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チベット空気シャワー観測装置 (Tibet AS)

p中国チベット (90.522oE, 30.102oN) 標高4300 m

p シンチレーション検出器数 0.5 m2 x 789
p 空気シャワー有効面積 ~37,000 m2
p 最頻エネルギー ~3 TeV
p 角度分解能 ~0.9o @3 TeV
p 視野 ~2 sr

à空気シャワー中の二次粒子(主にe+/-,γ)を観測し
一次宇宙線エネルギー、方向を測定



チベット水チェレンコフミューオン観測装置 (Tibet MD)

à空気シャワー中のミューオン数
を測定し、ガンマ線／核子選別

~4200m2

6

2014年3月 ー 現在 有効観測日数：約730日（10%死時間考慮後）

ü 地下 2.5m (物質厚 ~ 515g/cm2 ~19X0)
ü 7.2m×7.2m×水深1.5m 水槽 80台
ü 20”ΦPMT (HAMAMATSU R3600)
ü 水槽材質：コンクリート+白色反射材
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4,200m2

地下施設
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Fig. 1 Upper figures : Event displays of typical MC gamma-ray events assuming the Tibet AS array. The
small open squares indicate the positions of the scintillation counters with an area of 0.5 m2. Circle size is
proportional to the logarithms of the number of particles detected in each counter. The circle colors represent
the relative timings of signal detected by the counter. The red arrow indicates the arrival direction of each
shower toward the shower core location identified at the arrow head. The selected air shower cores are located
within the enclosed region with the dashed line. Lower figures : The lateral distribution of MC gamma-ray
events. The solid curves show the NKG functions fitted to the data with r > 10 m. The dashed curves display
the extrapolations of the fitted NKG functions to r < 10 m. The generated energies and zenith angles of these
events are 21 TeV and 19.0 � for (a)(b), and 102 TeV and 15.8� for (c)(d), respectively.

The primary gamma-ray energy can be estimated from the lateral distribution of particle density
from the air shower core location determined by Eq.1. To estimate air shower size (the total number of
particles in an air shower at the altitude of the site), we fit the lateral distribution of particle density
measured by the AS array using the following Nishimura-Kamata-Greisen (NKG) function [8,9].

⇢

NKG

(r) =
N

e

r

2

m

� (4.5� s)

2⇡� (s)� (4.5� 2s)

✓
r

r

m

◆s�2

✓
1 +

r

r

m

◆s�4.5

, (2)

where r is the distance from air shower axis, N
e

(the total number of particles in an air shower
observed at an altitude) and s are free parameters denoting the air shower size and the age of the
air shower, respectively, and r

m

(Moliere unit) is a fixed parameter set to be 130 m. The counters
located closer than 10 m from the air shower axis are not used for this fitting. Also FT (D) counters
detecting more than 15 (5,000) particles are not used, because the PMT linearity fails for such high
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横方向分布によるエネルギー決定(MC)

K. Kawata et al. Submitted to Experimental Astronomy
9

10 TeV g-ray 100 TeV g-ray



横方向分布によるエネルギー決定(MC)
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particle density. Figure 1 shows typical event display maps, and lateral distributions of gamma-ray
events generated by the MC simulation. The generated energies and zenith angles of these events are
21 TeV and 19.0 � for (a)(b), and 102 TeV and 15.8� for (c)(d), respectively. The angular resolutions
at 10 TeV and 100 TeV are estimated to be approximately 0.5� and 0.2�, respectively, although the
reconstruction of the arrival direction of an air shower is not discussed in this paper.

The primary cosmic-ray energy has been traditionally estimated from the reconstructed air shower
size N

e

using the NKG function or simply the sum of detected particle density [10,11]. In the analysis
of the ultra-high-energy cosmic rays with E >⇠ 1018 eV observed by a widely spread array (> 1 km
spacing), the particle density at only a specific distance from the shower axis has been used as a well
established energy estimator, which depends weakly on the interaction models, fluctuation in shower
development, and the primary mass [12]. For example, the Telescope Array experiment has adopted
S800, which is the particle density at a lateral distance of 800 m from the core, as an energy estimator
[13]. Following this parameter, we define an air shower parameter S30, which is the particle density at
30 m from the air shower axis, namely ⇢

NKG

(30) in Eq.2, as a new energy estimator.

5 Results and Discussions

Fig. 2 Correlations between the generated gamma-ray energy and (a) S30, (b) Ne and (c)
P

⇢. The red solid
curve shows the conversion function to the reconstructed energy in each panel. The zenith angle of the air
shower ✓ is smaller than 20�.

We evaluate performances of S30, N
e

and
P

⇢, each as an estimator of primary gamma-ray energy.
The following criteria are used for selecting MC events: (1) each shower event should fire 16 or more
FT counters that have each recorded 1.25 or more particles; (2) The air shower core should be inside
of the array enclosed region with the dashed line in Fig.1 (a) and (c); (3) the zenith angle of the
event arrival direction should be less than 20�; (4) the shower ages derived from the best-fitting NKG
function should be between 0.3 and 1.3 for MC events used to evaluate performances of S30 and N

e

.
Figure 2 shows correlations between generated gamma-ray energy (E

GEN

) and three di↵erent energy
estimators, which are (a) S30 and (b) air shower size N

e

both calculated from best-fitting Eq.2 to
lateral distributions, and (c) the sum of particle density

P
⇢. The conversion factor between the true

energy (E
GEN

) and reconstructed energy (E
REC

) in each panel is directly calculated from the best-fit
polynomial functions shown by red solid curves in this figure. It is seen that S30 is a better estimator
than N

e

and
P

⇢, since this is weakly a↵ected by the fluctuation of air shower events.
Figure 3 shows the energy resolutions as a function of the reconstructed energy using S30, N

e

andP
⇢. The resolution is estimated by fitting a logarithmic Gaussian function to ln�E = ln(E

REC

/E

GEN

)
distribution obtained by using each estimator. The vertical axis denotes the standard deviation (�

ln�E

)
of the logarithmic Gaussian function. The energy resolutions using S30 at 10 TeV and 100 TeV gamma
rays are estimated to be approximately �

ln�E

= 0.4 and 0.2, which correspond to (�33/+ 49)% and
(�18/ + 22)%, respectively, in linear scale. We find S30 giving a better energy resolution than N

e

and
P

⇢, which have been used so far, above 10 TeV. In the energy region below 10 TeV, the energy
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Fig. 3 Energy resolution (�ln�E) vs the reconstructed energy using di↵erent three estimators, S30 (red
squares), Ne (blue circles) and

P
⇢ (green triangles). �ln�E is the standard deviation of the logarithmic Gaus-

sian function. All results show in the case of the zenith angle ✓ < 20�.

resolutions of three estimators are almost same. A hump seen in the energy resolution of
P

⇢ between
200 TeV and 600 TeV, which corresponds to

P
⇢ between 1,000 and 3,000 particles, is due to a counter

directly hit by an air shower core. When a counter is directly hit by the air shower core, the counter
accidentally records a large number of particles because secondary particles highly concentrate on the
center of core. As a result, the reconstructed energy is significantly overestimated. Above 600 TeV,
the energy resolution is recovered, because the number of observed particles in a direct hit counter is
saturated around 5,000 particles. It should be noted that the energy resolution of gamma-ray showers
is better than that of cosmic-ray induced ones. This is because cosmic rays consist of various mass
compositions which have di↵erent cross sections leading to di↵erent first interaction points in the air,
and their air showers include the nucleonic and the muonic components which make local clusters in
the particle distribution, while gamma-ray showers are dominated by pure electromagnetic component
which is well represented by the NKG function.

The age parameter of the NKG function has been utilized for discriminating gamma-ray showers
from hadronic cosmic-ray showers above a few hundred TeV [14]. Figure 4 shows the reconstructed
age distributions of gamma-ray and hadronic cosmic-ray showers with E

REC

> 50 TeV, and ✓ < 20�

generated by the MC simulation assuming the Tibet AS array. The average age of gamma-ray showers
is smaller than that of cosmic-ray showers, since the longitudinal development of the gamma-ray show-
ers, which are dominated by pure electro-magnetic cascade, is faster than that of cosmic-ray showers.
If reconstructed air showers with s < 0.8 are selected, the hadronic cosmic-ray backgrounds will be
rejected by 66%, while gamma-ray signals will survive by 80%. Then, the sensitivity to gamma rays
will be increased by factor of ⇠ 1.4 = 0.80/

p
1� 0.66 above 50 TeV. The strong discrimination power

can not be expected, although the age parameter may help to discriminate between them independent
of the muon information in MD.

6 Conclusions

We study the lateral distribution of the particle density in gamma-ray induced air showers by a MC
simulation assuming the Tibet AS array in the energy range between 10 TeV and 1000 TeV. Using the
new energy estimator S30, the energy resolutions for the gamma rays are estimated to be approximately
40% at 10 TeV and 20% at 100 TeV with the zenith angle ✓ < 20�. The new energy estimator S30
shows better energy resolution than the air shower size (N

e

) and the sum of detected particles density
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S30 : NKG関数で得られた
コアから30m地点の粒子密度

Ne : NKG関数で得られたシャワーサイズ

Sr : 検出器で得られた総粒子数
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FIG. 1. Year-to-year variation of the observed Sun’s shadow between 1996 and 2009. Each panel

displays a two-dimensional contour map of the observed flux deficit (Dobs). The map in 2006 is

omitted because of insufficient statistics for drawing a map.

the modal energy of the Tibet-II array configuration are estimated to be 0.9◦ and 10 TeV,

respectively. For the analysis of the Sun’s shadow, the number of on-source events (Non)

is defined as the number of events arriving from the direction within a circle of 0.9◦ radius

centered at the given point on the celestial sphere. The number of background or off-source

events (⟨Noff⟩) is then calculated by averaging the number of events within each of the eight

off-source windows which are located at the same zenith angle as the on-source window

[12]. We then estimate the flux deficit relative to the number of background events as

Dobs = (Non −⟨Noff⟩)/⟨Noff⟩ at every 0.1◦ grid of Geocentric Solar Ecliptic (GSE) longitude

and latitude surrounding the optical center of the Sun.

Shown in Fig. 1 are yearly maps of Dobs in % from 1996 to 2009. We exclude the year of

2006 due to low statistics. Inspection of Fig. 1 shows that the Sun’s shadow is considerably

darker (with larger negative Dobs) around 1996 and 2008 when solar activity was close to

the minimum, while it becomes quite faint (with smaller negative Dobs) around 2000 when

the activity was high.

III. MC SIMULATION

We have carried out Monte Carlo (MC) simulations to interpret the observed solar cycle

variation of the Sun’s shadow. For the primary cosmic rays, we used the energy spectra and

chemical composition obtained mainly by direct observations [10, 13–15] in the energy range

4

2005																							2006																							2007																							2008																								2009

2000																							2001																							2002																								2003																							2004

極小期

極大期

ü Tibet-III (>3TeV) 2000年-2009年(10年間)
ü 太陽方向を中心にした4°×4°の欠損率マップ
(欠損率 = 欠損量／バックグラウンド [%])
à 太陽活動と反相関：極大期は浅く、極小期は深い
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少数統計

(%)太陽の影の観測 TeV領域
川田、他、日本物理学会(2016秋)



影の深さの変化 全期間 - 3 TeV
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Data
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CSSS Rss=10R⦿

c2 / dof = 12.2 / 10 (0.6s)  
c2 / dof = 21.3 / 10 (2.0s)  

※統計誤差のみ

Expected from Sun size

影の深さの変化 CME発生期間を除く

活動期で影が深くなる
CSSSは再現
à 磁場モデルにはCME等の
短期変動は考慮されない
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川田、他、日本物理学会(2016秋)
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Knee領域一次宇宙線組成の研究

高密度 YACアレイによりトリガー
⇒陽子、ヘリウムの選択、エネルギー決定精度の向上

（継続課題） 代表：片寄祐作・横浜国立・工、 他 13名、 配分額 ５万円

経過報告
・YAC-II観測実験：[目的]100 TeV以上のエネルギー領域の陽子、ヘリウムスペクトル

2014年度からの観測を継続中
（将来計画）

・YAC-III観測実験：[目的] 1016eV領域での重原子核成分

モンテカルロ スタディーの精密化、読み出し回路開発

・TeV領域軽原子スペクトル測定：
[目的]数TeV領域のP+Heスペクトルハードニングの検証

YAC-IITotal : 124 YAC detectors

Cover area: ～ 280 m2

p+Heスペクトル

エネルギー精度

最近の発表論文等
・ Huang et al,Astropart.Phys. 66 (2015) 18-30

・ L M Zhai et al ,J. Phys. G: Nucl. Part. Phys. 42 (2015) 045201
・ ICRC2015 関係論文 ３偏等



チベットASでの落雷・雷雲起源のガンマ線、ASの同時観測

空気シャワーアレイ
ガンマ線検出器

ガンマ線

空気シャワー

宇宙線

E

電場変動
ガンマ線変動

空気シャワー観測

トリプル
コインシデンス

雷雲電場モデルを用いた

空気シャワーのシミュレーション

• COSMOSコード＋単純化した雷雲電場モデル

N. C. Lindy et. al, 
”The Cosmic-Ray Extensive Air Shower Environment of Thunderstorms"
XV International Conference on Atmospheric Electricity,2014
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10-1000TeV以上の恒星時異方性
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Fig. 5.— The amplitudes (top) and phases (bottom) as functions of energies, of the first harmonics of the anisotropy of CRs ob-
tained in this work, compared with previous measurements. They are underground muon observations: Norikura(1973) (Sakakibara
et al. 1973), Ottawa(1983) (Bercovitch & Agrawal 1981), London(1983) (Thambyahpillai 1983), Bolivia(1985) (Swinson & Nagashima
1985), Budapest(1985) (Swinson & Nagashima 1985), Hobart(1985) (Swinson & Nagashima 1985), London(1985) (Swinson & Nagashima
1985), Misato(1985) (Swinson & Nagashima 1985), Socorro(1985) (Swinson & Nagashima 1985), Yakutsk(1985) (Swinson & Nagashima
1985), Banksan(1987) (Andreyev et al. 1987), HongKong(1987) (Lee & Ng 1987), Sakashita(1990) (Ueno et al. 1990), Utah(1991) (Cut-
ler & Groom 1991), Liapootah(1995) (Munakata et al. 1995), Matsushiro(1995) (Mori et al. 1995), Poatina(1995) (Fenton et al. 1995),
Kamiokande(1997) (Munakata et al. 1997), Marco(2003) (Ambrosio et al. 2003), SuperKamiokande(2007) (Guillian et al. 2007), and air
shower array experiments: PeakMusala(1975) (Gombosi et al. 1975), Baksan(1981) (Alexeyenko et al. 1981), Norikura(1989) (Nagashima
et al. 1989), EASTOP(1995,1996,2009) (Aglietta et al. 1995, 1996, 2009), Baksan(2009) (Alekseenko et al. 2009), Milagro(2009) (Abdo
et al. 2009), IceCube(2010,2012) (Abbasi et al. 2010, 2012), IceTop(2013) (Aartsen et al. 2013), ARGO-YBJ(2015) (Bartoli et al. 2015),
Tibet(2005,2013) (Amenomori et al. 2005b; Amenomori et al. 2013).
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Fig. 6.— Local solar time and antisidereal time daily variations measured by Tibet AS Array, for different representative CR energies,
15 TeV, 50 TeV, 100 TeV from top to bottem. Left panel shows the solar time daily variations, the blue solid lines correspond to the first
harmonic fit to the data and the black dashed linesare from the expected CG effect with an amplitude of 0.47% and an phase of 6 hour.
Right panel shows the antisidereal time daily variation and the first harmonic fitting result.

10-1000TeV以上の恒星時異方性
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まとめ
• Tibet AS+MD

o 有効観測期間：約730日(現時点)
o S30を使ったエネルギー決定<20%@100TeV
o 除去率想定通り

• 太陽の影 (TeV領域の解析)
o CMEの影響を確認
o 影の中心方向のズレの解析

• Knee領域宇宙線組成
o 数TeV領域のP+Heのハードニングの検証を目指す
o 2014年から観測を継続中

• 雷雲からの高エネルギー放射
o 電磁場 + ガンマ線放射 + 空気シャワー同時観測を目指す

• 宇宙線異方性
o 10-1000TeVエネルギー依存性(投稿準備完了)
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