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稼働中プロジェクト
• BASJE (Bolivian Air Shower Joint Experiment)　（東工大、理研など） 

• 太陽中性子望遠鏡（名大STE研など） 

• Neutron Monitor - 国際ネットワーク 

• 大気中放射性物質モニター（山形大） 

• LAGO: Auger型水チェレンコフタンク３台による何かのモニタ 

• GAW: サンアンドレス大の大気グループ：オゾンや大気電場等の研究プロジェクト 

• 国立天文台：電波望遠鏡によるブラックホール観測

共同利用研究費 - 230万円 •維持費、物品費、旅費



チャカルタヤ観測所/体制
• 標高5,200m、大気厚さ~540g/cm2

• ~500Hz/m2 (>single)

• ラパスから車で２時間（下り1.5時間）

• 現地スタッフ

• 宇宙物理屋：3名

• 技術職員：１名

• 「オブレロ」：４名

• 日本人派遣

• 勝谷 （東工大D2）、田島（理研）：４月−７月

• 常定、中山（東工大M1）：７月ー１０月 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 Cherenkov

検出器配置
空気シャワーアレイ 
50台のシンチレーション検出器 
~500m x 600m 
75m 間隔 

~1015eV で効率100% 
2010年稼働開始 
2011年データ収集系入れ替え 
CCNET 

チェレンコフ光検出器 
７台 
5inch PMT １本 
1GHz サンプリング 
空気シャワーアレイからトリガ
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Figure 6: The five year Middle Drum hybrid composition result using
geometry cuts: the X

max

values (grey points) for each data event
are plotted as a function of energy overlaid with the QGSJETII-03
proton (blue) and iron (red) MC “rails” from Figure 4. The black
data points with error bars represent the data <X

max

> values in
11 energy bins that are plotted as a function of bin energy. The
black rail is a fit to these binned values. The rails are fitted up to
the energy for which the data has low statistics. The number of
events in each bin are listed below the error bars.

give some insight into the composition of the primary par-

ticles in the data, it does not give a complete picture. The

cosmic ray particle composition could be energy depen-

dent. Therefore, a study of how this distribution evolves

with energy is suitable, and the distribution of the X

max

parameter for the data compared to both MC sets are ex-

amined in smaller energy ranges. However, the current

set of cuts produce an energy dependent X
max

resolution

(Figure 19a). Much of the resolution energy dependence

comes from the increasing number of events at lower en-

ergies that do not show a pronounced shower maximum

in the detector field of view. Reducing the resolution en-

ergy dependence over as large an energy range as possible

will improve the reliability of our conclusions. To this end,

we have developed a pattern recognition program that se-

lects events that have a clear rise and fall before and after

the putative shower maximum. Figure 19b shows the im-

provement in the X
max

resolution energy dependence from

imposing this cut.

5. Description of Pattern Recognition Method

Only events which have a clear rise and fall in FD pho-

ton signal flux versus atmospheric depth contain informa-

tion on X

max

that can be reliably reconstructed. These

events will have the best X

max

resolution. At lower en-

ergies showers are only su�ciently bright to trigger the

detector near shower maximum, resulting in a relatively

flat profile with little curvature (See Figure 13, for exam-

ple). Events with shower maximum either above or below

the field of view of the detector will result in a mono-

tonically increasing or decreasing profile. The position

of shower maximum must then be extrapolated, which

leads to additional errors and a systematic dependence

on the assumed form of the fitting function. While the

e↵ect of these events can be reduced by fitting a Gaisser-

Hillas (GH) function [21] to the profile and demanding

that the resulting position of X
max

be in the field of view,

the issue of a flat profile is not easily dealt with in this

way. Lower energy events have relatively large statistical

errors in signal bins and a simple chi-squared goodness of

fit test to the GH profile will not give a good discrimina-

tion. In fact, many quite flat profile events produce a good

chi-square fit. A di↵erent approach is needed to remove

these events.

A simple pattern recognition method has been created

which rejects flat events, or events which only have a rise or

a fall in signal magnitude, but not both. This significantly

improves the overall X
max

resolution, and the energy de-

pendence of the resolution.

The pattern recognition used is a non-adaptive track

finder similar to those used in particle physics analysis [24].

In this particular case the “track” is the extensive air-

shower profile, and the usual detector “track model” is the

GH function [21]. We use the simplest possible simplifica-
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ターゲット

  3

HiRes

TA
●Are the differences due to issues in any of the 
analysis?

● Are the differences within systematic 
uncertainties?

● Are the Southern and Northern sky different in 
terms of composition?

Comparing the observed <Xmax> values with the expectations for proton and iron 

<lnA>

•Kneeは重い
•1018eVでは軽い
•ではその中間は？
•1015~1017eVの原子核組成 

•観測方法、高度的にも中間

Updated Measurement of hX
max
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チェレンコフ光観測
• ７台のチェレンコフ光検出器を空気シャワーアレイ内に設置 

• 1015~1017eVの原子核組成 

• 上空を見たい：エネルギー高くても、やはり高高度へ迎えに行って観測 

• チェレンコフ光の到着時刻分布、横方向分布 

• アレイ内に50m間隔で設置 

• Twilight/月の入りとともにふたを開けて観測 

• 無人運転可能

Chacaltaya



検出器：箱
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信号取得部

Signal Digitizer

PMT

HUB

組み込み
(Linux 2.6)

USB
storage

HUB

HUB

コントロールルー
ム

• 各検出器は HUB を通して Ethernet 
接続 
• PMT信号はその場でデジタル化
• 各検出器のデータ取得、モータ等の
制御は組み込み Linux で
• データはローカルマウントしたUSB 
HDに保存
•観測中はネットワーク通信はモニタ
のみ（データは観測終了後吸い出し）

Ethernet

検出器

HUB

HUB

GPIO 　　　  モータ等

Ethernet

USB



データ取得部
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mmEye-S

測定ユニット (MU)

•ARM CPU
•Linux 2.6
•ネットワーク、USB２ポート
•ブレインズ社既製品

•クロス開発環境が提供される
•(Raspberry Pi に以降予定）

•1GHz サンプリング、8bit, 300MHz 帯域, 2CH

•トリガ：内部(CH1/CH2)、外部
•ブレインズ社特注品
•PC (mmEye-S) とUSB接続: FTDI社のドライバを使用、
入手性よし、各種プラットフォームから使用可

POWER
L1
REC
CONNECT
ALM

mmEye-S

CH-1 CH-2

High
Speed

1GSPS/8bit

TRG IN USB

Storage

AS trg.



データ取得部
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Raspberry Pi

測定ユニット (MU)

• Linux 2.6
• ネットワーク、USBポート
• データはボード上のSDメモリへ
• デジタルIO

• 拡張回路を製作：HV制御用DAC、モニタ用ADC等追加

•1GHz サンプリング、8bit, 300MHz 帯域, 2CH

•トリガ：内部(CH1/CH2)、外部
•ブレインズ社特注品
•PC (mmEye-S) とUSB接続: FTDI社のドライバを使用、
入手性よし、各種プラットフォームから使用可

CH-1 CH-2

High
Speed

1GSPS/8bit

TRG IN USB

Storage

AS trg.

Raspberry Pi
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検出器概要
•PMT: R1250
•小型Linux: Raspberry Pi

•測定ユニット (MU)（ブレ
インズ）
•コントロールユニット

• HV
•モータ制御回路
•ファン制御
•トリガー

コントロール
ユニット

測定ユニット

SD 
Memory



データ収集、トリガ
• 空気シャワーアレイからトリガをもらう

– トリガ信号ケーブルのディレイは測定済み

• データ収集レート：2Hz: MUとの通信速度による制限
– チェレンコフ検出器それぞれはGPS等の標準時計は持たず：

mmEye (Linux) のNTP時刻同期のみ
– シャワーイベントとチェレンコフイベントの対応付けはトリ
ガ順とPC時刻で十分：確認済み
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設置作業 (2014)
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観測時間 (2013-2014)
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青：一晩あたりの観測時間（左軸） 
赤：積算観測時間（右軸）



まとめ
• チャカルタヤ山観測所：各種プロジェクト進行中
– BASJE空気シャワーアレイ：順調に稼働

• チェレンコフ観測
• 検出器７台
– 技術論文：Y. Tsunesada et al., NIM-A, 763, 320-328 (2014)

– 2014年度は5月より観測を実施、10月はじめまで

– 観測時間 ~700時間
– 解析進行中
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New air Cherenkov light detectors to study mass composition
of cosmic rays with energies above knee region
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a b s t r a c t

We have installed a hybrid detection system for air showers generated by cosmic rays with energies
greater than 3! 1015 eV at Mount Chacaltaya (5200 m above the sea level), in order to study the mass
composition of cosmic rays above the knee region. This detection system comprises an air shower array
with 49 scintillation counters in an area of 500 m!650 m, and seven new Cherenkov light detectors
installed in a radial direction from the center of the air shower array with a separation of 50 m. It is
known that the longitudinal development of a particle cascade in the atmosphere strongly depends on
the type of the primary nucleus, and an air shower initiated by a heavier nucleus develops faster than
that by a lighter primary of the same energy, because of the differences in the interaction cross-section
and the energy per nucleon. This can be measured by detecting the Cherenkov radiation emitted from
charged particles in air showers at higher altitudes.

In this paper we describe the design and performance of our new non-imaging Cherenkov light
detectors at Mount Chacaltaya that are operated in conjunction with the air shower array. The arrival
directions and energies of air showers are determined by the shower array, and information about the
primary masses is obtained from the Cherenkov light data including the time profiles and lateral
distributions. The detector consists of photomultiplier tube (PMT), high-speed ADCs, other control
modules, and data storage device. The Cherenkov light signals from an air shower are typically 10–
100 ns long, and the waveforms are digitized with a sampling frequency of 1 GHz and recorded in situ
without long-distance analog signal transfers. All the Cherenkov light detectors record their time-series
data by receiving a triggering signal transmitted from the trigger module of the air shower array, which
is fired by a coincidence of shower signals in four neighboring scintillation counters. The optical
characteristics of the detectors and the control and the data acquisition systems are discussed.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The mass composition of cosmic rays is very important to clarify
their origin, because their mass must be strongly related to their sites
of origin, mechanisms of particle accelerations, and propagation from
the sources to Earth. There is a general agreement with regard to
cosmic ray composition that the fraction of the heavier component
increases with energy around the knee region (E¼ 1015–1016 eV) as
shown in Fig. 1. This figure represents the average mass of cosmic
rays 〈A〉 as a function of energy obtained by the previous experiments

(e.g., [1–6] for review). In air shower experiments, the types of
primary nuclei that induce air showers can be inferred from the
longitudinal developments of the showers thanks to the differences
in the interaction cross-sections with the atmosphere. The results
from the previous experiments show that the cosmic-ray mass 〈ln A〉
increases with energy indicating a heavy-dominant composition at
the knee. This is consistent with the rigidity-dependent stochastic
particle acceleration models for cosmic ray sources that predict the
maximum reachable energies EmaxpZ. On the other hand, it has
been predicted that galactic cosmic ray sources such as supernovae
cannot accelerate particles to energies greater than #1018 eV, and
therefore we conclude that cosmic rays with such high energies are
of extra-galactic origin. In this case, protons and other lighter
components would be dominant in this higher energy region, since
heavier nuclei suffer from photo-disintegration processes by

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/nima

Nuclear Instruments and Methods in
Physics Research A

http://dx.doi.org/10.1016/j.nima.2014.06.054
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