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Telescope Array (TA) 

北半球最大の地表粒子検出器アレイ(SD)と 
大気蛍光望遠鏡(FD)のハイブリッド検出器

テレスコープアレイ(2008～)
米国、ユタ州 
- 39.3oN, 112,9oW 
- 標高～1400m

地表検出器アレイ(SD) 
- 3m2  シンチ検出器  
- 507台を1.2km間隔に配置 
- 有効面積 680km2

大気蛍光望遠鏡(FD) 
- 3ステーション 
- SDと同時(ハイブリッド)観測 
   → E較正、クロスチェック
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•  Utah, USA 
     - 39.3°N, 112.9°W 
     - 1400m asl. 

•  Surface Detector (SD) 
     - 3m2 Scintillation det. 
     - 507 detectors 
     - 1.2km spacing 
     - Effective area 700km2 

High duty cycle, high statistics 
à Anisotropy, spectral shape 
 
•  Fluorescence Det. (FD) 
     - 3 stations 
     - 12 telescopes/station 
Mass compsition from Xmax 
Energy calorimetrically 

The TA is the largest aperture hybrid cosmic ray  
detectors in the northern  hemisphere. 4 



Energy Spectrum (5 years) 
TA SD energy spectrum

(5-year data)

9

Suppression consistent

with GZK cutoff

Significance of suppression

2013/12/21

ICRC2013

preliminary

ଶܧ = 5.68 ± 1.05 × 10ଵଽ ܸ݁

ଶߛ = оϮ͘ϲϴϱ ± 0.030

(APP,2003)

(PLB,2010)

(PRL,2008)

(PRL,2008)

(ICRC2013)

SD energy is

scaled to FD energy

For E > 1019.8 eV,

N(cont. spectrum) = 68.1

N(observed)           = 26

Continuous spectrum is

excluded at 5.74ߪ

TA and Auger fluxes were different

by ~25% in energy scale

Suppression consistent  
with the GZK cutoff 
 
Suppression (>1019.8eV): 

 N (continue) = 68.1 
 N (observed) = 26 

 
Continuous spectrum is 
excluded at 5.74σ	

TA SD energy spectrum

(5-year data)

9

Suppression consistent

with GZK cutoff

Significance of suppression

2013/12/21

ICRC2013

preliminary

ଶܧ = 5.68 ± 1.05 × 10ଵଽ ܸ݁

ଶߛ = оϮ͘ϲϴϱ ± 0.030

(APP,2003)

(PLB,2010)

(PRL,2008)

(PRL,2008)

(ICRC2013)

SD energy is

scaled to FD energy

For E > 1019.8 eV,

N(cont. spectrum) = 68.1

N(observed)           = 26

Continuous spectrum is

excluded at 5.74ߪ

TA and Auger fluxes were different

by ~25% in energy scale

SD energy is 
scaled to FD energy 

5 



TA spectrum vs Auger spectrum

2013/12/21 10

TA (ڦ) and Auger (Ex1.1)  (䕿)
similar below 1019.4 eV
different above 1019.4 eV

Rapporteur talk by Y.Tsunesada
at ICRC2013

Energy scale uncertainty
. TA:       21%
. Auger: 14%

TA vs Auger Spectrum 

Systematic Error of Energy Scale: Auger 14%, TA 21% 
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Rapporteur talk by Y.Tsunesada at ICRC2013 

v  TA and Auger 
agree well around dip 
If E-scale shifted by 10%. 
 
v  E1/2 : TA suppression 

         at higher energy 



Electron Light Source (ELS) 
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Electron Light Source (ELS)

• 40-MeV, 109 electrons (typical)
• End-to-end FD energy calibration

An image of data
Measured with FD

Electron beam

100m

BR FD 
station

Cosmic ray
Electron beam

112013/12/21

• Real data
• ELS

• Energy/beam current from 
monitor

• FADC counts from FD
.

• MC data
• Shower generation

• Geant4.9.5 or 4.9.6 (οE ՜ AFY)
• FD simulation

• TA official software

Air Fluorescence Yield (AFY) by using Reference Model proposed by B. Keilhauer et al.
(UHECR2012, arXiv:1210.1319)

T.Shibata
ICRC2013
preliminary

T and humidity dep.

Absolute Energy Calibration of TA-FD with an ELS
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

40 Pa during the data taking. The titanium vacuum cham-
ber and the outer copper case had beam entrance windows
of 127 µm thickness each. We used two FCs of the idential
construction attached on an electric slide and alternatively
instaled them in the beamline; one FC was connected to a
Coulomb meter and another was connected to an osciilo-
scope for the readout as shown in Fig-1. The coulomb me-

Fig. 1: The new faraday cup which was produced in March
2013. A copper beam dump is located in the titanium vac-
uum chamber of which inside pressure was about 40 hPa.
The titanium chamber is covered with a copper of cylinder.
There are two same faraday cup for connection to oscillo-
scope and coulomb meter independently.

ter is 6514 ( KEITHLEY ) with a resolution of is 10 fC.
The electric noise during beam operation is at the order of
0.1 pC, and the S/N ratio is large enough for measurement
of a typical 100 pC charge. The oscilloscope is TDS3014
( Textronix ) of which sampling rate and cutoff frequency
are 1.25 Gs/sec and 100MHz, respectively. The output sig-
nal of the FC is connected to the oscilloscope without any
amplifier, and the beam spill structure was recorded. The
charge was calculated by time integration of the record-
ed waveform. The beam charge was simultaneously mea-
sured by CM. The CM can measure the beam charge with-
out destroying the beam. However since the typical output
of CM in case of beam current of 160 pC for 1 µsec is
0.3 mV, we used two cascading amplifiers for amplification
and shaping. The amplifired CM waveform was recorded
by the oscilloscope and the integrated pulse was calibrat-
ed with the FC. The beam charge during the injection into
the air was measured by the ( beam non-destructive) CM
and was calculated by the integration of the calibrated CM
output. Figure 2 shows the calibration results of the CM in
March 2013. As shown in the Figure, the calibrations of
CM for the absolute beam charge by the oscilloscope and
the coulomb meter agrees within ±2%.
We also evaluated the capture rate of the beam elec-

trons and backscattering from the surface of the copper
dump with GEANT-4 simulation. We calculated the to-
tal captured charges in the copper dump by injecting 40-
MeV electrons from the injection point inside of the vacu-
um duct to the beam dump, going through the air and vac-
uum gap and beam windows. The vacuum beam duct had
a titanium window of 127 µm thickness, and the distance
between the beam window and front face of the FC was
10 cm. We confirmed that approximately 98% of the pri-
mary beam charge is captured including secondary elec-
trons and positrons. Tge backscattering leakage from the

front face of the beam dump electrons was estaimated to
be less than 1% of the primary charge, we are in the pro-
cess of evaluating the effect of beam background from the
bending magnet, the slit, and the wall of the beam duct.

Fig. 2: The result of the core monitor calibration with the
faraday cup in March 2013.

2.2 Energy Deposit in the air
The energy scale of FD is deteminted by counting the num-
ber of detected fluorescence photons and relating it ti the
amount of energy deposit in the air. The fluorescence pho-
ton is emitted by the de-excitation of nitrogne molecules
in the air, which are excited by the collision with low en-
ergy electrons generated in the air shower. The fluores-
cence yield is proportional to the energy deposit cause by
showering electrons, positrons and gamma-rays. Then, it
is very important to calculate the energy deposit in the air
with high accuracy. We used GEANT-4.9 for this purpose.
The cutoff energy for tracking electrons and gamma-rays
in the air was set as 1 keV. The total energy deposit in
the FoV (field of view) of the FD was calculated approxi-
mately 14 MeV in case of 40-MeV electron injection. We
checked the result of energy deposit with CORSIKA.6990,
which is commonly used for the air shower simulation. We
expect the result of each simulation is exactly the same be-
cause the description of the electromagnetic interaction in
both code are based on EGS4 and the energy loss formula
by ionization of the electrons and positrons are identical.
Figure 3 shows the longitudinal delvelopment of 40 MeV
electrons released vertically dowonward in the atmosphere
at the depth of 863 g/cm2. The energy deposit calculated
by GEANT-4 and CORSIKA are plotted per unit depth of
the air. The pull plot in Fig-3(lower) shows that the energy
deposit calculated with GEANT-4 and CORSIKA agrees
well at each 1gr/cm2 within a statistical accuracy of 2%.

2.3 Background gamma-ray estimation
The background photon we need to estimate is the contri-
bution of gamma-rays come from the ELS container. The
fluorescence photons are generated by electrons which are
generated by Compton scattering or photoelectric effec-
t. The background gamma-rays are generated by the elec-
trons which collide the accelerator tube, the bending mag-
net and the slit. We estimated number of background pho-
tons which is detected by the FD with GEANT-4.9 and re-

v  Beam monitors have been calibrated. 
(Faraday Cap, Core monitor) 

v MC simulation has been developed. 
v  Test fluorescence yield models 

- TA model(Kakimoto modifiend+Flash) :  
      Data/MC = 1.18±0.01(stat)±0.18(syst) 
- Common Model (based on AirFly) 
      Data/MC = 0.96±0.01(stat)±0.15(syst) Beam monitor 

OK! 
We expect that we can calibrate true energy 
scale of the FD with the ELS in near future. 

T. Shibata 
ICRC2013 



FD Stereo Xmax 
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FD stereo Xmax

14

• FD stereo 5-year data (Nov., 2007 – Nov. 2011)
• Data: TA
• Red histogram: QGSJET-II-03 proton model
• Blue histogram: QGSJET-II-03 iron model 

The TA data is consistent with QGSJET-II-03 proton prediction.2013/12/21

Y.Tameda
ICRC2013, 512 
preliminary

Both Data & MC
with bias of
. Reconstruction
. Cut 

Blue: Iron (QGSJET-II-03)  
Red: Proton (QGSJET-II-03)  Black: Data 

The TA data (stereo) is consistent with  
QGSJET-II-03 proton prediction. 

Y.Tameda 
ICRC2013 



Averaged Xmax 
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FD stereo Xmax

152013/12/21

TA data: consistent with QGSJET-II-03 proton prediction ( E > 1018.2 eV)
Need more data for E > 1019.4 eV

Similar result is obtained for MD hybrid (FD+SD) Xmax

ICRC2013 preliminary

Mass Composition 
4 year MD hybrid data 

QGSJET-Ⅱ 

TA FD Stereo TA FD-SD Hybrid 

Consistent with QGSJET-II-03 proton prediction ( E > 1018.2 eV) 
Need more data for E > 1019.4 eV 
 
Similar result is obtained for FD-SD hybrid Xmax 

FD: (MD station) 

M. Allen 
ICRC2013 



Averaged Xmax 
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FD stereo Xmax

152013/12/21

TA data: consistent with QGSJET-II-03 proton prediction ( E > 1018.2 eV)
Need more data for E > 1019.4 eV

Similar result is obtained for MD hybrid (FD+SD) Xmax

ICRC2013 preliminary

TA FD Stereo 

E.J. Ahn 
ICRC2013 

E.J. Ahn, M. Unger 

ICRC 2013

Auger Xmax (updated at ICRC 2013)

• + statistics

• AFY updated.

• PSF updated.

• Calibration etc.

<Xmax>   larger

+13 g/cm2 at 1018eV ~

+6 g/cm2 at 1019.5eV

RMS(Xmax)  larger

< 10 g/cm2

for 1018-19 eV
Updated models: EPOS-LHC and

QGSJET-II-04 are used for MC rails.

Auger FD 

TA with QGSJET-II-03    
 à  Consistent with Proton 

Auger with QGSJET-II-04   
 à  Suggest a transition from Proton to Helium 

Mass Composition < 1019.4eV 

E.J. Ahn, M. Unger 
ICRC 2013

Auger LnA Study

H

He

Li

Fe

CNO

Ne

PURE

MIXED

IF PURE

<lnA>

VlnA
2

<Xmax>,  V(Xmax)           <lnA>,   VlnA

Using

DP : elongation rate
Vj � ��mass averaged shower fluctuation

Bottom Line of Auger Xmax study: 



•  Correlation with AGN >57EeV 
•  Correlation with LSS >57EeV 
•  Anisotropy around 1EeV 
•  Hotspot >57EeV 

Anisotropy Studies 
Updated result based on 5-year dataset 
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Correlation with AGNs 
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Anisotropy (Nearby AGN) 

17 events correlate out of 42 events.  
This probability is 0.014 from chance correlation. 

AGNs are from VCV 2006 catalog, cut by z (0 ＜ z ≦ 0.18). 
There are 465 AGN in our field of view. 

Primary Energy ＞ 57EeV, Angular Separation ＜ 3.1°. 

Correlations with AGN
• 472 AGN from 2006 Veron catalog with z < 0.018

• E > 57 EeV, zenith angle < 45o, N = 42 (5 yr)

• Separation angle = 3.1o

• Probability to hit AGN with a single event po = 0.24

• 17 events correlate out of 42 (0.40) ฺ p = 1.4%

182013/12/21

AGN

TA events: 
䖃 correlated
䖃 not correlated

ICRC2013 preliminary
Oral, 1033

v  42 UHECR events  
             (>57EeV, θ<45°, 5 years) 
v  472 AGNs from VCV catalog 
v  Separation angle : 3.1° 
 
v  17 events correlate out of 42 
   à Chance probability p=1.4% 

P. Tiynakov 
ICRC2013 



Correlation with LSS 
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Anisotropy (LSS) 
Composition measured by TA 
is consistent with proton. 

 
 

Data (white point)  
and Model distribution 

(shaded region) from LSS 
within 100Mpc. 

 
 
 
 
 

When deflection angle θ 
set to 6°, p-value of 
isotropy is 0.001 . 

Anisotropy (LSS) 
Composition measured by TA 
is consistent with proton. 

 
 

Data (white point)  
and Model distribution 

(shaded region) from LSS 
within 100Mpc. 

 
 
 
 
 

When deflection angle θ 
set to 6°, p-value of 
isotropy is 0.001 . 

v  Large-Scale Structure model 
 2MASS Galaxy catalog (XSCz) 
 Protons form sources 
 
v Grey Pattern: Model with  

TA exposure at 6° smearing angle 
v White points:  >57 EeV TA data 

 
v Our data is consistent with 
    the LSS model ~10% 
     In all smearing angles. 
 
v Consistency with isotropy 
    at 6° smearing angle 
    is ~0.1% level. 

Compare with the LSS 

Smearing angle 

P. Tiynakov 
ICRC2013 



Anisotropy at 1018eV 
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TA Data(1018-1018.4eV) 
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(c)
>2 EeV

(d)
>1 EeV

v  Large-scale anisotropy search 
  - verify AGASA anisotropy 
  - Statistics  TA =1.6 x AGASA 
  à No strong anisotropy 
 
v  Point-like source search 
  - Neutral particle from our Galaxy 
  à No significant excess 
       Stringent upper limit in north sky 

TA Data>1EeV 

Oversampling 20°-radius circle 

Oversampling 20°-radius circle 

K.Kawata 
ICRC2013 

Loose cut data à statistics x10 @EeV,  Resolution~3° 



Hotspot 
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SGP GP 

v  Loose cut data: 72 events >57EeV, θ<55°, No boundary cut 
v  E resol. and Angular resol. do not change very much 

arXiv:1404.5890 

– 12 –

Fig. 1.— Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves

indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV is defined as the

region above the dashed curve at Dec. = −10◦. (a) The points show the directions of the

UHECRs E > 57 EeV observed by the TA SD array, and the closed and open stars indicate

the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color

contours show the number of observed cosmic ray events summed over a 20◦-radius circle;

(c) number of background events from the geometrical exposure summed over a 20◦-radius

circle (the same color scale as (b) is used for comparison); (d) significance map calculated

from (b) and (c) using Equation 1.

For more detailed, see arXiv:1404.5890 
Event list (>57EeV) has been published. 



Hotspot 
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SGP GP 

v  Loose cut data: 72 events >57EeV, θ<55°, No boundary cut 
v Angular resolution does not change very much 
v Oversampling with 20°-radius circle 
v  Hotspot center R.A.=146.7, Dec.=42.6 (Maximum 5.1σ) 
v Chance Probability from isotropic sky : 1.4 x 10-4 (3.6σ)  

For more detailed, see arXiv:1404.5890 
Event list (>57EeV) has been published. 

arXiv:1404.5890 



Future Plans 
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•  TAx4 (Proposal) 
– TA 4 times extension 

•  TALE (Operating partly) 
– TA Low-energy Extension 

•  Other related projects 



TA High Energy Extension (TAx4) 
Basically it uses same method as TA, with a FD and 3 times larger 
coverage area by SDs. SD full area can not be covered by FD field of 
view.  

Now, proposing construction. 

This experiment is mainly 
for anisotropy study,  
 
This is for detecting 
more cosmic rays which 
have energy over GZK. If 
they are proton, their 
source is within 50Mpc.  
From our current result 
of the inconsistency with 
isotropy at high energy 
region, we are halfway to 
catching a clue? 

TAx4 Proposal 

18 

² Now there is hint of anisotropy  
at 3σ level for northern sky. 

 
 
v  Plan to expand TA by 4 times 
                                      (3,000km2) 
  1.  Add 500 scint. counters 
                    with 2.1 km spacing 
  2. 10 refurbished HiRes tels 
 
v  Science  (3-year observation) 

 1. Anisotropy study 
        à Expect  >5σ	



 2. Xmax at highest energy region 
 3. UHE photon & neutrino search 



TALE (TA Low-E Extension) 
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TALE (TA Low-energy Extension)
down to 1016.5 eV

• E = 1016.5 – 1019 eV
• Second knee at ~1017.5 eV?
• Drastic change of composition 

at 1017~1018 eV?                      
՝

• Transition from galactic to 
extra-galactic cosmic rays?

• ~1017 eV cosmic ray shower: 
compatible with LHC center-of-
mass energy

2013/12/21 24

?

ICRC2013
Oral, 717

TALE layout

101 TALE SDs

TA FD/TALE FD

TALE (TA Low-energy Extension)
z TALE SDs

z 35 TALE SDs were deployed among 101 SDs.

z 16 SDs in operation

25

TALE FD events (data)

z 10 TALE FDs: 
z refurbished HiRes-II telescopes 
z installed and running.

2013/12/21

FD data SD data

Observed hybrid events

TALE (TA Low-energy Extension)
z TALE SDs

z 35 TALE SDs were deployed among 101 SDs.

z 16 SDs in operation

25

TALE FD events (data)

z 10 TALE FDs: 
z refurbished HiRes-II telescopes 
z installed and running.

2013/12/21

FD data SD data

Observed hybrid events

TALE (TA Low-energy Extension)
z TALE SDs

z 35 TALE SDs were deployed among 101 SDs.

z 16 SDs in operation

25

TALE FD events (data)

z 10 TALE FDs: 
z refurbished HiRes-II telescopes 
z installed and running.

2013/12/21

FD data SD data

Observed hybrid events

v  Target range 1016.5-1019eV 
    - Second Knee 
    - Change of mass composition 
    - LHC center of mass E 
v  TALE is operating partly now 



•  TARA (TA Radar) 
•  TA Muon Detectors  

  (varied Scinti., Lead plate, water tanks) 
•  NICHE (Non-Imaging CHErenkov) 
•  TA-EUSO (Test JEM-EUSO system at TA site)  
•  TALMA (TA Lightning Mapping Array) 
   (Recently, we found shower-like bursts with lightning) 
•  TA-Auger Joint Analysis (Anisotropy study) 
•  TA-Auger Cross Calibration 

  (Calibrated light source on the Octocopter) 

•  … 

Other Ongoing/Future Projects 
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Summary 
•  Recent results for 5 years 
–  E Spectrum : significance of  suppression  

consistent with GZK cutoff (5.7σ >1019.8eV) 
– Composition : consistent with proton 
– Anisotropy : Hotspot (3.6σ) 

•  TA Extension Plans 
–  TAx4 : TA aperture x4 (Proposal) 
–  TALE : low-energy extension down to 1016.5eV 

(10 FDs and part of SDs are operating) 
•  Other associated experiments 
– Ongoing / Future plans, High activities 
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