sr. This implies that several thousands of photons reach
the entrance aperture of the telescope under clear atmospheric
conditions.

The arrival time distribution of photons at the entrance aper-
ture, is presented in the bottom panel of Fig. 1. The fluorescence
light is the dominant component, with smaller contributions com-
ing from reflected and back-scattered Cherenkov light. Since fluo-
rescence light dominates the signal, the energy can be
determined with only small corrections for the Cherenkov compo-
nent. From H0 # 400 km, the brightest part of the EAS develop-
ment, which occurs below # 20 km altitude, appears always at
an almost constant distance, for a fixed location of the EAS in the
FoV, regardless of the direction of the EAS, strongly reducing the
proximity effects. These are advantageous characteristics of
space-based experiments. In a sense, JEM-EUSO functions as a huge
time projection chamber. In addition, Cherenkov light reflected
from surface of the ground or cloud-top is useful for providing a
time mark for the terminus of the shower.

The orbit of the ISS has an inclination 51.6! and H0 can range be-
tween 278 km and 460 km according to the operational limits [25].
The sub-satellite speed of ISS and the orbital period are # 7 km s&1

and # 90 min, respectively. Apart from effects of orbital decay and
operational boost-up, the ISS orbit is approximately circular. H0

varies on long-time scale. In the present work, we assume
H0 ¼ 400 km as a constant value.

The ISS attitude is normally +XV V +ZLV attitude [26] and devi-
ates from it only for very short periods. +XV V +ZLV is the opera-
tional attitude for JEM-EUSO. The JEM-EUSO telescope is
designed to point to nadir, referred to as ‘nadir mode’, as well as
to tilt astern to the direction of the motion, referred to as ‘tilt
mode’. In the following argument, we focus on the case of nadir
observation.

The observation area of the Earth’s surface is essentially deter-
mined by the projection of the FoV of the optics and the area of the
FS. The FoV of the optics is estimated using ray tracing simulations
[18,27]. Ray tracing can be used to map the focal surface onto the
surface of the Earth as shown in Fig. 2.
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Fig. 1. Top: Illustration of UHECR observation principle in the JEM-EUSO mission.
For the telescope at H0 # 400 km altitude, the main signals are fluorescence
photons along the EAS track and Cherenkov photons diffusely reflected from the
Earth’s surface. Bottom: Components of the photon signal at the entrance aperture
for a standard EAS with E ¼ 1020 eV and h ¼ 60" as simulated by ESAF (see
Section 5).

J.H. Adams Jr. et al. / Astroparticle Physics 44 (2013) 76–90 79

J.H. Adams Jr. et al.,  Physics 44 (2013) 76–90



Physics Goal and Future Prospects
Origin and Nature of Ultra-high Energy Cosmic Rays and

Particle Interactions at the Highest Energies

Exposure and Full Sky Coverage
TA×4 + Auger 
JEM-EUSO : pioneer detection from 
space and sizable increase of exposure

Detector R&D
Radio, SiPM, 
Low-cost 
Detectors

“Precision” Measurements 
AugerPrime 
Low energy enhancement
(Auger infill+HEAT+AMIGA,
TALE+TA-muon+NICHE)

5 - 10 years

Next Generation Observatories
In space (100×exposure): EUSO-NEXT 
Ground (10×exposure with high quality events): Giant Ground Array, FAST

10 - 20 years



Fine pixelated camera

Low-cost and simplified/optimized FD

✦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

8

Single or few pixels and smaller optics

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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20 km UHECRs
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Fluorescence detector Array of Single-pixel Telescopes 
✦ Each telescope: 4 PMTs, 30°×30° 

field of view (FoV).

✦ Reference design: 1 m2 aperture, 
15°×15° FoV per PMT

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

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

✦ If 500 stations are installed, a ground  
coverage is ~ 150,000 km2.

✦ Geometry: Radio, SD, coincidence of 
three stations being investigated.



FAST Exposure
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Auger 

JEM-EUSO 
nadir 

TAx4 

JEM-EUSO 
tilt 

TA 

✦ Conventional operation of FD 
under 10~15% duty cycle

✦ Target:  >1019.5 eV

✦ Observation in moon night to 
achieve 25% duty cycle,

✦ Target:  >1019.8 eV = Super 
GZK events (Hotspot/
Warmspot)

✦ Test operation in moon night 
with Auger FD (R. Smida)

✦ Ground area of 150,000 km2 with 
25% duty cycle = 37,500 km2 

Preliminary

FAST
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FAST



Physics Target
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FIG. 3. UHECR spectrum as observed in Akeno (triangles) and AGASA (filled circles) experi-

ments. The curves show the predicted differential spectra for the uniform distribution of sources with

or without evolution. The case without evolution (m = 0, γg = 2.7) is given by curves (1),(2),(3)

for maximum generation energy Emax = 3 · 1020 eV, 1 · 1021 eV and ∞, respectively. The dashed

curve 4 describes the evolutionary model with m = 4, γg = 2.45 and Emax = ∞.

We can fit the Akeno-AGASA data in both cases, with and without evolution. The

spectra without evolution, m = 0 can fit the data starting from relatively high energy

E ≥ 1 ·1018 eV. The fit needs γg = 2.7. The curves 1, 2 and 3 in Fig.3 show the spectra with

different Emax equal to 3 ·1020 eV, 1 ·1021 eV and ∞, respectively. The fit without evolution

(curves 1, 2, 3) needs L0 = 4.7 · 1051 erg/Mpc3yr, while the fit for evolutionary case (curve

4) needs L0 = 1.3 · 1049 erg/Mpc3yr. The difference between these two emissivities is caused

mainly by flatter generation spectrum in the evolutionary case.

The required emissivities can be compared with most powerful local emissivity given by

Seyfert galaxies LSy = nSyLSy. Using the space density of Seyfert galaxies nSy ∼ 10−77 cm−3

9

V. Berezinsky et al., (2001)
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Preliminary

TA ICRC 2015

Auger ICRC 2015

GZK Recovery

17

Upper limits to the integrated photon flux

Feldman-Cousins limit 
to the number of photons

E-2 spectrum-weighted

average exposure for E
g 
> E

0

 

Fγ (Eγ>E0)=
N γ

⟨ℇ⟩

E
0
 

[EeV]

 ·ꜫÒ
[km2 sr yr]

Fg  (95% CL)

[km-2 yr-1 sr-1]

10 5200  1.9 x 10-3

20 6800  1.0 x 10-3

40 6300  4.9 x 10-4
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→ 01/01/04–15/05/13 
    4 photon candidates above 10 EeV
→ strictest limits in the range E > 1 EeV
→ top-down model strongly disfavoured
→ preliminary U.L. above 10 EeV start constraining 
    the most optimistic models of cosmogenic photons 
    with p primaries injected at the source 

 

→ 01/01/04–20/06/13 no n candidate

→ search not limited by background 
→ limit below the WB bound
→ top-down (exotic) models strongly constrained
→ cosmogenic model with pure p composition 
    at the source and strong FRII evolution disfavoured

n

g

First detection of UHE photons and neutrinos

FAST FAST

FAST UHECR Anisotropy
with ~10x statistics

All Sky Survey with TA&PAO 

12 

       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 !! 



Window of Opportunity at EUSO-TA 
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EUSO prototype�

Telescope Array site Black Rock Mesa station

✦ Temporally use the EUSO-TA optics at the TA site.

✦ Two Fresnel lenses (+ 1 UV acrylic plate in front for protection)

✦ 1 m2 aperture, 14°×14° FoV ≒ FAST reference design.

✦ Install FAST camera and DAQ system at EUSO-TA telescope.

✦ Milestones: Stable observation under large night sky backgrounds, 
UHECR detection with external trigger from TAFD.

EUSO-TA telescope FAST camera

✦ 8 inch PMT 
(R5912-03, 
Hamamtsu)

✦ PMT base (E7694-01, 
Hamamatsu)

✦ Ultra-violet band pass 
filter (MUG6, Schott)



Anode & dynode
Signal

FAST DAQ System 
TAFD external trigger, 3~5 Hz

Amplifiers
R979 CAEN
Signal×10

Camera of FAST

High Voltage power supply, 
N1470 CAEN

Portable VME Electronics
- Struck FADC 50 MHz sampling, 
SIS3350 
- GPS board, HYTEC GPS2092

15 MHz 
low pass filter

777,Phillips scientific
Signal×50

All modules are remotely 
controlled through wireless 
network. 
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Start observation

1 2 3

4 5 6

7 8 9



Results on the First Field Observation
✦ Data set: April and June 2014 observation, 19 days, 83 hours

✦ Very stable observation under large night sky backgrounds

✦ Laser detection to confirm a performance of the prototype

✦ UHECR search : 16 candidates coincidence with TA-FD

✦ Very successful example among Telescope Array, JEM-EUSO, Pierre 
Auger Collaborations.

16
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Figure 14: Distribution of the impact parameter as a function of the primary energy recon-

structed by TA for shower candidates detected by the FAST prototype. The line indicates

the maximum detectable distance by the FAST prototype (not fitted).
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http://arxiv.org/abs/1504.00692
http://arxiv.org/abs/1504.00692
http://arxiv.org/abs/1504.00692
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FAST - today  

Accepted for publication 
in Astroparticle Physics 

Full-scale FAST Prototype

17

✦ Confirmed milestones by EUSO-TA Telescope

✦ Stable operation under high night sky 
backgrounds.

✦ UHECR detection.

✦ Next milestones by new full-scale FAST prototype 

✦ Establish the FAST sensitivity.

✦ Detect a shower profile including Xmax with 
FAST

FAST meeting in December 2015 
(Olomouc, Czech Republic)



FAST - progress in design and construction  

UV Plexiglass Segmented primary mirror 8 inch PMT camera             
(2 x 2) 

1m2 aperture                              
FOV = 25°x 25° 

variable 
tilt 

Joint Laboratory of Optics Olomouc – Malargue November 2015 3 

Prototype - October 2015 

15° 

45° 

18Joint Laboratory of Optics in Olomouc, Czech Republic

Full-scale FAST Prototype

UV band-pass 
filter
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FAST試作機設置
2016年10月

http://www.fast-project.org

Produced by D. Mandat and M. Malacari

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


FAST試作機設置 (2016年10月)

20



Aerial photos

21



フルスケールFAST試作機のセットアップ

22

✦ テレスコープアレイ(TA)実験の大気蛍光望遠鏡から受け取っ
た外部トリガーによるデータ収集を実施

✦ 10 MHz,  80 µsのトリガー幅

✦ TA実験の大気蛍光望遠鏡と同じ視野を持つように設置。21 

km先の垂直紫外線レーザーが視野内に入る
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テレスコープアレイ
実験大気蛍光望遠鏡
の視野方向
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フルスケールFAST

試作機の視野

レーザー光源
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✦全トリガー数: 62194 events

円の大きさ: 信号の有意度

PMT 1 PMT 3

PMT 2 PMT 4

測定データの例: 2016年10月5日

レーザー光源飛行機
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✦カットなし->PMT信号あり->飛行機除去(>35 µs)->レーザー事象除去->2つ以上のPMT信号あり
✦62194 -> 4290 -> 3950 -> 389 -> 90 events

① ②



Event 385: log10(E(eV)): 17.58, Zen: 38.1◦, Azi: 130.0◦,
Core(13.96, -9.85), Rp: 2.97, Psi: 52.2◦, Xmax: 651 g/cm2

FoV(902 - 1096), Date: 20161005, Time: 06:00:18.698472553

Event 386: log10(E(eV)): 18.40, Zen: 35.5◦, Azi: 99.4◦,
Core(12.81, -12.31), Rp: 3.48, Psi: 55.7◦, Xmax: 704 g/cm2

FoV(844 - 1058), Date: 20161005, Time: 06:03:10.405307007

Event 387: log10(E(eV)): 18.68, Zen: 61.0◦, Azi: 63.3◦,
Core(11.86, -11.50), Rp: 3.52, Psi: 42.8◦, Xmax: 1113 g/cm2

FoV(1407 - 1769), Date: 20161005, Time: 06:07:38.800548560

Event 388: log10(E(eV)): 17.96, Zen: 38.8◦, Azi: -19.6◦,
Core(8.90, -17.03), Rp: 9.44, Psi: 82.6◦, Xmax: 768 g/cm2

FoV(498 - 1017), Date: 20161005, Time: 06:30:06.947113522

Event 389: log10(E(eV)): 17.83, Zen: 4.7◦, Azi: 115.2◦,
Core(14.23, -5.41), Rp: 7.18, Psi: 86.7◦, Xmax: 656 g/cm2

FoV(473 - 850), Date: 20161005, Time: 06:35:10.462924009

Event 390: log10(E(eV)): 18.08, Zen: 27.2◦, Azi: 118.4◦,
Core(14.66, -10.72), Rp: 2.40, Psi: 63.0◦, Xmax: 559 g/cm2

FoV(830 - 973), Date: 20161005, Time: 06:37:49.525403588

Event 391: log10(E(eV)): 16.91, Zen: 46.7◦, Azi: -91.3◦,
Core(14.56, -10.81), Rp: 2.10, Psi: 130.2◦, Xmax: 858 g/cm2

FoV(520 - 1267), Date: 20161005, Time: 06:46:53.631597793

Event 392: log10(E(eV)): 17.38, Zen: 45.9◦, Azi: -59.1◦,
Core(17.54, -8.07), Rp: 3.84, Psi: 106.6◦, Xmax: 734 g/cm2

FoV(569 - 1091), Date: 20161005, Time: 06:48:32.058086728

Event 393: log10(E(eV)): 18.14, Zen: 31.6◦, Azi: 2.8◦,
Core(6.02, -6.69), Rp: 11.96, Psi: 102.1◦, Xmax: 762 g/cm2

FoV(373 - 991), Date: 20161005, Time: 06:51:48.292842002

Event 394: log10(E(eV)): 18.69, Zen: 61.2◦, Azi: -9.4◦,
Core(9.58, -20.15), Rp: 9.27, Psi: 57.3◦, Xmax: 1021 g/cm2

FoV(829 - 1221), Date: 20161005, Time: 06:53:27.011365323

Event 395: log10(E(eV)): 18.26, Zen: 17.7◦, Azi: -82.0◦,
Core(13.53, -2.14), Rp: 10.39, Psi: 98.2◦, Xmax: 769 g/cm2

FoV(303 - 890), Date: 20161005, Time: 06:53:43.909532618

Event 396: log10(E(eV)): 18.07, Zen: 36.2◦, Azi: -132.6◦,
Core(6.06, -16.13), Rp: 9.78, Psi: 123.3◦, Xmax: 661 g/cm2

FoV(124 - 1045), Date: 20161005, Time: 07:02:32.218563221
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Event 529: log10(E(eV)): 17.86, Zen: 52.0◦, Azi: -81.0◦,
Core(19.25, -7.29), Rp: 5.12, Psi: 77.2◦, Xmax: 569 g/cm2

FoV(780 - 1102), Date: 20161007, Time: 05:38:07.968860386

Event 530: log10(E(eV)): 18.33, Zen: 64.1◦, Azi: 159.6◦,
Core(15.32, -9.36), Rp: 1.51, Psi: 28.5◦, Xmax: 1264 g/cm2

FoV(1795 - 1972), Date: 20161007, Time: 05:38:31.715231263

Event 531: log10(E(eV)): 18.55, Zen: 22.3◦, Azi: 71.3◦,
Core(14.02, -11.00), Rp: 3.03, Psi: 72.8◦, Xmax: 675 g/cm2

FoV(763 - 943), Date: 20161007, Time: 05:44:07.307401117

Event 532: log10(E(eV)): 17.40, Zen: 20.5◦, Azi: 79.7◦,
Core(15.31, -8.00), Rp: 4.37, Psi: 85.8◦, Xmax: 735 g/cm2

FoV(653 - 926), Date: 20161007, Time: 05:44:55.951705601

Event 533: log10(E(eV)): 17.52, Zen: 28.7◦, Azi: 157.3◦,
Core(15.79, -9.69), Rp: 2.34, Psi: 61.6◦, Xmax: 967 g/cm2

FoV(854 - 997), Date: 20161007, Time: 05:57:09.791621689

Event 534: log10(E(eV)): 17.30, Zen: 27.0◦, Azi: -104.7◦,
Core(16.45, -11.14), Rp: 1.06, Psi: 97.9◦, Xmax: 573 g/cm2

FoV(890 - 988), Date: 20161007, Time: 05:58:09.450048458

Event 535: log10(E(eV)): 18.66, Zen: 29.1◦, Azi: 97.8◦,
Core(9.79, -7.93), Rp: 7.43, Psi: 63.4◦, Xmax: 746 g/cm2

FoV(587 - 985), Date: 20161007, Time: 05:59:22.020589923

Event 536: log10(E(eV)): 18.36, Zen: 48.7◦, Azi: 44.3◦,
Core(15.78, -12.59), Rp: 0.97, Psi: 45.9◦, Xmax: 997 g/cm2

FoV(1264 - 1330), Date: 20161007, Time: 06:19:14.071172549

Event 537: log10(E(eV)): 17.32, Zen: 20.1◦, Azi: 178.9◦,
Core(14.93, -10.04), Rp: 2.80, Psi: 76.1◦, Xmax: 682 g/cm2

FoV(760 - 931), Date: 20161007, Time: 06:21:09.964425939

Event 538: log10(E(eV)): 17.21, Zen: 47.3◦, Azi: -81.2◦,
Core(14.72, -12.95), Rp: 1.91, Psi: 129.4◦, Xmax: 859 g/cm2

FoV(560 - 1294), Date: 20161007, Time: 06:44:44.630556591

Event 539: log10(E(eV)): 18.90, Zen: 51.0◦, Azi: 136.2◦, Core(-
5.24, -2.01), Rp: 16.93, Psi: 44.1◦, Xmax: 1024 g/cm2 FoV(620
- 1296), Date: 20161007, Time: 07:02:14.918199837

Event 540: log10(E(eV)): 17.26, Zen: 35.1◦, Azi: -87.8◦,
Core(13.56, -10.70), Rp: 3.10, Psi: 123.1◦, Xmax: 683 g/cm2

FoV(575 - 1067), Date: 20161007, Time: 07:03:02.976589946
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UHECR, logE=18.55
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遠隔操作による観測
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合計18個の宇宙線候補事象
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シミュレーションと観測データの比較
✦ 21 km先の紫外線垂直
レーザー事象の284個
の重ね合わせ波形

✦ シミュレーションで期
待される信号と比較
✦ 望遠鏡の感度(レイ
トレース)

✦ 鏡の反射率、フィ
ルターの透過率

✦ PMTの検出効率
✦ PMT表面での非一
様性(未実装)

✦ ゲインの温度補正
(未実装)

Sum 

PMT 1

PMT 3
PMT 2

PMT 4

方向ごとの感度(レイトレース)

Simulation
(Preliminary)

Data

11

Optical simulation statusFAST Simulation - example

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

10

Optical simulation status

- PSF (0deg - axis): aperture input 0.5W ʹ 4x0.04W/PMT (eff: 32%) 

FAST Simulation - example
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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

Pierre Auger Collaboration, NIM-A (2010) Telescope Array Collaboration NIM-A (2012)
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a b s t r a c t

We present a new design for the water Cherenkov detectors that are in use in various cosmic ray
observatories. This novel design can provide a significant improvement in the independent measure-
ment of the muonic and electromagnetic component of extensive air showers. From such multi-
component data an event by event classification of the primary cosmic ray mass becomes possible.
According to popular hadronic interaction models, such as EPOS-LHC or QGSJetII-04, the discriminating
power between iron and hydrogen primaries reaches Fisher values of ! 2 or above for energies in excess
of 1019 eV with a detector array layout similar to that of the Pierre Auger Observatory.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

At the highest energies, above 1019 eV (10 EeV or 1.6 J), cosmic
rays are scarce (less than one per km2 per year) and limited data has
been collected on their nature. This situation dramatically limits the
capabilities of Ultra High Energy Cosmic Ray (UHECR) physics to
address fundamental questions regarding particle interactions and
transport at the highest energies, and to uncover the nature of their
sources. Even today, the existence of the Greisen–Zatsepin–Kuz'min
(GZK) cut-off [1,2] is still not totally resolved as the observed
reduction in the cosmic-rays spectrum can still be interpreted as
the “running out of steam” of the sources.

However, if one could identify the nature of the primary
particle and access the details of the cascade evolution and
content, substantial information would be collected about hadro-
nic interactions at center-of-mass energies above 100 TeV and up
to 450 TeV. Moreover, aiming at an excellent primary cosmic ray
identification, multi-parametric measurements of Extensive Air
Showers (EAS) have the potential of detecting or setting limits on
UHE neutrino or gamma ray fluxes, identifying UHECR sources,
and constraining galactic and intergalactic magnetic fields.

The limitations of current measurements, in particular above
50 EeV, strongly limit the coherent understanding of the available
data. Large statistics and high-precision composition measurements at

the highest energy (above a few tens of EeV) are needed. The current
results [3–7] show that these measurements can hardly be made, with
the required statistics, using current setups, in particular, because of
the low duty cycle of current fluorescence detectors [8–10].

In this paper we introduce a novel design of water Cherenkov
detectors which allows one to measure independently the muonic
and electromagnetic components of the EAS and will not suffer of
the duty cycle limitations of the fluorescence detection technique.
The design concept and its application to water Cherenkov stations
as in the Pierre Auger Observatory (Auger) are described in Section 2.
Its properties and performance for mass composition studies are
discussed in Section 3. A first prototype has been successfully
installed at the Auger site and first results are shown in Section 5.

2. Design principles

2.1. Why count muons

After the few first interactions, EAS generated by UHECR
contain a very large number of particles undergoing an even
larger number of interactions. One can therefore expect that the
cascade description can be modeled from a reduced set of
universal functions that will depend on the shower age and whose
relative amplitudes will carry the information on the primary type
and energy. This “universality” concept [11,12] has been exten-
sively studied and validated with Monte Carlo simulations and,
indeed, the arrival direction, the depth of shower maximum (Xmax)
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a b s t r a c t

We present a new design for the water Cherenkov detectors that are in use in various cosmic ray
observatories. This novel design can provide a significant improvement in the independent measure-
ment of the muonic and electromagnetic component of extensive air showers. From such multi-
component data an event by event classification of the primary cosmic ray mass becomes possible.
According to popular hadronic interaction models, such as EPOS-LHC or QGSJetII-04, the discriminating
power between iron and hydrogen primaries reaches Fisher values of ! 2 or above for energies in excess
of 1019 eV with a detector array layout similar to that of the Pierre Auger Observatory.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

At the highest energies, above 1019 eV (10 EeV or 1.6 J), cosmic
rays are scarce (less than one per km2 per year) and limited data has
been collected on their nature. This situation dramatically limits the
capabilities of Ultra High Energy Cosmic Ray (UHECR) physics to
address fundamental questions regarding particle interactions and
transport at the highest energies, and to uncover the nature of their
sources. Even today, the existence of the Greisen–Zatsepin–Kuz'min
(GZK) cut-off [1,2] is still not totally resolved as the observed
reduction in the cosmic-rays spectrum can still be interpreted as
the “running out of steam” of the sources.

However, if one could identify the nature of the primary
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to 450 TeV. Moreover, aiming at an excellent primary cosmic ray
identification, multi-parametric measurements of Extensive Air
Showers (EAS) have the potential of detecting or setting limits on
UHE neutrino or gamma ray fluxes, identifying UHECR sources,
and constraining galactic and intergalactic magnetic fields.

The limitations of current measurements, in particular above
50 EeV, strongly limit the coherent understanding of the available
data. Large statistics and high-precision composition measurements at

the highest energy (above a few tens of EeV) are needed. The current
results [3–7] show that these measurements can hardly be made, with
the required statistics, using current setups, in particular, because of
the low duty cycle of current fluorescence detectors [8–10].

In this paper we introduce a novel design of water Cherenkov
detectors which allows one to measure independently the muonic
and electromagnetic components of the EAS and will not suffer of
the duty cycle limitations of the fluorescence detection technique.
The design concept and its application to water Cherenkov stations
as in the Pierre Auger Observatory (Auger) are described in Section 2.
Its properties and performance for mass composition studies are
discussed in Section 3. A first prototype has been successfully
installed at the Auger site and first results are shown in Section 5.

2. Design principles

2.1. Why count muons

After the few first interactions, EAS generated by UHECR
contain a very large number of particles undergoing an even
larger number of interactions. One can therefore expect that the
cascade description can be modeled from a reduced set of
universal functions that will depend on the shower age and whose
relative amplitudes will carry the information on the primary type
and energy. This “universality” concept [11,12] has been exten-
sively studied and validated with Monte Carlo simulations and,
indeed, the arrival direction, the depth of shower maximum (Xmax)
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Hence, if the matrix M can be inverted, the muonic and EM
signal deposition in the LSD can be retrieved as

SEM
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¼M"1 Stop
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The determinant D of the M matrix is a"b and maximises
when M is equal to the identity (a¼1 and b¼0). In a realistic
situation a is always less than one while b is always larger than
zero, hence jDj will be less than one. This is important as the
statistical uncertainty in the reconstructed muonic and EM signals
frommeasurements in the top and bottom layer are driven by 1=D,
the determinant of M"1.

The coefficients a and b depend on the geometry of the two
water volumes and on the efficiency of the light collection. They
can be obtained from well established simulations of the tank
response. A rough estimate of a and b can be derived for a vertical
incidence, when neglecting the signal produced by particles
entering through the side of the detector. In fact, modeling the
absorption of the electromagnetic component by an exponential
decay according to the radiation length X0 and for a tank of height
Hwith a layer interface located at a distance H"h from the bottom
we have

a¼ 1"e"h=X0 and b¼
h
H

with hA ½0;H& ð3Þ

D¼ a"b is maximum for h¼ X0 lnðH=X0Þ. If H is large enough
(keeping the radius also large so that the side contributions can
still be neglected) a goes to 1 while b goes to 0 and M tends
towards the ideal unity matrix. In a more realistic case, particles
entering from the side wall of the station cannot be neglected and
the optimal values of a and b also depend on the proportion
between the height and the radius of the tank.

In the particular case of the Auger WCD, H is 120 cm, X0 ¼ 36 cm
giving h¼43 cm. An optimal position for the interface layer is
therefore at about 80 cm from the bottom of the water tank.

3. Performances

3.1. Matrix universality

To precisely calculate a and b and to characterize the
performances of the LSD, simulations of the detector response
have been performed. Air showers have been simulated with the
CORSIKA code [16], using EPOS-LHC [17] and QGSJetII.04 [18]
as high energy interaction models and FLUKA [19] at low energy.
Various libraries have been generated with a uniform distribu-
tion in cos 2 θ for different primary type (proton, helium, nitrogen
and iron) and in two energy intervals (from 8 to 13 EeV and
from 40 to 60 EeV, uniformly distributed in the logarithm of
energy).

The matrix coefficients a and b are derived from simulations as
the ratio between the photo-electrons collected in the top layer
and the total number of photo-electrons in the two volumes for
the EM and muonic components respectively. A remarkable
property of the LSD is that the coefficients a and b are essentially
independent of the UHECR primary type and energy and also of
the particular simulation model used to describe the EAS. This is
shown in Fig. 4 where the coefficient a and b have been evaluated
for different primaries and hadronic models and are shown as a
function of zenith angle and distance to core. It is notable that for
the Auger WCD geometry, a and b are also essentially independent
of the shower zenith angle in the range [0, 601]. This is due to a
compensation between the top and side wall contributions coming
from the particular geometry of the Auger WCD which have an
height over radius ratio of 2/3.

For the particular case of the LSD from the modified Auger
WCD the parameter a is nearly 0.6 while b is about 0.4 (see Fig. 4),
leading to a determinant D¼1/5.

3.2. Signal reconstruction

For ground arrays the reconstruction of the primary UHECR
properties relies on the adjustment of a lateral distribution
function (LDF) that describes the detector signals as a function of
their distance from the core. The value of the LDF at a reference

Fig. 2. Distribution of the Cherenkov photons production point in a 1.2 m height and 1.8 m radius WCD. From left to right the contribution from the photons, eþ e" and
muon component of a 30 EeV EAS with 451 zenith angle is shown.

Fig. 3. Schematic and artistic view of a LSD built from an Auger WCD design.
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entering from the side wall of the station cannot be neglected and
the optimal values of a and b also depend on the proportion
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giving h¼43 cm. An optimal position for the interface layer is
therefore at about 80 cm from the bottom of the water tank.
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performances of the LSD, simulations of the detector response
have been performed. Air showers have been simulated with the
CORSIKA code [16], using EPOS-LHC [17] and QGSJetII.04 [18]
as high energy interaction models and FLUKA [19] at low energy.
Various libraries have been generated with a uniform distribu-
tion in cos 2 θ for different primary type (proton, helium, nitrogen
and iron) and in two energy intervals (from 8 to 13 EeV and
from 40 to 60 EeV, uniformly distributed in the logarithm of
energy).

The matrix coefficients a and b are derived from simulations as
the ratio between the photo-electrons collected in the top layer
and the total number of photo-electrons in the two volumes for
the EM and muonic components respectively. A remarkable
property of the LSD is that the coefficients a and b are essentially
independent of the UHECR primary type and energy and also of
the particular simulation model used to describe the EAS. This is
shown in Fig. 4 where the coefficient a and b have been evaluated
for different primaries and hadronic models and are shown as a
function of zenith angle and distance to core. It is notable that for
the Auger WCD geometry, a and b are also essentially independent
of the shower zenith angle in the range [0, 601]. This is due to a
compensation between the top and side wall contributions coming
from the particular geometry of the Auger WCD which have an
height over radius ratio of 2/3.

For the particular case of the LSD from the modified Auger
WCD the parameter a is nearly 0.6 while b is about 0.4 (see Fig. 4),
leading to a determinant D¼1/5.

3.2. Signal reconstruction

For ground arrays the reconstruction of the primary UHECR
properties relies on the adjustment of a lateral distribution
function (LDF) that describes the detector signals as a function of
their distance from the core. The value of the LDF at a reference

Fig. 2. Distribution of the Cherenkov photons production point in a 1.2 m height and 1.8 m radius WCD. From left to right the contribution from the photons, eþ e" and
muon component of a 30 EeV EAS with 451 zenith angle is shown.

Fig. 3. Schematic and artistic view of a LSD built from an Auger WCD design.
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distance to core3 serves as an energy estimator but other char-
acteristics such as its slope also reflect EAS properties, for instance
its age. Using the LSD, it is possible to derive two independent
LDFs, one for the muonic and one for EM component, by means of
the corresponding signals reconstructed in each station. This offers
the additional possibility to perform an energy reconstruction that
takes into account the muon size and shower age and to produce a
calibration based only on the electromagnetic component. Such a
procedure would be less sensitive to the shower to shower
fluctuation and to the interaction models than the one that uses
the mixed EM and muonic signals.

Inverting the matrix M, it is possible to construct for each
detector FADC traces for the two components separately. An
example is shown in Fig. 5 for an 11 EeV shower at 461 zenith
angle. This graph alone demonstrates the power of the LSD to
accurately determine the muonic and electromagnetic compo-
nents of the EAS, for both the integrated signals and their time
distribution. The muonic and electromagnetic LDFs can easily be
reconstructed from these individual measurements, as shown in
Fig. 6 (left).

3.3. Mass separation

With the LSD one can reconstruct the muon signals from
distances to the core of nearly 200 m to more than 2 km for the
highest energy showers. As shown in Fig. 6 (right), the signal
resolution in each detector is better than 25% when more than 20
muons enter the detector while the Poisson fluctuations dominate
for smaller signals. These resolutions are given for 10 EeV and they
improve significantly above 40 EeV, e.g. becoming o14% for the
muon size.

By following the usual approach for the shower size recon-
struction with surface array detectors, a measurement of the muon
size of EAS can be obtained from the muonic LDF, at a reference
distance.4 The global resolution on the EAS muon size parameter is
20% (16%) for proton (iron) at 10 EeV, improving to about 10% for
both at 70 EeV (see Fig. 7, left).

The muon size can be combined with Xmax or with other age
sensitive parameters to produce a two or multi-dimensional plot
as discussed in the Introduction, improving the mass composition
separation capabilities. An Xmax sensitive parameter can also be
retrieved following the universality principle of EAS description,
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Fig. 4. Fraction of photo-electrons (pe) collected in the top layer for the EM (square symbols, a coefficient of the matrix) and muonic (round symbols, b coefficient)
component for two hadronic models. Left : dependence as a function of zenith angle. Right: dependence as a function of distance to the shower core. The coefficients a and b
are essentially independent of the shower characteristics or detector distance from the shower core, they only depend on the tank geometry.
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Fig. 5. Simulation of the signal collected in the top (bottom) part of a 10 m2 LSD for a 11 EeV shower with 461 zenith angle and 491 m away from the core. The M
reconstruction of the muon and EM traces compared to the generated ones is shown in the right panel. The agreement is striking both in shape (timing information of the
two components) and amplitude. This hints at the excellent performances that can be expected from this design for the multi-component study of EAS.

3 The reference distance is chosen as the one which minimizes the fluctuations
of the expected signal, due to the lack of knowledge on the LDF. It is a function of
the array grid spacing and the EAS energy range studied. It is 1000 m for Auger
[20].

4 We adopt here the same reference distance as in Auger (1000 m), but optimal
values can be derived in the future.
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distance to core3 serves as an energy estimator but other char-
acteristics such as its slope also reflect EAS properties, for instance
its age. Using the LSD, it is possible to derive two independent
LDFs, one for the muonic and one for EM component, by means of
the corresponding signals reconstructed in each station. This offers
the additional possibility to perform an energy reconstruction that
takes into account the muon size and shower age and to produce a
calibration based only on the electromagnetic component. Such a
procedure would be less sensitive to the shower to shower
fluctuation and to the interaction models than the one that uses
the mixed EM and muonic signals.

Inverting the matrix M, it is possible to construct for each
detector FADC traces for the two components separately. An
example is shown in Fig. 5 for an 11 EeV shower at 461 zenith
angle. This graph alone demonstrates the power of the LSD to
accurately determine the muonic and electromagnetic compo-
nents of the EAS, for both the integrated signals and their time
distribution. The muonic and electromagnetic LDFs can easily be
reconstructed from these individual measurements, as shown in
Fig. 6 (left).

3.3. Mass separation

With the LSD one can reconstruct the muon signals from
distances to the core of nearly 200 m to more than 2 km for the
highest energy showers. As shown in Fig. 6 (right), the signal
resolution in each detector is better than 25% when more than 20
muons enter the detector while the Poisson fluctuations dominate
for smaller signals. These resolutions are given for 10 EeV and they
improve significantly above 40 EeV, e.g. becoming o14% for the
muon size.

By following the usual approach for the shower size recon-
struction with surface array detectors, a measurement of the muon
size of EAS can be obtained from the muonic LDF, at a reference
distance.4 The global resolution on the EAS muon size parameter is
20% (16%) for proton (iron) at 10 EeV, improving to about 10% for
both at 70 EeV (see Fig. 7, left).

The muon size can be combined with Xmax or with other age
sensitive parameters to produce a two or multi-dimensional plot
as discussed in the Introduction, improving the mass composition
separation capabilities. An Xmax sensitive parameter can also be
retrieved following the universality principle of EAS description,
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component for two hadronic models. Left : dependence as a function of zenith angle. Right: dependence as a function of distance to the shower core. The coefficients a and b
are essentially independent of the shower characteristics or detector distance from the shower core, they only depend on the tank geometry.
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Fig. 5. Simulation of the signal collected in the top (bottom) part of a 10 m2 LSD for a 11 EeV shower with 461 zenith angle and 491 m away from the core. The M
reconstruction of the muon and EM traces compared to the generated ones is shown in the right panel. The agreement is striking both in shape (timing information of the
two components) and amplitude. This hints at the excellent performances that can be expected from this design for the multi-component study of EAS.

3 The reference distance is chosen as the one which minimizes the fluctuations
of the expected signal, due to the lack of knowledge on the LDF. It is a function of
the array grid spacing and the EAS energy range studied. It is 1000 m for Auger
[20].

4 We adopt here the same reference distance as in Auger (1000 m), but optimal
values can be derived in the future.
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as for example using the approach proposed in [12,21]. An
example of the separation power for a 50% proton 50% iron mixed
composition at 30 EeV is given in Fig. 7 (right). The muon signal
reconstructed with the LSD is plotted against the signal start time
at 1400 m (T1400) which measures the delay of the shower
particles with respect to the arrival time of an imaginary planar
front. This parameter is sensitive to the shower front curvature
and correlates to Xmax. In this particular example we have used a
timing resolution of 8 ns which can be easily achieved with the
help of modern GPS receivers. This correspond to an Xmax resolu-
tion of 40–60 g/cm2 depending on zenith angle. The Fisher
separation coefficient for this particular case is larger than 2 indi-
cating that excellent separation power can be achieved. It is
worthwhile noting that this Fisher factor is obtained for a fixed
energy in the simulation. In a realistic scenario both, the energy
and Sμ, need to be estimated from the LSD data. It is to be expected
that this will diminish the proton-iron separation, but since we
can experimentally estimate the energy by combining the Xmax (or
T1400) with the shower size of the electromagnetic component at

ground, a Fisher value better than 2 will be possible. The parameter
T1400 is given as example and it is not meant to be considered as the
optimal variable for the analysis. A detailed study of Xmax (or age)
sensitive parameters and of the mass separation is in progress and is
however out of the scope of this paper.

4. Calibration strategy

An important aspect of surface array detectors for UHECR
studies is to have a calibration strategy that allows to monitor
the conversion of the electronic signals into an equivalent energy
deposit (or particle count).

4.1. Muon peak

In the Auger surface array, the calibration of the WCD is based
on the energy deposited by a vertical muon traversing the WCD
volume at its center [22,23]. The energy deposited by such muons
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Fig. 7. Left: global resolution on the muon size at 1000 m Sμ for air showers with energy between 8 and 13 EeV for proton (solid line) and iron (dashed line). Right: example
of proton/iron separation plot at 30 EeV from the LSD reconstructed start time and muon signal size. The horizontal axis is the muon size at 1000 m from the shower core in
arbitrary units, it is obtained by a simple LDF fit to the reconstructed muon signal in each WCD. The vertical axis is the start time at 1400 m (see text).

A. Letessier-Selvon et al. / Nuclear Instruments and Methods in Physics Research A 767 (2014) 41–49 45

✦First GZK γ detection

✦Hadron interaction model

✦Mass composition
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✦ Fluorescence detector Array of Single-pixel Telescopes (FAST)　
✦極高エネルギー宇宙線観測に特化した新型大気蛍光望遠鏡を使い、望遠鏡アレイ
展開して宇宙線への感度を一桁向上させる次世代宇宙線観測計画

✦フルスケールFAST試作機による宇宙線観測開始
✦ 2016年10月に試作機を設置し、観測を開始した。2017年1月から遠隔観測を実施
✦現在まで128時間の観測時間を達成し、合計18事象の宇宙線候補事象を見つけた
✦ 21 km先のレーザー光源のシミュレーションとデータの比較を開始した
✦観測を継続し、極高エネルギー宇宙線の統計量を増やす

✦ Surface detector array of Layered Observational Water-cherenkov counters　
✦二層式水チェレンコフ地表粒子検出器アレイ


