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Current status of UHECR
• Indication of UHECR anisotropy  
• TA reported Hotspot in the arrival direction of 
UHECRs (>57EeV) 

• Auger reported dipole structure (>8EeV) 

• Can we identify the source of UHECRs ? 

• Extension of detection area for much more statistics 
• Mass composition for propagation of UHECR 
• All sky survey
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

wi cos ai

ba ¼ 2
N

XN

i¼1

wi sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
wi. The weights, wi , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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Figure 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 decl. = −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).

The event selection criteria above are somewhat looser
than those of our previous analyses of cosmic-ray anisotropy
(Fukushima et al. 2013) to increase the observed cosmic-ray
statistics. In our previous analyses, the largest signal counter
is surrounded by four working counters that are its nearest
neighbors to maintain the quality of the energy resolution and
angular resolution. Only 52 events survived those tighter cuts.
When the edge cut is abolished from the analysis (presented
here) to keep more cosmic-ray events, 20 events with E >
57 EeV are recovered compared with the tighter cut analysis.
A full Monte Carlo (MC) simulation, which includes detailed
detector responses (Abu-Zayyad et al. 2013a), predicted a 13.2
event increase in the number of events. The chance probability of
the data increment being 20 as compared to the MC prediction
of 13.2 is estimated to be 5%, which is within the range of
statistical fluctuations. The angular resolution of array boundary
events deteriorates to 1.◦7, compared to 1.◦0 for the well contained
events. The energy resolution of array boundary events also
deteriorates to ∼20%, where that of the inner array events is
∼15%. These resolutions are still good enough to search for
intermediate-scale cosmic-ray anisotropy. One final check is that
when we calculate the cosmic-ray spectrum using the loose cuts
analysis, the result is consistent with our published spectrum.

4. RESULTS

Figure 1(a) shows a sky map in equatorial coordinates of
the 72 cosmic-ray events with energy E > 57 EeV observed
by the TA SD array. A cluster of events appears in this
map centered near right ascension ∼150◦, and declination
∼40◦, with a diameter of ∼30◦–40◦. In order to determine the
characteristics of the cluster, and estimate the significance of
this effect, we choose to apply elements of an analysis that
was developed by the AGASA collaboration to search for large-

size anisotropy (Hayashida et al. 1999a, 1999b), namely to use
oversampling with a 20◦ radius. Being mindful that scanning
the parameter space of the analysis causes a large increase in
chance corrections, we have not varied this radius. The TA
and HiRes collaborations used this method previously (Kawata
et al. 2013; Ivanov et al. 2007) to test the AGASA intermediate-
scale anisotropy results with their data in the 1018 eV range.
The present letter reports on an extension of this method with
application to the E > 57 EeV energy region.

In our analysis, at each point in the sky map, cosmic-
ray events are summed over a 20◦ radius circle as shown in
Figure 1(b). The centers of tested directions are on a 0.◦1 × 0.◦1
grid from 0◦ to 360◦ in right ascension (R.A.) and −10◦–90◦ in
declination (decl.). We found that the maximum of Non, the
number of observed events in a circle of 20◦ radius is 19
within the TA FoV. To estimate the number of background
events under the signal in Non, we generated 100,000 events
assuming an isotropic flux. We used a geometrical exposure
g(θ ) = sin θcos θ as a function of zenith angle (θ ) because
the detection efficiency above 57 EeV is ∼100%. The zenith
angle distribution deduced from the geometrical exposure is
consistent with that found in a full MC simulation. The MC
generated events are summed over each 20◦ radius circle in the
same manner as the data analysis, and the number of events in
each circle is defined as Noff . Figure 1(c) shows the number of
background events Nbg = ηNoff , where η = 72/100,000 is the
normalization factor.

We calculated the statistical significance of the excess of
events compared to the background events at each grid point of
sky using the following equation (Li & Ma 1983):

SLM =
√

2
[
Nonln

(
(1 + η)Non

η(Non + Noff)

)
+ Noff ln

(
(1 + η)Noff

Non + Noff

)]1/2

.

(1)
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Future projects of UHECR
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TAx4
Ongoing project

3

Future projects
TAx4
• Increase SD and FD 
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Vertical showers Horizontal showers

Significance of distinguishing two different 
realisations of Scenario 1 (maximum rigidity model) : 
- as it predicts, i.e. no protons at UHE 
- adding 10% protons

>5σ  in 5 years of operations

Hybrid: 
Erad from radio   
muons from WCD

μ

The new detectors of AugerPrime

AugerPrime
• Add scintillator and radio
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GRANDproto300
Cosmic-Ray science in EeV
range with inclined air showers

antennas for radio detection 
Auger-like water-Cherenkov 
detectors for muons

Deployment of first 300 antennas 
on 200 km2 planned for 2020/21 
in radio-quiet area of China

V. Decoene (GRAND Coll.)
CRI1f - PoS 233 

Upgrades of current observatory 

After TAx4 / AugerPrime …

POEMMA: from space

GRAND: radio technique 

Simple FD array on ground
CRAFFT

FAST
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400,000 km2  
FD Array

Concept of CRAFFT project
• Extension of detection area for much more statistics 
• Development of cost effective detectors 
• Operation with less man power 
• automation system and maintenance free 

• Low environment impact 
• Less detector density (wide spacing) 

• Mass composition for propagation of UHECR 
• Mass composition sensitive detector (ex. FD) 

• All sky survey 
• Observation at multi location 
• Easy to construct or transport  

• Fluorescence detector (FD) is one of the successful detector for UHECR observation. 
• Cost-effective FD can be a solution to realize the next generation observatory for 
UHECRs. 

• CRAFFT project has developed a simple FD to realize huge array of 360° view FD Station

4

2020/09/04 15:03Google マップ

1 / 1 ページhttps://www.google.co.jp/maps/@26.9120513,155.5262016,20566487m/data=!3m1!1e3

画像 ©2020 NASA、TerraMetrics、地図データ ©2020 INEGI 2000 km 

Can be distributed to the world

400,000 km2  
FD Array
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Roadmap of CRAFFT project
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Confirmation of the concept of detectors 
Succeeded to observe UHECR air showers 
with prototype detector with a 8 inc. PMT

Optimization of detector design 
Planning to use 5 inc. PMT to improve reconstruction 
accuracy, and extend F.O.V. per detector.  
Reconstruction by waveform fitting. 
Automatic DAQ system.

Confirmation of the concept of observation 
Stable observation  
Deploy optimized CRAFFT at TA site 
Steteo obs. Wide area network 

Phase 1

Phase 1.5

Phase 2

Phase 3

2020/09/04 15:03Google マップ

1 / 1 ページhttps://www.google.co.jp/maps/@26.9120513,155.5262016,20566487m/data=!3m1!1e3

画像 ©2020 NASA、TerraMetrics、地図データ ©2020 INEGI 2000 km 

400,000 km2  
FD Array

Can be distributed to the worldLarge scale deployment 
Array of 360° FD Station 
20km spacing  
500 station ~ 10 TA×4  
400,000 km2
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Prototype of CRAFFT
• CRAFFT : 
 Cosmic Ray Air Fluorescence Fresnel lens Telescope 
• Simple structure FD for cost reduction 

• All of the equipment can be inside the package of 
CRAFFT 
• Deployed on the ground directly w/o container 
• Easy to transport 

• Efficient light condenser due to no obstacles 
between lens and focus. 

• Easy to expand the F.O.V. per telescope by additional 
pixels at the focus 

• Mass composition sensitive detector
6

1.4m

1.0m

2.0m

8 in. PMT with UV transmitting filter. 
8° spacial filter for test observation.

Appearance of CRAFFT detector.

F.O.V. 8° x 8° 
originaly 12° x 12° w/o spacial filter 
for 8 inch. PMT at the focus

Shading curtain inside.
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Detector performance
•Detector simulation  
to understand our detector 
•Spot shape is reproduced well.  
•Waveform is well reproduced.

Unique spot shape of  
fresnel lens at focal plane
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Ray trace simulation  
 (ROBSAT : A. Okumura 2016) 

Spot size (95%) : 44 mm 
λ = 280 ~ 400 nm, F = 1100 mm

Angular dependence of  
light collective efficiency.

Shape of simulated spot  
shows good agreement.

Simulated waveform with  
parameters reconstructed by TA FD.

7

Simulation

Detection efficiency.

1017.7 eV, θ=14.2°, φ=132.4°,  
Xcore=14.18 km, Ycore=-9.95 km
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Detection of UHECR air showers
• Test observation at TA FD site 
• Deployed four CRAFFT detectors @ TA BR 
• Period : 2017 Nov. 9 ~ Nov. 23 
• Obs. time : 63.5 h (10 nights) 
• 10 obvious air shower events  
• Expected events / month : ～8 events (above 1017 eV) 

• Triggered by TA FD triggering timing 
• # of recorded events：556,255

8

Deployed detectors next to 
the TA FD building @ RBM
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F.O.V. of CRAFFT  
compared to TA FD

2017-11-11 06:53:31

Waveform of CRAFFT 
Energy: 1017.7 eV,  Distance: 3.6 km 

 (Reconstruction info. from TA)

Y. Tameda, et al., Progress of Theoretical and Experimental Physics, 2019, (2019) 043F01
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Reconstruction by waveform fitting
• Disable to determine SDP with single pixel telescope 
• Using time information recorded with FADC (80 MHz)  
• Least chi square fit for six parameters 

• Zenith, azimuth, Core(x, y), Energy,  

• We tried to fit with 5 parameters of geometry and energy. 
• Even mono analysis, geometry and energy can be 
determined. 

• Efficient algorithm and 6 parameter fitting is under study.

Xmax

9
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Simulation truth

図 4.3 の黄色い四角はテレスコープアレイ (TA) の位置, 原点は CLF の位置を示している. 図 4.3 の赤い
点は図の右下にある TAから CLFの方向に向かって広がっていることが確認できた. 実際の CRAFFTも同
じように右下にある TA の位置から CLF の方向に視野を向けていることから, シミュレーションが実際の
CRAFFTを再現できていることを確認できた. 　

4.5 ノイズの考慮
以下の図 4.5は CRAFFTにより実際に観測された宇宙線の波形, 図 4.6はシミュレーションによって作ら
れた宇宙線の波形であり, どちらも縦軸が光電子数, 横軸は時間を表している. (両者を比べると同じ視野の望
遠鏡で蛍光が観測されており, 信号の幅も同等であることがわかる. 信号の絶対値はシミュレーションの方が
大きく見積もられている印象を受けるが, 光電子増倍管の利得を典型値ではなく実測値を使うことで違いを小
さくできる可能性がある.)

実際に観測された宇宙線の波形に対してシミュレーションによって作られた波形にはノイズが考慮されてい
ないためないため, 信号のふらつきがないことがわかる.

図 4.5 CRAFFTが記録した空気シャワー事象の波形 [3].

図 4.6 図 4.5 の解析結果を CRAFFT シミュレー
ションで再現した波形.

そこでペデスタルの標準偏差を σ = 6.4[3], 各望遠鏡の取りうる誤差を各点の期待値 (CRAFFTシミュレー
ションで得られた値)の平方根として各点の標準偏差を求めた (式 4.2).

標準偏差 =
√

σ2 +光電子数 (4.2)

GSL(GNU Scientific Library)で求めた標準偏差のガウス分布の乱数を発生させることで, 擬似的なノイズ
を作り出した. 各点の標準偏差を計算したノイズ波形を作り (図 4.7), このノイズ波形を図 4.6 のシミュレー
ション波形に付加することで, 実際に観測された波形を再現した (図 4.8) .
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Optimization of detector configuration 
• We need to optimize detector configuration to 
improve reconstruction accuracy and expand 
F.O.V. per detector. 
• Multi pixel  
• Cost should be kept low. 

• We tried various configuration 
• Evaluating the accuracy of reconstruction 
accuracy of waveform fitting. 

• New configuration for the next plan 
• 4 x 4 matrix of 5 inc. PMT 
• F.O.V corresponds to four TA FDs. 
• Direction : 2.3° 
• Core position: 160 m
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Automation of operation system
Long term operation test

モニタの導⼊
完全⾃律観測するためには観測環境と装置の状況を把握する必要がある

例) ⾵によるシャッターやレンズ⾯への影響
⾬による観測の中断

□ ⾵速 □ シャッター
□ 降⽔ □ 電⼒
□ 気温 □ 印加電圧
□ 気圧
□ 輝度
□ 湿度

気温・気圧

湿度

輝度

⾵速

降⽔

Environmental monitor

• Development of automation system  
• Essential part for cost reduction of operation 
• Manual operation is not realistic from the point of view of the number 
of stations and man power. 

• Shutter operation, DAQ process starts automatically. 
• Environment monitor is important to judge starting operation or not. 
• A.I. with CCD camera for cloud monitoring will be powerful.
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Calibration of detector components
• Measurement of PMT gain uniformity  

• R877-100 (Hamamatsu) 
• Size of PMT change to 5 inc. 

• Light source : UV LED (λ=375 nm)
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XYステージ

LED

固定器具
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PMT
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Gain map of R877-100 
Normalized with the center of the window

• Measurement of wavelength dependence of the 
transmittance of UV filter 
• ZWB3(Haian Subei Optical Glass Factory) 
• Cost is much lower then before 
• No difference in quality研究目的

低コストで購入出来るUV透過フィルタの
透過率測定を行い、
CRAFFT望遠鏡に適しているか試験する。

CRAFFT実験に用いるUV透過フィルタの較正 2

測定するUV透過フィルタ

UV透過フィルタの取り付け図

測定するUV透過フィルタのコスト
は今までの1/10の1万円。
採用されれば、1台辺り36万円の
大幅なコストカットが見込める。

企業名 製品

従来のUV透過
フィルタ Hoya U330

新規のUV透過
フィルタ

HAIAN SUBEI OPTICAL GLASS 
FACTORY

ZWB3 
optical 
glass

測定手法

CRAFFT実験に用いるUV透過フィルタの較正 3

光ファイバ

光源

ラインフィルタ

分光器光源から出た光はラインフィルタ上で
資料を通った後に分光器で光の強度が
計測される。

測定波長:250-800nm(0.38nm毎) 測定装置

暗室を用いた測定

分光器光源
ラインフィルタ

資料
NDフィルタ

光ファイバ
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Next observation plan
• New configuration CRAFFT detector at BR 
• Four telescopes cover F.O.V. of TA FD @ BR  

• Stable observation with automation system. 
• Trigger electronics 
• Efficient algorithm for 6 parameter fitting 
• Stereo or multi-station observation
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基盤研究（Ｂ）（一般）５ 

【１ 研究目的、研究方法など（つづき）】 

象以上の検出することができる。 

○ 2022年度  
多地点観測のための望遠鏡を設計、製作する(多米田)。

完全自律稼働のため、電動シャッターを使用した望遠鏡

保護システムを完成させる(冨田)。光電子増倍管の感面

の2次元不均一性の測定(多米田)、およびフレネルレンズ

とUV透過フィルターの光学特性の試験(池田)を実施し、

検出器シミュレーションに反映させCRAFFTの検出効率

を見積もる。 CRAFFT 検出器単独で観測できるように、

プログラム可能なFADCモジュールを用いて、セルフト

リガーシステムを構築する(多米田)。 

○ 2023年度 

完全自律稼働のための電力自給システム、自動観測シ

ステム、および遠隔モニターシステムを構築する(冨田)。

た宇宙線空気シャワー再構成の手法を、検出器シミュレ

ーションを用いて確立する (池田)。TA サイトに輸送、

設置し試験観測を実施する(多米田)。TAで開発されたポ

ータブルレーザーによる擬似宇宙線空気シャワー事象を

使用し、宇宙線空気シャワージオメトリの決定手法を検証する(多米田、池田)． 

○ 2024年度以降 

宇宙線空気シャワーの定常観測を開始する(多米田、冨田)。1年間で期待される事象は 1019 

eV 以上で10 事象程度であり、取得したデータを解析し、TA実験の再構成結果と比較するこ

とで、解析手法の性能を評価する(池田)。 

○何を明らかにするのか 

将来の極高エネルギー宇宙線観測は、次世代型単素子大気蛍光望遠鏡 CRAFFT で可能で

あることを実証する。このため、完全自律稼働システムによる多地点観測を実現する。多地

点観測で得られたデータを用いた宇宙線空気シャワーの再構成手法を確立する。 

 

(5) 本研究の目的を達成するための準備状況 

すでに CRAFFT の試作機の開発は終了しており、簡素な構造にすることで従来の望遠鏡

の1/10以下のコストダウンを達成し、TA サイトにて行った試験観測により超高エネルギー

宇宙線空気シャワーの検出に成功した [Y. Tameda et al., PTEP, 2019, 043F01 (2019)]。太陽光

発電による電力自給システムや，電動シャッターによる保護システムを含む無人観測のため

の完全自動観測システムの開発も進んでおり，長期稼働試験を実施している [T. Tomida et al., 

proc of ICRC 2021, 215 (2021)]。検出器シミュレーションの開発も進んでおり、試験観測で得

られた波形データの再現に成功している。また，検出器シミュレーションを用いた検出効率

の見積もりや、再構成手法の開発 [西尾瑛司, 日本物理学会2021年秋季大会]、検出器の最適

化などを進めている [Y. Kubota et al., proc of ICRC 2021, 216 (2021)]。また，検出器較正のた

めの測定装置の開発も進んでいる [柴田規迪, 第39回JLSS (2021)]。 

図 2. TAサイトの地図。TA FD 
BRMサイトとCLFサイトにCRAFFT
を設置する。扇型はCRAFFT 8台
分の視野を表している。1019, 
1020 eVの宇宙線の検出可能距離
は、それぞれ 15, 30 km。斜線
部は 1019 eV の宇宙線を重複観
測可能な領域(約 150 km2)。 
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講師　多米田　裕一郎
Y.Tameda “Progress of CRAFFT” UHECR (2022) L'Aquila, Italy

Summary
•CRAFFT (Cosmic Ray Air Fluorescence Fresnel lens Telescope) 
• Developing a simple structure FD 
• Deployed four CRAFFT detectors at TA FD site. 
• Test observation : 2017 Nov. 9 ~ Nov. 23 (10 nights, 63.5 h) 
• Succeed to detect 10 UHECR air shower events !! 

• Air shower reconstruction by waveform fitting seems to work even in monocular mode.  
• Optimization of detector configuration for better accuracy of reconstruction and 
extension of the F.O.V. per detector. 

• Future prospect 
• We are planning stable observation at TA site. 
• We are preparing automation system, new component for the new configuration. 
• Our goal is to realize a next generation huge observatory for UHECR 
observation.
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