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1. properties of thundercloud gamma rays 
2. relationship with lightning 
3. photonuclear reaction in lightning



Background 
- Radiation enhancement associated with thunderstorms -

BATSE, RHESSI, AGILE, Fermi 
Duration : submilli-second

Original figure J. Dwyer 2011

 Terrestrial Gamma-ray Flashes  (TGFs)

Downward-beamed Radiations 

  
100 km

10 km

1km + + +

 Gamma-ray glows  
 Observed by airplane, balloons,   
  high-altitude detectors and  
  the ground-based ones.  
 Duration :  
submilli-second to  

   a few tens of minute

Detectors on ground, mountains

Gamma rays

Avalanches of  
runaway  
electrons

Gamma rays

Satellites
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Ref: Dwyer et al., SSR (2012)



Gurevich et al.,PLA 165(1992), Dwyer GRL (2003)

ED   (～30 MV/m) 
All electrons become runaway

Observed E :< 0.4 MV/m. 
only fast electrons run away  
if Te>Tc

Ec(kV/cm) = 2.2P (atm)

En
er

gy
 lo

ss
 (M

eV
/m

)

Kinetic energy (keV)

100

 10

 1

0.1
 Tc

Ionization loss + bremsstrahlung

Runaway region

Tc

only Ionization loss

Ec (MV/m) = 0.28 P(atm)
Thus, the runaway electron avalanche occurs if 
(1) Electric filed  is higher than Cosmic rays  

or 
Radon-decay  

products

Possible sources

(2) Seed electrons with high energies are present 
      in the atmosphere  

Background 
- How runaway electrons are produced in air? -
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Observations of radiation enhancements only in winter seasons at the 
coastal area of Japan Sea (Torii+2002,2008, Tsuchiya+2007,2011)

Long bursts Short bursts

e-

Bremsstrahlung  
gamma rays

Bremsstrahlung  
gamma rays

e-

e- e-

Background 
- Radiation enhancement in winter season -

Two types of radiation bursts on the ground 

detector detector
�4



Aim of observations 

How electrons are accelerated to relativistic energies 
in a dense terrestrial atmosphere?  

How those bursts are associated with lightning/
thunderclouds ? 

How positrons and neutrons are produced in 
lightning and thunderclouds? 

How lightning is triggered?
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Observations at Kashiwazaki-Kariwa power plant  (PRL 2007,2013;JGR 2011)

Google Map

Observations at high mountains (PRL 2009; PRD 2012)
Tibet (4330 m)

Photo from Tibet AS 
gamma  group

Mt. Norikura(2770 m)

ICRR

Start in 2006 

NaI, CsI, BGO scintillation detectors and  
    Monitoring posts

Low altitude of cloud base : < 1 km  

Monitoring post
GROWTH det.
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Gamma Ray Observation of Winter Thunderclouds

GROWTH experiment (-fy2014)
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Komatsu

62 第 5章 検出器の設置と較正

5.2.3 冬季観測2016

冬季観測 2016では検出器を一新し、金沢・小松、能登、そして柏崎の 3地点で観測体制を整
えた。実際に設置した検出器を図 5.8に示す。また作業と運用ログを表 5.5、検出器のコンフィ
ギュレーションを表 5.6に示した。設置作業には金沢大学の米徳氏・澤野氏、金沢大学附属高
校の渡會氏、金沢泉丘高校の米口氏、小松高校の木村氏、サイエンスヒルズこまつ「ひととも
のづくり科学館」の北野氏、東京学芸大学 鴨川研究室の皆様、金沢大学能登学舎の皆様、東京
電力ホールディングスの押見氏ほか多くの方々にご協力いただいた。

BGO

信号処理系

ルーター

カメラ用治具

図 5.8: FY2016検出器の構成.

金沢・小松への展開

今年度は昨年度より観測期間を長くして機会をうかがうため、10月中旬に展開を行った。し
かし展開直前の本郷での屋外試験中に、気温が 10月としては異例の 30℃超えとなり、FPGA

などが 70℃に達した。FY2016の信号処理系はFPGAの電源を落とすことができないため、検
出器自体に冷却機能を取り付ける必要が出てきた。そこで 10月中旬の展開は予定通り行い、11

月の初旬に冷却機能の改修 (4.6.1項を参照) を行うこととした。検出器は bgo-sakuraiのみを
搭載したシンプルなものとした (図 5.8)。金沢大学を除いてネットワークは携帯回線を使用し、
ルーターと Raspberry Piは有線 LANで接続した。通信容量の関係でデータの送信は行わず、
SSH通信はできる状態としておき、雷活動のあった日のデータを手動でダウンロードする方式
とした。FPGA/ADCボードからRaspberry Piへのデータ送信はシリアル通信を使用した。
10月 10日の金沢大学への設置を皮切りに、12日から 14日にかけてほか 4ヶ所の設置作業を

行った。設置の様子を図 5.9に示した。各検出器は設置場所の要請に従い、固定治具やコンク
リートブロックへの取り付けを行った。また 10月 31日から 11月 2日にかけて冷却機能の実装
を行った。10月中旬の設置以降、問題は生じておらず、順調にデータを取得し続けている。

45 

35 

Kashiwazaki

Suzu

Kanazawa

Komatsu
Mt. Norikura

(2770 m)

Mt. Fuji
(3775 m)

Winter sites
Summer sites

Kanazawa2 km 5 km

a: Komatsu High School
b: Science Hills Komatsu 

c: Izumigaoka High School
d: Kanazawa Univ. High School
e: Kanazawa University 

c d e

Kashiwazaki
1 km

Kanazawa, Komatsu, Suzu (AS of 2018)(Wada, Master thesis 2017)

NaI, CsI, BGO scintillation detectors + Raspberry Pi for downsizing system

45 cm

35 cm
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Gamma Ray Observation of Winter Thunderclouds

GROWTH experiment (fy2015-)



Observational results 
(1) General properties of  

long bursts
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Duration : a few tens of sec to a few minutes

Counts histories of long bursts 
Kashiwazaki+Mt. Noikrura

10 min or less of mature stage of winter 
thunderclouds. 
(Kitagawa & Michimoto,1994)
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Energy spectrum 
Long bursts vs TGFs 

Not corrected for detector response
Photon energy (MeV)
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)
-1 s

-1
C

ou
nt

s 
(M

eV
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-310

-210

-110

1
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210

310
RHESSI
AGILE
GROWTH

GROWTH : 5 events Revised Tsuchiya et al., JGR 2011

 Maximum energy 

TGF～100 MeV
GROWTH～20 MeV

 # of >1 MeV electrons
TGF～1016 - 1017

GROWTH～109 - 1011

RHESSI: 289 events(Dwyer&Smith,GRL 2005)

AGILE: 130 events (Tavani et al., PRL 2011)

CsI
NaI
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Discussions
 Long bursts have been observed by airborne detectors, high-mountain ones as 
  well as ground-based ones. They have never been observed by detectors onboard  
  satellites（because primarily of moving of satellites)

!11

 It has been thought that long bursts are related to electrification of thunderclouds. 
  We may observe them from the electrification region when it being “ON”.

Electrification starts

+
-

+ + +
- - -
e-

High-energy electrons 
are produced  

via cosmic rays or radons  

+ + +
- - -

e-

Acceleration and multiplication 
of electrons  

Bremss. gamma rays

“ON”

Electrification ceases

“OFF”
Moving

detector detector

+ + +
- - -

e-

Acceleration and multiplication 
of electrons  

Bremss. gamma rays

detector



Discussions

!12

In order to observe the whole cycle of a long burst, we need to prepare mapping 
 observations such as the GROWTH one. Also air-shower experiments using many  
 detectors would be suitable for those observations. Actually, several air-shower 
 experiments have reported thunderstorms-related enhancements  
[ Tibet ASg group (Amenomori+, Proc.of ICRC2013), TA group (Abbasi+ PLA, 2017)] 

 Some groups have reported increases or decreases of muon flux during  
  thunderstorms (Alexeenko+2002, Dorman+2003, Muraki+2004). 
  So far, those muon variations have been observed only at high mountains. 
   



Observational results 
(2) Relationship between  
long bursts and lightning



Relation between a long burst and lightning 
Termination of long bursts just prior to lightning 

Y. Wada, G. S. Bowers, T. Enoto et al,  GRL 45 5700 (2018)

• Simultaneous observations of gamma rays(GROWTH and GODAT), electric field 
(Kamogawa team) and LF (Morimoto team) were done

BGO scintillator
0.2-7.0 MeV
5-sec bin

NaI scintillator
0.3-20.0 MeV
5-sec bin

Atmospheric electric field

Noto Peninsula

GROWTH

GODOT

0.2-7 MeV

0.3-20 MeV

1 min

lightnig



Relation between a long burst and lightning 
Termination of long bursts just prior to lightning 

Termination time
t = 93 ± 52 ms

IC 
start point 

Gamma-ray detector

IC starts around 15 km 
away from the detector

15 km

LF network detected leader development of an IC*

IC : Intra/Inter cloud discharge

IC leader destroyed the  
 gamma-ray emitting region  

IC started away from the detector. 



Relation between a long burst and lightning 
Termination of long bursts just prior to lightning 

Schematic view of this event

Y. Wada, G. S. Bowers, T. Enoto et al,  GRL 45 5700 (2018)



Observational results 
(3) Photonuclear reactions in 

lightning
T. Enoto, Y. Wada, Y. Furuta, K. Nakazawa, T. Yuasa,  
K. Okuda, K. Makishima, M. Sato, Y. Sato, T.  Nakano,  
D. Umemoto, H. Tsuchiya, Nature 551 (481) 2017



Lightning and neutron production

1970’s-1990’s：nuclear fusion  D + D  ->(2.45 MeV) + 3He

Shah+ Nature(1985), “Positive” detections Shyam&Kaushik JGR (1999) 

 Possibility of neutron production in lightning Libby & Lukens JGR (1973)

DD Fusion  : Not feasible in normal lightning environment

Babich+ JGR (2007)
Extremely intense electric field would be required for detectable 
neutron flux (1010-1015 n)

2000’s ： Photonuclear reaction: γ (>10.5 MeV) + 14N g n + 13N 

 Much more feasible than fusion : Babich+ JGR (2007), Carlson+ JGR (2010)

 Clear detections of >10 MeV gamma rays from lightning 

However,



Short burst associated with lightning

2 3  N O V E M B E R  2 0 1 7  |  V O L  5 5 1  |  N A T U R E  |  4 8 1

LETTER
doi:10.1038/nature24630

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.

1. Intensive initial spike (<~a few milliseconds, exceeds 10 MeV) 
2. Gamma-ray afterglow (<~100 ms, <10 MeV) 
3. Delayed annihilation gamma rays (~minute, at 0.511 MeV)

on February 6, 2017, 17:34:06, at Kashiwazaki station
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light curves and energy spectra
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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 
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 
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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.
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• Exponential decay constant of the sub-second afterglow is  
~56 ms of the neutron thermalization time.  

• Spectrum with a sharp cutoff at 10 MeV is well explained by prompt 
gamma rays from atmospheric nitrogens and surrounding materials.• Spectrum with a sharp cutoff at 10 MeV
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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 
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 
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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.
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• Exponential decay constant of the sub-second afterglow is consistent 
with the theoretical prediction ~56 ms of the neutron thermalization time.  

• Spectrum with a sharp cutoff at 10 MeV is well explained by prompt 
gamma rays from atmospheric nitrogens and surrounding materials.



• Exponential decay constant of the sub-second afterglow is consistent 
with the theoretical prediction ~56 ms of the neutron thermalisation.  

• Spectrum with a sharp cutoff at 10 MeV is well explained by prompt 
gamma rays from atmospheric nitrogens and surrounding materials.
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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 
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 
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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.
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• Exponential decay constant of the sub-second afterglow is consistent 
with the theoretical prediction ~56 ms of the neutron thermalisation.  

• Spectrum with a sharp cutoff at 10 MeV is well explained by prompt 
gamma rays from atmospheric nitrogens and surrounding materials.
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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 
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 
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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.
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1. Intensive initial spike (<~a few milliseconds, exceeds 10 MeV)
2. Gamma-ray afterglow (<~100 ms, <10 MeV)
3. Delayed annihilation gamma rays (~minute, at 0.511 MeV)
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Discussions
We have confirmed that photonuclear reactions occur in a lightning discharge. 
It is noted that Bowers et al., (GRL, 2017) also detected photonuclear neutron  
signals at the same coastal area of Japan sea. 

Time structure of this event is consistent with that proposed by  
 Rutjes et al. (GRL,2017).
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Discussions

14C would be also produced via 14N(n, p)14C. This means that lighting may be an  
 additional source of 14C in the atmosphere as reported by Libby & Lukens (JGR,1973) 
and Babich (GRL, 2017).

Cross sections of 14N  (JENDL 4, Shibata et al., 2009) 

 This observation showed that radioactive isotopes such as 13N and 15O  
  were produced. 
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Summary
 The GROWTH experiment has so far observed two types of bursts;  

                                  Long burst   & Short  burst 

 Long burst :  
        Bremsstrahlung gamma rays emitted from electrons accelerated in thunderclouds 
        (occasionally) annihilation gamma rays, muons 

 Short burst :  
        Bremsstrahlung gamma rays emitted from electrons accelerated in lightning  
        (occasionally) prompt gamma rays emitted from a de-excitation nucleus 

 Photonuclear reactions are triggered by lightning   
          neutrons, positrons and radioactive isotopes (13N, 15O, 14C)


