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low altitude (<1 km), powerful lightning, frequent positive discharge  
Ideal for observing the high-energy atmospheric phenomena
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GROWTH (Gamma-Ray Observation 
of Winter Thundercloud) project started 
high-energy observations in 2006 
(Tsuchiya, Enoto et al. 2007), and extended to 
multi-point campaigns since 2015.

−

+ +

A winter lightning 
discharge in Japan 
(Fukui, Nov. 20, 2005)
(C) Toshio Yoshioka and 
Otowa Electric Co., Ltd.

http://himawari8.nict.go.jp


学術系クラウドファンディングサイト academist (アカデミスト)

お二人のプロジェクトを見て、久しぶりにとてもわくわく
しました！今はささやかな資金貢献しか出来ませんが、私
もいつか、自分の専門分野を通じて科学技術に貢献できる
よう仕事頑張ろうと思いました。がんばってください！！

日本海沿岸に住んでいたことがあり、冬季の雷を思い出しま
した。とても興味深い研究だと思います、応援しています。

Original Return (Reward)
designed by Adachi design Lab.

Mug

Acknowledgement & USB

Original T-shirt

Supported by academic crowdfunding 

Since 2015, our project has been supported by the crowd funding “academist”, Grants-in-Aid for Young Scientists (A) Kakenhi 
16H06006, the SPIRITS program of Kyoto University, and the joint research program of the ICRR, University of Tokyo.

At the initial phase of our project, citizen supporters financially helped us through the academic 
crowdfunding. The donation gathered during the two month was ~$16k from 153 contributors. This 
has been used for prototype manufactures and preparing for power-plugs on the high school roofs.  

Thank you  for your support : )



Radiation detectors for mapping observations
A new stand-alone, low cost, and high-performance data acquisition (DAQ) 
system was developed; e.g., FPGA board of 4 channel 50 MHz, 12 bit ADC

• Gamma-rays detected with BGO scintillators 
• Recorded with energy and GPS time tag 
• Waveform recording function is prepared 
• Environmental sensors (temperature, pressure, etc) 

• Mobile data transfer & remote control  
• Compatible with CubeSats, and aiming at 

distributing to citizen scientists 
95 mm95 mm

95,000JPY (~$1k) 
(Shimafuji Elec.)

ADC board

Raspberry Pi

BGO scintillator  
(25x8x2.5 cm3)

water proof box (Detector FY2016)

45 cm

20 cm 35 cm

web camera

PMT
DAQ 

electronics

Development of Electronics Board

FPGA/ADC Board
・50 Msps 12 bit ADC × 4
・Extract pulse height and detection time
from waveform with FPGA

・Event by event acquisition with
Raspberry Pi (small-sized linux)

・Waveform acquisition possible
・Power: DC12V / 5W
・Developed by Dr.Yuasa & Shimafuji Elec.

・HV supply, amplifier, AD conversion, data acquisition

Raspberry Pi 3

¥95,000

JpGU+AGU Joint Meeting 2017 大気電気学MIS18-0522 May 2017

Front-end Card
・Coupled with PMT and scintillator
- HV suplier ×2
- Preamp + Shaper ×4ch

・GPS receiver for precise time calibration
・Temperature senser & display onboard
・Developed and designed by Wada

Raspberry Pi

ADC board

Front-end  
Board

DAQ
Wada, Master thesis of the University of Tokyo, “Construction of the multi-point observation network for thundercloud gamma-rays” 
(ref) FPGA/ADC board specification http://ytkyk.info/blog/2016/09/04/growth-fpga-adc-board/ (C) T. Yuasa

http://ytkyk.info/blog/2016/09/04/growth-fpga-adc-board/


Radiation detectors for mapping observations
Development of Electronics Board

FPGA/ADC Board
・50 Msps 12 bit ADC × 4
・Extract pulse height and detection time
from waveform with FPGA

・Event by event acquisition with
Raspberry Pi (small-sized linux)

・Waveform acquisition possible
・Power: DC12V / 5W
・Developed by Dr.Yuasa & Shimafuji Elec.

・HV supply, amplifier, AD conversion, data acquisition

Raspberry Pi 3

¥95,000

JpGU+AGU Joint Meeting 2017 大気電気学MIS18-0522 May 2017

Front-end Card
・Coupled with PMT and scintillator
- HV suplier ×2
- Preamp + Shaper ×4ch

・GPS receiver for precise time calibration
・Temperature senser & display onboard
・Developed and designed by Wada
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2006 December 2016 October

Cost >$20 k Cost ~$4 k

Wada, Master thesis of the University of Tokyo, “Construction of the multi-point observation network for thundercloud gamma-rays” 
(ref) FPGA/ADC board specification http://ytkyk.info/blog/2016/09/04/growth-fpga-adc-board/ (C) T. Yuasa

EnotoWada

http://ytkyk.info/blog/2016/09/04/growth-fpga-adc-board/


GROWTH collaboration observation sites
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Short bursts (downward TGF) 

Long bursts (gamma-ray glow)

Multi-point observation of high-energy phenomena compared with moving 
thunderstorms and radio measurements of lightning discharge processes.

• 2006-2014: Only the Kashiwazaki site with 1-2 detectors  
• 2015-: Starting mapping observation campaigns increased detections 
• Developed at local high schools, universities, and private companies 



Two types of high-energy radiation events
Long burst  

gamma-ray glow
Short burst  

photonuclear reaction

See details: Wada, TE et al. arXiv:1811.06212

• Bremsstrahlung gamma rays from 
high-energy electrons accelerated 
by electric fields in thunderstorms  

• 41 events since 2005 in total       
(13 events per year in 2017). 

• Photonuclear reactions triggered 
by downwad terrestrial gamma-
ray flashes associated lighting.  

• 14 events since 2005 in total           
(5 events per year in 2017).
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Long burst (gamma-ray glow)

Detector A

Detector B

Detector A

Detector B
Detector A

Detector B

December 8, 2016, Komatsu city

See details: Wada, TE et al. arXiv:1811.06212
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Long burst (gamma-ray glow)
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~15000 photons detected
(0.8-14.0 MeV)

Spectral Analysis
Longburst at Science Hills Komatsu
・Extract Subtracted spectrum from Source (150 sec) and
Background (30 min in total).
・Fit response-resolved spectrum.

Flux = 0.65 ± 0.05 cm-2 s-1

(0.04-10 MeV)

One of luminous events
in GROWTH Experiment.

JpGU+AGU Joint Meeting 2017 大気電気学MIS18-0522 May 2017

We detected a longburst event at Science Hills Komatsu
consisting of gamma-ray continuum exceeding 10 MeV.

Originating bremsstrahlung of accelerated electrons.

Gamma-ray spectrum 
(background-subtracted, 
 detectors response corrected) 
Total detected photon ~3,400 counts 
F(E)=E-Γexp(-E/Ecut) 
Γ=0.31, Ecut=3.6 MeV,  
Fx=0.65 cm-2 s-1 (0.04-10 MeV)

December 8, 2016, Komatsu city

• Prolonged gamma-ray detections as a dense cloud passed above two 
detectors. The delay is consistent with a speed of the moving cloud.  

• Cutoff power-law gamma-ray spectrum extends above 20 MeV. 

• Systematic analysis is now performed for all the gamma-ray glows 
compared with meteorological conditions (Matsumoto, Master thesis, 2019).

See details: Wada, TE et al. arXiv:1811.06212



Gamma-ray glow terminated with lightning
February 11, 2017, Suzu

Wada, Bowers et al., Geophys. Res. Lett., 48 (2018); See poster AE33A-3397
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termination of gamma-ray glow 
at the passage of discharge



Gamma-ray glow terminated with lightning

γ-rays

Electrons

Strong E-field 
acceleration 

site of e-

γ-ray and AEF 
detectors

LF network

radio

termination

nearby lightning 
discharge destroyed 

acceleration site

Wada, Bowers et al., Geophys. Res. Lett., 48 (2018); See poster AE33A-3397

February 11, 2017, Suzu

• Collaboration among gamma-ray radiation detections, atmospheric 
electric field measurement, and radio measurement of lightning



Short bursts: Photonucleear reactions 
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Photonuclear reactions triggered by lightning 
discharge
Teruaki Enoto1, Yuuki Wada2,3, Yoshihiro Furuta2, Kazuhiro Nakazawa2,4, Takayuki Yuasa5, Kazufumi Okuda2, 
Kazuo Makishima6, Mitsuteru Sato7, Yousuke Sato8, Toshio Nakano3, Daigo Umemoto9 & Harufumi Tsuchiya10

Lightning and thunderclouds are natural particle accelerators1. 
Avalanches of relativistic runaway electrons, which develop in electric 
fields within thunderclouds2,3, emit bremsstrahlung γ-rays. These 
γ-rays have been detected by ground-based observatories4–9, by 
airborne detectors10 and as terrestrial γ-ray flashes from space10–14.  
The energy of the γ-rays is sufficiently high that they can trigger 
atmospheric photonuclear reactions10,15–19 that produce neutrons 
and eventually positrons via β+ decay of the unstable radioactive 
isotopes, most notably 13N, which is generated via 14N + γ → 13N + n, 
where γ denotes a photon and n a neutron. However, this reaction 
has hitherto not been observed conclusively, despite increasing 
observational evidence of neutrons7,20,21 and positrons10,22 that are 
presumably derived from such reactions. Here we report ground-
based observations of neutron and positron signals after lightning. 
During a thunderstorm on 6 February 2017 in Japan, a γ-ray flash 
with a duration of less than one millisecond was detected at our 
monitoring sites 0.5–1.7 kilometres away from the lightning. The 
subsequent γ-ray afterglow subsided quickly, with an exponential 
decay constant of 40–60 milliseconds, and was followed by prolonged 
line emission at about 0.511 megaelectronvolts, which lasted for a 

minute. The observed decay timescale and spectral cutoff at about 
10 megaelectronvolts of the γ-ray afterglow are well explained by  
de-excitation γ-rays from nuclei excited by neutron capture. 
The centre energy of the prolonged line emission corresponds to 
electron–positron annihilation, providing conclusive evidence of 
positrons being produced after the lightning.

With the aim of detecting γ-rays from powerful and low-altitude 
winter thunderclouds along the coast of the Sea of Japan, we have been 
operating radiation detectors since 20066,22,23 at the Kashiwazaki-
Kariwa nuclear power station in Niigata (see Methods section 
‘GROWTH collaboration’). On 6 February 2017, a pair of lightning 
discharges occurred at 08:34:06 utc, 0.5–1.7 km away from our 
four radiation detectors (labelled ‘A’ to ‘D’, see Fig. 1 and Methods 
section ‘Lightning discharges’). All four detectors simultaneously 
recorded an intense radiation that lasted for about 200 ms (Fig. 1). 
The  radiation-monitoring stations operated by the power plant also 
recorded this flash (see Fig. 1a and Methods section ‘Radiation 
 monitors’). The analogue outputs of the phototube amplifier exhibited 
strong ‘undershoot’ (that is, a negative voltage output was detected, 
which would never happen during normal operation) at the beginning 

1The Hakubi Center for Advanced Research and Department of Astronomy, Kyoto University, Kyoto 606-8302, Japan. 2Department of Physics, Graduate School of Science, The University of  
Tokyo, Tokyo 113-0033, Japan. 3High Energy Astrophysics Laboratory, RIKEN Nishina Center, Saitama 351-0198, Japan. 4Research Center for the Early Universe, The University of Tokyo, Tokyo 
113-0033, Japan. 555 Devonshire Road, Singapore 239855, Singapore. 6MAXI Team, RIKEN, Saitama 351-0198, Japan. 7Graduate School of Science, Hokkaido University, Sapporo 060-0808, 
Japan. 8Department of Applied Energy, Graduate School of Engineering, Nagoya University, Aichi 464-8603, Japan. 9Advanced Institute for Computational Science, RIKEN, Hyogo 650-0047, Japan. 
10Nuclear Science and Engineering Center, Japan Atomic Energy Agency, Ibaraki 319-1195, Japan.
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Figure 1 | Lightning discharges and subsecond decaying high-energy 
radiation. a, Photograph of the observation site. Yellow dashed circles 
show the positional error of the locations of the negative (‘− ’) and 
positive (‘+’) discharges (see Methods section ‘Lightning discharges’). 
Our radiation detectors (red) and the radiation-monitoring stations 
(blue) are marked by overlaid circles, with the size of the circle indicating 
the radiation enhancement relative to the environmental background, 

averaged over the approximately 10 min before and after the lightning. 
The arrow shows the wind speed and direction. b–d, Deadtime-corrected 
10-ms-binned count-rate histories with ±1σ errors, recorded by detectors 
A (b; >0.35 MeV), B (c; >0.35 MeV) and C (d; >1.2 MeV). Red lines show 
the best-fitting model functions of an exponential decay. See Methods 
section ‘Initial flash’ for details.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Lightning and thunderclouds are natural particle accelerators1. 
Avalanches of relativistic runaway electrons, which develop in electric 
fields within thunderclouds2,3, emit bremsstrahlung γ-rays. These 
γ-rays have been detected by ground-based observatories4–9, by 
airborne detectors10 and as terrestrial γ-ray flashes from space10–14.  
The energy of the γ-rays is sufficiently high that they can trigger 
atmospheric photonuclear reactions10,15–19 that produce neutrons 
and eventually positrons via β+ decay of the unstable radioactive 
isotopes, most notably 13N, which is generated via 14N + γ → 13N + n, 
where γ denotes a photon and n a neutron. However, this reaction 
has hitherto not been observed conclusively, despite increasing 
observational evidence of neutrons7,20,21 and positrons10,22 that are 
presumably derived from such reactions. Here we report ground-
based observations of neutron and positron signals after lightning. 
During a thunderstorm on 6 February 2017 in Japan, a γ-ray flash 
with a duration of less than one millisecond was detected at our 
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subsequent γ-ray afterglow subsided quickly, with an exponential 
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de-excitation γ-rays from nuclei excited by neutron capture. 
The centre energy of the prolonged line emission corresponds to 
electron–positron annihilation, providing conclusive evidence of 
positrons being produced after the lightning.

With the aim of detecting γ-rays from powerful and low-altitude 
winter thunderclouds along the coast of the Sea of Japan, we have been 
operating radiation detectors since 20066,22,23 at the Kashiwazaki-
Kariwa nuclear power station in Niigata (see Methods section 
‘GROWTH collaboration’). On 6 February 2017, a pair of lightning 
discharges occurred at 08:34:06 utc, 0.5–1.7 km away from our 
four radiation detectors (labelled ‘A’ to ‘D’, see Fig. 1 and Methods 
section ‘Lightning discharges’). All four detectors simultaneously 
recorded an intense radiation that lasted for about 200 ms (Fig. 1). 
The  radiation-monitoring stations operated by the power plant also 
recorded this flash (see Fig. 1a and Methods section ‘Radiation 
 monitors’). The analogue outputs of the phototube amplifier exhibited 
strong ‘undershoot’ (that is, a negative voltage output was detected, 
which would never happen during normal operation) at the beginning 

1The Hakubi Center for Advanced Research and Department of Astronomy, Kyoto University, Kyoto 606-8302, Japan. 2Department of Physics, Graduate School of Science, The University of  
Tokyo, Tokyo 113-0033, Japan. 3High Energy Astrophysics Laboratory, RIKEN Nishina Center, Saitama 351-0198, Japan. 4Research Center for the Early Universe, The University of Tokyo, Tokyo 
113-0033, Japan. 555 Devonshire Road, Singapore 239855, Singapore. 6MAXI Team, RIKEN, Saitama 351-0198, Japan. 7Graduate School of Science, Hokkaido University, Sapporo 060-0808, 
Japan. 8Department of Applied Energy, Graduate School of Engineering, Nagoya University, Aichi 464-8603, Japan. 9Advanced Institute for Computational Science, RIKEN, Hyogo 650-0047, Japan. 
10Nuclear Science and Engineering Center, Japan Atomic Energy Agency, Ibaraki 319-1195, Japan.
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Figure 1 | Lightning discharges and subsecond decaying high-energy 
radiation. a, Photograph of the observation site. Yellow dashed circles 
show the positional error of the locations of the negative (‘− ’) and 
positive (‘+’) discharges (see Methods section ‘Lightning discharges’). 
Our radiation detectors (red) and the radiation-monitoring stations 
(blue) are marked by overlaid circles, with the size of the circle indicating 
the radiation enhancement relative to the environmental background, 

averaged over the approximately 10 min before and after the lightning. 
The arrow shows the wind speed and direction. b–d, Deadtime-corrected 
10-ms-binned count-rate histories with ±1σ errors, recorded by detectors 
A (b; >0.35 MeV), B (c; >0.35 MeV) and C (d; >1.2 MeV). Red lines show 
the best-fitting model functions of an exponential decay. See Methods 
section ‘Initial flash’ for details.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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February 6, 2017, Kashiwazaki 
Three components: Lightning/TGF, Gamma-ray afterglow, and e+/e- line

LETTER RESEARCH

Extended Data Figure 6 | Observed annihilation spectrum and 
simulated models. The background-subtracted spectrum in the delayed 
phase for detector A, accumulated over t = 11.1–62.8 s, is plotted, with 
black crosses indicating ±1σ errors. The simulated model curves are 

overlaid, for assumed distances to the base of the positron-emitting cloud 
of 0 m (that is, the detector is within the cloud; red), 40 m (green), 80 m 
(blue) and 160 m (magenta). The models are normalized by the total 
counts in the 0.4–0.6-MeV band.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Detection of the 
positron annihilation 

line at 0.511 MeV
Enoto, Wada et al., Nature (2017); Physics World, Top 10 breakthrough in 2017



beta-plus decay

13N → 13C + e+ + ν
(p → n + e+ + ν)

positron

neutrino

carbon 
isotope
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proton 6
neutron 7

Photonuclear reactions triggered by lightning

atmospheric
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fast neutron
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fast neutron positron



Gamma rays from neutron and positrons
fast neutron positron

atmospheric 
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prompt
gamma rays
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neutron capture
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New Event! Short burst just after long burst
January 9, 2018, Kanazawa 
Gamma-ray glow terminated associated with photonuclear reactions

Wada, Enoto et al., submitted



New "long & short” associated Event 
January 9, 2018, Kanazawa 
Gamma-ray glow terminated associated with photonuclear reactions

Wada, Enoto et al., submitted
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reactions

Gamma-ray glow

10 sec 0.1 sec



Kanazawa Comprehensive Observation
- On-ground gamma-ray multi-point observations simultaneous with 

atmospheric electric field and low-frequency radio measurements
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2018 version 10 cm

Expanding the project to citizen science
- Main difficulty of the project is to ensure many observation sites 
- A new handy radiation detector (reasonable price, easy to run!) 
- A new organization “Kyoto Open Science Meetup” to support for 

communication among scientists and citizen supporters
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Summary

• GROWTH collaboration started multipoint measurements of 
high-energy atmospheric phenomena along Japan Sea.

• The number of detection of long bursts (gamma-ray glow) is 
increasing (>41 events). We have started systematic study. 

• Termination of the gamma-ray glow was recorded with a 
passage of a lightning discharge. 

• Photonuclear reactions by downward terrestrial gamma-ray 
flashes have been detected as short bursts (14 events).

• We have expanding our project to citizen science at Kanazawa 
area. We detected the “short & long” burst event in this area. 

Selected as one of the Top 10 Physics Breakthroughs 
of 2017 by Physics World magazine, IOP Publishing Ltd

Tsuchiya, Enoto et al. PRL (2007)

Matsumoto, Master thesis, in prep

Wada, Bowers et al., GRL (2018)

Enoto, Wada, et al. Nature (2017)


