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• Origin of cosmic rays?  → Acceleration of 
charged particles needs electric fields, e.g.,  

• Diffusive shock acceleration at supernova 
remnants (Motional electric field, E=v x B) 

• Reconnection (Induced electric field) 

• Pulsar magnetosphere, and wakefield 
acceleration (Charge separation) 

• In the astrophysical contexts, magnetic fields 
are assumed as the source of electric fields.  

• Charge neutrality prevent formation of large-
scale electric field via charge separation.

Electron Acceleration by Electric Fields
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というスケーリング則が、かなり良く成り立っていること
がわかる。この関係は通常、相対論的電子のラーマー半径
∝ E/Bが Lより小さく、電子が加速領域に有効に閉じ込め
られるための条件と解釈される。しかし別の観点で右辺を、
系に含まれる部分系のバルク運動に伴う誘導起電力と考え
ると、誘導電場による加速を表現する式と解釈することも
できる。したがって宇宙での電場の役割を、本格的に見直す
時期に来ているかもしれない。
宇宙で明らかに電場加速が起きている場面がある。それ
は 108 T におよぶ強磁場をもち高速で自転する、回転駆動
型パルサー（図 9では「かに星雲」）での粒子加速で、磁場
の回転による誘導電場が効いていることは、疑いない [24]。
そうであれば、高速回転する強磁場の白色わい星でも、同
様に粒子加速が起きているはずである。たとえば周期 33 秒
で高速自転する白色わい星 AE Aqr では、かにパルサーに
比べてBは６桁落ち、星の表面での自転速度 vはほぼ同じ、
系の半径 Lは３桁上なので、結果として、かにパルサーの 3
桁下までは、電子が加速されても良い。そこで我々はこの天
体を「すざく」で観測したところ、10 keV 以下で働くCCD
カメラでは、白色わい星の磁極に形成された高温プラズマ
からの熱的放射を、また 10 keV 以上で観測する硬Ｘ線検出
器では期待通り、加速された電子からの硬いスペクトルと、
鋭い波形の自転パルスを検出することに成功した [25]。得ら
れたデータ点を図 9に赤字で記入してある。
これまでＸ線や TeV ガンマ線で観測された宇宙加速源か

らの信号は、おもに電子の放射だったが、加速のエネルギー
収支を担う主体は陽子である。間もなく米国から打ち上げ予
定のガンマ線衛星 GLAST (Gamma-ray Large Area Space
Telescope) は世界で初めて、加速された陽子が π0 → 2γ 過
程で放射するガンマ線を、高い感度で探査でき、宇宙線の起
源に画期的な進展をもたらすと期待される。日本も広島大
学などを中心に、主力装置の開発に大きく貢献している。

5.4 雷は静電加速器
パルサーや白色わい星での電場は、磁場の誘導であるが、
自然界には正真正銘の静電場による加速も存在する。じっさ
い我々は最近、日本海沿岸の冬期雷から２回、30秒～１分
にわたりガンマ線を検出することに成功した [26]。これらは
雷雲中の静電場で加速された電子からの、非熱的な制動放射
と考えられ、スペクトルはともに 10 MeV まで達した。平
均自由行程のきわめて短い大気中で、このように電子が加
速されていることは驚きであり、逃走電子加速が働いている
と想像される。偶然に大きなエネルギーを獲得した電子は、
クーロン衝突の断面積が下がるので、ますます加速されや
すくなり、電子の分布関数に、非熱的なハードテールを形成
するのである。これは中性大気の中での話であるが、プラズ
マ中でも逃走電子加速は十分に起きるはずなので、今後の
宇宙観測に重要な視点を提供すると信じている。
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図 9: 宇宙における電子加速のスケーリング則。縦軸は測定もし
くは推定された、電子の最高エネルギー Emax。横軸は系の代表的
な速度 v、代表的な磁場強度 B、および特徴的な長さ Lの３つの
積である [23]。
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• Lightning and thunderstorms are revealed 
to act as natural electron accelerators by 
“direct” electric fields in the atmosphere.  

• Evidence for the electron acceleration: 
Bremsstrahlung from relativistic electrons  

• Natural and rocket-triggered lightning 

• Terrestrial gamma-ray flash (TGF)  

• Gamma-ray glow 

• “High-Energy Atmospheric Physics,” an 
interdisciplinary field between high-
energy physics and atmospheric science.

at the tower top and the lightning channel above at a 49°
elevation. The wide field of view (±38° vertical and hori-
zontal) allows emissions from slightly above the ground,
including the launch tower, to near vertical to be viewed.
Figure 3 shows the rocket‐and‐wire‐triggered lightning that
was produced on 15 July 2010, which resulted in the first
lightning X‐ray images, reported here.

3. Observations

[9] Because the lightning dart leaders and hence the X‐ray
source regions are moving at a significant fraction of the
speed of light, the entire lightning process has a duration of
only a few microseconds as observed in X‐rays. As a result,
it is critical to take account of propagation delays, including
delays caused by the X‐rays propagating from the source to
the camera and delays caused by signals traveling along the
BNC and fiber‐optic cables. We define for each stroke the
time t = 0 to be the time measured at the launch tower at

which the return stroke current rises to half of its peak value
(the risetime is in the 100 ns range). In this paper, obser-
vations are presented either in terms of the emission time,
i.e., the time at which the X‐rays were emitted from the
source, or in terms of the observation time, i.e., the time at
which the X‐rays were recorded by the NaI(Tl)/PMTs inside
the camera. The former was calculated from the latter by
calculating the propagation time of the X‐rays from the
observed position along the lightning channel to the camera.
As an example, X‐rays take 0.15 ms to travel from the top of
the launch tower to the camera.
[10] Each pixel in the camera corresponds to the output

of one NaI(Tl)/PMT detector. These detectors produce a
characteristic waveform that is easily distinguishable from
RF noise. An X‐ray that deposits its energy in the NaI crystal
produces a short (negative) pulse with a very fast risetime
(leading edge) and a 0.23 ms exponential falltime caused by
the decay of the NaI scintillation light. Figure 4 shows 15 ms
of data from a vertical line of detectors recorded for a rocket‐
triggered lightning stroke on 15 July 2010. The waveforms
are for six NaI/PMT detectors viewing the lightning channel

Figure 3. Photograph of the first rocket triggered lightning
flash described in this report, recorded on 15 July 2010. The
exploded triggering wire is on the left, the wind‐separated
dart leader‐return stroke channel on the right. The rocket‐
launch tubes, also visible on top of the tower in Figure 1,
can be seen at the bottom of the picture (courtesy of D. Hill).

Figure 2. Schematic diagram of the X‐ray lightning cam-
era. The camera is 0.64 m wide and 1.25 m long, with
1.27 cm thick lead sheets completely surrounding the camera
on all sides, except for a 7.62 cm diameter circular “pinhole”
aperture at the front of the camera. The lead sheets, which
together weigh 550 kg, are mounted on a 0.64 cm thick
welded steel box (with the pinhole aperture open). For the
observations reported here, the additional lead and steel plate
seen at the top of the camera was not installed. The entire
lead and steel structure is enclosed in a 0.16 cm thick alumi-
num outer box to exclude water, light, and RF noise (not
shown). The camera uses 30 7.62 cm diameter NaI/Photo-
multiplier to record the X‐rays passing through the pinhole
aperture.
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(Dwyer et al., Geophysical Research Letters, 2004)

https://ui.adsabs.harvard.edu/abs/2004GeoRL..31.5119D/abstract
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Fig. 1. Total count rate as a function of time for the ioniz- 
ing radiation sensitive (active) and insensitive (passive) 
detectors. Active detector indicates a 40-fold increase in 
counts while adjacent passive detector shows only statist- 
ical noise fluctuations. Vertical error bars represent 1 
standard deviation in count rate. 

It is mounted adjacent to the active detector and experi- 
ences the same eiectromagnetic environment. 

A circular aperture in the aircraft skin permits x-rays 
to enter without significant attenuation. The geometry 
factor for the active spectrometer is about 40 cm2-ster. 
The maximum count rate in any channel that can occur 
without overflow is about 6 X 104 sec -1. The spectrome- 
ter looks upward from a position aft of the cockpit. 

Data from two flights near Wallops Island, Virginia 
are presented in this report. One flight occurred on June 
28, 1984 with data taken at an altitude of about 3000 m. 
The other flight occurred on July 19, 1983 at an altitude 
of about 9000 m. The aircraft would fly towards a region 
of strong electrical activity, penetrate clouds and fly 
through with the data systems activated and tape record- 
ers operating. Often the aircraft would be struck by 
lightning while inside the thunderstorm clouds. Upon 
cloud exit, another pass through would be made, or the 
aircraft would head •owards another cloud. 

3. Observations 

We detect a low-level background count rate at all 
times. This is almost entirely due to cosmic-ray secon- 
daries and has a measurable altitudinal dependence. 
Another non-negligible contribution to this background 
signal is thermal PMT noise. While inside thunderstorm 
clouds, the active instrument sometimes detected brief 
intervals of greatly enhanced count rates in all six energy 
channels. The total count rate is depicted for such a time 

interval, from one of the 1984 flights, in Figure 1. The 
passive channel shows only a thermal noise count rate 
with no statistically significant deviations during this 
same time period. In this instance, there is no evidence of 
electromagnetic interference in the passive detector and 
we conclude that the count rate increase in the active 
detector is due solely to a much higher flux Of ionizing 
radiation. At four other times during this same flight, the 
active detector indicated significantly high count rates 
with the passive detector showing no significant devia- 
tions. With these simultaneous active and passive meas- 
urements, we corroborate the conclusions about 
instrumental electromagnetic noise immunity made by 
Parks et al. (19.81) and by McCarthy et al. (1984). 

We now proceed with a description of the temporal 
development of the high count rate periods. For this 
description we consider a flight from 1983 which we have 
studied in de,tail. Figure 2 shmvs the total count rate as a 
function of time. Three instances of high flux events are 
seen in this figure. Beginning at about 20:15:09 UT, the 
flux very rapidly increases to about 80 times the back- 
ground level, and then even more rapidly returns almost 
to the background level. The high flux was present for 
about 3 seconds. This event coincides with a "Nearby 
flash" as reported in the pilot debrief notes at 20:15:14 
UT. The flux then rises exponentially with a time con- 
stant of about 1.5 seconds. The flux peaks a factor of 3 
lower than the preceding event. At 20:15:19.0 UT the air- 
craft was struck by lightning and the flux very quickly 
returned to the background level. High flux was present 
for about 7 seconds in this second event. Finally, for the 
period 20:15:27 to 20:15:36 UT, there is another interval 
of high flux, though the level is nearly an order of magni- 
tude lower than the first two events. This event does not 
correspond to any observed discharge. It is important to 
note that the aircraft moves with a speed of about 24.0 
m/sec. The aircraft motion convolves spatial and tem- 
poral effects. This will be discussed in more detail in the 
next section. 

There is a very interesting relationship between the 
periods of high count rate and observed lightning 
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Fig. 2. Total count rate as a function of time. Three sta- 
tistically significant increases are shown here. The left- 
most peak precedes an observed flash near aircraft. 
Center peak precedes a strike to the aircraft. Rightmost 
"'hump" is not associated with any observed lightning 
activity. Vertical error bars represent one standard devia- 
tion in count rate. 
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• Lightning and thunderstorms are revealed 
to act as natural electron accelerators by 
“direct” electric fields in the atmosphere.  

• Evidence for the electron acceleration: 
Bremsstrahlung from relativistic electrons  

• Natural and rocket-triggered lightning 

• Terrestrial gamma-ray flash (TGF)  

• Gamma-ray glow 

• “High-Energy Atmospheric Physics,” an 
interdisciplinary field between high-
energy physics and atmospheric science.

(Dwyer et al., GRL, 2004)

remote, making it highly unlikely that the event was a
cosmic-ray air shower.
[8] Figure 3 shows the energy spectrum of the entire

gamma-ray burst, calculated by fitting the detector response
functions to the data in Figure 1 to get the energy of each
individual gamma-ray. A Monte Carlo simulation was used
to correct the spectrum for the response of the 7.6 cm
diameter by 7.6 cm thick NaI scintillator, including the
effects of the surrounding material in the instrument. Cor-
rections were also made for the occasional chance overlap
of gamma-rays that could not be resolved due to the finite
time resolution of the detector.
[9] As seen in Figure 3, the spectrum below 4 MeV is

flatter than a locally produced bremsstrahlung spectrum,
which must fall off at least as quickly as E!1, regardless of
the source spectrum [Koch and Motz, 1959]. However,
because the Compton scattering cross-section decreases
with increasing energy, bremsstrahlung emission can pro-
duce such a spectrum after the radiation has propagated over
a long distance in the atmosphere. Unfortunately, the energy
spectrum alone is not enough to infer the exact distance to
the source, since the source spectrum is not known and it is
not known whether the emission is beamed towards the
detector or not.
[10] The beginning of the burst occurs at about the same

time that the upward propagating positive leader, initiated
from the top of the rocket and extended triggering wire,
would have reached the overhead cloud charge at some
kilometers above the ground. This is illustrated in Figure 4,
which shows the entire current waveform for the flash. The
start of the initial-stage (leftmost arrow) corresponds to the
beginning of the upward propagating positive leader from
the top of the wire [Wang et al., 1999]. The current drop,
20 ms later, is part of the so-called initial current variation
(ICV) and is due to the vaporization of the triggering copper
wire. The largest current pulse and the burst of gamma-rays
occurred 40 ms after the beginning of the initial-stage and
20 ms after the ICV. The typical speed of upward propa-
gating positive leaders is 1.5–2 " 105 m/s, which places the
upward propagating leader at a height of 6–8 km above the
ground when the gamma-ray burst began, the expected
range of heights for the cloud charge in Florida. It is
possible that when the leader reached this charge, an intense

discharge was initiated, producing the gamma-ray burst via
the runaway breakdown of air [Gurevich and Zybin, 2001].
Although a more local source cannot be excluded, it is not
clear what that source would be or where it would be
located.
[11] Wang et al. [1999] observed five large current wave-

forms during a triggered lightning initial-stage somewhat
similar to the waveforms seen from about 0 to 40 ms in
Figure 4. However, their waveforms were characterized by
considerably smaller current peaks and charge transfers, 1–
2 kA and several coulombs, respectively. Wang et al.
attributed their current waveforms to a negatively charged
in-cloud leader that intercepted the upward positive leader
of the triggered lightning [also see Rakov, 2003]. It should
be noted that all the triggered lightning events produced on
15 August occurred with relatively clear air directly over-
head but also with large negative electric fields at the
ground. Although clear air can potentially contain enough
charge to support lightning, the positive leaders may have
also propagated a substantial horizontal distance to reach
the cloud charge.
[12] Figure 5 shows an expanded view of the current data

shown in Figure 4, along with the gamma-ray data mea-
sured by the other instrument. As can be seen, the gamma-
rays began after the current reached a small plateau at about
4.5 kA and continued throughout the pulse, only ceasing
after the current dropped to a few kA. For the two launches
that produced triggers, many large current pulses occurred
during the initial-stage (see Figure 4), but only the largest
pulse during the last launch produced gamma-rays. When
comparing the current and gamma-ray data, we assumed
that both the gamma-rays and the current pulse propagated
at the same speed. If the propagation speed of the current
pulse is similar to that of an M-component wave then we
might expect it to be more in the range 107–108 m/s. A
correction for the travel times over 6 km would cause the
current pulse to begin earlier, shifting the current waveform
in the figure to the left by about 100 ms.

Figure 3. Energy spectrum of the gamma-ray burst. The
fluence (time-integrated flux) of the gamma-rays for the
entire event is plotted as a function of gamma-ray energy.
The data have been corrected for the detector response. The
vertical error bars show the statistical errors and the
horizontal bars show the width of the energy bins.

Figure 4. Electric current, measured at the rocket
launcher, for the last triggered lightning event on 15 August
2003. The arrows indicate the start of the initial-stage,
which corresponds to the beginning of the upward
propagating positive leader; the time of the ICV associated
with the wire vaporization; the time of the observed gamma-
ray burst and the time of the return stroke. During the
initial-stage, a total of 57 C was brought to the ground,
which is about a factor of two greater than typical values for
triggered lightning.
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Rocket-triggered Lightning  
300 us before the return stroke

(McCarthy & Parkes, GRL, 1985)

Lightning 
discharges

https://ui.adsabs.harvard.edu/abs/2004GeoRL..31.5119D/abstract
https://ui.adsabs.harvard.edu/abs/1985GeoRL..12..393M/abstract


Electron Acceleration at the Stepped Leader?

5 Dustin Farrell “Transient” (vimeo) https://vimeo.com/245581179

• Accelerated electrons generate an ionised path of discharge (stepped leader)? As 
the leader reaches the ground, a huge current run the path (return stroke).

https://vimeo.com/245581179


Terrestrial Gamma-ray Flash (TGF)

6 CG Credit: NASA/GSFC
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• Discovered by astronomical satellites above thunderstorm 
• Millisecond gamma-ray bursts (<~20 MeV)
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Winter Thunderstorm along the Sea of Japan
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Siberian
airmass

Wind

• lower altitude (<1 km) than summer storms 
• powerful lightning, frequent positive discharge  
• Ideal for observing the high-energy 

atmospheric phenomena

A winter lightning 
discharge in Japan 
(Fukui, Nov. 20, 2005)
(C) Toshio Yoshioka and 
Otowa Electric Co., Ltd.
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Gamma-ray Glow from Thunderstorms
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(Torii et al., JGR, 2002)

flash at 4:31, and then returned to the initial level after-
wards. The dose-rate data from these monitors is input to a
computer every 10 seconds. Figure 4 presents this data over
the period of interest. As shown in this figure, the time at
which the highest dose-rate was recorded was slightly
different on each monitor: ERM-5 indicated an upward
trend first, ERM-1 (which indicated the highest dose-rate
over 5000 nGy/h) was next. All of these increases far
exceeded the usual fluctuation (average dose-rate ±3s at
each point), and in the case of ERM-1 the increase exceeded
70 times the background.
[19] As shown in Figure 5, the pattern of maximum dose-

rate in 10-second data due to this increase agreed well with
that of dose increase on the TLDs (TL-E1 ! E5) near those
monitors (correlation coefficient: R = 0.994).

3.3. Analysis of Photon Energy Spectrum

[20] The NaI(Tl) detector system of ERM-1 has a multi-
channel analyzer (MCA) that measures pulse-height dis-
tributions, and stores them each hour, along with the
continuous measurement of dose rate. Figure 6 shows
the time variation of dose-rate and pulse-height distribu-
tions before and after the time the lightning flash occurred.
As shown in this figure, the pulse height distribution
obtained during a period of one hour (4:17–5:16), includ-
ing the time of the dose-rate increase, was counted up to a
high-energy range, unlike that during the preceding and
following periods.
[21] The pulse-height distribution is related to the photon

energy spectrum f(E ) by the Fredholm integral equation:

Pj ¼
Z 1

0

Kj Eð Þf Eð ÞdE ;

where Pj is the pulse-height at the jth channel, Kj(E) is the
response function of the NaI(Tl) detector system, and
f(E)dE is photon flux between E and E + dE.

[22] In order to determine the photon spectrum by the
unfolding method, we calculated the energy response for
photons of the detector system by Monte Carlo simulation
using a three-dimensional electron-photon transport code
EGS4/PRESTA [Nelson et al., 1985; Bielajew and Rogers,
1987], and the responses were evaluated by an irradiation
experiment with standard radionuclide sources (60Co, 137Cs,
and 226Ra). In the response calculation, we described in
detail the NaI(Tl) detector and the aluminum dome covering
the detector by a combinatorial geometry method [Torii and
Sugita, 1997], and carried out smoothing of the calculated
energy responses to simulate the detector’s resolution by a

Figure 4. Time variations of indicated value on environmental radiation monitors using NaI(Tl)
scintillation detector. The data shows instantaneous dose rate every 10 s.

Figure 5. Maximum dose rate increment of each environ-
mental radiation monitor (ERM) compared with that of
TLDs at the same point. The background dose rate has been
subtracted from the dose rate increment of the ERM. Dose
increment of TLD is also increment of absorbed dose.

TORII ET AL.: GAMMA-RAY DOSE INCREASE ACL 2 - 5

Figure 3. (top) Increment in absorbed dose on TLDs which seems to have originated from the
thunderstorm. (bottom) Indicates a sectional view along the broken line (A-A0) and the increase of
absorbed dose near the section. The increase in dose around the building was higher on the TLDs
installed on the roof of the building (open circles) than on those on the outer wall at a height of 1.5 m
above ground (closed circles).

ACL 2 - 4 TORII ET AL.: GAMMA-RAY DOSE INCREASE

• Prolonged (a minute or more) high-energy 
gamma rays (MeV) from thunderstorms  

• Radiation enhancements have been 
detected by safety monitoring at nuclear 
power plants (initially thought of as noise) 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2001JD000938
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• Prolonged (a minute or more) high-energy 
gamma rays (MeV) from thunderstorms  

• Radiation enhancements have been 
detected by safety monitoring at nuclear 
power plants (initially thought of as noise) 

• GROWTH (Gamma-Ray Observation of 
Winter Thundercloud) collaboration 
started a new campaign at Kashiwazaki in 
2006, and detected a 40-sec lasting 
gamma ray burst from a thunderstorm.  

• Since 2015, we have increased the 
number of observation sites to perform 
multi-point measurements. 

(Tsuchiya, Enoto et al., PRL, 2007)

https://ui.adsabs.harvard.edu/abs/2007PhRvL..99p5002T/abstract
https://ui.adsabs.harvard.edu/abs/2007PhRvL..99p5002T/abstract
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(Yuasa, Wada, Enoto et al., PTEP, 2020)

https://ui.adsabs.harvard.edu/abs/2020PTEP.2020j3H01Y/abstract
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• During a passage of a winter 
thundercloud, we detected an 
enhancement of gamma rays at 
Komatsu on December 8, 2016. 

• The burst was detected with two 
detectors with a delay, which is 
consistent with a cloud speed. 

• The gamma-ray spectrum is fitted 
by a cutoff power-law model. 

• F(E) = E-Γ exp(-E/Ecut) 

• Γ = 0.26, Ecut = 4.10 MeV 

• Fγ=1.18 MeV cm-2 s-1 (3-15 MeV)

(Yuasa, Wada, Enoto et al., PTEP, 2020)

https://ui.adsabs.harvard.edu/abs/2020PTEP.2020j3H01Y/abstract


Emission Mechanism of Gamma-ray Glows?
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• Charge separation occurs in the collision 
of ice grains in the updraft. 

• Regions of strong electric fields emerge in 
the clouds.  

• Electrons are ejected via passages of 
cosmic rays. The strong electric field 
accelerates electrons to relativistic energy 
and generates avalanche processes.  

• Bremsstrahlung gamma rays are radiated 
from accelerated high-energy electrons. 

• We are working on theoretical modeling 
using Geant4 simulations.  

Illustration: Hayanon Science Manga Studio
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• Charge separation occurs in the collision 
of ice grains in the updraft. 

• Regions of strong electric fields emerge in 
the clouds.  

• Electrons are ejected via passages of 
cosmic rays. The strong electric field 
accelerates electrons to relativistic energy 
and generates avalanche processes.  

• Bremsstrahlung gamma rays are radiated 
from accelerated high-energy electrons. 

• We are working on theoretical modeling 
using Geant4 simulations.  
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図 7.24: カットオフエネルギーのヒストグラム

図 7.25: フラックス (3–15 MeV)とべきの相関図

52

• We have about 100 radiation burst events in total detected since 2006. 
• Gamma-ray spectral studies show the cutoff energy around ~4-5 MeV, which 

reflect the maximum energy of electrons accelerated in thunderclouds. 

(Matsumoto, Master 
thesis, the Univ. of 

Tokyo, 2006)
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Figure 3. Time evolution of the lightning discharge (filled circle) observed in the LF band (panel a) and the
same evolution in a form of the east-west position and time history (panel b). The marker color corresponds
to the recorded time of discharge steps. The background gray-scale map is precipitation at 08:10 UTC from
the C-band radar observation operated by Japan Meteolorogical Agency. The crossed position of two red
lines shows the gamma-ray observation site, magenta crosses the lightning positions reported by JLDN, and a
magenta triangle the lightning position reported by WWLLN. The red shaded region shows the moment of the
gamma-ray glow termination estimated with detector A.

However, in the present paper, we report the first simultaneous observation of this phenom-
ena via gamma-ray, AEF, and multiple-station LF measurements which enable us to deter-
mine temporal and spatial evolution of discharges.

A part of LF emissions, originating from the IC leader development, was detected less
than 1 km away from the observation site (Fig. 4). The moment of the gamma-ray termina-
tion is consistent with the time of the nearby LF emissions, not consistent with that of the
two large-amplitude pulses. Therefore, it is clear that the IC leader development destroyed
a local structure of electric field in the thundercloud, which causes the termination of the
gamma-ray glow, despite discharge current of the IC pulses being smaller than that of the
large-amplitude pulses.

In the case of Tsuchiya et al. [2013], a gamma-ray glow was terminated ⇠800 ms be-
fore a lightning flash. On the other hand, JLDN detected no lightning discharges within 5 km

–7–
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However, in the present paper, we report the first simultaneous observation of this phenom-
ena via gamma-ray, AEF, and multiple-station LF measurements which enable us to deter-
mine temporal and spatial evolution of discharges.

A part of LF emissions, originating from the IC leader development, was detected less
than 1 km away from the observation site (Fig. 4). The moment of the gamma-ray termina-
tion is consistent with the time of the nearby LF emissions, not consistent with that of the
two large-amplitude pulses. Therefore, it is clear that the IC leader development destroyed
a local structure of electric field in the thundercloud, which causes the termination of the
gamma-ray glow, despite discharge current of the IC pulses being smaller than that of the
large-amplitude pulses.

In the case of Tsuchiya et al. [2013], a gamma-ray glow was terminated ⇠800 ms be-
fore a lightning flash. On the other hand, JLDN detected no lightning discharges within 5 km

–7–

(Wada, Bowers et al., Geophys. Res. Lett., 2018)

Confidential manuscript submitted to Geophysical Research Letters

The glow was then suddenly terminated and the count rate quickly returned to the
background level at 08:10:08. Hereafter, the elapse time t is defined from 08:10:08 UTC.
The World Wide Lightning Location Network (WWLLN) reported a lightning discharge at
t = 7.4 ms. JLDN also reported negative and positive intra/inter-cloud discharges (ICs)
around Noto peninsula at t = 7.3 ms and t = 224.9 ms, respectively. The latter occurred
2.1 km south from the observation site. Based on these measurements, we consider that the
sudden termination of the gamma-ray glow closely coincided with the lightning discharge.

Figure 1. Histories of radiation count rates with a 5 sec binning in the 0.2–7.0 MeV obtained with detector
A (panel a), 0.3–20.0 MeV with detector B (panel b), and calibrated AEF values (panel c) from 08:00 to 08:15
UTC on February 11, 2017. Negative AEF values mean upward electric field. Red dashed lines show time of
the lightning at 08:10:08 UTC.

Absolute timing of both detectors are conditioned by the GPS signals and the network
timing protocol service. Detector A successfully received GPS signals during the observa-
tion. To verify the absolute timing accuracy, laboratory experiments were performed after
the observation campaign: pulse-per-second signals from a commercial GPS receiver were
put into an analog input of detector A, and we confirmed that the timing tag of each photon
is synchronized to the coordinated universal time within a 5 ms systematic uncertainty. How-
ever, detector B failed both to receive the GPS signal by accident and to maintain the internet
connection during the observation. Therefore, we corrected detector B timing so that time of
the glow termination is consistent with that of detector A.

–4–
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Figure 3. Time evolution of the lightning discharge (filled circle) observed in the LF band (panel a) and the
same evolution in a form of the east-west position and time history (panel b). The marker color corresponds
to the recorded time of discharge steps. The background gray-scale map is precipitation at 08:10 UTC from
the C-band radar observation operated by Japan Meteolorogical Agency. The crossed position of two red
lines shows the gamma-ray observation site, magenta crosses the lightning positions reported by JLDN, and a
magenta triangle the lightning position reported by WWLLN. The red shaded region shows the moment of the
gamma-ray glow termination estimated with detector A.

However, in the present paper, we report the first simultaneous observation of this phenom-
ena via gamma-ray, AEF, and multiple-station LF measurements which enable us to deter-
mine temporal and spatial evolution of discharges.

A part of LF emissions, originating from the IC leader development, was detected less
than 1 km away from the observation site (Fig. 4). The moment of the gamma-ray termina-
tion is consistent with the time of the nearby LF emissions, not consistent with that of the
two large-amplitude pulses. Therefore, it is clear that the IC leader development destroyed
a local structure of electric field in the thundercloud, which causes the termination of the
gamma-ray glow, despite discharge current of the IC pulses being smaller than that of the
large-amplitude pulses.

In the case of Tsuchiya et al. [2013], a gamma-ray glow was terminated ⇠800 ms be-
fore a lightning flash. On the other hand, JLDN detected no lightning discharges within 5 km
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0.2-7 MeV 
GROWTH

Atmospheric 
Electric field

• Sudden gamma-ray termination was recorded at Suzu on February 11, 2017. 
• This termination was coincided with a passage of a long lightning discharge. 
• The lightning discharge, started far away and passing above the detector, 

destroyed an electron source with strong electric fields.

https://ui.adsabs.harvard.edu/abs/2018GeoRL..45.5700W/abstract


Gamma-ray Glow Triggered Lightning?

18 (Wada, Enoto et al., Communication Physics, 2019)

• On 9 January 2018, detectors 
deployed at two high schools at 
Kanazawa, recorded a gamma-ray 
glow moving for ~100 s with 
ambient wind. 

• Then, the glow abruptly terminated 
with a lightning discharge, whose 
radio pulse was located within ~1 
km from where the glow ceased.  

• Lightning initiation problem “what 
triggers lightning discharges?”  

• A highly-electrified region producing 
the glow became a trigger to initiate 
of this lightning discharge? 

https://ui.adsabs.harvard.edu/abs/2019CmPhy...2...67W/abstract
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19 (Wada, Enoto et al., Communication Physics, 2019)

Lightning 
discharges

• On 9 January 2018, detectors 
deployed at two high schools at 
Kanazawa, recorded a gamma-ray 
glow moving for ~100 s with 
ambient wind. 

• Then, the glow abruptly terminated 
with a lightning discharge, whose 
radio pulse was located within ~1 
km from where the glow ceased.  

• Lightning initiation problem “what 
triggers lightning discharges?”  

• A highly-electrified region producing 
the glow became a trigger to initiate 
of this lightning discharge? 

https://ui.adsabs.harvard.edu/abs/2019CmPhy...2...67W/abstract
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(Wada, Enoto et al., Communication Physics, 2019)

• On 9 January 2018, detectors 
deployed at two high schools at 
Kanazawa, recorded a gamma-ray 
glow moving for ~100 s with 
ambient wind. 

• Then, the glow abruptly terminated 
with a lightning discharge, whose 
radio pulse was located within ~1 
km from where the glow ceased.  

• Lightning initiation problem “what 
triggers lightning discharges?”  

• A highly-electrified region producing 
the glow became a trigger to initiate 
of this lightning discharge? 

Lightning

https://ui.adsabs.harvard.edu/abs/2019CmPhy...2...67W/abstract
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Small, Low-cost, and High-performance Detector

22 (Wada, Master thesis of the Univ. Tokyo, 2017) (Yuasa, Wada, Enoto et al., PTEP, 2020)

95 mm
95 mm

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

ADC board

Raspberry Pi
Raspberry Pi

ADC board

Front-end  
Board

DAQ 
System

BGO scintillator  
(25x8x2.5 cm3)

water proof box

web camera

PMT

DAQ 
electronics

(Detector FY2016)

45 cm

20 cm 35 cm

2016 October

Cost 
 ~$4 k

EnotoWada • BGO, CsI scintillators + PMTs 
• New FPGA board of 4 channel 

50 MHz, 12 bit ADC 
• GPS-tagged Event data and 

house keeping monitor data 
• GPS, remote control & upload

https://ui.adsabs.harvard.edu/abs/2020PTEP.2020j3H01Y/abstract


Small, Low-cost, and High-performance Detector

23 (Wada, Master thesis of the Univ. Tokyo, 2017) (Yuasa, Wada, Enoto et al., PTEP, 2020)
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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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(Enoto, Wada et al., Nature, 2017)

• on February 6, 
2017, 17:34:06, 
at Kashiwazaki 

https://www.nature.com/articles/nature24630
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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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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.

Data compared with 
Geant4 simulation

We detected evidence for the annihilation signals 
at 0.511 MeV ~35 sec after the lightning!

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)

(Enoto, Wada et al., Nature, 2017)

• on February 6, 
2017, 17:34:06, 
at Kashiwazaki 

https://www.nature.com/articles/nature24630
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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)

(Enoto, Wada et al., Nature, 2017)
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(Enoto, Wada et al., Nature, 2017)
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• Cross section of the photonuclear reactions is one order of magnitude smaller 
than that of the pair production. Downward TGFs can provide enough photons.
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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.  

• 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 thermalization.  

• 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 

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

• 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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Figure 2. Cross-sections of photonuclear reactions where nuclide compositions of the standard atmosphere are
considered, as a function of incident gamma ray energy. Reactions producing 13N and 15O are 14N(! , n)13N,
15N(! , 2n)13N, and 16O(! , n)15O. Cross-sections of neutron productions consider all the photonuclear channels
producing neutrons including nuclear spallation reactions.

the ground, their parameters such as position, momentum vector, and energy are recorded. In each stage, a
linear relationship between the number of input and output particles exists. Therefore, this multiple-stage
method is useful to save computational resources by injecting more input particles than output particles of
the previous stage.

3.2. Distribution of !+-Decay Nuclei and Photoneutrons
The Monte Carlo simulation in the first stage is performed with a mass model of the atmosphere. The
mass model is vertically divided into 100-m thick layers, and an atmospheric pressure of each layer is
implemented based on the standard atmosphere (International Organization for Standardization, 1975).
No electric fields nor geomagnetic fields are considered here. The mass model of the atmosphere has a
dimension of 10.0 × 10.0 × 5.0 km. Initial electrons of a downward TGF are assumed to be generated
by the relativistic runaway electron avalanche model (Gurevich et al., 1992). They follow an energy spec-
trum proportional to exp(−E∕7.3MeV) (Dwyer et al., 2012), where E is particle energy. In the present
simulation, a simple electron source is assumed: a downward point source like a pencil beam, without
no divergence nor tilt angle. The energy range of the initial electrons is set to 9.8–50.0 MeV to cover the
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Figure 3. Spatial distributions of neutrons and !+-decay nuclei produced by photonuclear reactions, in a function of
altitude and radius. The initial electrons are injected at altitude ranging from 1.0 to 3.5 km with a 0.5-km interval.
Production densities of the distributions are normalized to the number of initial electrons (1018: 1–50 MeV).
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Figure 3. Spatial distributions of neutrons and !+-decay nuclei produced by photonuclear reactions, in a function of
altitude and radius. The initial electrons are injected at altitude ranging from 1.0 to 3.5 km with a 0.5-km interval.
Production densities of the distributions are normalized to the number of initial electrons (1018: 1–50 MeV).
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(Wada Ph.D thesis 2019, the University of Tokyo; Wada et al., JGR Atmosphere 2020a, Wada et al., JGR Atmosphere 2020b)

Cross section Geant4 simulation

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JD033193
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020JD033194
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Figure 11. (a) Comparison of upward and downward TGFs in the phase
space of source altitude and electron number. Data points from Dwyer and
Smith (2005), Cummer et al. (2014), and Mailyan et al. (2019) are results for
upward TGFs and Wada, Enoto, Nakazawa, et al. (2019), Bowers
et al. (2017), and this work for downward TGFs in winter thunderstorms.
Cummer et al. (2014) gave only altitudes of two upward TGFs, and the
estimations (11.8 and 11.9 km) are overlapped in this figure. Mailyan
et al. (2019) derived the source altitudes with four calculation points of 10,
12, 15, and 20 km. (b) The column density of the atmosphere from an
altitude to sea level (solid line) and to a satellite orbit (above 80 km; dashed
line), based on International Organization for Standardization (1975).
(c) The probability that a photon of 1 MeV (black) or 10 MeV (red) at an
altitude reaches the ground (solid line) or the satellite altitude (dashed line)
without colliding with atmospheric nuclei. This value corresponds to
exp(−!"), where ! is the column density shown in the panel (b) and " is
the attenuation length of 1- or 10-MeV photons in the atmosphere.

Also, observation biases should be considered. Upward TGFs at a lower
altitude are attenuated by the atmosphere and hence cannot reach the
satellite altitude. For example, the column density of the atmosphere
from an 11.6-km altitude (an example of upward TGF altitudes) to
the satellite altitude is 2.3× 102 g cm−2, as shown in Figure 11b. If an
upward TGF takes place at a 5.0-km altitude, the column density is
5.7× 102 g cm−2. Considering an attenuation coefficient of 1-MeV pho-
tons in the atmosphere from NIST/XCOM, 6.4 × 10−2 cm2 g−1, 1-MeV
photons from TGFs at the 5.0-km altitude are ∼4 × 10−10 times atten-
uated than at the 11.6-km altitude, as shown in Figure 11c. Given that
spaceborne detectors only record tens of photons for individual TGFs at
a 10-km altitude of higher, TGFs at the 5.0-km altitude are thought not
to be detected by them. Likewise, downward TGFs at a higher altitude
should be more attenuated than those at low altitudes and fainter or not
detected at ground level. Downward TGFs at the 5-km altitude, with the
column density of 4.8 × 102 g cm−2, are ∼4 × 10−5 times attenuated than
those at the 3-km altitude, with the column density of 3.2 × 102 g cm−2.

Dwyer and Smith (2005) estimated an averaged number of initial elec-
trons above 1 MeV as (0.1–2.0) × 1017 with an accumulated spectrum
recorded by RHESSI. Mailyan et al. (2019) also analyzed individual spec-
tra of TGFs recorded by Fermi and estimated the number of avalanche
electrons ranging between 6 × 1015 and 9 × 1018. Figure 11a also com-
pares these previous estimations of avalanche electrons with the present
result. It is consistent with the estimation by Mailyan et al. (2019). There-
fore, the downward TGF in the present paper is as powerful as upward
TGFs observed from space despite the differences in summer/tropical and
winter thunderstorms, altitude, and direction.

In addition to satellite observations, TGFs have been observed by
on-ground apparatus (Abbasi et al., 2018; Bowers et al., 2017; Dwyer
et al., 2004, 2012; Hare et al., 2016; Pleshinger et al., 2019; Ringuette
et al., 2013; Tran et al., 2015; Wada, Enoto, Nakamura, et al., 2019; Wada,
Enoto, Nakazawa, et al., 2019; Wada et al., 2020). Observations of Bow-
ers et al. (2017), Wada, Enoto, Nakazawa, et al. (2019), Wada, Enoto,
Nakamura, et al. (2019), and (Wada et al., 2020) were performed in win-
ter thunderstorms, and the others in summer ones. In the case of Bowers
et al. (2017), assuming photoneutron productions by the downward TGF,
they concluded that 1017 gamma rays were emitted. This number corre-
sponds to 1018 avalanche electrons above 1 MeV, given that the number of
bremsstrahlung photons above 1 MeV is 9% of that of avalanche electrons.
Wada, Enoto, Nakazawa, et al. (2019) also reported a downward TGF at
a 2.5 ± 0.5-km altitude with 8+8

−4× 1018 avalanche electrons. These results
are also displayed in Figure 11a. Therefore, the same order of avalanche
electrons as the present case was produced in their events.

During summer thunderstorms, Abbasi et al. (2018) observed downward
TGFs by the Telescope Array observatory and estimated the number of
total gamma rays above 0.1 MeV as 1012 to 1014 or 4 × 1011 to 4 × 1013

above 1 MeV. This number can be also converted to 4 × 1012 to 4 × 1014 avalanche electrons above 1 MeV.
Therefore, the cases of Abbasi et al. (2018) are still 10−6 to 10−4 times smaller than the present case. The
ground-based experiment TETRA-I/II also reported 46 downward TGFs in total during summer as well
(Pleshinger et al., 2019; Ringuette et al., 2013). Gamma-ray counts of TETRA-II BGO (25.4× 2.5× 2.5 cm3)
range from 19 to 203. On-ground fluences of these cases seem to be much lower than those of the present
case despite the number of electrons being unknown for these cases.
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space of source altitude and electron number. Data points from Dwyer and
Smith (2005), Cummer et al. (2014), and Mailyan et al. (2019) are results for
upward TGFs and Wada, Enoto, Nakazawa, et al. (2019), Bowers
et al. (2017), and this work for downward TGFs in winter thunderstorms.
Cummer et al. (2014) gave only altitudes of two upward TGFs, and the
estimations (11.8 and 11.9 km) are overlapped in this figure. Mailyan
et al. (2019) derived the source altitudes with four calculation points of 10,
12, 15, and 20 km. (b) The column density of the atmosphere from an
altitude to sea level (solid line) and to a satellite orbit (above 80 km; dashed
line), based on International Organization for Standardization (1975).
(c) The probability that a photon of 1 MeV (black) or 10 MeV (red) at an
altitude reaches the ground (solid line) or the satellite altitude (dashed line)
without colliding with atmospheric nuclei. This value corresponds to
exp(−!"), where ! is the column density shown in the panel (b) and " is
the attenuation length of 1- or 10-MeV photons in the atmosphere.

Also, observation biases should be considered. Upward TGFs at a lower
altitude are attenuated by the atmosphere and hence cannot reach the
satellite altitude. For example, the column density of the atmosphere
from an 11.6-km altitude (an example of upward TGF altitudes) to
the satellite altitude is 2.3× 102 g cm−2, as shown in Figure 11b. If an
upward TGF takes place at a 5.0-km altitude, the column density is
5.7× 102 g cm−2. Considering an attenuation coefficient of 1-MeV pho-
tons in the atmosphere from NIST/XCOM, 6.4 × 10−2 cm2 g−1, 1-MeV
photons from TGFs at the 5.0-km altitude are ∼4 × 10−10 times atten-
uated than at the 11.6-km altitude, as shown in Figure 11c. Given that
spaceborne detectors only record tens of photons for individual TGFs at
a 10-km altitude of higher, TGFs at the 5.0-km altitude are thought not
to be detected by them. Likewise, downward TGFs at a higher altitude
should be more attenuated than those at low altitudes and fainter or not
detected at ground level. Downward TGFs at the 5-km altitude, with the
column density of 4.8 × 102 g cm−2, are ∼4 × 10−5 times attenuated than
those at the 3-km altitude, with the column density of 3.2 × 102 g cm−2.

Dwyer and Smith (2005) estimated an averaged number of initial elec-
trons above 1 MeV as (0.1–2.0) × 1017 with an accumulated spectrum
recorded by RHESSI. Mailyan et al. (2019) also analyzed individual spec-
tra of TGFs recorded by Fermi and estimated the number of avalanche
electrons ranging between 6 × 1015 and 9 × 1018. Figure 11a also com-
pares these previous estimations of avalanche electrons with the present
result. It is consistent with the estimation by Mailyan et al. (2019). There-
fore, the downward TGF in the present paper is as powerful as upward
TGFs observed from space despite the differences in summer/tropical and
winter thunderstorms, altitude, and direction.

In addition to satellite observations, TGFs have been observed by
on-ground apparatus (Abbasi et al., 2018; Bowers et al., 2017; Dwyer
et al., 2004, 2012; Hare et al., 2016; Pleshinger et al., 2019; Ringuette
et al., 2013; Tran et al., 2015; Wada, Enoto, Nakamura, et al., 2019; Wada,
Enoto, Nakazawa, et al., 2019; Wada et al., 2020). Observations of Bow-
ers et al. (2017), Wada, Enoto, Nakazawa, et al. (2019), Wada, Enoto,
Nakamura, et al. (2019), and (Wada et al., 2020) were performed in win-
ter thunderstorms, and the others in summer ones. In the case of Bowers
et al. (2017), assuming photoneutron productions by the downward TGF,
they concluded that 1017 gamma rays were emitted. This number corre-
sponds to 1018 avalanche electrons above 1 MeV, given that the number of
bremsstrahlung photons above 1 MeV is 9% of that of avalanche electrons.
Wada, Enoto, Nakazawa, et al. (2019) also reported a downward TGF at
a 2.5 ± 0.5-km altitude with 8+8

−4× 1018 avalanche electrons. These results
are also displayed in Figure 11a. Therefore, the same order of avalanche
electrons as the present case was produced in their events.

During summer thunderstorms, Abbasi et al. (2018) observed downward
TGFs by the Telescope Array observatory and estimated the number of
total gamma rays above 0.1 MeV as 1012 to 1014 or 4 × 1011 to 4 × 1013

above 1 MeV. This number can be also converted to 4 × 1012 to 4 × 1014 avalanche electrons above 1 MeV.
Therefore, the cases of Abbasi et al. (2018) are still 10−6 to 10−4 times smaller than the present case. The
ground-based experiment TETRA-I/II also reported 46 downward TGFs in total during summer as well
(Pleshinger et al., 2019; Ringuette et al., 2013). Gamma-ray counts of TETRA-II BGO (25.4× 2.5× 2.5 cm3)
range from 19 to 203. On-ground fluences of these cases seem to be much lower than those of the present
case despite the number of electrons being unknown for these cases.
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Figure 9. Comparison of the TGF parameters estimated by the three components. (a) Positions of the TGF estimated from radiation doses (position and its
error displayed by the green cross and the green circle, respectively) and from positron signals (the red cross). The positions of Detectors 1 and 4 are presented
by the orange circles. The coordinate origin is at Detector 1. (b) Constraints in the phase space of source altitude and the number of electrons by positron
(the red line), neutron (the blue region), and dose (the green region) measurements.

reactions and assumed that the same number of neutrons and positrons should be produced. In addition,
it utilized a preliminary spatial distribution of !+-decay nuclei in the atmosphere. Therefore, the present
estimation that starts from avalanche electrons is more advanced and hence should be more accurate.

4.2. Possible Systematic Uncertainties
There are two candidates for systematic errors that are not considered in the present analysis. One is pho-
tonuclear reactions with nuclei in ground and detector materials. In the present series of papers, we consider
photonuclear reactions with atmospheric nuclei (14N, 15N, 16O, 17O, 18O, and 40Ar). On the other hand,
the decaying component of the annihilation gamma rays is thought to originate from photonuclear reac-
tions with nuclei in the ground and detectors such as 40Ca, 28Si, 27Al, and 12C. These reactions also emit
photoneutrons which are not considered in the present case. At present, it is difficult to quantitatively eval-
uate this effect because one of the major photonuclear channels with nuclei in the ground and detectors
27Al(" , n)26mAl, which produces an isomer nuclide, is not included in databases of photonuclear reactions.

Being different from the subsecond burst of neutron origin, which contains the effect of photoneutrons from
ground and detector materials, the delayed component of the minute-lasting annihilation afterglow origi-
nates from positrons emitted by only 13N and 15O, not affected by !+-decay nuclei in ground and detector
materials. As seen in Figure 9b, the result of the annihilation afterglow is consistent with that of the subsec-
ond burst of neutron origin. Therefore, the contribution of photoneutrons emitted from ground and detector
materials could be modest and negligible.

The other is the condition of initial electrons. Our Monte Carlo simulations for the first stage employ a down-
ward and narrow electron beam without opening angle as an initial electron source of a downward TGF.
However, this simple model might be insufficient to imitate TGFs. To see differences in on-ground distri-
butions of gamma-ray fluxes by various beam conditions, an additional simulation is performed. Figure 10
shows a result with four beam conditions: a narrow beam utilized here, an extended parallel beam with a
radius of 100 m, a 30◦ tilted narrow beam, and a point-like beam with the opening of a half angle of 30◦. Each
electron beam is produced at a 2.0-km altitude. The extended beam with a 100-m radius is not clearly differ-
ent from the narrow beam. However, the tilted beam shows a significant movement of the flux peak position,
and the beam with the opening angle significantly extends the gamma-ray distribution. Therefore, initial
conditions of electron beams affect gamma-ray distributions at the ground easily by more than a factor.

As presented in Figure 3 of Paper I, most parts of photoneutrons and !+-decay nuclei are produced near the
region where the initial electrons are injected. Photoneutrons also lose their directivity by multiple elastic
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• Simulation vs. Data: Neutron, positron annihilation, and radiation dose.  
• Downward TGF: (0.5-2.5)x1019 avalanche electrons above 1 MeV at an 

altitude of 1.4-2.7 km, compared with upward TGFs observed by satellites. 

Estimation from 
The 511 keV 
emission (positron)

From neutrons

Dose from 
monitoring posits

(Wada Ph.D thesis 2019, the University of Tokyo; Wada et al., JGR Atmosphere 2020a, Wada et al., JGR Atmosphere 2020b)

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JD033193
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020JD033194
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Citizen Science “Thundercloud Project”

38

• Gamma rays can fly up to a few 100 m in the atmosphere. 
• Multipoint measurement is essential, with lightning radio 

monitor, radio later, and electricity observations.  
• We are aiming to ask citizen supporters to deploy our 

radiation detectors at their yards and balconies. Real-time 
alert of gamma-ray glows for supporters to take photos. 

•CsI (Tl) scintillation 5 x 5 x 15 cm3 + MPPC  
•Sending data via IoT devices (Sakura internet) 
•Only a single “ON-OFF” button to operate everything!!
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Portable Radiation Detector for Citizen Science 
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https://ja.flightaware.com/live/flight/ANA771/
history/20190722/2340Z/RJOO/RJCC/tracklog

Demonstration 
ANA NH771 flight from 
Itami to Chitose airports  
on 2019 July 23.

• Flight measurement up to 11 km similar to the 
historical experiment by V. Hess in 1911 and 1913. 



Collective Power of Science (共創型サイエンス)

40MTRL Kyoto / Kyoto Open Science Meetup

• Not a single huge telescope, but using collective power of multiple simple detectors 
• Not only by professional researchers, but also by collaborating with citizen scientists.



• We are opening a new interdisciplinary field, “High-Energy 
Atmospheric Physics” of lightning and thunderstorms. 

• Gamma-ray glows are bremsstrahlung emission from high-
energy electrons accelerated by strong electric fields in 
thunderstorms.  

• Photonuclear reactions have been detected from downward 
TGF-associated lightning discharges along the Sea of Japan.  

• We are aiming to establish a citizen science “Thundercloud 
Project” for multi-point radiation measurement campaign. 

Summary
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• Publications of the GROTH collaboration [ADS Library] 

• 日本語の記事:「雷放電が開く高エネルギー大気物理学」日本物理学会誌 2019年4月号

https://ui.adsabs.harvard.edu/user/libraries/NEXUZ5uATYaFPJQxcvs9lQ
https://www.jps.or.jp/books/gakkaishi/2019/04/74-04interdisciplinary1.pdf


Question from Organizers 
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• To invited speakers, we would like to request your 
personal opinion at your final slide, 
• What's your targeted physics in next decades? 
• What we need to accomplish? 
• and take-home messages (optional) 

• These descriptions will be addressed in the Summary 
session.
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water ice at the lunar poles are shown in Figure 10. The
multimission epithermal data set combined observed counts
from the LP-epi and SETN data sets, preserving relative
rates and exposures and incorporating no scaling. Specifi-
cally, total counts for each pixel were obtained by adding the
number of counts, i.e., the product of count rate and expo-
sure, from each mission data set. Only pixels meeting or
exceeding the detection threshold chosen a priori have been
used (l ≥ 25).
[44] At the north pole the epithermal-derived water dis-

tributions appear to reach the edges of the large impact
craters (e.g., Hermite, Rozhdestvenskiy, Plaskett, Byrd) but

do not extend deep into them. Similar trends are apparent in
the south pole maps, with the addition of a clear association
with the Cabeus region. A footprint averaged WEH abun-
dance enhancement of 0.05 ! 0.01% (56 ! 11 ppm) exists
poleward of 80" at each pole, with maxima of 0.073%
(81 ppm) and 0.065% (72 ppm) at the north and south
poles, respectively. Since these are enhancements above
nonpolar levels (#50 ppm [Feldman et al., 2000, and
references therein]) the polar footprint averaged WEH
abundances are 106 ! 11 ppm, with maxima of 131 ppm
(north) and 112 ppm (south). These epithermal-derived
abundances and spatial distributions are consistent with

Figure 9. Neutron suppression factors (d). (left) The suppression factor (%) is shown as a function of the
LRM l statistic for the four equatorial counting rates corresponding to CSETN (5.1 counts/s, thick black
line), SETN (10.6 counts/s, thick gray line), LP-fast (13.4 counts/s, blue line), and LP-epi (19.6 counts/s,
red line). A representative exposure of 5000 s has been used; suppression factors are smaller (larger) for
shorter (longer) exposures. The vertical lines at l = 9,25 represent the requirements for marginal and sig-
nificant detection, respectively. (right) The suppression factor (%) is shown as a function of the weight
fraction of water based on the expressions for epithermal (solid line) and fast neutrons (dashed line) given
by Feldman et al. [1998]. See text for details.

Figure 10. Epithermal-derived polar water equivalent hydrogen (WEH) enhancement distributions
for the (left) north and (right) south polar regions. The enhancements are relative to nonpolar levels
(50 ppm, 0.045% WEH) and given as a percentage by weight. Spatial distributions are shown over-
laid on topographical maps of the Moon made by the Lunar Reconnaissance Orbiter Camera (LROC)
at a resolution of 400 m/pixel. An orthographic projection is shown.

MILLER ET AL.: NEW INSIGHTS INTO LUNAR HYDROGEN E11007E11007

10 of 12

(Miller et al., JGR, 2012)

Distribution of water equivalent hydrogen 
(WEH) of the lunar north pole (>80°)

• Photonuclear reactions of lightning produced 
neutrons. In addition to gamma-ray afterglow 
of neutron capture signals in the atmosphere, 
Wada et al., (2020) reported direct detection 
of neutron signals in GSO scintillator.  

• Our team has been developing new neutron 
sensors, which can discriminate thermal 
neutrons, fast neutrons, and gamma rays for 
our citizen science “Thundercloud Project” 

• By the way, we are entering a new era of 
lunar exploration and space exploration. 
Searching for water on the lunar surface is 
one of the primarily targets of projects. 

(Wada et al., PRD, 2020)

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2012JE004112
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.102007
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• Starting from collaboration with planetary scientists, eventually I want to try astronomy 
from the moon in the next decade. Need collaborators to consider this together!


