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Motivation of CRAFFT 
Indication of UHECR Anisotropy 
• TA : Hotspot ( > 57 EeV) 
• Auger : Dipole structure ( > 8 EeV) 
Where does the "Amaterasu" particle come from? 
How do we identify UHECR sources? 
1. Expanding Detection Area 
• Enhance statistics with larger coverage 

2. Rigidity Measurements 
• Propagation of UHECRs in magnetic field 
• Mass composition  

3. All-Sky Surveys 
• Comprehensive analysis of arrival directions
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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)

3

sources, identifying a source is complicated
by the time delays between electromagnetic
radiation and charged particles because of the
additional path lengths induced by magnetic
deflection. We therefore cannot identify any
potentially related transient sources.
Nevertheless, the detection of this highly

energetic particle allows us to estimate D0, the
distance to the closest UHECR source (supple-
mentary text). Assuming that the particle is an
iron nucleus injected with an initial energy
of E0 = 103 EeV, taking into account the en-
ergy loss length estimated by the same prop-
agation framework used in the backtracking
method (42), we find D0 ¼ 10:3þ5:3

#3:0 Mpc. Al-
ternatively, assuming a proton primary, we
find D0 ¼ 27:0þ3:8

#3:0 Mpc. At these energies,
the UHECR background of distant sources is
attenuated by the energy loss length, so only
sources from the local Universe can contrib-
ute. We set upper limits on the deflection by
assuming a maximum value of the turbulent
extragalactic magnetic field Brms ~ 1 nG and
a 1-Mpc characteristic length scale, finding
<20° for iron and <1° for proton.

Distribution of other TA events

Figure 3 shows the arrival directions for the
28 TA SD events with energies >100 EeV ob-
served between May 2008 and November 2021
using the same event selection (21). The total
exposure is 1.6 × 104 km2 sr year. No clustering
with the highest-energy event is found. The
244-EeV event came from a different direction
than the TA hot spot, a 3.4s excess centered at
right ascension (R.A.) 146.7°, declination (Dec.)
43.2°, that was previously identified for events
with energies >57 EeV (21).
Although we expected events with energies

above 100 EeV to be clustered, the observed
arrival directions above 100 EeV have an iso-
tropic distribution (Fig. 3). The lack of a near-

by source for the 244-EeV event could be due
to larger magnetic deflections than predicted
by the GMF models, caused by a heavy pri-
mary particle or stronger magnetic fields than
in themodels. Alternatively, super-GZKUHECRs
could indicate an incomplete understanding
of particle physics. If there are unknown types
of primary particles that are immune to the
interactions with the CMB, they could retain
their energywhile traveling to Earth frommore-
distant active galaxies. We cannot distinguish
between these possibilities with the observed
events.

Summary and conclusions

We detected a particle with an energy of 244 T
29 stat:ð Þ þ51

#76 syst:ð Þ EeV on 27May 2021. The
arrival direction of this event does not align
with any known astronomical objects thought
to be potential sources of UHECRs, even after
accounting for deflection by the GMF under
various assumptions. Comparison with other
observed events at energies above 100 EeV
shows an isotropic distribution with no ap-
parent clustering.
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Future projects of UHECR
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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) 

• Rigidity or mass composition measurements   
• Xmax measurements (ex. FD) 

• All sky survey 
• Observation at multi location for covering huge  
detection area totally 

• 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 huge observatory for UHECRs. 
• CRAFFT project has developed a simple FD to realize huge array of 360° view FD station
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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 in. 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 
Stereo obs. With wide area network 

Phase 1

Phase 1.5

Phase 2

Phase 3
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Can be distributed to the worldLarge scale deployment 
Array of 360° FD Station 
20km spacing  
500 stations ~ 10 TA×4  
400,000 km2
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Roadmap of CRAFFT project

6

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 in. 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 stations ~ 10 TA×4  
400,000 km2
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Detector optimization
• To Improve reconstruction accuracy, field of 
view (F.O.V.) per detector, and S/N ratio. 

• Explore cost-effective multipixelization of PMT 
clusters. 

• Reconstruction with waveform fitting method 
• Simulate and match observed waveforms to 
identify shower geometry and profile. 

• Parameters fitted: core (X, Y), zenith, azimuth, 
energy, and Xmax. 

• Geometrical reconstruction accuracy matches 
TA FD mono level using 4-parameter fitting. 

• Deploy four optimized telescopes to cover the 
equivalent of one TA FD station.
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Detector optimization
• To Improve reconstruction accuracy, field of 
view (F.O.V.) per detector, and S/N ratio. 

• Explore cost-effective multipixelization of PMT 
clusters. 

• Reconstruction with waveform fitting method 
• Simulate and match observed waveforms to 
identify shower geometry and profile. 

• Parameters fitted: core (X, Y), zenith, azimuth, 
energy, and Xmax. 

• Geometrical reconstruction accuracy matches 
TA FD mono level using 4-parameter fitting. 

• Deploy four optimized telescopes to cover the 
equivalent of one TA FD station.
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Prototype CRAFFT 
Single pixel(8in. PMT)

Optimized CRAFFT 
12 pixels(5in. PMT)

F.O.V. of TA FD station / optimized CRAFFT
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Test observation with new configuration CRAFFT
• Test observations at TA FD site (2023/08/25‒08/28). 
• Deployed one optimized telescope with 12 PMTs (R877, 5 in. diameter)  
covering the F.O.V. of four prototype telescopes 

• Trigger timing from TA FD. 
• Observed at least 10 air shower events, 

ex. Energy: 1018.5eV, Rp: 1.1 km, Zenith: 29.0°, Azimuth: 2.3° (reconstructed by TAFD) 
• Surveyed optimal threshold with simple trigger algorithm not to miss above events 
• 7σ with any two condition

9
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• Essential for reducing operational costs and minimizing manpower needs. 
• Shutter and DAQ control is fully automated. 
• Environmental monitoring determines observation readiness. 
• Component 
• Solar power system 
• Environmental monitor 
• Telescope protection 
• DAQ system  
(FADC board, HV, amplifiers). 

• Fisheye camera for cloud monitoring.

完全⾃律観測システム

ルーター

FADC

シャッター

光検出器

ラズベリーパイ

リレー

配電盤

シャッター回路

GPS

LOCAL

HOST

LOCAL

MONITOR

ソーラー
パネル

バッテリー

チャージコントローラー

POWER

場所︓信州⼤学屋上
期間︓2020/3/17〜

Raspberry pi Router

Relay

Switch 
board

PMT

Shutter

Shutter ctl.Battery Solar 
panel

Charge ctrl.

Development of automation system
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Environmental Monitoring System
• Installed on CRAFFT telescopes at TAFD site 
(Nov. 2024) 

• Weather Monitoring:  
• Tracks temperature, pressure, humidity,  
wind speed, and brightness. 

• Detector Condition Monitoring: 
• Shutter status (limit switch). 
• PMT voltage monitoring (in development). 

• Power Supply by solar system:   
• Fully solar-powered for sustainable 24/7 operation. 

• Observation conditions automatically evaluated based  
on real-time data.

11
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Testing Automatic DAQ System

• Automated Shutter Control: 
• Opens at observation start and closes at the end. 

• Remains closed under unfavorable environmental 
conditions detected by monitors. 

• Ensures smooth, hands-free operation to maximize 
observation time and protect equipment.
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Sky Monitoring System
• Sky monitor consisting of CMOS sensor and fisheye lens 
• Cross checking the shutter status 
• Red light reflected by reflectors 
• Gain and exposure time are being adjusted 

• Sky monitor takes pictures every 10 min. 

• Sky monitor also see the sky above the site. 
• We can see stars and clouds. 
• We are developing the algorithm to  
judge the cloudiness or  
transparency of atmosphere. 

• It will help to judge obs. condition.
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Test observation on 2024

14

Cosmo-Z 
FADC board  
w/ FPGA

Trigger timing

• Test observations at TA FD site (2024/09/26, 27). 
• Implemented trigger algorithm on a programmable  
FADC board (Cosmo-Z: A flexible ADC board with FPGA  
for customization.). 
• Falling edge method with a 7σ  
threshold against background noise  
to find signal. 

• Triggered with any two condition 

• We succeeded to acquire waveforms by  
self triggering. 
• Data analysis is on going to check  
the simple trigger algorithm working.

TA FD Trig.
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Future plan
Electronics Upgrades: 
• Update DAQ system with advanced trigger algorithms  
• Adjacent conditions, GPS timestamp, …  

• Improve hardware  
• high-voltage supply circuits and  
signal amplifiers. 

Observation Plan: 
• Continue testing environmental monitoring and  
shutter control until next summer. 

• Relocate CRAFFT telescopes to LR station for operational 
deployment. 

• Initiate observations with a fully automated DAQ system.
15
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Summary
CRAFFT Overview: 
• Cosmic Ray Air Fluorescence Fresnel Lens Telescope (CRAFFT). 
• Simplified FD design for next-generation UHECR observatories like GCOS. 
Achievements: 
• Optimized detector configuration to improve reconstruction accuracy, 
extend the field of view, and improve S/N ratio. 

• Environmental monitoring system deployed and under evaluation. 
• Automated shutter control successfully implemented. 
• DAQ with self triggering with simple trigger algorithm. 
Future Vision: 
• Deploy optimized telescopes with full automation at TA LR site. 
• Establish a large-scale, next-generation observatory for UHECR research.
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