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テレスコープアレイ実験
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地表検出器

35km

大気蛍光望遠鏡ステーション

地表検出器

大気蛍光望遠鏡 超高エネルギー宇宙線の観測 
米国ユタ州ミラード郡南西部砂漠地帯 
大気蛍光望遠鏡ステーション ３カ所 
北サイトはHiRes-Iから移設(MD, TALE) 

地表検出器 507台 
敷地面積約 678 km2 

2007年11月よりステレオ観測開始 
2008年3月よりハイブリッド観測開始
MD(HiRes-I)	
TALE
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地表検出器 (SD)
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無線LAN アンテナ : 2.4GHz 

シンチレータ : 3m2 x 1.2cm x 2層 
波長シフトファイバ : 1.0mmf 2cm spacing 
光電子増倍管 : Electrontubes 9124SA x 2

FADC 12bit 50MHz 
GPS 
LAN-MODEM 
Charge Controller 
Battery

GPS アンテナ

太陽電池パネル: 120W 

ステンレスボックス
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地表検出器 (SD)
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r = 800m

AGASA fitting function

S800 : energy estimator  

S800

Lateral distribution

air shower front

観測されたSDイベント例
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大気蛍光望遠鏡 (FD)
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3.3 ｍ

1 m

球面反射鏡 
口径 | ~3.3 m (18枚から成る合成鏡) 
曲率半径 | 6067 mm

PMT | １カメラ256本 
HAMAMATSU R9508 
Hexagonal bialkali photocathode 
Borosilicate glass window,     8dynodes  
Q.E. |30% (350nm),                 Gain | 8.0x104(800V) 

視野 | PMT 1.1° x 1.0 °,    Camera 18° x 15.6° 

60mm

BG3 filter
1 m

２段重ねで設置された望遠鏡 PMTカメラ PMT
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大気蛍光望遠鏡 (FD)
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空気シャワーの縦方向発達を測定 
エネルギーをカロリメトリックに決定 
Xmaxから質量組成を決定する 

縦方向発達のフィッティング関数　(G.H.関数)

観測された縦方向発達の例
FDステレオ 観測方法の概念図

• 望遠鏡１箇所：FD モノ 
• 望遠鏡２箇所：FD ステレオ 
• 望遠鏡と地表検出器：FD SD ハイブリッド

観測されたFDイベント例

粒
子
数
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2015年 ICRC
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TA実験 
最近の解析結果
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• エネルギースペクトル 
• 到来方向解析 
• 質量組成解析
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TA Spectrum Summary Dmitri Ivanov
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Figure 5: Energy spectrum measured by TA.

For the TA SD and BR/LR Mono, the systematic uncertainty is dominated by the energy scale,
which is currently estimated 20% for TA. The uncertainty due to calculation of the exposure from
Monte-Carlo is within 3%.
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Preliminary

エネルギースペクトル
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TA/TALE 実験によって 
約5桁に渡ってエネルギースペクトルを測定

γ=-3.132±0.001 γ=-2.94±0.02 γ=-3.226±0.007 γ=-2.66±0.02 γ=-4.7±0.6

● TA SD 
■ TA BR-LR Mono 

● TALE Bridge 
□ TALE Cherenkov17.30±0.05 19.80±0.0518.72±0.0216.34±0.04

(D. Ivanov et al. ICRC 2015)

7年分

4ヶ月分
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エネルギースペクトルの解釈
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p 2.18
m 6.8

Δlog10E -0.04 (-9%)

地表検出器 7年分 エネルギースペクトルをフィット 
　陽子組成モデル 
　E > 1018.2eV 
　Injection spectrum :  
　Source density :  

陽子組成モデルと無矛盾

�CMB + p ! p+ ⇡0

�CMB + p ! n+ ⇡+

�CMB + p ! p+ e+ + e�

(E. Kido et al. ICRC 2015)

E�p

(1 + z)m

m
p
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エネルギースペクトルの異方性
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Anisotropy in Cosmic Ray Spectrum T. Nonaka

Figure 10: Event fraction in the Off source region
above the break energy versus log10(Eb/EeV ) ob-
tained in Monte Carlo simulations for the AGN case.

Condition N Fraction
Eb > 101.470EeV , No f f (E>Eb)

Nall (E>Eb
> 0.12 2004 0.845

Eb > 101.470EeV , No f f (E>Eb)
Nall (E>Eb

< 0.12 213 0.090
Eb < 101.470EeV , No f f (E>Eb)

Nall (E>Eb
< 0.12 4 1.7 ⇥10�3

Eb < 101.470EeV , No f f (E>Eb)
Nall (E>Eb

> 0.12 152 0.0064

Table 4: The number of occurrences with stated con-
ditions in the AGN case. Chance probability to ob-
tain larger deviation is ⇠ 1.5⇥10�2 after considering
penalty factor for the scan in the opening angle.
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Figure 11: Comparison of energy distributions ex-
pected for protons arriving from the sources with in-
jection index of -2.2, evolution parameter of 7 and
2MRS density profile.
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Figure 12: Same figure with Fig. 16 with artificial
cut on source distribution at off source side <75Mpc.

To model observed differences in energy distributions in Monte Carlo, we performed simu-
lations using a propagation code CRPropa2.2.0.4 [10] and the source distribution from the 2MRS
catalogue [11] using the density profile calculation described in [12]. Fig. 11 and Fig. 12 dis-
play results. Here injection index and evolution parameter were set to -2.2 and 7, respectively [13].
Qualitatively, the difference of observed energy distributions between the On source and Off source
regions was reproduced well by this simulation. We conclude that there is strong indication for flux
differences of UHECR in different regions of the sky in the Northern hemisphere. We believe that
the approach developed here will help to reveal cosmic ray sources and their chemical composition.

7

“On source”と”Off source”でイベント数を比較 
On source : SGP latitude < 30° 
Off source : SGP latitude > 30° 

地表検出器５年分 
イベント数が3.2σの優位度で異なる 

MCと比較 
陽子組成モデルを仮定 
ソース分布は2MRSカタログ 

陽子組成で予言されるイベント数と無矛盾 

(T. Nonaka et al. ICRC 2015)

α1 log10(Eb/EeV) α2
All -1.78 1.78 -3.91

On source -1.78 1.83 -3.91
Off source -1.78 1.67 -3.86
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number of events, while a1,2 represent spectrum indexes below Eb and above Eb respectively.

DN(E)

D log10

⇣
E
Eo

⌘ =C0

 
e (E,Eb)

✓
E
Eo

◆�a1

+(1� e (E,Eb))

✓
E
Eo

◆�a2
!

(2.1)

e(E,Eb) = {1 : (E < Eb) ,0 : (E > Eb) (2.2)

The best fit parameters for the energy distribution obtained from the entire exposure are Co =

2.141+0.343
�0.298 ⇥10+4, a1 =�1.775+0.053

�0.053, log10(Eb/EeV ) = 1.778+0.040
�0.068 and a2 =�3.910+0.643

�0.660.
When we evaluate possible difference in energy distributions in On and Off source regions, a1

is set to the value obtained from the fit to the distribution for the entire exposure, C0 is scaled to
the corresponding fraction of the exposure, while log10(Eb/Eo) and a2 are set free and obtained
from the fitting in corresponding areas. Obtained broken power law functions are plotted in Fig. 3
as solid and dashed lines. Errors for the resulting parameters are shown in Fig. 3 by red and
blue contours. Table. 1 summarizes best fit parameters and errors. There are difference in break
energy between On source and Off source area. The difference, D log10(Eb/Eo) is 0.16. For the
events fraction in the Off source area above the break energy, (No f f (E > Eb)/Nall(E > Eb)), we
obtain 0.34 instead of 0.48 which is expected from the exposure ratio. The chance probability was
estimated in a simulation which assumes that both distributions are statistically equivalent with the
entire exposure. Namely, in each energy bin the events has been shuffled to On and Off source
distributions accordingly to the corresponding fraction of the exposure, binomially. At each trial,
we obtain a random distribution coming from the same population, and did same evaluation for the
distribution difference. Fig. 5 shows the frequency distribution. The horizontal axis corresponds
to “Off source” ‘s break energy and vertical axis corresponds to event fraction above the break
energy. Table. 2 shows chance probability to obtain each case. The observed value correspond to a
probability ⇠ 0.62⇥10�4 (3.2s ).
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Figure 1: The zenith angle distribution of observed
shower events with energy E � 10 EeV.
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到来方向解析
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• おおぐま座付近にホットスポット 
Abbasi, R.U., et al., ApJL, 790, L21 (2014) 
地表検出器 5年分 

• 地表検出器 7年分に更新 
• 2008 May 11 ‒ 2015 May 11  
• E > 57 EeV : 109 events  
● 5年分，　◆ 更新した2年分

• 到来方向の優位度マップ 
 20度オーバーサンプリング 

• 20度以内に24イベント 
• 優位度 3.4σ （5年から変化無し） 
• (R.A, Decl) = (146.7o, 43.2o) 
• ホットスポットの兆候あり

(K. Kawata et al. ICRC 2015)
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近傍の銀河クラスタ
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• TA実験とAuger実験の到来方向分布 
• おおぐま座の方向にホットスポット 
• 乙女座銀河団の方向にはエクセス無

Ursa Major Cluster 
(D=20Mpc) 

Virgo Cluster 
(D=20Mpc) 

Dots : 2MASS catalog Heliocentric velocity <3000 km/s (D<~45MpC)  

Nearby Galaxy Clusters 
Perseus-Pisces  
      Supercluster  
         (D=70Mpc) 
 

13 

TA hotspot is found near the Ursa Major Cluster 
TA & PAO found no excess in the direction of Virgo. 

Huchra, et al, ApJ, (2012) 

Centaurus  
Supercluster (D=60Mpc) 

    Eridanus  
  Cluster  
(D=30Mpc) 

    Fornax Cluster 
 (D=20Mpc) 

(K. Kawata et al. ICRC 2015)
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質量組成
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各エネルギー領域のXmax分布 (FD Stereo)

FDステレオ観測で得られたXmax 
FD７年分 
MCで得られたXmax分布と比較 
組成：純陽子、純鉄原子核 
ハドロン相互作用モデル：QGSJET II-03 

平均Xmax

(T. Stroman et al. ICRC 2015)
500  1100800

Xmax [g/cm2]

18.4 - 18.6

18.6 - 18.8

18.8 - 19.0

19.0 - 19.2

19.2 - 19.6

19.6 - 20.0
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質量組成
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• QGSJETII-03と各測定を比較 
• 各測定手法は系統誤差内で一致 
• 軽い成分からなる質量組成

Fe

P
• Auger実験を再現する組成を仮定 
• Auger実験と系統誤差内で一致 
• 現在の精度では、混合組成か否かを決定
する事は出来ない

(M. Unger et al. ICRC 2015)(J. Belz et al. ICRC 2015)

各測定による<Xmax>の比較 他実験との比較
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Photon 探索, σproton-air
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Telescope Array Proton-Air Cross Section Rasha Abbasi

Energy(eV)
1210 1310 1410 1510 1610 1710 1810 1910 2010

(m
b)

p-
ai

r
σ

200

300

400

500

600

700

800

Baltrusaitis et. al. 1999

Honda et. al. 1999

Aiellie et. al. 2009

Mielke et. al. 1994

Siohan et. al. 1978

Aglietta et. al. 2009

Abreu et. al. 2012

Belov et. al. 2007

This Work

QGSJETII-4
Sibyll2.1
QGSJET01
EPOS-LHC

Baltrusaitis et. al. 1999

Honda et. al. 1999

Aiellie et. al. 2009

Mielke et. al. 1994

Siohan et. al. 1978

Aglietta et. al. 2009

Abreu et. al. 2012

Belov et. al. 2007

This Work

Figure 2: The proton-air cross section result of this work, including the statistical (outer/thinner) and sys-

tematic (inner/thicker) error bars. The result of this work is shown in comparison to other experimental

results ( [20], [15], [21], [22], [23], [24], [25], [26]). In addition, the high energy models (QGSJETII.4,

QGSJET01, SIBYLL, EPOS-LHC) cross section predictions are also shown by solid line, fine dashed line,

dotted line, and dashed line consecutively.

The σp−p is calculated from the measured cross section, also known as the inelastic cross

section σ inel
p−air, using both Glauber Formalism [29].

The relation between the σ inel
p−air and the σp−p is highly dependent on the forward scattering

elastic slope B.

B =
d

dt

[

ln
dσ el

p−p

dt

]

t=0

(4.1)

In this proceeding σ inel
p−air is converted to σ total

p−p using Glauber theory and the BHS QCD inspired

fit prediction in the B vs. σ tot
p−p space ( [2], [3]). The σ total

p−p is found to be 170+48
−44[Stat.]+17

−19[Sys.] mb.

The σ total
p−p calculated in this work is shown in Figures 3 compared to previous results from

cosmic ray experiments. The dotted curve is the QCD inspired fit of the total p-p cross section vs.

the center of mass energy
√

s(GeV) [5]. The result is in agreement with the fit.

5. Conclusion and Outlook

In this proceeding we used events collected by Telescope Array in hybrid mode to determine

the σ inel
p−air using the K-Factor method. The hadronic model dependence of the K-Factor method

was investigated. The latest updated hadronic interaction models have converged with time on

the value of K with an uncertainty of ∼3%. This makes the K-Factor method a weakly model

dependent method to use in calculating the σ inel
p−air. The final value of σ inel

p−air was calculated and

found to be equal to 567.0±70.5[Stat.]+25
−29[Sys.] mb.

Ultimately the value of σp−p is determined from σ inel
p−air using Glauber theory and BHS QCD

inspired fit. Such a fundamental measurement at this high energy (
√

s = 95 TeV) could not be ob-

tained with current particle accelerators.The value of σ tot
p−p was determined to be 170+48

−44[Stat.]+17
−19[Sys.]

mb.

6

MDハイブリッド 5年分 
Xmax 分布の裾を解析
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Telescope Array search for photons and neutrinos G.I. Rubtsov

/PRELIMINARY/

Figure 2: Photon flux limit presented in this Talk (TA) compared with the results from AGASA (A) [4], the
surface detector of the Pierre Auger Observatory (PA) [10], Yakutsk (Y) [6] and TA ICRC’2013 (TA’13) [13]

The photon candidates are selected with the zenith angle dependent cut on x

x > xcut(q) . (3.1)

The cut function is approximated as a quadratic polynomial of q . The cut is optimized with the
part II of MC with the merit factor defined as an average photon flux upper limit in the case of
null-hypothesis: all events in the data set are protons.

Geometrical exposure for the considered SD observation period with 0� < q < 60� and bound-
ary cut is given by

Ageom = 9340 km2 sr yr . (3.2)

The effective exposure after the cuts Ae f f is given in Table 1.

E0 ndet � 7 c

2 and energy cuts x -cut Ae f f km2 sryr
1018.5 11.5% 80.3% 11.2% 96

1019.0 55.2% 79.2% 16.1% 656

1019.5 78.3% 71.2% 27.9% 1448

1020.0 91.0% 73.0% 44.6% 2760

Table 1: Contribution of the cuts to an effective exposure at energy ranges of interest. The value represents
a ratio of the exposure after the given cut to the exposure before cut.

5

地表検出器　7年分 
シャワーフロントの特徴からPhoton探索 
候補事象は無し

(R. U. Abbasi et al., Phys. Rev. D 92 (2015) 032007)(G.I. Rubtsov et al. ICRC 2015)

justifies the use of a single average value over the range of
interest.
To confirm that the value of K obtained is valid to

reproduce the interaction length of the model, a plot of
λp−air vs Log10ðEðeVÞÞ is shown in Fig. 5. Each point here
represents 10 000 simulated data sets at that energy. The
circle markers are the λp−air obtained from the X1 distri-
butions from the model, while the triangle markers are the
λp−air obtained from reconstruction using the K-factor
method. Figure 5 shows that using the K-factor method
does indeed reconstruct the expected values of the λp−air for
these simulations. This ensures that the value of K obtained
in this study describe the value of K of the high-energy
models correctly.
The K-factor determined in the procedure described

above is dependent on the hadronic interaction model used
in the air shower Monte Carlo simulation. The high-energy
models used in this study are QGSJETII.4 [16], QGSJET01
[17], SIBYLL [18], and EPOS-LHC [19]. The resultant
values of K determined for these models are summarized in
Table I.

The first measurement of the proton-air cross section
using UHECR was performed by the Fly’s Eye experiment,
which used a calculated value of K ¼ 1.6 and obtained
σinelp−air ¼ 530$ 66 mb [1]. Following the Fly’s Eye result,
the calculated values of K which appeared in the literature
showed a continuous decrease as full Monte Carlo simu-
lations came into use. By 2000, after the development of
modern high-energy hadronic models, the reported K
values still differed by approximately 7% [20]. Since then,
as shown in Table I, more complete hadronic shower
simulations have converged on a smaller value of
K ¼ 1.2, with a model uncertainty of approximately 3%.
Using this lower K value, the Fly’s Eye cross section may
be updated to 392$ 49 mb.

IV. PROTON-AIR CROSS SECTION

The data used in this analysis is the Telescope
Array Middle Drum-Surface Detector hybrid events dis-
cussed in detail in Sec. II. Figure 6 shows the Xmax
distribution together with the exponential unbinned maxi-
mum likelihood fit to the tail between 790 and 1000 g=cm2,
the Λm value from the fit is found to be
ð50.47$ 6.26½Stat&Þ g=cm2.
Consecutively the value of σinelp−air is determined where

σinelp−air ¼ K × 24; 160=Λm mb using Eq. (1). The K values
used are the ones calculated and summarized in the
previous section in Table I. Accordingly the values of
σinelp−air for all the considered hadronic interaction models are
determined and tabulated in Table II. The final value of the
proton-air cross inelastic section reported by the Telescope
Array collaboration is the average value of the σinelp−air
obtained by the high-energy models QGJSETII.4,
QGSJET01, SIBYLL, and EPOS-LHC and is found to
be equal to ð567.0$ 70.5½Stat&Þ mb.

TABLE I. The value of K obtained for each of the high-energy
models. Each K listed is the single average value of K over the
energy range of 1018.3–1019.3. Note that the values of K shows a
∼3% model uncertainty.

Model K

QGSJETII.4 1.15$ 0.01
QGSJET01 1.22$ 0.01
SIBYLL 1.18$ 0.01
EPOS-LHC 1.19$ 0.01

E(eV)
10

Log
18.4 18.6 18.8 19 19.2

)2
 (

g/
cm

p-
ai

r
λ

35

40

45

50

55

60

Reconstructed Lambda

Model Lambda

FIG. 5 (color online). The proton-air interaction length λp−air in
g=cm2 vs energy in Log10ðeVÞ for the simulated data sets using
CONEX with the high-energy model QGSJETII.4, for the energy
range of the data, between 1018.3 and 1019.3 eV. The circle points
are the λp−air values obtained from the X1 distribution. Triangle
points are the ones determined from reconstructing the λp−air
values using the K-factor method.
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FIG. 6 (color online). The number of events per Xmax bin
(ΔXmax) vs Xmax g=cm2 for the Telescope Array data with the
energy between 1018.3 and 1019.3 eV. The line is the exponential
fit to the slope.

MEASUREMENT OF THE PROTON-AIR CROSS SECTION … PHYSICAL REVIEW D 92, 032007 (2015)

032007-5

�inel
p�air = 567.0± 70.5[Stat.]+25

�20[Sys.]mb

Photon upper limit

�inel
p�air = 567.0± 70.5[Stat.]+25

�20[Sys.]mb

Proton-air cross section
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TA実験：拡張計画

20

TAx4 : 最高エネルギー宇宙線の起源解明 
TALE : 宇宙線の銀河系内から系外遷移の検出
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TA x 4
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• 最高エネルギー宇宙線の起源解明 
地表検出器 500台（特別推進研究, 2015-2020） 
2.08 km 間隔, 2100 km2  
大気蛍光望遠鏡ステーション 2箇所 (米国で申請中) 

　　HiRes II の移設 

• 現行 TA SD と合わせて約3000 km2 
TA SD19年分 
               稼働期間 2017 ~ 2020年 
TAハイブリッド16年分 

　　　稼働期間 2016 ~ 2020年 

• ホットスポットを5σ以上の優位度で確定 
ホットスポット構造、点源探索など
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TALE : TA Low Energy Extension

22

• TAの低エネルギー拡張実験 
• 宇宙線の銀河系内から銀河系外への遷移
が期待されるエネルギー領域の観測 

• 大気蛍光望遠鏡 
• 高仰角 (30 - 57deg.) 
• 2013年9月より稼働 

• 地表検出器　(基盤研究(S), 2015-2020) 
• 103台, 400m, 600m, 1.2km 間隔 
• 35台設置済(黒)，16台が稼働(青)

TALE　FD TALE　SD

PoS(ICRC2015)445
TALE Fluorescence Detector Zachary Zundel, for the Telescope Array Collaboration

Figure 5: An event display of a cosmic ray air shower observed by both MD and TALE FDs. The region
bounded in red indicates the portion of the sky observed by the TALE FD. The region bounded in blue
indicates the portion of the sky observed by MD.

TALE%

MD%

Figure 6: Events where 80% of the signal is from Cherenkov light are shown in blue. Events where 80% of
the signal is from Scintillation light are shown in red. Events with intermediate amounts of Cherenkov and
Scintillation light are shown in black. Note tat the y-axis is a logarithmic scale.
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外部評価会議
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外部評価委員 
F. Halzen (Chairman) 
J. Peoples 
J. Goodman 
T. Terasawa 
Y. Itow 
E.S. Seo 
M.I. Panasyuk

2015年10月1~3日＠ユタ大

10/1 
Intro. 
Spectrum 
Composition 
Lunch 
Anisotropy 
γ, ν limit 
σ(p-air) 
Radio detection 
μ studies 
Physics summary 
Dinner

10/2 
Answers to  
   the EAB question. 
TALE SD 
TAx4 SD 
TAx4 FD Plan 
TAx4 Discussion 
Lunch 
Committee  
        deliberations 
Meeting / VP  
        for research 
Dinner

10/3 
Leave for Delta 
Cosmic ray center 
BRM FD 
SD 
Lunch 
MD FD 
Dinner
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TA実験 
関連実験、R&D

24
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ELS : Electron Light Source
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Calibration of TA FD with ELS Bokkyun Shin

Figure 1: ELS position in relation to the TA BRM FD, and (inset) a picture of the of ELS beam taken with
two telescopes of the BRM FD.

The two FC’s, which consist of 60 mm depth of copper, had different read-out devices. One
FC is read out with a Coulomb meter (Q-meter) which accumulates charge over a 2 second period,
and the other is read out with an oscilloscope. Figure 2 shows a CM vs. FC calibration scatter
plot. Black points use the Q-meter readout, and red points use the oscilloscope readout. The two
measurements agree within 3.3%, and we use the average of the two slopes for CM calibration.
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energy vs Q

Figure 2: Left: Scatter plot of CM vs. FC readouts in a calibration run on March 22nd 2014. The FC is
inserted into the beam during this run. Red dots represent the measurement with oscilloscope readout of the
FC, and Black is for Q-meter readout. Right: ELS beam energy distribution before the bending magnet. The
fitting result using the Crystal-ball function [11] is shown as the red line.

An electron energy distribution can be measured with the 90� Bending Magnet (BM) which
has a radius of curvature of 220mm, with the beam focused on a collimator of gap typically 3mm.
Changing the magnetic field of the BM and measuring the beam charge with the FC resulted in Fig-
ure 2 (Right), which shows the measured energy distribution. It has a long tail at lower energies.
The source of the tail is de-accelerated electrons which will be dumped in the BM and the collima-
tor. Our Monte Carlo simulation of the ELS uses GEANT [12] to predict the fluxes of background
electrons and gamma-rays which are shot into the sky.

The beam spread is also important for precise estimation of the contribution of the back-
grounds. The beam spread was analyzed by measurement of the emittance and Twiss parameters

3

• TA FD キャリブレーション装置 
• 電子ビームを空中射出 
• 空気シャワーを生成しFDで蛍光を観測 

• 2014年 3,10,11月のデータを解析 
• ELSの系統誤差： 7.9% 
• MCとデータを比較 

• MCでは3種類の大気蛍光モデルを考慮 
• Flash, AirFlyモデルはよく一致 
• Kakimoto(TA)モデルは不一致

系統誤差
蛍光モデルの比較 (B.K. Shin et al. ICRC 2015)

大気状態 Data/MC
Run T[℃] p[hPa] H[%] Flash Kakimoto AirFly
1 7.3 855.1 29.2 0.998 1.245 0.996
2 6.8 861.8 16.8 0.996 1.245 0.979
3 0.0 865.1 47.9 1.004 1.264 1.011
4 0.4 864.2 47.5 1.010 1.248 1.000
5 -1.5 864.6 63.1 1.025 1.275 1.026
6 -5.0 864.3 71.3 1.017 1.267 1.014

平均 1.008 1.257 1.004

Q in ELS data 3.3%
Soft photon background 1.5%
Cherenkov photon 0.4%
FADC of simulation 4.0%
P,T and h @ BRM 0.5%
ΣFADC in ELS MC 5.5%
Telescope Parameters 1.6%

Total 7.9%
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ラジコンヘリを用いたFD校正
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Calib. of FD using a flying standard light source for TA Motoki Hayashi

Figure 2: (Left) LEDs mounted on a regular dodecahedron. (Right) A diffuser, in which the LED mounted
is set.

2.2 Octocopter

The radio-controlled octocopter (MK octo 2, Mikrokopter) is used to mount the LED flasher as
shown in Figure 3. The octocopter with 8 rotors does fly very stably even if one of the rotors stops
and can be controlled within 1.5 km away from the FD with programmed position information by
the GPS. Payload capability of 2.0 kg during each flight of 20 min. is enough to carry the LED
flasher. The accuracy of the flight distance is less than 3 m, but it is not enough for our purpose.
Thus we need high accuracy positioning system of which accuracy is ∼ 10 cm.

Figure 3: Octocopter : a radio-controlled helicopter with 8 rotors. At the bottom of the octocopter, the LED
flasher is mounted.

2.3 High Accuracy Positioning system

High accuracy GPS receivers (Piksi, swift navigation) are used for the Opt-copter flight po-
sition measurement. One of the GPS receivers is set on the flight starting point and the other is
mounted on the Opt-copter. This system measures the position with Real Time Kinematics (RTK)
functionality to the centimeter level of relative positioning accuracy. Therefore the GPS system
could reduce the systematic errors of the light intensity and the alignment measurements to less
than 0.2% and 0.1◦, respectively.
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is set.

2.2 Octocopter

The radio-controlled octocopter (MK octo 2, Mikrokopter) is used to mount the LED flasher as
shown in Figure 3. The octocopter with 8 rotors does fly very stably even if one of the rotors stops
and can be controlled within 1.5 km away from the FD with programmed position information by
the GPS. Payload capability of 2.0 kg during each flight of 20 min. is enough to carry the LED
flasher. The accuracy of the flight distance is less than 3 m, but it is not enough for our purpose.
Thus we need high accuracy positioning system of which accuracy is ∼ 10 cm.

Figure 3: Octocopter : a radio-controlled helicopter with 8 rotors. At the bottom of the octocopter, the LED
flasher is mounted.

2.3 High Accuracy Positioning system

High accuracy GPS receivers (Piksi, swift navigation) are used for the Opt-copter flight po-
sition measurement. One of the GPS receivers is set on the flight starting point and the other is
mounted on the Opt-copter. This system measures the position with Real Time Kinematics (RTK)
functionality to the centimeter level of relative positioning accuracy. Therefore the GPS system
could reduce the systematic errors of the light intensity and the alignment measurements to less
than 0.2% and 0.1◦, respectively.
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Opt-copter 
マルチコプターを用いたFD校正装置 
一様安定LED光源 (UV LED) 
高精度位置測定 
GPS試験：位置精度 ±5cm 
2015年3月試験観測@TAサイト 
MCとデータがよく一致 

FDで観測されたOpt-copter

(M. Hayashi et al. ICRC 2015)

Optics + Octocopter

ユタでの試験結果 

11 /12 

saturated  

大気蛍光望遠鏡でとらえた信号 

• 中央のPMTはサチュレートした 
• Opt-copterに入力した座標データに比べ高性能

GPSの座標データのほうが実際のデータに近い 
 
• X : Opt-copterの実際の観測点 
• + :高性能GPSの座標データを使った         

   シミュレーション点 
• ◼ : ELS 
• ● : Target PMT Azimuth 

micro sec. 
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高性能GPSによる正確な位置測定 
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高性能GPS 
GPSモジュール×２（親機・子機）を較正後に使用※１することにより、  
相対的位置関係※２を±~10cmの精度で取得する。 
 

※１) Real Time Kinematics (RTK)測量を利用 
※２) Opt-copterに子機を搭載し親機を基準点（既知の座標）に設置 
 
 

GPS子機 

GPS親機 

GPS衛星 

2015/09/26 2015日本物理学会秋季 TA実験268 林 

今回使用した高性能GPS「Piksi」 
RTK測量による高性能GPS

光源を搭載したマルチコプター １２面体上に配置されたLEDと拡散球

●　飛行目標 
X　測定点 
＋　シミュレーション
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雲モニタリング
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CCDカメラ（魚眼） 
BR, LR, CLFに設置 
毎分撮像
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電波的観測の研究
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• ELSから距離140m地点に送信器、受信器を設置して試験 

• ビームに同期した信号を観測 

• 電波エコーではない 

• 電子ビーム発生時に起きる急激な電場の変化由来 

　　　　　　　　　　　　　　Sudden Birth 現象 

• 多波長測定結果とモデルによる予測は良くあっている

• TA実験中央レーザー射出サイト(CLF)にアンテナを2基設置 

• TASDトリガーでデータを記録 
• 送信電波を水平から垂直偏波に変えた試験 
• 送信電波停止期間は電波エコー以外の現象 
• Geo-thynchrotron, Sudden birth 
• 観測は継続中

ELSを用いた電波エコー測定

TA実験との宇宙線同時観測による電波エコー法の試験

(D. Ikeda et al. ICRC 2015)
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TA実験とAuger実験の不一致の検証
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TAとAugerの共同実験 
エネルギースケール、組成、検出器の違いの理解 
Auger実験の水チェレンコフ検出器を設置 
“Auger North” 2014/10より稼動 
“Auger South” 2015/6 設置 
TA SD と同期したイベントの取得成功 
今後 Auger検出器を増設予定 
イベントレベルでの比較が目標

取得された1VEMのヒストグラム 
MCがデータを再現
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TA ミューオン検出器
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Concept of dector

Measure middle energy muon, compare the signal with TA SD

4

μ e γ

Water

Tank

Concept of dector

Measure middle energy muon, compare the signal with TA SD

4

μ e γ

Water

Tank

MCとデータの不一致の検証 
TA実験におけるFDとSDのエネルギー： 
Auger実験におけるミューオン過剰

Lead Burger検出器

Concrete Shield 検出器
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Performance and status of Muon Detector in TA T. Nonaka
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Figure 10: Variation of count rate in one month of
operation.
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Figure 11: Energy distribution of observed event
in six months of operation. Green histogram shows
energy distribution of the shower detected within
3km of distance from detector. Red is event lead
detector had signal associate with the shower.

Figure 12: An example of lateral distribution at ob-
served event and comparison with the lead detector.
The black points show data point from standard TA
SD. The green line is fitted Lateral Distribution Func-
tion. Signal of top layer of the lead detector is dis-
played in red marker.

Figure 13: Timing comparison at same event.

serted detectors and concrete shield detectors operated as a part of the TA SD. From the simulation,
we studied the expected accuracy of muon counting at various energies and core distances. The
lead detector is expected to provide a good measurement of muon number together with electro-
magnetic component relatively far from shower core (� 1200 m) with the current design. The
concrete shielded detector is expected to provide good muon number resolution for wide range of
incident particles due to FADC sampling and the segmentation of detector. All of detectors have

7
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It is planned to have multiple types of detector with different thicknesses of absorber,  
One type is the lead inserted segmented detector , which will have the capability to measure muon and electro magnetic 
(EM) components separately.  And the second type is a concrete shielded detector to find high energy (E > 600 MeV) muons. 

Concrete shield detector: 
The detector is designed to have 1.2 m of absorber. Concrete 
absorber was assembled from concrete blocks.  The dimensions 
of each block are are 60x60x140 cm3. It is removable with a 
crane if necessary. Eight scintillator segment units are stationed 
under the concrete absorber. Each unit has surface area of 3m2. 
The scitillator unit is the same with the one which is used as TA 
SD [5]. Each unit has two layers of scintillator, each 1.2 cm thick.  

Fig. 1: Side view of Lead inserted detector.  

Fig. 2: Side view of concrete shield detector. 

Simulation studies with air shower Monte Carlo simulation were done to estimate 
accuracy of muon counting. For the lead detector. We count the coincident of the 
rising edge within 20 nsec between the top and bottom layer. 
Fig. 5 shows lateral distribution of simulated muon from vertical proton shower (1019 eV). 
The ★ represents the number of thrown muons. The ■ represents the counted number 
of coincidences in the rising edge of the wave form. The □ represents the number of 
thrown muons counted via coincidence of the rising edge. The EM component is also 
injected while the simulation. Fig. 6 shows fraction of counted muon number to thrown 
number of muon as a function of core distance. The ■ is the fraction of counted number 
of coincidences. The □ is the fraction of thrown muon counted coincidences. When the 
core distance is 1200 m , the detector and counting method gives 20 % of accuracy in the 
average number of muons. 

Lead detector: 

Fig. 5: shows lateral distribution of simulated  
muon count at vertical proton shower(1019eV)  

Fig. 6: shows lateral distribution of simulated 
muon count at vertical proton shower(1019eV)  

Table. 1: Estimated distance  for which the 
detector can measure number of muons 
with about 20% of accuracy greater than 
80 % purity in the muon fraction. 

Concrete shield detector: 
Because of 1.2m of concrete shield 600 MeV is 
the threshold energy. Accuracy of counted 
number of muon depends on counting method. 
Fig .7 shows counting accuracy for two method 
of counting. 
Left side is the scatter plot of the thrown and 
counted number of muons in a case counting 
of the muons using wave form rising edge.  
( Same method which used for lead detector) 
Right side is the same plot in a case counting  
Of the muon using charge amount of signal 
(VEM). 

Fig. 7 Scatter plot of the thrown and counted number of muons  
          (left:using waveform right:using charge). 

For the lead detector, 12 modules (top and bottom pair) are assembled, each of 0.75 m2. 
The Npe for 1mip was 18.3 pe. The average Npe for 1 mip at TA SD is 24.6 ±7.2 with 
same type of PMTs. The position dependence of the response for the mip were checked 
at 35 positions to cover entire segment which is 15x15 cm2. The RMS of the distribution 
of 1mip value is about 5% of the average 1mip value. 

For the concrete shield detector, a total of 8 modules of 3 m2 TA SD are assembled.  
Construction of concrete stack is completed at end of March 2015. 

Lead detector assembly: 

Concrete detector assembly: 

Test observation of air shower : 
We started test observation with a prototype lead detector in December 2013. Fig. 8 
shows the distribution of energies of observed air showers from Dec. 2013-May.2014. 
Red histogram shows showers which left signal on deployed detector. Fig. 9 and 10 
show one of observed events in this time period. The reconstructed energy is 17 EeV 
and zenith angle is 37o. Fig. 9 and 10 shows the recorded VEM at top layer of the 
prototype detector and signal timing at each detector respectively. The lead detector’s 
signal is plotted as red color. Both are well aligned along other detectors. So recorded 
waveform at the lead detector can be considered as a signal associated with this shower.  

Fig. 3:Constructed concrete shield.  8 of 3m2  
detector will  be inserted under the shield. 

Fig. 4 ; Inside of lead detector . Fiber layout differ from 
standard TASD.  

Fig. 8 :  The energy distribution 
of observed  showers.   

Fig. 9 :  A lateral distribution  
ov VEM along axis distance . 

Fig. 10 : Relative timing of  first 
particle hit.(same event with Fig. 9) 

17EeV 

Fig. 11 shows scatter plot of amount of signal(VEM) 
observed at  lower and upper scintillator. Data point from 
standard TASD and lead detector are displayed in Blue and 
Red respectively.  It is seen the TASD (Blue) shows 
symmetric response between upper and lower layer.  
In case of lead detector, the response is not symmetric 
between upper and lower layer.  
The comparison of observed events and MC is under way. 

Performance of  assembled detector and  prototype observation 

Lead detector: 
Fig.1 shows a schematic of side view of the concept of the 
detector in TA. The detector has two layers of scintillator with 
12 mm thickness and lead plates are inserted between 
scintillators to have the thickness of 25 mm. Scintillation light is 
collected through WLS fibers layed in grooves in the surface of 
scintillator with 20 mm spacing.  

Concept of Detector 

 Abstract:  The Telescope Array (TA) experiment, located in the western desert of Utah, USA, at 39.38o north and 112.9o west, is collecting data of ultra high 
energy cosmic rays in the energy range 1018  - 1020 eV. The experiment has a Surface Detector (SD) array surrounded by three Fluorescence Detectors (FD) to 
enable simultaneous detection of shower particles and fluorescence photons. Measurement of shower particles at ground level, with different absorber 
thickness, enables a more detailed study of the experiment’s energy scale and of hadron interaction models. In this report, we present a design and first 
observation result of a surface muon detector using lead plate and concrete absorbers. 

Performance and operation status of TA muon detector is presented. The detectors are 
currently being installed for the test observations in the TA array. The detector has 
good stability and sensitivity and uniformity. The detector collects the data of air 
showers in association with the TASD. With more statistics, detailed comparison with 
existing MC will be done. Currently 8 of 3 m2 detector segment are being installed. 

Fig. 11 : The scatter plot of VEM 
between upper and lower signal. 
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2015/3 設置完了

ESD = 1.27⇥ EFD
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Figure 1: The planned layout of the j-NICHE with respect to the MD/TALE FDs and SDs. Longitude and
Latitude are measured in degrees East and degrees North, respectively.

Figure 2: A sample Winston cone.
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Figure 3: The front and back of the data acquisition models from Brains, Inc.

Reflector Cone
Mounts in collar in Baseplate

Shutter Wheel
Rotates on Baseplate

Window

Slanted Tube
Attached to the top of the box

Figure 4: Rough schematic of the counter design. j-NICHE counters would have only one PMT installed
per counter. The two-PMT design for the NICHE hybrid array will allow for a local coincidence trigger and
thus a lower threshold and/or a lower trigger rate.

4. 100-m Array for Cherenkov Hybrid

The somewhat surprising ability of the TALE FD to work as an IACT changes the landscape
of designing an associated ground array of non-imaging CDs. Fluorescence dominated detection
of the TALE FD has a threshold of about 30 PeV, and the typical core distances for these events
range from 2–5 km. To get a significant overlap with fluorescence then dictates a ground array
of 1–2 km2. This large area pushes the separations between counters to several hundred meters.
However, the track-like Cherenkov event threshold for TALE is about 2 PeV. The lower threshold
implies a factor of a few hundred times higher flux, and thus a much smaller area is required.
In addition, most events hit the ground in the range 400-2000 m from the TALE FD. To form
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of 1–2 km2. This large area pushes the separations between counters to several hundred meters.
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implies a factor of a few hundred times higher flux, and thus a much smaller area is required.
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• Non-Imaging CHErenkov Array 

• ウィンストンコーン, PMT, FADC 

• 400m間隔 

• TALEサイトに設置予定 

• 1～100 PeV　-> TALEとのオーバラップ 

• エネルギーとXmaxの測定が可能

検出器デザイン ウィンストンコーン データ取得モジュール

検出器の配置
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エネルギースペクトル 
TALE実験を含め5桁のエネルギー領域で測定 
陽子組成と無矛盾なスペクトル 
異方性もある？ 

到来方向解析 
ホットスポットの兆候あり(データ更新しても変わらず) 

質量組成 
陽子などの軽い組成 
Auger実験とは系統誤差の範囲内で一致 

拡張計画 
TA x 4 : より高統計での観測で、ホットスポットなどを確定したい 
TALE : 銀河系内から銀河系外への遷移の観測が期待 

その他様々なR&Dや、Auger実験との共同研究などが行なわれている


